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ABSTRACT 

 
The Santa Quitéria Project (PSQ) is an enterprise that aims at the production of phosphate compounds as main 

products, and of uranium concentrates as by-products,from the minerals of the Itataia deposit. The intended area 

for implementation of the project is located in the municipality of Santa Quitéria, north central region of the 

State of Ceará. The U.S. Nuclear Regulatory Commission, lists the basic design accidents for a Uranium 

Processing Plant, such as the PSQ. Among all these scenarios,fire in uranium extraction cells was the one with 

the highest doses released. For simulation of the fire event, the atmospheric dispersion model used was the 

standard Gaussian plume model. The doses were calculated for two sets of meteorological conditions: stability 

class F, with wind velocity of 1 m/s and class D stability with wind velocity of 4.5 m/s. For PSQ, it was 

considered that there will be no public individual until after 2000 meters from the release point. The doses 

corresponding to the Occupationally exposed individuals are: 2.0E-3 mSv (class D) and 5 mSv (Class F), 300 

meters away from the event. Analyzing the results, it can be concluded that there are no significant radiological 

consequences for the occupationally exposed individual, both in the stability class D and the F. For PSQ, it was 

considered that there will be no public individual until after 2000 meters from the release point. The doses, in 

mSv, corresponding to the individuals located near the project are: Morrinhos (1.27E-03 mSv - Class D and 

3.92E-02 - Class F); Burned (1.41E-03 mSv - Class D and 4.28E-02 - Class F); Lagoa do Mato (<7.94E-04 mSv 

– Class D and <2.68E-02 mv– Class F). 

 

1. INTRODUCTION 

 

The Santa Quitéria Project (PSQ) is an enterprise that aims at the production of phosphate 

compounds as main products and of uranium concentrates as secondary product from Itataia 

mine mines. The capacity of the plant for the production of phosphoric acid will be 240,000 

t/a of P2O5 and 1,600 t/a of U3O8. 

 

The development is close to the cities of Santa Quitéria (50.4 km) and Itatira (16.5 km), 

Morrinhos (6.97 km) and Queimadas (6.45 km) and Lagoa do Mato (13.4 km). 

 

As it happened, an analysis was made of the potential impact of the operations carried out in 

the nuclear installations on these communities. 

 

 

2. METHODOLOGY 

 

According to [1], the highest external radiation doses at uranium extraction and processing 

plants would be due to a fire in the solvent extraction circuit or an undetected release event in 
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the yellow-cake drying area. This report detailed these two scenarios for the reality of the 

Santa Quiteria Project. 

 

For a better understanding of the methodology adopted for the calculation of doses, a brief 

review on atmospheric dispersion is presented, as well as a review of the dispersion model 

used - Gaussian Model. 

 

The meteorological phenomena that act in the dispersion process do it according to a 

sequence of scales based on the dynamics of the atmosphere. The dispersion of the 

concentration of pollutants in the atmosphere is determined by complex interactions between 

the characteristics of the various parameters considered, and for this reason, a substantial 

amount of information for modeling of atmospheric pollution is required. 

 

The atmospheric dispersion models are used to evaluate the efficiency of the techniques and 

strategies proposed for emissions control, to study the environmental impacts that a new 

enterprise can cause, to determine the responsibilities related to the current levels of pollution 

and to plan for territorial occupation . 

 

Most studies of atmospheric radionuclide dispersion due to the release at nuclear power 

plants use Gaussian diffusion models [2]. Therefore, in this work it was decided to apply such 

models in nuclear facilities belonging to the nuclear fuel cycle. 

 

The Gaussian equation (Equation 1) can be used for a situation in which the emission is 

continuous, that is, the plume originates on top of a chimney and the measurement point, or 

evaluation, is at a distance x, horizontally displaced from the Center of the plume at a 

distance y and a defined height z. 

 

           
 

         
      

  

   
 
      

      

   
 

     
      

   
 

  (1) 

 

Where: 

C = Concentration of pollutant at coordinate point x, y, z (g / m³); 

Q = pollutant emission rate at source (g / s); 

σy = horizontal dispersion coefficient of plume concentration, as a function of wind direction 

and distance from source (m); 

 z = vertical dispersion coefficient of the plume concentration, as a function of wind 

direction and distance from the source (m); 

v = average wind speed at source height (m / s); 

x = receiver height or measurement point (m); 

z = height of the receiver or measuring point (m); 

y = distance from the measuring point to a distance "y" from the center line of the plume (m). 

 

However, in order for the Gaussian model to be applied to the plume, the following 

assumptions must be observed and adopted: 

 

•  Continuous emission - the emission of the pollutant occurs continuously and does 

not vary with time; 
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•  Mass conservation - during transport of the pollutant, the emitted mass of the 

pollutant remains in the atmosphere, that is, there is no removal by chemical 

reactions, gravity deposition or impaction; 

 

•  Stationary conditions - the weather conditions do not change with the transport time 

of the pollutant; 

 

•  Distribution of the concentration in the vertical and horizontal directions - the mean 

concentrations in the horizontal and vertical directions are represented by a Gaussian 

or normal distribution. 

 

As these ideal conditions rarely occur, the equation must be applied for continuous emissions 

when the duration of emissions is greater than the ratio of distance to wind speed. 

 

In addition, there are a number of constraints that must be considered when deriving the 

Gaussian dispersion equation to model a continuous and floating plume from a point 

emission source. The main limitations associated with Gaussian dispersion models are related 

to: 

 

•  Time scales: models are more rigorous when used to model relatively short periods 

of time. When the forecast has an upper temporal scale, the concentrations at the soil 

level can be estimated by interpolating the results of the average concentrations; 

 

•  Land topography: the Gaussian dispersion equation, in its simplest form, does not 

consider land regimes such as valleys, mountains and slopes; 

 

•  Meteorological conditions: wind speed and direction are taken as homogeneous and 

stationary from the point source to the receiver. Atmospheric turbulence is also 

considered to be constant throughout the course of the pollutant plume; 

 

•  Plume Expansion: The plume is assumed to expand in a conical style as it descends 

to the ground level. However, this represents only one of the many observed plume 

behaviors; 

 

•  Conservation of the plume: one of the assumptions of the model is that the entire 

plume is conserved, that is, there is no deposition or washing of the pollutants; The 

pollutants that reach the soil are reflected back to the plume; None of the pollutants 

is absorbed by bodies of water or vegetation and the components do not undergo 

chemical transformations. 

2.1. Dispersion Coefficient 

 

For the determination of the dispersion parameters, the equations proposed by [3] were used. 

In addition to the variation according to the class of meteorological stability, the dispersion 

parameters also vary with the occupation conditions of the area to be studied, and can be 

calculated for urban or rural areas. 

 

According to [4], an area is classified as rural if the population density per km² is less than 

750 people/km², in the case of an area that is classified as an urban area. This procedure 
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should be used with care and should not be applied to highly industrialized areas where 

population density is low, but the area has many buildings. 

 

In the case of the PSQ, the area is classified as rural, since the demographic densities of the 

municipalities of Santa Quitéria/CE and Itatira/CE, according to the [5], are of 10.04 and 

24.12 inhabitants/Km², respectively. Thus, Table 1 presents the equations for determination of 

the dispersion coefficients for rural conditions, according to the Pasquill-Gifford stability 

classes. 

 

Table 1: Dispersion Parameters in rural conditions (for distances between 100 and 

10,000 meters). 

Source: [6]. 

 

 

 

 

 

 

 

 

It is important to note that the equations presented in Table 1 are validated only for the 

interval between 100 and 10,000 m. Therefore, the concentrations and doses will be 

calculated only for this interval. 

2.2. Dose Calculation 

 

The air release rates were calculated assuming fractions of release of radioactive 

materials, using an atmospheric dispersion model and calculating the doses by inhalation and 

immersion. Other sources of dose due to soil deposition by precipitation or ingestion of 

contaminated food and water were not considered because they were longer routes to 

contribute to the dose of the individual. 

 

According to [1], in the analysis of atmospheric dispersion of radioactive material, in 

general, the highest doses are from inhalation when compared with the other dose sources. 

Thus, as the scenarios analyzed here are related to atmospheric dispersions, it is plausible to 

determine the dose due to inhalation, as it represents a more realistic estimate of the actual 

dose. 

 

The doses were calculated considering a person standing (1.70 m) in an open field in 

the downwind direction and in the plume's center line, breathing at a rate of 8400 m³/year 

(rate for adults according to [7]. 

 

Doses for people in buildings and homes would be lower than the doses given in this 

analysis, since buildings would provide protection and consequently some respiratory 

protection. The doses for people outside in urban, suburban and wooded areas would also be 

Stability 
Class 

Horizontal Dispersion 
Coefficient - σy (m) 

Vertical Dispersion 
Coefficient- σz (m) 

A 0.22.x.(1+0.0001 x)
-0.5

 0.2.x 

B 0.16.x.(1+0.0001 x)
-0.5

 0.12.x 

C 0.11.x.(1+0.0001 x)
-0.5

 0.08.x.(1+0.0002 x)
-0.5

 

D 0.08.x.(1+0.0001 x)
-0.5

 0.06.x.(1+0.0015 x)
-0.5

 

E 0.06.x.(1+0.0001 x)
-0.5

 0.03.x.(1+0.0003 x)
-1

 

F 0.04.x.(1+0.0001 x)
-0.5

 0.016.x.(1+0.0003 x)
-1
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lower than those reported in this report, because obstacles to wind flow would cause the 

plume to expand. 

 

After the evaluation of atmospheric dispersion, whose product is the concentration of 

radionuclide in the air (g/m³), the concentration of activity is found by multiplying the 

radionuclide concentration by its specific activity. Then, the dose in this scenario is calculated 

by accumulating the dose due to air inhalation (Einh) and the dose due to immersion in the 

radioactive cloud (Eim), according to Equation 2 [8]. 

 

           (2) 

 

The dose due to inhalation is determined using Equation 3, in Sv/year, where CA is 

the radionuclide concentration in the air, in Bq/m³; Rinh is the inhalation rate in m³/year and; 

DFinh is the inhalation dose coefficient in Sv/Bq. 

 
                 (3) 

 

According to [8] the dose due to radioactive cloud immersion is determined using Equation 4, 

in Sv/year, where DFim is the dose coefficient due to immersion, in Sv/year by Bq/m³ and Of 

is the fraction of the year to which the critical group is exposed. 

 
             (4) 

 

In order to obtain a conservative analysis, Of is considered equal to 1, that is, the critical 

group is exposed throughout the year. 

2.3. Location’s Characteristics 

 

The intended area for implementation of the project is located in the municipality of Santa 

Quitéria, north central region of the State of Ceará, about 210 km from the capital Fortaleza. 

The region is comprised of the geographic coordinates 4º32'30 '' at 4º35'45 "south latitude 

and 51º42'16" at 51º48'46 "west longitude and comprises the limits of Fazenda Itataia. 

 

The development is close to the cities of Santa Quitéria and Itatira, the settlements of 

Morrinhos and Queimadas and the District of Lagoa do Mato, according to Table 2. 
 

 

 

Table 2: Straight distance from cities / towns and / or districts to nuclear facility. 

 

Cities Straight Distance 

Santa Quitéria 50.4 km 

Itatira 16.5 km 

Towns/Districts Straight Distance 

Morrinhos 
(municipality of Santa Quitéria) 

6.97 km 

http://www.linguee.com.br/ingles-portugues/traducao/municipality.html
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The region has a tropical semi-arid climate, i.e., it has low annual rainfall rates and high 

temperatures, resulting in long dry periods (7 to 8 dry months in the year). For this reason, the 

region where the study area is located is known as the "drought polygon". 

 

Characterization of wind speed and direction is essential for modeling of atmospheric 

dispersion. The predominant directions are ESE with approximately 43% participation and E 

with approximately 34% participation. The lull index is only 0.5%. The average speed in the 

period was 3.7 m/s. 

 

The atmospheric dispersion model used is a standard Gaussian plume model. The doses were 

calculated for two sets of meteorological conditions: stability class F, with wind velocity of 1 

m/s and class D stability with wind velocity of 4.5 m/s. The stability class F and wind speed 

of 1 m/s are the assumptions traditionally used by the Nuclear Regulatory Commission - 

NRC [1] in risk assessments and represent very adverse weather conditions. 

 

The classes recommended by [1] contemplate the real weather conditions of Santa Quitéria, 

mainly in relation to the wind speed. The recommended classes are the most conservative 

possible, that is, the ones that make the atmospheric dispersion more difficult, so the one that 

keeps the plume more concentrated and the one that will provide the highest dose. 

2.4. Accident Scenario 

 

The scenario consists of fires in uranium extraction cells, located in Area 610 (Solvent 

Extraction). In these cells the uranium is extracted from phosphoric acid by Extractant 2. This 

process is carried out in a countercurrent system formed by seven cells of the mixer-settler 

type that has pump-mixers for the stage of mixing and transfer of the aqueous and organic 

phases.  

 

Extractant 2 is a synergistic mixture of organic phosphates containing 35% (v/v) DEHPA, 

10% (v/v) CYANEX, 10% (v/v) EHPA and 45% (v/v) diluent kerosene.  

2.5. Estimated Release 

 

According to the Safety Analysis Report of the Poços de Caldas Industrial Complex (CIPC), 

October 2002, Volume III, Chapter 9, Accident Analysis, it is observed that: "based on 

accident statistics involving solutions of uranium and plutonium , It is estimated that, in the 

event of a large fire, about 1% of the uranium present in the unit will be released by 

mechanical drag in the dark smoke formed [9]. 

 

  The total amount of airborne uranium in area A-610 is equal to 1800 kg. Therefore, it is 

considered that 18 kg of uranium would be released into the atmosphere during a fire. 

Queimadas 
(municipality of Santa Quitéria) 

6.45 km 

Distrito de Lagoa do Mato  
(municipality of Itatira) 

13.4 km 

http://www.linguee.com.br/ingles-portugues/traducao/municipality.html
http://www.linguee.com.br/ingles-portugues/traducao/municipality.html
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2.6. Conditions for atmospheric dispersion 

 

The following parameters were assumed for the scenario simulation: 

 

•  The atmospheric dispersion model used is a standard Gaussian plume model. 

• Uranium doses and airborne concentrations were calculated for two sets of 

meteorological conditions: stability class F, with wind velocity of 1 m/s and class D 

stability with wind velocity of 4.5 m/s. 

•  Release of continuous uranium of 12 hours and with flow of 1.50 kg/h, totalling in 

12 hours of fire, the 18 kg released; 

•  The release source is located in the soil, H = 0m; 

•  Rural conditions were considered to determine the plume dispersion parameters; 

•  The concentration calculation was estimated at the center line of the plume, that is, 

y = 0 m; 

•  To calculate the activity concentration (Bq/m³), a specific activity of 2,482x104 

Bq/g was considered. This activity considers only the radionuclides U-238 and U-

234. U-235 was disregarded because of its low U-natural concentration. 

 Table 3 presents the parameters for calculation of doses. 
 

 

 

 

 

 

Table 3 - Parameters for calculation of doses due to inhalation and immersion. 

Source: [10]. 

 

 

 

 

According to the standard [11], the occupational exposure limit for Emergency Situation is 50 

mSv, discounting the dose that could be accumulated in 12 working months, estimated 

conservatively at 10 mSv. Therefore, the maximum allowable occupational exposure over the 

duration of the fire would be 40 mSv. 

 

The exposure limit for individuals of the public is considered to be 1 mSv. For PSQ, it was 

considered that there will be individual from the public only after 2000 meters from release 

point. 

 

 

3. RESULTS AND DISCUSSIONS 

 

For stability class D, Figure 1 shows the doses in mSv also in the center of the plume and for 

A 1.70 m high receiver. Figure 2 represent, for stability class F, the doses resulting from 

scenario 1. 

 

 
 
 
 
 

Public Individual 

Inhalation Coefficient (Sv/Bq) 8.00E-06 

Coefficient of Immersion (Sv/year/ Bq/m³) 7.884E-11 



INAC 2017, Belo Horizonte, MG, Brazil. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

Figure 1 - Dose (mSv) for 12 hours of event - Stability Class D with wind speed equal to 

4.5 m/s. Between 2000 and 10000 meters away from the fixed source of release, 

characterized by the presence of IOE 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - Dose (mSv) for 12 hours of event - Stability Class F with wind speed equal to 

1 m/s. Between 2000 and 10000 meters away from the fixed source of release, 

characterized by the presence of IOE 
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Table 4 shows the doses, in mSv, corresponding to the individuals located in the 

municipalities and / or districts close to the enterprise. 

 

Table 4 - Dose (mSv) in communities and districts, due to Scenario 1. 
 

Towns/Districts 
Distance in 

Straight Line 
Dose (mSv) 

Class D 
Dose (mSv) 

Class F 

Morrinhos 
(municipality of Santa Quitéria) 

6.97 km 1.27E-03 3.92E-02 

Queimadas 
(municipality of Santa Quitéria) 

6.45 km 1,.41E-03 4.28E-02 

Distrito de Lagoa do Mato 
(municipality of Itatira) 

13.4 km <7.94E-04 <2.68E-02 

 

Analyzing the presented results, it can be concluded that there are no significant radiological 

consequences for individuals from the public in the stability class D and the F. The doses for 

the individual of the public are well below the levels that could cause deterministic effects, 

because the dose received during the whole event does not exceed the annual limit 

established by CNEN. 

 

 

CONCLUSIONS  

 

Thus, it can be concluded that there are no significant radiological consequences for 

occupationally exposed individuals and individuals from the public, since doses, even if 

estimated in a very conservative way, are below the limit established by CNEN. 
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