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Abstract The quality of the water in a uranium-ore-
mining area located in Caldas (Minas Gerais State,
Brazil) and in a reservoir (Antas reservoir) that
receives the neutralized acid solution leaching from
the waste heaps generated by uranium mining was
investigated. The samples were collected during four
periods (October 2008, January, April and July 2009)
from six sampling stations. Physical and chemical
analyses were performed on the water samples, and
the data obtained were compared with those of the
Brazilian Environmental Standards and WHO stan-
dard. The water samples obtained from waste rock
piles showed high uranium concentrations (5.62 mg
L−1), high manganese values (75 mg L−1) and low
average pH values (3.4). The evaluation of the water
quality at the point considered the limit between the
Ore Treatment Unit of the Brazilian Nuclear Industries
and the environment (Consulta Creek) indicated con-
tamination by fluoride, manganese, uranium and zinc.
The Antas reservoir showed seasonal variations in
water quality, with mean concentrations for fluoride
(0.50 mg L−1), sulfate (16 mg L−1) and hardness
(20 mg L−1) which were low in January, evidencing

the effect of rainwater flowing into the system. The
concentrations for fluoride, sulfate and manganese
were close or above to the limits established by current
legislation at the point where the treated mining efflu-
ent was discharged and downstream from this point.
This study demonstrated that the effluent discharged
by the UTM affected the quality of the water in the
Antas reservoir, and thus the treatments currently used
for effluent need to be reviewed.

Keywords Brazilian reservoir .Metals .Water
pollution . Uraniummine

Introduction

Contamination of the ecosystem resulting from an-
thropogenic activities is a major ecological concern.
In particular, mining activities involve great environ-
mental modifications of the landscape outline, chem-
istry and biology, and abandoned or inactive mines are
of particular concern and require continuous control
and monitoring (Oliveira and Ávila 2001). Uranium
mines, in particular, produce large amounts of tailings
with a potentially negative impact, resulting from both
the abandoned radioactive material and high concen-
trations of highly toxic heavy metals (Lozano et al.
2002; Neves and Matias 2008). Moreover, improper
disposal of the mill tailings during the early decades of
uranium mining led to substantial contamination of the
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soils, groundwater and surface water (Abdelouas
2006).

Some studies have reported the impact of ura-
nium mining on water quality. An assessment of
the environmental impacts resulting from the ura-
nium production facilities in Cunha Baixa (Portu-
gal) indicated sulfate, manganese and uranium as
the main contaminants in the surface water down-
stream from the mine sites (Neves and Matias
2004). Heavy metal contamination of Lake Dongt-
ing by uranium mining activities (China) was de-
scribed by Qian et al. (2005), and similarly,
Muscatello et al. (2008) indicated elevated concen-
trations of selenium in the water, sediments and
biota of lakes downstream from uranium mining
and milling operations in Canada. In uranium min-
ing and milling areas in the territory of South
Yakutia (Russia), Chevychelov et al. (2010)
reported contamination of the surface water by
radionuclides and other toxic components at a
short distance from the radioactive refuse rock
dumps.

According to Sarmiento et al. (2009), predicting
the impact of an emission on the environment
requires evaluations of both the short-term fate of
the pollutants and of their medium and long-term
interactions within the ecosystem. Many articles in
the literature claim to describe the impacts of
uranium mining on the natural environment, and
of the placement/disposal and management/mis-
management of the mill tailings. In contrast there
are relatively few articles that quantify the level of
harm caused by uranium mining and milling resi-
dues to the natural aquatic ecosystem, taking into
account the seasonal and spatial variation of the
water quality of the natural system surrounding the
mine.

The present study was carried out in the uranium-
ore-mining area located in Caldas (Minas Gerais, Bra-
zil) and in the Antas reservoir that receives the neu-
tralized acid solution leaching from the waste heaps
generated by uranium mining. The Antas River hydro-
graphic basins begin at the Antas reservoir head,
which was constructed in 1982 for the purpose of
providing water for the uranium milling plant of the
Ore Treatment Unit of the Brazilian Nuclear Industries
(UTM-INB). This mine was commercially explored
by UTM-INB from 1982 to 1995, after which the
operations were suspended, leaving the INB responsible

for remediation of the area. Legal procedures for reme-
diation of the area and facility decommissioning are
currently under way (Nóbrega et al. 2008). The main
environmental problem of uranium UTM mines is the
generation of acid water which contains radionuclides
and metals in concentrations above the permissible lev-
els for discharging (Ladeira and Gonçalves 2007).Water
from the Antas River is used for crop irrigation and for
cattle watering, and the river also supplies the Bortolan
dam, near the city of Poços de Caldas (MG, Brazil), and
is used as a water supply for the population (Amaral et
al. 1988).

The present study was designed to evaluate the
water quality of the ecosystems under the influ-
ence of uranium mining in Caldas (southern region
of Minas Gerais State, Brazil) by way of physico-
chemical analyses, with particular emphasis on the
temporal variability of the water quality. This
study is an important contribution to the under-
standing of the limnological aspects of reservoirs
in tropical regions that have experienced the im-
pact of uranium ore mining and milling.

Material and methods

Description of the study area

The study area was located in a tropical climate zone
with two distinct seasons. The rainy season is from
October to March with an annual average temperature
of 20 °C, and the dry season from April to August with
an annual average temperature of 14 °C (INB 1999).

The study involved the evaluation of six sampling
stations (Fig. 1). Two of the stations were in the area of
the Ore Treatment Unit: one in the region called the
waste rock piles ponds (point 1) and the other in the pit
mine (point 2). Point 3 was located at the UTM inter-
face with the environment at Consulta Creek. The
uranium mine unit evaluated in this study consisted
of a pit mine (point 2) covering an area of about
15 km2 (Fernandes et al. 1995). It was estimated that
94.5×106 t of rock was removed during the mining
operation, but only 2 % of this amount was destined
for physical and chemical processing, the rest mainly
being stacked in two waste rock piles. The piles of
sterile ore constituting the waste rock were deposited
at the Consulta Creek (point 3) and Soberbo Creek
hogsbacks (Amaral et al. 1988), and the courses of
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these rivers were deviated to canals. The acid drainage
from the waste rock piles (points 1 and 2) was pumped
into the treatment unit. The uranium extraction process
produces large quantities of liquid and solid wastes
that are neutralized to pH 9 using CaCO3 and CaO,
and then discharged into a tailing dam for deposition
of the solids (Fernandes et al. 1995). In the present
case, after treatment, the effluent was released into the
Antas reservoir (point 5).

The Antas reservoir is located in the southeast of
Minas Gerais State and has a volume of 3.9×106 m2,
and a drainage area of 51 km2 with an average depth
of 4 m (maximum of 8 m) (INB 1999). Samples were
taken from the surface of the reservoir at three points
(points 4, 5 and 6). The selected sampling sites were

located upstream and downstream of the effluent dis-
charge point (point 5). Point 4 (upstream of the mining
effluent discharge), located at the head of the reservoir,
was about 1.5 m deep. Point 5 was shallower (1.0 m
deep) and near the middle of the reservoir, where the
treated effluent from the UTM-INB was discharged.
Point 6 was downstream of point 5, near the dam, and
deeper than the other sites (6.9 m) (Fig. 1).

Sampling was carried out during four periods: Oc-
tober 2008 (before the first rain), January, April and
July 2009. The water was collected in 5-L Van Dorn
bottles, transferred to previously washed plastic bot-
tles and stored at 4 °C until the moment of analysis.
The rainfall and air temperature data were provided by
the Meteorological Station of the Poços de Caldas

Fig. 1 Location of the sampling points in the Ore Treatment Unit (UTM) found in the Brazilian Nuclear Industries and in the Antas
reservoir (drawing by Albertini, H.L.C., and Filho, E.O.L.)
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Laboratory, Brazilian Nuclear Energy Commission
(Meteorological Station Campbell Scientific, Modelo
CR10X, 815 W-1800 N). The rainfall was considered
as the amount accumulated per month.

Physical and chemical analyses

The temperature and the values for dissolved oxygen
were determined using a WTW OXI-315i oximeter
(WTM GmbH, Weilheim, Germany). The values for
pH were obtained using a pH meter (model DM-21,
Digimed, São Paulo, Brazil), and those for electrical
conductivity using a conductivity meter (model DM-
31, Digimed, São Paulo, Brazil) with a selective elec-
trode. The reduction–oxidation potential was deter-
mined using a Pt electrode (with Ag/AgCl as the
reference, model DM-22, Digimed, São Paulo, Brazil).
Water samples were taken for the determination of the
chlorophyll a concentration according to Lorenzen
(1967), and the total suspended solids were analyzed
according to Teixeira et al. (1965). The water trans-
parency was measured using a Secchi disk.

Fluoride was estimated potentiometrically with
an ion-selective electrode (Nascimento et al. 1988),
and sulfate by UV–Vis spectrophotometry as de-
scribed by ASTM (1980). The hardness of the
water (Ca2+ and Mg2+) and the metals were quan-
tified by inductively coupled plasma atomic ab-
sorption optical emission spectrometry, ICP-OES,
using a Varian sequential equipment, model Liber-
ty RL (Varian, USA). The water samples taken for
the metal determinations were preserved by adding
nitric acid to pH < 2 (Ultrapure acid, J. T. Baker)
and stored at 4 °C. The total metal concentrations
(iron, manganese, molybdenum and zinc) were
measured using coupled plasma atomic absorption
spectrometry (Martin et al. 1994). The uranium
and thorium concentrations were measured using
spectrophotometry, with arsenazo III as the colori-
metric reagent (Fukuma et al. 2001). The total
organic nitrogen (Golterman et al. 1978) and total
phosphorus (APHA/AWWA/WCPF 1995) contents
were also determined.

The results obtained for water transparency
(Secchi disk depth), chlorophyll a concentration
and total phosphorus were used to evaluate the
trophic state of the Antas reservoir. Carlson’s Tro-
phic State Index (TSI) (Carlson 1977) was com-
puted from the Secchi disk depth (TSI (SD)), total

phosphorus concentrations (TSI (TP)) and chloro-
phyll a concentrations (TSI (CHL)).

The chemical data obtained for the water sam-
pled from the UTM (point 3) and from the Antas
reservoir were compared with the limits adopted
by the Brazilian guidelines (CONAMA Resolution
357/2005) and World Health Organization guide-
lines for drinking water quality (WHO 2011). That
CONAMA resolution regulates the quality of water
bodies in Brazil, stipulating the reference limits,
and also establishes the conditions and standard
practice for effluent disposal. According to the
Brazilian legislation, the waters collected from
point 3 and from the Antas reservoir were classi-
fied in category 2 (water suitable for domestic
consumption after conventional treatment, primary
contact, recreation, irrigation and the protection of
aquatic communities).

Statistical analysis

The results of the physical and chemical analyses were
analyzed using ANOVA and Tukey’s test (post hoc
test) to detect significant differences between the water
samples obtained from the different sites at the differ-
ent collection times. The above statistical tests were
performed using the BioEstat 4.0 program (Ayres et al.
2005). Pearson’s correlation coefficient (r) was used to
find correlations amongst the physical and chemical
variables for the samples.

Results and discussion

Ore treatment unit

For the UTM, low average pH values, high aver-
age reduction–oxidation potentials, and the highest
values for sulfate and metals were detected in the
water samples obtained from the waste rock piles
ponds and the pit mine (points 1 and 2, respec-
tively). The average value for the pH at point 3
(5.0) was significantly higher (P < 0.05, Tukey’s
test) than those found at points 1 (3.5) and 2 (3.8).
With respect to electrical conductivity, higher av-
erage values were recorded for the water samples
from points 1 (2169 μS cm−1) and 2 (2392 μS
cm−1), whereas the lowest average value was
recorded for the water samples from point 3
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(121 μS cm−1) (P<0.05, Tukey’s test). The highest
reduction–oxidation potential value was recorded
for water samples from point 1 (488 mV), whereas
the lowest value was recorded for water samples
from point 3 (338 mV) (P<0.05, Tukey’s test)
(Table 1).

The average fluoride concentrations at points 1
(82 mg L−1) and 2 (55 mg L−1) were significantly
higher (P < 0.05, Tukey’s test) than that at point 3
(2.10 mg L−1). The average concentrations for hard-
ness at points 2 (927 mg L−1) and 1 (389 mg L−1) were
significantly higher (P < 0.05, Tukey’s test) than that
at point 3 (18 mg L−1). Similarly, the average sulfate
concentrations at points 1 and 2 (1275 and

1413 mg L−1, respectively) were significantly higher
(P < 0.05, Tukey’s test) than that at point 3
(38 mg L−1) (Table 2). The lowest average concentra-
tion for iron was found in water samples from point 3
(0.82 mg L−1) and the highest at point 1 (26 mg L−1)
(P < 0.05, Tukey’s test). The average concentrations
fo r manganese (75 mg L− 1 ) and uran ium
(5.62 mg L−1) in the water samples from point 1 were
significantly higher (P < 0.05, Tukey’s test) than those
at point 3. With respect to zinc, the lowest average
concentration was found in the water samples from
point 3 (0.52 mg L−1) and the highest at points 1 and 2
(14.10 and 11.13 mg L−1, respectively) (P < 0.05,
Tukey’s test) (Table 2).

Table 1 Average values for temperature (T), suspended solids (S S), pH, dissolved oxygen (DO), electrical conductivity (EC),
reduction–oxidation potential (Eh), Secchi disk depth and chlorophyll a (Chl), in water samples obtained from the sampling points

Month Sampling
points

T
(°C)

S S
(mg L−1)

pH DO
(mg L−1)

EC
(μS cm−1)

Eh
(mV)

Secchi disk
(m)

Chl
(μg L−1)

October 2008 1 23.0 12.7 3.3 2.8 2250 473 – 0.04

2 23.0 10.6 4.1 7.1 2600 435 – 0.00

3 21.0 3.5 4.9 7.9 137 352 – 0.01

4 22.0 4.1 6.7 7.1 497 285 1.50 0.54

5 22.0 5.6 7.2 6.8 765 183 1.00 0.58

6 20.0 2.0 6.9 6.8 563 290 3.70 2.09

January 2009 1 24.9 15.5 3.5 6.4 2020 502 – 0.87

2 24.9 5.5 3.7 6.8 2230 516 – 9.94

3 21.3 5.0 4.9 7.3 135 319 – 0.39

4 24.9 11.0 6.6 7.2 42 287 1.20 0.30

5 25.3 8.7 6.7 7.0 80 266 0.50 0.35

6 23.5 7.8 6.5 6.9 146 292 1.50 0.90

April 2009 1 23.0 4.9 3.6 7.6 2780 555 – 2.01

2 22.6 5.9 3.6 7.0 2760 557 – 10.75

3 28.1 9.8 5.2 6.7 93 337 – 1.16

4 21.3 3.2 6.0 6.7 38 276 1.40 0.73

5 21.5 2.2 6.0 6.7 84 287 0.50 0.32

6 22.1 7.1 6.1 6.3 138 272 1.30 5.32

July 2009 1 18.9 14.7 3.4 5.2 1625 424 – 1.10

2 17.1 6.6 4.0 6.7 1976 413 – 9.37

3 19.6 3.8 4.9 7.5 120 344 – 2.22

4 17.7 2.1 6.4 7.1 129 156 1.00 0.32

5 16.1 4.3 6.5 7.1 654 79 0.50 9.43

6 16.8 1.4 6.7 7.5 280 133 5.30 0.94

CONAMA Res. 357 (category II waters) 6–9 > 5 30

WHO (2011) 6.5–8.5

– Values not determined
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In a study on the UTM-INB, Campos et al. (2011)
observed the presence of bioleaching microorganisms
(Acidithiobacillus ferrooxidans and A. thiooxidans) in
the water from points 1 and 2. These findings could
indicate a bio-lixiviation action of the A. ferrooxidans
and A. thiooxidans on the uranium ore and a possible
release of radionuclides into the environment. The
action of bioleaching microorganisms on uranium
ore causes the release of metals and radionuclides into
the water column, with severely adverse effects on the
adjacent aquatic ecosystem (Maier et al. 2000). The
fundamental condition for bacterial leaching from ura-
nium ores is the presence of metallic sulfides such as
pyrite (FeS2) in association with the ore, which is the
case in the ore and waste rock from the uranium-

mining area of Caldas (Minas Gerais State, Brazil).
These findings indicate that acid mine drainage occurs
in this region, which should therefore be considered as
a critical site in the event of decommissioning.

Uranium may cause both chemical and radiological
toxicity for terrestrial and aquatic organisms (Shep-
pard et al. 2005). As one of the geochemically most
mobile heavy metals, U moves rapidly from a multi-
tude of mining-related point and non-point sources
into the aquatic environment, polluting both stream
waters and groundwaters contained in aquifers
(Winde 2010). According to Fernandes et al. (2008),
contamination of the groundwater at UTM was to be
expected, due to infiltration from contaminated
discharges, and the hydrology and general geo-

Table 2 Average concentrations (mg L−1) of the chemical variables found in the water samples from the sampling points

Month Sampling
points

F− Hardness SO4
2− Fe Mn Mo U Th Zn

October 2008 1 105.00 470 1794 30.20 100.90 < 0.05 8.40 0.18 18.60

2 75.10 1334 1832 2.11 95.80 < 0.05 4.25 0.10 15.50

3 2.90 25 56 0.92 4.81 0.07 0.13 < 0.01 0.76

4 1.55 192 218 0.44 1.03 0.08 < 0.01 0.05 < 0.02

5 3.52 312 387 0.21 1.04 0.08 < 0.01 < 0.01 < 0.02

6 1.80 187 203 0.09 1.00 < 0.05 < 0.01 < 0.01 < 0.02

January 2009 1 81.8 407 1591 19.65 83.80 < 0.05 6.87 0.05 15.38

2 65.7 1285 1653 2.41 71.40 < 0.05 3.17 0.11 9.95

3 2.13 17 50 0.65 3.33 < 0.05 0.08 < 0.01 0.56

4 0.50 40 2 0.52 0.70 < 0.05 < 0.01 < 0.01 < 0.02

5 0.50 14 7 1.22 0.60 < 0.05 < 0.01 < 0.01 < 0.02

6 0.50 6 38 1.09 1.00 < 0.05 < 0.01 < 0.01 < 0.02

April 2009 1 66.40 328 1388 20.20 – < 0.05 6.87 0.27 –

2 47.10 960 1800 10.80 – < 0.05 4.23 0.30 –

3 1.60 16 36 0.95 – < 0.05 0.10 < 0.01 –

4 0.50 6 4 0.55 – < 0.05 < 0.01 < 0.01 –

5 0.50 22 23 0.47 – < 0.05 < 0.01 < 0.01 –

6 0.66 43 42 0.52 – < 0.05 < 0.01 < 0.01 –

July 2009 1 74.00 353 329 33.70 52.40 < 0.05 0.34 0.20 8.32

2 33.40 129 367 1.76 47.00 < 0.05 0.12 0.10 7.95

3 1.72 15 10 0.77 2.00 < 0.05 0.19 < 0.01 0.25

4 0.65 45 10 0.27 0.40 < 0.05 < 0.01 < 0.01 < 0.02

5 1.64 142 36 0.27 0.35 < 0.05 0.02 < 0.01 < 0.02

6 1.30 123 29 0.15 0.48 < 0.05 < 0.01 < 0.01 0.06

CONAMA Res. 357 (category II waters) 1.40 250 0.10 0.02 0.18
WHO (2011) 1.50 250 0.10 0.03

– Values not determined
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hydrology of the UTM drainage basin show character-
istics suggesting a connection between the surface water
and groundwater (Campos et al. 2011).

According to the limits stipulated by Brazilian en-
vironmental regulations, the present study indicated
metal contamination in the water from Consulta
Creek. Water samples from point 3 had average con-
centrations of fluoride (2.10 mg L−1), manganese
(3.40 mg L−1), uranium (0.13 mg L−1) and zinc
(0.52 mg L−1) all above the limits established by the
CONAMA Resolution 357 (CONAMA 2005) and
those recommended by the WHO (2011) (Table 2).
The bioavailability and toxicity of metals in water has
been recognized to depend on chemical variables such
as the pH and hardness (Penttinen et al. 1998; Zeman
et al. 2008). In the natural environment metals are
generally an order of magnitude more available in soft
than in hard waters, due to competition between the
metal and Ca2+ and Mg2+ ions for the uptake sites in
organisms (Pyle et al. 2002; Kozlova et al. 2009) in
hard waters. The effect of pH on metal toxicity is
twofold. The H+ concentration may exert its effect
either directly by affecting metal uptake, or indirectly
by affecting the chemical speciation and bioavailabil-
ity of the metals (Peterson et al. 1984). At lower pH
levels, more free metal ions may be present in the
water column and be taken up by living organisms,
hence inducing toxicity (Kim et al. 2001; Clifford and
McGeer 2009; Greig et al. 2010). Since point 3 was
classified as soft (average value for hardness of
18 mg L−1) and acidic (average pH value close to 5),
higher bioavailability of metals in that environment
could be expected.

Comparisons with the results of ecotoxicological
studies suggest that point 3 contains average concen-
trations of manganese (3.40 mg L−1), uranium
(0.13 mg L−1) and zinc (0.52 mg L−1) sufficient to
cause toxicity to aquatic organisms. The inhibitory
concentration values of Mn for the alga Scenedesmus
quadricauda (IC5001.94 mg L−1, WHO 2004) and the
cladoceran Ceriodaphnia dubia (IC2503.10 mg L−1,
Lasier et al. 2000) were exceeded at that point. The U
concentration at point 3 was close to the value show-
ing a toxic effect on the alga Chlorella sp. (IC500
0.08 mg L−1, Franklin et al. 2000) and sub-lethal
effects on the cladoceran Daphnia magna (50 % re-
duction in reproduction at 0.09 mg L−1, Zeman et al.
2008). Similarly, the Zn concentration exceeded the
toxicity levels for Selenastrum capricornutum (IC500

0.05 mg L−1, Turbak et al. 1986), the cladoceran D.
magna (LC5000.07 mg L−1, Mount and Norberg
1984) and the fish Oncorhynchus mykiss (LC500
0.52 mg L−1, Spear 1981). Moreover, aquatic biota
(e.g. phytoplankton, mollusks and some fish) can ac-
cumulate significant amounts of Mn and Zn at lower
trophic levels (Eisler 1993; USEPA 2004). Thus, the
chemical evaluation made suggests that water from
point 3 may represent a hazard to the aquatic biota
and to humans exploring freshwater resources in the
area.

Antas reservoir

The rainfall and air temperature data showed the char-
acteristic local seasonal pattern (Fig. 2), with two
periods during the present study: hot rainy season
(October to March) and cold dry season (April to
September). The average water temperature during
the rainy period (25 °C in January 2009) was higher
than that registered in the dry period (17 °C in July
2009) (P<0.05, Tukey’s test). The average values
were near 21 °C at all the sampling points (Table 1).
The average suspended solids contents were signifi-
cantly higher (P<0.05, Tukey’s test) in January 2009
(9.16 mg L−1) than those observed in July
(2.60 mg L−1). The average values for suspended
solids at the sampling points remained around
5 mg L−1 (Table 1).

The main force functions controlling the bio-
geochemical processes in reservoirs are the rain,
wind, outflow rates, retention time and pulses. In
reservoirs, pulses can be considered as any type of
sudden change caused by natural or artificial
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anthropogenic factors, with an effect on the phys-
ical, chemical and biological variables (Tundisi et
al. 1999). In the Antas reservoir, for example, the
contribution of suspended matter coming from the
banks of the reservoir and the occurrence of re-
suspension of material present in the sediment to
the water column was much greater in the rainy
season (January 2009) than in the dry season (July
2010), and a positive correlation was found be-
tween the rainfall and the suspended matter (r0
0.90) in the reservoir. This seasonality of the mat-
ter generated by rainfall produces a pulse of inor-
ganic or organic matter within the reservoir
(Wetzel 1993).

Seasonally, there were small spatial fluctuations
in the values for pH and dissolved oxygen, but
they were not significant (P>0.05, Tukey’s test)
(Table 1). Spatially, the average values for dis-
solved oxygen and pH were around 7 mg L−1

and 6.5, respectively. Water electrical conductivity
showed the highest average value in October 2008
(608 μS cm−1) and the lowest in April 2009
(87 μS cm−1) (P<0.05, Tukey’s test). The average
values registered for electrical conductivity were
between 177 μS cm−1 (point 4) and 396 μS
cm−1 (point 5). The highest average value for the
reduction–oxidation potential was recorded for wa-
ter samples in January 2009 (282 mV), whereas
the lowest value was recorded for water samples
in July (123 mV) (P<0.05, Tukey’s test). The
average values for the reduction–oxidation poten-
tial ranged from 204 mV (point 5) to 251 mV
(point 4) (Table 1).

The lowest values for water transparency (Secchi
disk depth) were registered at points 4 (1.30 m) and 5
(0.60 m), and the highest Secchi disk depth at point 6
(3.00 m) (Table 1). The results for chlorophyll a indi-
cated average values from 0.47 μg L−1 (point 4) to
2.67 μg L−1 (point 5). Seasonally, the values for chlo-
rophyll a varied between 0.52 μg L−1 (January/09)
and 3.56 μg L−1 (July/09) (Table 1). The average
values for total organic nitrogen ranged from
746 μg L−1 (October 2008) to 1003 μg L−1 (January
2009), and the average concentrations for total organic
nitrogen varied from 805 to 960 μg L−1 (points 4 and
6, respectively) (Fig. 3). With respect to the total
phosphorus concentrations, the highest average value
was found in the samples collected in January
(13.2 μg L−1), whilst the lowest value was found in

October 2008 (2.6 μg L−1) (P<0.05, Tukey’s test).
The average values for total phosphorus varied from
6.3 μg L−1 at point 5 to 8.7 μg L−1 at point 6 (Fig. 3).

The determination of the trophic state index is an
important aspect of water quality, and the monitoring
of eutrophication is part of the assessment of aquatic
systems. The average values for the trophic state index
(TSI) of the Antas reservoir were below 40 in October/
08, April/09 and July/09, and between 40 and 50 in
January/09. The reservoir was classified as oligotro-
phic, with the exception of January, when it was
mesotrophic. The results reported here suggest that
the Antas reservoir is not eutrophic.

The average fluoride concentration was significant-
ly higher (P < 0.05, Tukey’s test) in October
(2.30 mg L−1) than in January (0.50 mg L−1). The
average fluoride concentrat ion varied from
0.80 mg L−1 at point 4 to 1.54 mg L−1 at point 5. With
respect to hardness, the lowest average value was
found in January/09 (20 mg L−1) and the highest in
October/08 (230 mg L−1) (P < 0.05, Tukey’s test). The
average values recorded for hardness were between
71 mg L−1 (point 4) and 122 mg L−1 (point 5). With
respect to sulfate, the highest level (269 mg L−1) oc-
curred in October and the lowest (16 mg L−1) in
January, and the statistical analysis showed that these
two values differed significantly (P < 0.05, Tukey’s
test). The average values recorded for sulfate varied
between 59 mg L−1 (point 4) and 113 mg L−1 (point 5)
(Table 2).

For the iron concentration, the lowest average value
was found in the samples collected in July
(0.23 mg L−1), while the highest was found in January
2009 (0.94 mg L−1) (P<0.05, Tukey’s test). The aver-
age iron concentration varied from 0.45 mg L−1 at
point 4 to 0.54 mg L−1 at point 5. The average value
for manganese determined in October (1.02 mg L−1)
was significantly higher (P < 0.05) than that quantified
in July (0.41 mg L−1). With respect to manganese,
average concentrations were detected ranging from
0.66 mg L−1 (point 5) to 0.83 mg L−1 (point 6)
(Table 2).

The quality of the water in the reservoir showed
seasonal variations, the average values for fluoride,
hardness and sulfate being higher in October than in
January. The Antas reservoir is subject to seasonal
variation in relation to the level of pollution by metals
and other compounds. The low rainfall and high water
residence time characteristic of the dry season (April
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to September) may have contributed to the accumula-
tion of ions in the water from the Antas reservoir,
resulting in high ion concentrations in October (before
the first rain). Moreover, the highest mean values for
electrical conductivity were detected in the water sam-
ples in October. An association between these data
was confirmed by positive correlations between the
electrical conductivity values and the sulfate concen-
trations (r00.85) and hardness (r00.80). On the other
hand, the rainfall acted as a diluting factor in the
system (Naselli-Flores 1999), resulting in the lowest
ion values being recorded during the rainy season
(January). Similar to the present results, Tutu et al.
(2008) found low concentrations of ions in rivers close
to a South African mining area during rainy periods.

Uranium mining and milling operations can release
trace elements such as U, As, Mn and Mo into the
receiving aquatic ecosystem (Abdelouas 2006;
Muscatello et al. 2008). The fluoride levels exceeded
the limits defined by the CONAMA Resolution 357
(CONAMA 2005) and that recommended by the
WHO (2011) in the samples from points 5 (October
2008 and July 2009) and 6 (October 2008). The sulfate
concentrations were also found to be above the
CONAMA and WHO limits at point 5 in October
(387 mg L−1) (Table 2). All the manganese concentra-
tions determined in the water from the reservoir were
above the CONAMA limit (CONAMA 2005) and
WHO drinking water standard (WHO 2011) (Table 2).
The total manganese concentrations in natural fresh-
waters seldom reach 1.0 mg L−1 and are usually less
than 0.2 mg L−1. Although manganese is an essential
nutrient in low doses, chronic exposure to high doses
may be harmful to both humans and animals (USEPA
2004). When the manganese concentrations observed in
the water from the Antas reservoir were compared with
those in the literature for aquatic bodies located in

uranium mining areas, some important differences
emerged. For example, Trontelj and Ponikvar-Zorko
(1998) determined a Mn concentration below
0.01 mg L−1 in a stream receiving waste water from a
uranium mine in Slovenia, whereas Brandenberger et al.
(2004) found a Mn concentration of 0.4 μg L−1 in water
from Lake Corpus Christi (Texas), located in a uranium
mining area.

In contrast to the values observed in the studies
cited above, the occurrence of high Mn levels (0.35–
1.04 mg L−1) in the Antas reservoir is of environmen-
tal concern, since they could be sufficient to induce
acute toxicity in the cladoceran D. magna (EC500
0.80 mg L−1 Mn, Reimer 1999) and chlorophyll inhi-
bition in the green algae S. quadricauda (EC500

1.9 mg L−1, Fargašová et al. 1999), and contribute to
chronic toxicity in the fish O. mykiss (low egg hatch-
ing percentage at 1 mg L−1 Mn, WHO 2004). In the
Antas reservoir, the zooplankton community includes
the cladoceran C. cornuta and D. ambigua (Ferrari
2010), and the phytoplankton community is composed
of the green algae Chlamydomonas sp. and Scenedes-
mus sp. (Roque et al. 2009). In order to derive reliable
toxicity data for the Antas reservoir, ecotoxicological
studies of the water using local species as the test
organisms should be performed.

Uranium is commonly found in very small
amounts in the environment. There are regions
with higher concentrations of this metal in the
surface and groundwaters due to geological con-
ditions, but mining activities can lead to the U
enrichment of natural waters (Baborowski and
Bozau 2006). Although there is a risk of radiolog-
ical toxicity from orally ingested natural uranium,
the principal health effects are related to its chem-
ical toxicity (Weir 2003). The present study
detected uranium concentrations close to the
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maximum limit permitted by Brazilian legislation
(Resolution 357) at point 5 (0.02 mg L−1 in July).
These results were lower than the values obtained
by Semaan et al. (2001), who observed a U con-
centration range between 0.02 and 0.20 mg L−1 in
an aquatic environment considered as contaminat-
ed, near a uranium mine in Australia.

This investigation demonstrated the detrimental ef-
fect of the release of treated uranium mine radioactive
effluents into the Antas reservoir. The liquid effluents
from the UTM (points 1 and 2), when characterized
chemically before treatment for discharging into the
environment, present elevated zinc, uranium, manga-
nese, fluoride and sulfate contents, amongst other
elements. In the reservoir, the values for the chemical
variables (fluoride, sulfate and manganese) were close
to or above the limits established by current legislation
at the point of effluent discharge (point 5) and down-
stream from this point (point 6), indicating harmful
environmental conditions at that part of the reservoir.
In order to reduce pollution in the Antas reservoir from
the treated mining effluent, the use of efficient techni-
ques such as sorption to remove chemical contami-
nants from the mining effluent is one of the important
measures that should be adopted.

Conclusion

The monitoring of the Consulta waters (point consid-
ered the limit between the UTM and the environment)
showed the need to control the contents of uranium
and other elements at acceptable levels. The evalua-
tion of the water quality in the Antas reservoir showed
seasonal variations and indicated contamination by
fluoride, sulfate and manganese due to effluent dis-
charge by the uranium mining company. Such results
support the need for reviewing the treatment actions
currently used for effluents from UTM. The authors
suggest that an ecotoxicological characterization of the
aquatic environment under the influence of the UTM
uranium mine should be carried out, in order to better
assess the toxic effects and consequences of the chem-
icals with respect to the aquatic biota.
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