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Abstract. Commercial operation of uranium mining and milling started in Brazil, at the P090S de Caldas Unit,
State of Minas Gerais, in 1982. The Pocos de Caldas Unit was licensed by the Brazilian Regulatory Body
(CNEN) and its is now in the decommissioning process. In 2000, a new mining and milling installation, the
Caetite Unit, located in State of Bahia, started operation. This paper will discuss how Brazilian Nuclear Energy
Commission is licensing the Caetite Unit based on the lessons learned from the Pocos de Caldas Unit. The
objective is to draw attention to the importance of the safety assessment for a new unit, specially considering that
some wrong decisions were taken for the Pocos de Caldas unit. These decisions lead to less effective long term
solutions to protect the environment. Notwithstanding the differences between the two units, it is of great value to
use the acquired experience to avoid or minimize the short, medium and long term impacts to the environment
and population in the new operation.

1. INTRODUCTION

Brazil has the sixth largest geological uranium reserves in the world, and only 30% of its national
territory has been prospected. Since 1991, all systematic prospecting for uranium in Brazil has
stopped. If new exploration expenditures are carried out, the geological reserves could probably
double in a short time.

Brazilian Nuclear Industries (INB) is a national company responsible for all the nuclear fuel cycle
activities in Brazil. INB uranium mining and milling activities started at the Pocos de Caldas Unit, in
the Minas Gerais State, in 1982. During the operational time, the Pocos de Caldas Unit produced
about 1300 tons of U3O8.

Since the mining and milling of uranium reserves was no longer economically feasible, the Pocos de
Caldas Unit shut down in 1995. During operations, tailings, by-products and about 100 000 000 tons
of mine rock was generated and the mill effluents were discharged into the environment. The closure
planning and remediation actions are still under development.

And drainage is the main environmental problem; this situation is enhanced by the high rainfall of the
region. The acidification is generated by oxidation of pyrite present in the low-grade rock. As a result,
acid solutions characterized by very low pH values and high concentrations of potential pollutants are
produced. It is estimated that pyrite oxidation will occur for more than a 1000 years [1]. The long time
scale involved affirms the need for permanent remedial actions. Therefore, the control measures
adopted must remain effective long after mine closure and must be affordable and cost-effective.
Neutralization of the acid drainage from the waste rock dumps has been an effective interim strategy
to reduce the concentration levels to acceptable limits [2] but it cannot be selected as a permanent
solution to the problem.

With the nuclear policy change that approved the construction of the second nuclear power plant in
Brazil (Angra II), INB decided to shift its uranium production from the high-cost deposits at Caldas to
lower costs reserves at Caetite, in Bahia State. This region is characterized by a very dry climate and
is considered one of the most important Brazilian uraniferous provinces. Its reserves are estimated at
100 000 tons of uranium plus other associated minerals.
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The Caetite Unit has received operational authorization, and production started this year. It is an
industrial ore processing complex, designed to mine and mill uranium contained in about 33 ore
deposits. The proposed uranium extraction process will be heap leaching. This technique has
advantages such as: (i) substantial reduction in investments; (ii) lower operational costs and
(iii) reduced infrastructure demand when compared to the conventional agitated leaching technique.

Regarding the environmental aspects, the absence of fine solid waste precludes the need for
engineered containment structure; this minimizes potential radiological impacts. The project holds out
the possibility of liquid recycling which means that liquid effluents will return to the process without
discharge to the environment. Mining activities and area rehabilitation will be done simultaneously
and in such a way that restoration of the environment will be completed as soon as each mine site is
released.

These two contrasting case histories exemplify the INB uranium operations in Brazil. In addition to
these two districts, Brazil has other known uranium deposits, and, as a whole, it is estimated that
Brazil has over 300 000 tons of U3Os in reserves [3].

Both units were submitted to the nuclear licensing process established by the Brazilian Regulatory
Body (CNEN) that has the technical and legal competence to evaluate the environmental radiological
impacts, the safety and the adequate control required for the facilities which, due to their
characteristics, represent a potential risk of radiological contamination to the environment. CNEN is
responsible for issuing standards and regulations related to nuclear safety and radiological protection;
it also monitors and controls nuclear installations, according to the Brazilian laws, and international
recommendations.

2. URANIUM EXPLORATION IN BRAZIL

Systematic prospecting for radioactive minerals in Brazil was started in 1952 by the Brazilian
National Research Council. In 1955, technical co-operation agreements were signed with the
government of the U.S.A for an assessment of potential uranium reserves in Brazil. In 1962, the
recently created Brazilian Nuclear Energy Commission sought the collaboration of the French
Comissariat A PEnergie Atomique (CEA) to organize its Mineral Exploration Department.

An initial objective of the systematic exploration programme was evaluation of the uranium reserves
associated with the zirconium ores of Pocos de Caldas plateau which were known since 1948. The
exploration was accelerated by the availability of funds for this work from 1970 onwards. Pocos de
Caldas deposits were considered to be the most promising for meeting the short term requirements of
the Brazilian Nuclear Programme.

With the creation of Nuclebras (presently INB), in 1974, the Brazilian government expanded its
nuclear programme to include additional exploration, research, development and the mining of
uranium deposits. The expanded exploration work identified eight areas with uranium reserves,
namely: Pocos de Caldas (MG), Figueira (PR), Quadrilatero Ferrifero (MG); Amorinopolis (GO);
Campos Belos (GO), Itataia (CE), Lagoa Real/Caetite (BA) and Espinharas (PB). These occurrences
are well documented [4]. See Table 1 for the known reserves.

TABLE I. URANIUM GEOLOGICAL RESERVES IN U3O8 TONS [5]

Deposits
Lagoa Real/Caetite (BA)
Itataia (CE)
Other
TOTAL

Measured and indicated
94 000
91200
39 500

224 700

Inferred
6 700
51 300
26 500
84 500

Total
100 700
142 500
66 000

309 200
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As can be seen, the Itataia deposits, which are located in the central part of the State of Ceara are the
largest. These deposits account for almost 50% of the total known reserves. A radiometric aerial
survey identified 273 anomalies. The uranium is associated with phosphates, an unusual type of
mineralization. The U3OS grade varies from 500 to 9000 ppm and the P2O5 grade from 12% to
37% [6]. The deposit is suitable for open pit mining; the uranium recovery from the phosphatic
material is estimated to be 70%. Development of the uranium-phosphate Itataia project will depend on
numerous factors including the markets for both products. In contrast to Pocos de Caldas, which has
been known since 1948, the Itataia deposit was only discovered in 1976, and Lagoa Real was
identified in 1977.

3. REGULATORY ASPECTS

The Licensing Process of Nuclear Facilities in Brazil is controlled by the Brazilian Nuclear Energy
Commission (CNEN), according the Brazilian Constitution and Federal Laws. The nuclear licensing
process has as its main objectives: (i) preservation of the integrity of the installation and (ii) the
protection of workers and the environment against the damage and risks associated with radiation
exposure.

CNEN is the governmental regulatory authority that has the technical competence to assess
environmental radiological impacts, as well as to assure that the design, construction, operation and
decommissioning of nuclear installations will be carried out in accordance with established nuclear
safety and radiological protection requirements, based on national and international recommendations.

The licensing process for a nuclear facility includes (1) request by the Applicant, and (2) approval by
CNEN of the following statutory and legal obligations [7]:

(a) Site Approval
(b) License for Construction (Total or Partial)
(c) Authorization for Nuclear Material Use
(d) Authorization for Initial Operation
(e) Authorization for Permanent Operation
(f) Cancellation of Authorization for Operation

3.1. Site approval

The Site Approval application for the opening of the mine and/or the construction of the milling
facility must contain in the annex "Site Report", at least, information about:

(a) the characteristics of the facility design and the proposed operation;
(b) the site characterization including geography, demography, geology, geotechny, seismology,

hydrology, meteorology and ecology; and
(c) the results of a Preliminary Programme of Environmental Radiological Monitoring (with data

referring to a minimum period of two years).

3.2. License for construction

The License for Construction application for the mine opening and/or for the construction of the
uranium ore milling facility, in the approved site, must contain in the annex "Preliminary Safety
Analysis Report (PSAR)" the following information:

(a) organizational structure of the mine and/or mill facilities and updated cronogram;
(b) internal distribution of functional responsibilities;
(c) plans of the developing of the mine;
(d) preliminary project of the installation;
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(e) safety measures related to physical and fire protection;
(f) occupational and environmental radiological protection measures;
(g) description of the conceptual project of the milling facility, including the processing

equipment and methods, ventilation system, plants and drawings;
(h) description of all the laboratories, safety and radiation protection facilities;
(i) description of emergency and waste management systems;
(j) programmes of quality warranty;
(k) results of pilot scale tests;
(1) risk analysis for the installation;
(m) preliminary plans of personal training and
(n) preliminary decommissioning plans.

3.3. Authorization for nuclear material use

An Authorization for Nuclear Material Use will be granted upon determination that the mine or mill
facility is ready to receive the nuclear material, and that the concerning conditions stated in the
norms [8] were accomplished.

3.4. Authorization for Initial Operation (AIO)

The Authorization for Initial Operation of the mine and/or mill facility will be granted by CNEN
when:

(a) It had been verified that the construction is substantially concluded;
(b) The evaluation of the Final Safety Analysis Report (FSAR), and of the results of the pre-

operational tests had been completed and;
(c) It has verified the inclusion, in the installation, of all the supplementary safety conditions

demanded by CNEN during the construction phase.

The application for AIO of the mine and/or mill facility shall include an estimate of the total operation
period of the mine and/or mill facility and must contain in the annex "Final Safety Analysis Report
(FSAR)" the following information:

(a) detailed description of the project, construction and operation of the facility;
(b) the design bases, including technical specifications and limits;
(c) detailed description of mining operation, crushing and grinding systems;
(d) plans related to physical and fire protection;
(e) radiation protection plans (occupational and environmental);
(f) radiation protection service description;
(g) for milling facilities, detailed description of the chemical attack system, drying, handling,

packaging, storage and transport of the uranium concentrate;
(h) detailed description of the waste management system, including project plans for retaining

and controlling the wastes and all effluents from the milling facility;
(i) a final emergency plan;
(j) a safety analysis for the facility as a whole;
(k) programmes of quality warranty and
(1) decommissioning plans.

3.5. Authorization for Permanent Operation (APO)

The application for Authorization for Permanent Operation of mines and/or milling facility must
contain data complementary to the radiation protection plan and to the radiation protection service, or
any other relevant information that had not been included during the AIO application and will be
issued based the following:
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(a) The Construction of the facility has been completed according the requirements established in
the License for Construction and in the Authorization for Initial Operation;

(b) There is not, in any aspect, gaps concerning safety questions regarding the AIO;
(c) There is reasonable assurance that operations of a permanent nature can be conducted without

risk to environment and to the health and the safety of the population;
(d) The applicant has the Authorization for Nuclear Material Use; and
(e) The applicant is technically qualified to conduct the requested authorization in accordance

with the legal aspects involved.

3.6. Cancellation of authorization for operation

The application for cancellation of the Authorization for Operation shall contain the following
information:

(a) probable completion date of the operating activities;
(b) preliminary plans that guarantee the safety and the health of the workers and public

individuals in the phases preceding cancellation of the authorization and subsequent
abandonment of the practice or installation; and

(c) report of the work performed in the mine, its current status and its future possibilities.

4. THE POgOS DE CALDAS OPERATION

The Uranium Mining and Milling Facilities (UMMF) of Pocos de Caldas is located on one of the
largest alkaline intrusions in the world. The occurrence of about 70 radioactive anomalies characterize
the plateau as a high natural radioactive area. The ore grade of the reserves ranged from 250 to
1250ppmofU3O8.

The region has a tropical climatic. The annual average temperature is 19°C. The annual precipitation
is 1700 mm, with more than 120 days of rain per year, which occurs primarily during the summer.
Two hydrographic basins, Antas and Verde, cross the mine site and receive the effluents coming from
the facilities. Water from both creeks are used for crop irrigation and for cattle watering.

The UMMF of Pocos de Caldas began operation in 1982. The design capacity of U3O8 was 500 tons
per year, but it never produced this amount. Between 1990 and 1992, the production was suspended
because of increasing production costs and reduced demand. Production restarted in late 1993 and
continued until October 1995. After two years on stand-by, the Pocos de Caldas UMMF was shut
down in 1997.

Milling process consisted of aggressive hot-acid leaching with sulphuric acid, liquor clarification,
solvent extraction, aqueous sodium chloride reextraction and alkaline precipitation with ammonium
hydroxide. After neutralization with lime, the leach residue, the solid and liquid wastes was sent to the
tailings dam. The liquid effluent from the tailings dam is treated with BaCl2 to precipitate the soluble
Ra before release to the environment.

The mining activities have led to the formation of two main waste rock dumps (WR4 and WR8) plus
an open pit. The waste rock consists of all mine material that has a soluble U3Og content of less than
200 ppm which is the established mill cut off. It has been estimated that about 94.5 x 106 tons of rock
were removed during mining operations [9]. Only 2% of this was ore grade material designated for
physical and chemical processing in the mill. These figures give a barren/ore ratio of 50:1.

The WR4 mines produced the most significant effect on the environment because it was constructed
over the Consulta river valley [10]. In perspective, it is necessary to take into account that during the
seventies, the waste rock and mine drainage were not considered radiological hazards, therefore, no
procedure for water treatment or planning for waste-rock disposal was implemented.
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Monitoring showed that the quantity of radionuclides released to the environment from the waste rock
and the mine drainage was greater than that from the chemical processing plant [11]. Pyrite oxidation
was found to be the most important geochemical leaching reaction for the radionuclides. A drainage
system was developed to collect and treat the effluents by neutralization with lime. Treatment of the
waste rock drainage started in 1983, and this produced a significant decrease in the concentration of
radionuclides in the liquid effluent. In 1985, the regulatory body required the treatment of all mining
effluents.

Initially, the sludge precipitate from the neutralization process was disposed of in the tailings pond.
This practice posed a serious problem for the general waste management strategy of the facilities
because the tailings pond was not originally designed to receive this additional waste.

The acid-drainage problem is not restricted to the waste dumps and the mine pit. It also occurs in
tailings pond where a significant amount of pyrite is present. The waste contains 2.0 x 106 tons of
solid material [9]. Fernandes et al. [12] studied the geochemical processes that control the
mobilization of heavy metals and radionuclides in the UMMF of Pocos de Caldas tailings pond.

Since the beginning of its operation in 1982, several technical works and scientific studies have been
published dealing with radiological impact assessments. The radiological impact of the waste rock
piles and mine drainage on the environment was first described by Amaral et al. [11]. The potential of
contamination of the aquatic environment by the tailings pond effluents was estimated by
Fernandes [12].

A comprehensive environmental radiological impact assessment of the Pocos de Caldas uranium
operation has been carried out by Amaral [13]. This report indicates that the increase in the effective
dose to a hypothetical critical group, based on conservative calculations, was on the order of
0.3 mSvy"1. This value may be regarded as acceptable when compared to the radiation exposures
limits specified for the licensing of all nuclear installations [14]. This exposure was due to adequate
treatment of the chemical processing effluents, which has proved to be effective for controlling the
radionuclide release to the environment. This strategy was developed during the licensing period and
has been continued since the beginning of the operation. Studies investigated the contribution of
radioactive and non-radioactive pollutants present in the liquid effluent to the radiation and
toxicological risks of a local critical group. Data show that, in this type of facility the non-radiological
impact due to chemical toxicity seems to be more important than the radiological criteria. For the non-
radioactive pollutants, Mn is the principal concern regarding human health effects [15].

Interdisciplinary studies for proper decommissioning of the mines are being conducted [10]. The
overall decommissioning plan should consider that the acid drainage aspect is the most important
component of remedial actions decisions. The operational cost of collecting, pumping and treating
acid mine drainage was estimated to be US $705 800 per year [16]. Fernandes et al. [1] pointed out
that more than one thousand years will be necessary for complete oxidation of all the pyritic material
in the dump and cessation of the acid drainage. This long time exceeds realistic institutional control of
the facilities. Consequently, permanent remedial actions must be adopted.

Waterproof covering of waste dumps has been started, as well as the re-vegetation of the impacted
areas in order to reduce the infiltration of rainwater and to help the process of rehabilitating sites to
restore their environment or make them suitable for other uses.

The potential environmental impact of the tailings dam after final closure of the installation was
assessed by estimating dose levels assuming the absence of remedial measures [12]. The projections
included the termination of control procedures and the consequent effluent discharge to the
environment without chemical treatment. The results showed that remedial actions regarding the
tailings dam decommissioning would be necessary.
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Both the mining company, Brazilian Nuclear Industries (INB), and the Brazilian regulatory authority
maintain environmental and effluent monitoring programmes, in order to keep a strict control over the
surrounding areas. The main regulatory aspects related to the decommissioning programme have been
established and will be the basis for the work to be performed.

When the uranium operation terminates, the INB has proposed the use of the industrial facilities for
other projects such as monazite chemical processing and rare earth production. This option would
reduce the costs necessary for implantation of such units at another site.

For the above mentioned activities, INB was requested to evaluate the capacity of the tailings dam,
and to establish alternatives in the case of its closure. A proposal for management of the liquid
effluents arising from the waste rock and mine areas was presented. The objective is to reduce the
effluent generation and, consequently, the amount of calcium diuranate (CDU) that was being added
in the tailings pond. Currently, the CDU is being added in the mine pit. Evaluation of the pit for both
capacity and leakage potential has shown it to be adequate for tailing disposal.

5. CAETITECASE

The Uranium Mining and Milling Facilities (UMMF) of Caetite which is a property of Brazilian
Nuclear Industry (INB), is located in the Southwest of the State of Bahia. The facility produces an
Ammonium Diuranate (ADU) concentrate. The ore grade is about 3055 ppm (U3O8), and the
barren/ore ratio is 6:1. An investment cost of US $40 million has been reported.

Caetite is characterized by a semi-arid climate; a predominantly rural economy; manpower of very
low qualifications; and high birth and mortality rates.

The industrial complex will produce about 300 t U3Og/year. This amount is enough to supply the
Brazilian demand. This demand includes refuelling the Angra I and II reactors, and the requirements
of the Technological Programme of the Navy's Ministry.

Initially, the ore will be mined by open pit methods. The mill uses a process similar to those of
UMMF of P090S de Caldas, but the technology adopted for the extraction of the uranium is heap
leaching. The process includes the following stages: crushing, heap leach extraction of uranium,
solution, clarification, concentration and purification by solvent extraction and finally precipitation of
an ADU uranium concentrate.

The solid heap-leach tails will be disposed with the sub-grade ore from the mine. A modular stacking
method will be used to facilitate decommissioning as soon as each heap-leach unit is finished. A
bottom drainage system will carry the drainage water to a storage pond. Safety personnel will monitor
the drainage water from the mine and also the rainwater that falls on these areas. Based on its
radiological characteristics the water will either be sent to the process or to the environment. A
systematic inspection programme will detect and repair any damage that could compromise the
physical integrity of the system.

Liquid effluents from the ore processing operation will be stored in a pond with a sub-aerial drainage
system. Precipitates obtained from the subsequent effluent treatment will be retained. The liquid
fraction will be collected through the sub-aerial drainage system and re-introduced into the process.
The total volume of liquid effluent that will be generated is approximately 180 000 m3/year, and the
lime precipitation treatment will produce about 7200 t/year of solids.

The first waste disposal cell to be built will be divided into two compartments. Each compartment
will be lined with a high density polyethylene sheet to assure that the system will not leak and also to
acquire experience on design parameters. The planned environmental protection elements include: a
system for surface drainage, waterproof covers, monitoring wells and aquifer monitoring.
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A routine discharge of liquid to the external environment is not foreseen, because all the water used in
the industrial processes will be recycled. However, a BaCl2 treatment unit was included to provide
precipitation of soluble radium when extreme conditions causes emergency discharge to the
environment.

A Pre-operational Environmental Monitoring Plan and an Environmental and Effluents Monitoring
Plan have been used for monitoring the region both before and during the construction and operation
phases of the facilities. These plans were implemented with the objective of detecting any movement
of pollutants in the air, water or solids from the facilities.

The environmental impact evaluation was developed by estimating any potential increase in the
effective dose to a hypothetical critical group. These effective doses are determined by monitoring
and application of dose calculation models based on the habits of the population. The effect of
process uncertainties is evaluated by using conservative hypotheses, in a way to assure that the actual
impact will be always smaller. Liquid effluents and atmospheric emissions compose the possible
exposure pathways. Because there is a shortage of water in the area all the rain water will be
impounded and the process water will be recycled. Since the liquid effluents will not be discharged to
the environment, the airborne wastes represent a important exposure pathway, particularly 222Rn and
dust emissions caused by mine operations.

A preliminary plan for the decommissioning procedures has been prepared. This phase addresses
recovery of the environment and restoring the area to its natural radiological characteristics.

The solid-waste management strategy considers decommissioning as a part of the operational stage.
When each tailings pond reaches its capacity, it will be drained and decommissioned. The area will be
covered by a layer of clay and soil and then re-vegetated.

Decommissioning each below grade waste dump involves the placement of an impermeable cover
plus revegitation. The decommissioning will be carried out immediately after the closure of each
module.

The leaching areas, after the removal of the waterproof sheets that covered the heap-leach pad will be
covered with a layer of inert material that is thick enough to restore background radiation levels. The
collection ponds located in this unit will be drained, filled with inert material, sealed with a
waterproof cover and re-vegetated. Other industrial units, buildings, structures and equipment will be
checked, monitored, decontaminated and released for alternative use if regulatory specifications are
met.

The radium precipitation unit will continue operating because the mine drainage water must be treated
to reduce contaminant concentrations to below the allowed limits. The precipitate product will be
covered with inert material capped with a layer of organic soil and re-vegetated.

As can be seen, the licensing and development of the UMMF of Caetite has been carried out using a
philosophy, where environmental management and decommissioning are part of the overall project
planning. Authorization for initial operation was granted on March 2000 and INB has tested the
industrial units; the objective of this programme is to obtain more precise operational parameters and
to train the operational personnel.

6. FINAL REMARKS

The development and licensing process for the Caetite unit cannot be directly compared to that of the
Caldas development because the relative problems involved were considerably different.
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The UMMF of P090S de Caldas was the first industrial plant for uranium processing in Brazil.
Therefore, it is reasonable that mistakes may have occurred during both the project development and
the remedial actions for controlling environmental pollution. This may be attributed to the lack of
experience in dealing with radiation protection principles at the time the mine plan was being
developed.

Impact assessment studies concluded that Pocos de Caldas UMMF operations were conducted within
the acceptable limits of radiation exposure [17]. Although the tailings management system has been
considered effective, it will be necessary to find a long term solution for the mine pit, the WRs and
the tailings dump. Treatment of the drainage water must also consider toxic criteria other than the
radiological criteria.

Decisions about procedures to be adopted for control and stabilization of the effluents, and the solid
wastes should consider cost effectiveness. The adequacy of each procedure must take into account the
environmental health impact, the cost and the risk reduction realized by its application.

At Caetite, prospecting and exploration has been carried out using a logical sequence and taking into
account environmental management as part of the project. Pre-operational monitoring programmes at
Caetite have been developed to demonstrate compliance with regulatory requirements whereas at
P090S de Caldas the monitoring of liquid effluents did not begin until 1982, when milling operation
started.

It is also necessary to call attention to important aspects of risk perception and to the potential
necessity of an integrated risk assessment for licensing and control of nuclear facilities. The socio-
economical aspects of the site may also be very important.
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