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ABSTRACT 

 
The Uranium Mine and Milling Facility located in the Poços de Caldas Plateau stopped operating since mid-

1990’s and remediation actions for the mine areas are going to take place in the near future. However, 

environmental concerns should be addressed such as acid mine drainage (AMD) in the waste rock piles 

(WRPs), pit mine, and tailing dam, all driven by pyrite oxidation reactions. The AMD process leaches both 

heavy metals and radionuclides pollutants through the soil. This work shows the methodology applied for the 

determination of chemical species leaching from WRP4 as well the generation of acid waters. An experimental 

setup has been assembled to determine the acidity of water in contact with samples of material from the WRP4. 

Results are presented along a list of chemical species found in the remaining water. That is followed by 

discussions regarding its pH and chemical composition measured during the experiments. It has been observed 

that not only water and available oxygen are significant to the pyrite oxidation reaction, but also bacterial 

activity. This last effect should be addressed in the near future. Moreover, various important aspects regarding 

the experimental setup were noticed and are addressed as propositions for the continuation of the present work. 

 

 

1. INTRODUCTION 

 

The Uranium Mine and Milling Facility (UMMF) located in the Poços de Caldas Plateau, 

specifically on the municipality of Caldas, State of Minas Gerais, was the source for the 

Brazilian nuclear power plants for approximately 10 years. Those activities ceased in the 

mid-1990’s [1] and a Degraded Area Recovery Plan, regarding all environmental issues, 

should be presented in the near future in order to remediate the mine areas. There is particular 

interest on the structures that work as source terms for the migration of radioactive and stable 

chemical species, which may eventually reach water bodies and lead to contamination of the 

environment. In this context there are three important structures: 
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a) The waste rock piles; 

b) The mine pit; 

c) The tailing dam. 

 

Figure 1 shows those sites in the physical arrangement of the mine area. 

 

 

 

 
 

Figure 1. Physical arrangement of the mine. 

Source: Cipriani [1]. 

 

 

 

Since the uranium ore was extracted from an open pit, millions of tons of rock were moved, 

and rocks containing ore below the cut-off limit were sent to waste rock piles. That generated 

nearly a dozen of such piles. As these rocks were removed from their original place and their 

particle size reduced, chemical species within them can be leached and contaminate the lower 

layers of soil or bodies of water. Cipriani [1] reports that the Waste Rock Pile 4 (WRP4) and 

the Waste Rock Pile 8 (WRP8) were disposed over the river beds of the Consulta and 

Cercado Rivers, respectively. However, that was accomplished without any previous land 

preparation. In both cases, the courses of these rivers were deviated in order to bypass the 

WRPs. Franklin [2], however, reports that the Consulta river bed was prepared by building 

deep drains to avoid the upward movement of water inside the pile. This movement would 

cause geotechnical instability as well acid drainage due to the contact between water and 

rocks. Despite the preparation, seepage of acid water has been observed at the base of these 

piles. It is possible that the leakage of acid waters is a combination of percolation of 

rainwater infiltrating the piles and the seepage of groundwater itself. Downstream WRP4 and 
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WRP8, acid waters are contained in basins. The levels of those basins have been controlled 

by pumping the water for further treatment. 

 

Presently, part of the pit mine area is flooded with acid water, which is originated from at 

least four sources: 

 

1) Percolation of rainwater from the slopes. 

2) Seepage due to the water table level. 

3) Water pumped from the WRP4 basin. 

4) Waste water pumped from the mine water treatment station. 

 

This acid water is contained inside the pit mine by a barrier and pumped to the treatment 

station. Then, the resulting flow is released to the environment in the Antas River [1]. 

 

The radioactive waste of uranium ore milling process have been deposited in a tailing dam. 

These tailings, rich in radium (Ra-226 and Ra-228), were pumped as pulp to the proper dam. 

Treatment with hydrated lime is constantly required to control the pH and precipitate the 

radium. Thus, over time a concentrate of radium and its daughters (in the decay chains of    

U-238 and Th-232) was formed and deposited at the bottom of the basin. Its water level is 

maintained through a drain and all water that flows through it is locally treated before 

released into the environment in the Soberbo River [1]. 

 

There are many studies on environmental issues related to acid mine drainage in the Poços de 

Caldas uranium mine. For instance, Fernandes et al. [3] concluded that the tailing dam 

effluent is the most important source of Mn and SO4
2-

 to the environment. On the other hand, 

Al, Fe and U are typically associated with mine and waste rock drainage waters. Fernandes 

et al. [4] also reported that, despite most important environmental impacts can be attributed to 

non-radioactive pollutants, uranium is the radionuclide of concern regarding radiological risk 

assessment. According to them, the analysis of environmental impact of pollutants requires 

the following information: 

 

1) Amount and composition of released effluent.  

2) Period of pollutants formation. 

3) Regime and rate of pollutant dispersion into the environment. 

4) Parameters for calculating the transfer of pollutants to sensitive species. 

5) Relationship between the concentration of pollutant and damage to species. 

6) Relationship between damage to species and environmental costs. 

 

This work is part of a survey aiming the study of acid water generation in WRP4 as well as 

leaching of radioactive and stable chemical components inside the pile and through the 

underneath layers of soil. The first stage of this research targets the determination of chemical 

species leached from WRP4 as well the generation of acid waters. The second phase would 

try to describe the paths of water inside WRP4 and downwards into the soil below the pile. 

 

The present work presents results obtained with the experimental setup to determine: 

 

a) The acidity of water in contact with samples of material from the WRP4; 

b) The chemical species leached in the process. 
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As seen, those can be qualified as part of the first step proposed by Fernandes et al. [4]. To 

summarize, the basic methodology of the present work was to immerse samples of WRP4 

material in water while continuously providing oxygen to allow the pyrite reaction to occur. 

During the procedure, pH and water temperature were followed. By the end of the 

experiment, the concentrations of leached chemical species were determined.  

 

 

2. SAMPLING 

 

Cipriani [1] reported that the mineralization of uranium, present in the UMMF, was divided 

into three separate ore bodies, called A, B, and E. Common impregnations of Ore Body B 

are: pyrite, fluorite, uranium minerals, molybdenum and zirconium. Such study also showed 

that WRP4 occupies an area of 56.9 x 10
4
 m

2
, contains 12.4 x 10

6
 m

3
 in volume, holds 24.8 x 

10
6
 tons of bulk material, and consists of overburden material and sorting of Ore Body B. 

Table 1, adapted from Fernandes and Franklin [5], shows the typical composition of Ore 

Body B. 

 

 

 

Table 1. Average composition of the Ore Body B. 

 

Species 
Concentration 

(%) 
Species 

Concentration 

(ppm) 
Species 

Concentration 

(ppm) 

SiO2 
53 ± 2.85 

(n = 20) 
F 

4178 ± 2957 

(n = 13) 
Zn 

570 ± 646 

(n = 20) 

Al2O3 
20 ± 2.96 

(n = 20) 
Th 

96 ± 89 

(n = 20) 
S 

18961 ± 18025 

(n = 19) 

Fe 

(total) 

1.88 ± 3.68 

(n = 20) 
U 

538 ± 958 

(n = 20) 
Zr 

4334 ± 7115 

(n = 20) 

Here n represents the amount of samples used for the concentration determinations.  

 

 

 

Many authors [4-6] have demonstrated that pyrite (FeS2) oxidation is the most important 

geochemical process in radionuclide leaching from waste rocks. Such process leads to acid 

mine drainage, which is the driving force in pollutants mobilization and transport from these 

sources. The chemical reaction that describes the first stage of the pyrite oxidation process is 

represented by Equation 1 [5]. It shows that both water and oxygen must be present for the 

oxidation process to occur. 

 

 

  (1) 

 

 

From that, the basic idea of the present work was to develop an experiment within a 

controlled laboratorial environment where both water and oxygen could be available for the 

pyrite oxidation process to occur. Such would allow identifying relationships among 

parameters such as particle size, temperature, volume, and pH. 
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3. METHODS 

 

In order to simulate the conditions of pyrite oxidation in the laboratory, samples of the 

studied material were immersed in distilled water. Oxygen was bubbled into the system using 

a small air compressor capable of providing about 20 dm
3
 per minute. The acid concentration 

against time was followed using a pH meter. At the end, the remaining solution was analyzed 

to quantify various stable and radioactive chemical species. 

 

Samples with various particle sizes and different stages of oxidation were collected from the 

WRP4 and sealed in plastic bags. Before the tests, particle size was reduced and the samples 

homogenized. Finally they were separated into three containers, according to the 

classification shown at Table 2. 

 

 

 

Table 2. Samples classification. 

 

 Particle size between Rock mass (kg) 

Container 1 5 cm and 15 cm 6.30  0.05 

Container 2 2 cm and 5 cm 5.75  0.05 

Container 3 2 cm and 15 cm 6.80  0.05 

 

 

 

Each container is a 20 cm diameter and 40 cm height PVC tube. Each tube was sealed at 10 

cm from the bottom with a PVC circular plate, and the upper end was kept open. A circular 

½ inch orifice was drilled at the center of the plate and connected to a pipeline with same 

diameter. The pipe was then connected to a tap fixed on the side of the tube, below the 

position of the circular plate. Taps were mounted upside down to avoid water returning when 

air compressor was turned off. Transparent plastic hoses were connected to each of the taps, 

and the three were joined through a metal connection in order to distribute the air coming 

from the air compressor. Then the containers were identified and filled with the samples 

according to Table 1 and 3500 cm
3
 of distilled water were added at each one. Figure 2 

illustrates the assembling. During the test, the air compressor was turned on every morning 

and turned off every afternoon. 

 

Water temperature and pH at each container were measured twice a day during the first three 

days, and once a day during the fourth, ninth, and seventeenth days. Therefore, nine readings 

were recorded. At the end of experiments, the solution remaining in each container was 

drained, identified and sent to the laboratory for determinations of: total uranium (U), total 

thorium (Th), radium 226 (Ra-226), radium 228 (Ra-228), lead 210 (Pb-210), silica (SiO2), 

aluminum (Al), iron (Fe), calcium (Ca), chloride (Cl
-
), sulfate (SO4), pH, total acidity, 

conductivity and electromotive force (EMF). 

 

 

http://en.wikipedia.org/wiki/Seventeenth
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Figure 2. Experimental setup assembled. 

 

 

 

Concentrations of uranium, total thorium and sulfate in water were determined by 

spectrophotometry with arzenazo III. After solubilization with HNO3, the uranium (VI) was 

separated from the impurities by solvent extraction with tri-n-butyl-phosphate (TBP) and 

back-extracted with arzenazo III. The thorium was extracted with tri-n-octyl-phosphine oxide 

(TOPO) and back-extracted with oxalic acid. The spectrophotometric determination of the 

uranium and thorium complexes was carried out at wavelengths of 650 and 665 nm, 

respectively. 

 

Concentrations of radium 226, radium 228 and lead 210 in water were determined through 

radiochemical separation followed by total alpha and beta counting. This procedure is based 

on the separation and precipitation of lead chromate and barium sulfate salts and posterior 

alpha and beta counting of the radon-222, actinide-228 and bismuth-210 radionuclides. The 

radionuclide activities were determined with a low background alpha and beta counting 

system. 

 

Concentration of silica, aluminum, iron and calcium in water were determined through the 

Atomic Emission Spectrometry (AES), which measures the intensity of light emitted from 

plasma at a particular wavelength to determine the quantity of an element in a sample. The 

wavelength of the atomic spectral line gives the identity of the element while the intensity of 

the emitted light is proportional to the number of atoms of the element. Concentration of 

chloride was measured by the volumetric determination method. Conductivity, pH and 

electromotive force were measured by standard dedicated laboratory equipments, while total 

acidity was measured by the neutralization volumetric method. 

 

 

4. RESULTS AND DISCUSSIONS 

 

The values of pH and temperature recorded during the experiments are respectively plotted in 

Figures 3 and 4. At all three containers, Figure 3 shows a sharp drop in pH values early in the 

experiment, with the minimum occurring between the third and fourth days. Note that the 

http://en.wikipedia.org/wiki/Plasma_(physics)
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Atomic_spectral_line
http://en.wikipedia.org/wiki/Atom
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first measurement shows an already very low pH value, thus indicating that sulfate, adhered 

to the surface of particles, quickly reacts with the water to produce sulfuric acid. The 

oxidation of pyrite releases sulfuric acid into the water which also contributes to the decay of 

pH. 
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Figure 3. pH variation against time. 

 

 

 

Another possible contribution for the decrease of pH can be attributed to the bacterial activity 

(Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans), which also plays the role 

of catalyst in the pyrite oxidation reaction. That activity is enhanced when the pH approaches 

values around 3 to 3.5, thus consuming O2, CO2 and Fe
2+

 resources. Once feeding resources 

become scarce the bacterial influence is reduced and pH increases [7, 8]. In fact, Figure 3 

shows that pH increases from the ninth day for all containers. Lack of resources to promote 

bacteria growth can be confirmed by EMF values on Table 3. 

 

It is interesting to notice that the minimum pH value at containers 2 and 3 is slightly below 

than at container 1. That is probably due to differences in the particle sizes, which influence 

the available contact area for the oxidation reaction. Of course, the largest particle average 

size of material in container 1 offers the smallest contact area. The reverse occurs for 

container 2. Container 3, which holds material with both average particle sizes, offers an 

intermediate value of contact area. 

 

Figure 4 shows the temperature variation inside the containers and the temperature measured 

by a meteorological station installed outdoors. It is important to notice that there is a slight 

change in water temperature inside the containers during the experiment, which is in 

agreement with the outdoor temperature variations. 
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Figure 4. Temperature variation against time. 

 

 

 

Some authors found significant increases in temperature within piles due to exothermic pyrite 

oxidation reaction. For example, Lefebvre et al. [9] report temperatures above 65 
o
C in a 

Canadian mine. Since colder air percolates through the sides and hotter air leaves through the 

top of the piles, natural convection of air is the main mechanism for providing oxygen to 

oxidation reactions inside piles. However, during the present work, the temperature gradient 

was practically eliminated by immersing the rocks in stirred water at room temperature. 

Stirring was achieved by bubbling air, which also supplied oxygen for the reaction. 

 

Table 3 presents the results from analysis of water drained from the three containers at the 

end of the experiment. The water in container 2 had the highest concentrations of U, Th, 

SiO2, Ca, and SO4, while water in container 1 had the lowest values. Water in container 3 

presented the highest concentrations of Ra-226, Pb-210, Al, Fe, Cl
-
, greatest total acidity and 

conductivity, while water in container 1 showed the lowest values. This is caused by 

differences among particle sizes and amount of samples in the containers. Additionally, 

Table 3 shows that pH values at containers 1 and 3 are slightly lower than at container 2. The 

absence of results for Ra-226 and Ra-228 at container 2 is due to problems during the 

analysis procedures. 

 

As seen before in Table 2, Container 2 retained the lowest amount of material. Nonetheless, it 

led to the highest concentrations of several species listed at Table 3. Such demonstrates the 

significant influence of particle size distribution in the processes. On the other hand, as 

container 3 retained the largest amount of material with intermediate average particle size, it 

led to higher concentrations of many species among those listed at Table 3. 
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Table 3. Chemical determinations after experiment. 

 

Species/Parameters Container 1 Container 2 Container 3 

U [mg L
-1

] 1.98 6.24 5.5 

Th [mg L
-1

] 4.0 5.6 4.9 

Ra-226 [Bq L
-1

] 2.3  0.2 - 6.0  0.5 

Ra-228 [Bq L
-1

] < 0.03 - < 0.03 

Pb-210 [Bq L
-1

] 3.7  0.4 7.6  0.7 10  1 

SiO2 [mg kg
-1

] 61 84 82 

Al [mg L
-1

] 285 366 411 

Fe [g L
-1

] 1.97 2.09 2.15 

Ca [mg L
-1

] 11.7 15.2 13.6 

Cl
-
 [mg L

-1
] 8.46 9.90 11.7 

SO4 [g L
-1

] 5.75 6.85 6.85 

pH 1.96 2.00 1.93 

Total acidity [N] 0.127 0.136 0.150 

Conductivity [S cm
-1

] 8072 8022 8888 

EMF [mV] 428 418 412 

 

 

 

Regulations issued by the governmental institution (CONAMA) – responsible for 

establishing release criteria of effluent into water bodies – should also be observed. The 

publication COMAMA [10] presents the acceptable levels of chemical (class 1) species for 

drinking water. Table 4 shows some of these limits and the values found during the present 

work. Concentrations of Al, Fe, SO4 and U are far beyond the limit, and Cl
-
 is under the 

allowed concentration. Nevertheless, acid drainage from UMMF is securely contained and 

treated before release into the environment. 

 

 

 

Table 4. Observed values and allowed limits for chemical species (units in mg L
-1

). 

 

Species Al Fe SO4 U Cl
-
 

Allowed values 0.1 0.3 250 0.02 250 

Container 1 285 1.97 x 10
3
 5.75 x 10

3
 1.98 8.46 

Container 2 366 2.09 x 10
3
 6.85 x 10

3
 6.24 9.90 

Container 3 411 2.15 x 10
3
 6.85 x 10

3
 5.5 11.7 

 

 

 

5. CONCLUSIONS AND SUGGESTIONS 

 

The experiments showed that acid drainage and leaching of pollutants in WRP4 of UMMF 

will occur if water and oxygen are available for the pyrite oxidation reaction, which is in 

agreement with the available literature on the subject. Comparing the results of concentration 

of chemical species obtained by the present work against the legal limits established by the 

Brazilian Federal Water Quality Regulatory Agency, it has been found that all acid drainage 
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has to be contained and treated to avoid contamination. Therefore, institutional control has to 

be conducted at the UMMF in order to comply with the environmental regulation until some 

sort of remediation plan is put in practice. 

 

So far and despite all efforts, it has become evident that other coupled phenomena must be 

taken into consideration to full understand the leaching of pollutants from uranium residue 

piles. According to Ledin and Pedersen [8], a full understanding of mine waste disposal 

environments cannot be achieved until microbial processes are included in models and 

interpretation of results. This is so, because microorganisms can catalyze many reactions that 

otherwise would be very slow or not occur at all. For example, the bacterial activity usually 

influences the redox potential in the environment. Some authors [7, 11] have studied this 

subject for the specific case of the waste rock piles in the Poços de Caldas uranium mine.  

 

In view of that, the present study should be repeated taking into account the bacterial action. 

This can be achieved by identifying and quantifying the microorganisms influencing the 

pyrite oxidation reaction as well as evaluating the available nutrients to them. Another 

approach would be to inhibit bacterial action performing a complete sterilization of samples 

before the experiments. In order to assure consistency of results a well-established group of 

procedures would be adopted for the next experiments, such as the one reported by Sobek et 

al. [12]. That includes several aspects, from identification of common rocks and minerals in 

the field to proper interpretation of analytical results. 

 

To improve the experimental setup, some aspects should be considered. First, the setup 

should be assembled in triplicates in order to improve reliability. For instance, in order to 

evaluate the influence of particle size, experiments with different sizes should be performed. 

In addition, sampling throughout and after each experiment should be made. That would 

allow following the variations of chemical species concentrations during each test and may 

contribute to better understanding the role of pyrite oxidation in the process. 

 

Another important issue is related to the particle size control. Actually, the WRP4 pile has a 

wide range particle sizes, covering dimensions from dust-size particles to big blocks of rock. 

Future works should address more extensive analysis of the particle size influence on the 

pyrite oxidation.  
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