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ABSTRACT 

 
The Santa Quitéria Project is located in Ceara state, Brazil. Actually, it is the biggest Brazilian uranium mine 
project. A peculiarity of this project is the association of uranium with phosphate and the mining and processing 
of both together by two enterprises. A private company will be responsible for the production of phosphoric acid 
and a state owned company will be responsible for the production yellow cake. At full capacity, the plant will 
generate 10% of Brazil’s total annual phosphoric acid production and 1,500 tons of yellow cake per year. The 
reaction, by which phosphoric acid is produced, generates phosphogypsum (PG) as a by-product. The ratio of 
phosphogypsum to phosphoric acid is around 5 to 1. After all the phosphate has been extracted and processed, it 
is expected that some 37 million tons of phosphogypsum with 13 Bq/g of radium 226 will be produced. Aiming 
to assess the potential radioactive impact of this PG stack on the workers and surrounding inhabitants, a generic 
assessment was performed by RESRAD offsite and onsite codes. A hypothetical farmer scenario was used to 
calculate potential dose out of the project boundary and over the stack piles, after the shutdown of the project. 
The annual exposure dose of workers according to the progress of processing was also evaluated. In 
conservative approach the potential public dose was estimated as 2.5 mSv/y. This study identified the rainfall 
erosion index, the geometric shape of the PG stack and the fish consumption as parameters where an 
improvement of information and understanding could improve the quality of the dose assessment. The worker 
dose estimation stressed the need for action plan to mitigate worker exposures on the stack. In addition, the 
onsite public dose pointed out the importance of a planning for remediate the area after the shutdown of the 
plant, in order to assure that public and environment health will not be affected by the presence of the PG stack.  
 
 

1. INTRODUCTION 
 
 
In Brazil, mining and mineral transformation represented 5.17% of GDP in 2007, according 
to the Brazilian Institute of Geography and Statistics (IBGE) [1]. But, due to the occurrence 
of naturally radioactive material, this sector of activity occasionally faces environmental 
challenges.  
 
Brazil’s phosphate fertilizer industry releases approximately 2,000 tons of uranium and its 
decay products into the environment every year [2].  Phosphogypsum (PG) is a by-product of 
the phosphate fertilizer manufacturing process and is the main residue generated [3]. It is 
normally produced during wet-process extraction (using sulfuric acid) in a ratio of about 4.5 
tons of PG per ton of phosphoric acid [4]. The radioisotope radium remains with the PG, after 
the processing of the phosphatic rock [5]. When radium is present in high concentrations, 
measures should be taken to safeguard public health and the environment.  
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Some two hundred and ten kilometers from the state capital Fortaleza, in the municipality of 
Santa Quitéria in the state of Ceará, lays an important uranium and phosphate ore, located on 
coveted farmland owned by the Brazilian Nuclear Industries. See figure 1. 

 

 

Figure 1 – Santa Quitéria Site 

 

 The ore is currently considered the largest reserve of uranium in the whole of Brazil. The 
concentration of this element in the Santa Quitéria ore is about ten times greater than that of 
commercialized concentrates of phosphate rock originating from other phosphorus mines in 
the country [6].  

In the Santa Quitéria Project, phosphoric acid is expected to be produced from wet-process 
extraction – the most widely used method in which sulfuric acid is added to the phosphate 
concentrate to produce phosphoric acid. The main stages of the process are as follows: i) 
Dismantling; ii)Removal of Fines, iii) Flotation; iv)Phosphoric Acid  Production; v)Separtion 
of Uranium Isotopes and vi)Thorium Extraction. 

Equations for the production of phosphoric acid are as follows [6]: 

 

               Ca10F2(PO4)6 + 14 H3PO4  14 Ca(H2PO4)2 + 2 HF                     (1) 

 

10 Ca(H2PO4)2 + 10 H2SO4 + 20H2O 20 H3PO4 + 10 CaSO4.2H2O            (2) 

 



INAC 2011, Belo Horizonte, MG, Brazil. 
 

Ca10F2(PO4)6 + 10 H2SO4 + 20H2O          6 H3PO4 + 10 CaSO4.2H2O + 2HF           (3) 

 

If the ratio of its components remain constant throughout the life of the ore, the phosphate 
rock from the Santa Quitéria ore is expected to produce 37 million tons of PG. In the PG 
stack, the specific activity of radium-226 is approximately 13 Bq/g and 11 Bq/g of Pb-210, 
while radium-228 reaches values of 0.41Bq/g [6].  

The goal of this experiment is to assess the environmental and occupational impact  in which 
the main source term in the site, is the PG stack. In the Santa Quitéria Project, the specific 
activity of radium-226 can reach levels one hundred and thirty times that of the radium-226 
found in other PG stacks produced in Brazil [6]. 
 
 

2. METHODOLOGY AND RESULTS 
 
A radiological environmental impact assessment of the PG stack was carried out using the 
RESRAD OFFSITE and RESRAD ONSITE simulation codes. The RESRAD code, 
developed by the Argonne National Laboratory with the help of the Oak Ridge National 
Laboratory, has been extensively tested, verified and validated in the area of exposure and 
environmental risk assessment.  

When available, information about land use, people’s customs and practices and other local 
parameters were included in the model. The concentrations of the radionuclide daughter of 
short half-life were assumed to be in secular equilibrium with its parent. 

Three scenarios were developed for the simulation.  

 
2.1. First Scenario 

RESRAD OFFSITE was used in order to simulate the radiological impact of the PG stack on 
the environment. Specific concepts and values described below were used as input 
parameters to build the scenario and allow us to estimate the critical group dose. 

In this scenario, the population living close to the plant is predominantly rural, consumes 
groundwater (from wells), local crops and animal products.  

The worst case scenario was simulated whereby the groundwater supply flows from the stack 
towards the critical group. 

All the RESRAD code exposure pathways were considered. Thus, the exposure pathways are 
external gamma, radon and dust inhalation, drinking water and plant, milk, meat, aquatic food 
and soil ingestion.  Some of the RESRAD default values were altered, when local parameters 
were found or parameters that best correspond to the conditions in Brazil were available in 
literature. In such a way, hydraulic conductivity values were modified to reflect local soil 
characteristics.  

Having taken into account all exposure pathways, the simulation using the RESRAD 
OFFSITE code, indicated a potential critical group dose for this source term of around 2.5 
mSv/year. Figure 2.  

The main contributor to this dose is Ra-226 and the main exposure pathway is fish 
consumption, followed by radon inhalation. The fish contamination would be caused by the 
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superficial runoff, which would be the main pathway for the contamination of the 
environment.   
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Figure 2 – First Scenario Dose 

 

2.2. Second Scenario 

 

The RESRAD ONSITE code is used to simulate a scenario following the closure of the mine 
and the abandonment of the site. The critical group is taken to be on top of the PG stack and 
all exposure pathways are considered. The entry data is as follows: 

The exposure pathways are external gamma, radon and dust inhalation, drinking water and 
plant, milk, meat, aquatic food and soil ingestion. 

In this simulation, the total dose reaches 300 mSv/year. See figure 3. The main contributor is 
Ra-226, followed by lead-210, being the inhalation of radon the main route of exposure. 
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Figure 3 – Second Scenario Dose 

 

 

2.3. Third Scenario 

 

The aspect of occupational safety is another factor to consider, though it is not purely 
environmental. The modeling using a RESRAD ONSITE code depicts a scenario in which 
the worker spends part of his work day (approximately four hours) directly on the PG stack. 
In this simulation, the exposure pathways are radon and dust inhalation, soil ingestion and 
external gamma. 

Results show that the main contributor to this dose is radio-226, the most significant exposure 
pathway is external gamma and the dose received by the worker stands at 6.5 mSv/year. See 
figure 4. 
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Figure 4 – Third Scenario Dose 

 

3. DISCUSSION AND CONCLUSION  
 

In the first scenario, the PG was the only source of radiation considered in the site, and even 
so, the critical group dose was found to exceed the public dose limit of 1 mSv/year (as 
defined by the CNEN NN-3.01 [7] regulation known as the Basic Radiation Protection 
Guidelines). Based on the results, the disposal of the stack is of major concern, since the 
runoff might be the main pathway for the environment contamination, and studies should be 
carried out to establish the parameters related to runoff and a suitable disposal of the stack. 
Thus, this study identified the rainfall erosion index, the geometric shape of the PG stack and 
the fish consumption as parameters where an improvement of information and understanding 
could improve the quality of the dose assessment 

The second or post-operational scenario reveals the high dose for inhabitants who settle on 
the PG stack, in case of the site abandon. It therefore demonstrates the need to plan for the 
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safe disposal or recycling of PG before the occupancy of the grounds, after the facility has 
closed, by new residents unaware of the risk.  

In sum, this study emphasizes the importance of conducting an environmental and 
occupational risk assessment, before the beginning of facility operation. Since the area may 
eventually be reused after the closure of the facility, it is necessary to plan for waste 
management to prevent potential liabilities. Planning for the decommissioning of the area 
must occur in the initial design phase before the construction of the facility, because 
measures to minimize risk and liabilities must be evaluated and their related costs included. It 
is crucial to plan for all possible future liabilities, when considering the future 
decommissioning of the Santa Quitéria plant. 

In the third scenario, the dose for the worker exceeds the public dose limit. Workers must 
therefore be protected from this occupational hazard and steps should be taken to reduce this 
risk. Even though the PG stack is part of conventional phosphoric acid plants (which do not 
require radioprotection safeguards), in view of the high dose at the Santa Quitéria Project, 
radioprotection regulations must be applied and enforced. 
 
The data generated and presented in this simulation are based on a conservative approach, for 
example same parameters were RESRAD default and the uncertainties were not considered. 
However, the methodology is useful for estimating risks for the public and workers for the 
decision making process related to the planning and sustainability of the project. 
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