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ABSTRACT

The identification of areas with high concentrations of natural radionuclides is an important task in classifying 
these areas in relation to the health risk for residents in the region. The aim of this work is to identify areas of 
high exposure to nuclear radiation using a geographic representation based on the theory of fuzzy sets. 
Radiometric data obtained from previous works developed in a region of high concentrations in natural uranium 
were used to create a fuzzy map of the local radiation levels. During the image processing, a nonlinear filter was 
applied to eliminate noise i.e. to reduce isolated pixels that would eventually cause major uncertainties in the 
results. A resulting image was geographically positioned (WGS40) and obtained in gray scale. This image was 
fuzzified for membership functions that represent linguistic variables as low exposure, medium exposure and 
high exposure. After representing the membership grade in a RGB (red, green and blue) image it was possible to 
visualize the radiation level in the area of exposure. When compared to data from the region, results 
demonstrated the good efficiency of the technique here employed for the representation of areas with high 
radioactivity levels. The image obtained also provided important information about those areas where exposure 
to radiation is more pronounced. Hence, the fuzzy map can be applied in decision-making of experts when a 
risk situation is identified.

1. INTRODUCTION

The exposure of human beings to natural radiation is an unavoidable consequence of the 
presence of cosmic radiation and natural radionuclides in the environment. The natural 
processes that contribute to the exposure caused by the radionuclides of the uranium and 
thorium series have been object of several researches, seeking to define the magnitude and 
variability of the doses to which populations are exposed and also, to contribute for a better 
understanding of the relation between natural exposure and biological effects [1].

In addition to the several existing experimental researches, emerging approaches, scientific 
techniques and representation forms have been developed to give support to the technicians 
and experts that work in this branch [2; 3; 4]. The researches related with monitoring of the 
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environmental radioactivity have found support in tools like artificial intelligence, neural 
networks and fuzzy logic [5]. 

In the spatial representation connected to these researches, the fuzzy and boolean 
uncertainties in the values of the map attributes generate errors in the results of spatial 
inferences. The boolean methods are much more subject to error propagation than the 
equivalent fuzzy techniques, so mistakes are of utmost importance for those methods. The 
use of the fuzzy technique can drastically reduce the error propagation through logical 
models, supplying more reliable sceneries [6].

“The drawn boundaries in thematic maps (as soil, vegetation, or geology) are rarely necessary 
and to draw them as fine lines many times does not represent appropriately your features. 
Like this, maybe we should not worry so much about exact locations and elegant graphic 
representations. If we can accept that precise limit between soil patterns and vegetation they 
rarely happen, we would be free from the problems of topological errors associated as 
overlap and intersection of maps“ [7].

As can be observed in the text above, the author makes mention to the observable aspects 
used usually in the existent borders in thematic maps, such as break of hillsides, change of 
colors and texture default. Those borders are defined for lines and polygons that are a 
limitation in the spatial representation of the integration of data in a developed modelling in 
geographical information system (SIG). This cartographic limitation, although simple and 
efficient, suppresses the information on the nature of the spatial change. Interpret of the map 
has an abrupt idea of the borders. For example, the case of variations of radionuclides 
concentrations in soils cannot have precise borders and are not free from classification errors 
or positioning, being these abrupt or gradual variations.   

The phosphate region of Pernambuco this located in the northeast of Brazil. According to 
studies accomplished mentioned by [8] there are high levels of uranium concentration 
associated to phosphate concentration. Accordingly is considered a high natural background 
region being enough urbanized causing the need for a study to know where the populations 
are more exposed to natural radiation. For this reason, the aim of this work is to identify areas 
of high exposure to radiation natural based absorbed dose rate measurements and using a 
geographic representation based on the theory of fuzzy sets.

2. CHARACTERIZATION OF HIGH BACKGROUND AREAS

The exposure of human being to natural sources of radiation is a continuous characteristic to
which all life on earth is submited. The two main factors that contribute to the natural 
exposure are the cosmic radiation and the natural decay of radionuclides present in soil that 
produces gamma-beta radiation in the environment.

The principal characteristic of the exposure to cosmic rays is the weakly dependence on 
latitude but a strong dependence on altitude. For example, the magnitude of absorbed dose 
rate in the air at sea level is 32 nGy.h-1 when compared to about 4 μGy.h-1 at 12 km of 
altitude.
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Several regions of the terrestrial crust are characterized as high natural radioactivity level
referred to the background values found in the literature. This is often due to the high 
radionuclide concentration in soil. Some of these regions are located in countries as Brazil, 
India, Iran, China, Italy, France, Madagascar and Nigeria. These regions present a 
considerable variation in the exposure to natural sources of radiation, that can be credited to
factors as altitude (in the case of cosmic rays) and variable concentration of radionuclides in 
environmental compartments (uranium and thorium in soil, radium and polonium in food and
water, and radon in air).

The 238U and 232Th radionuclides series and the 40K can be present in soil and in construction 
materials, contributing to the exposure rate in air outside and inside of a building. The United 
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) compiled data 
of 70% of the world population where the absorbed dose rate in the air shows a typical range 
of variability from 10 to 200 nGy/h and population-weighted average of 59 nGy/h. The 
indoor population-weighted average is 84 nGy/h for absorbed dose rate in the air with 
national averages ranging from 20 to 200 nGy/h, mainly depending on the construction 
materials [9].

Along the coast of the Kerala province, in India, high levels of outdoor radiation  were found 
due to thorium high level in the monazite sands of region. The absorbed doses rate in the air
presented values from 200 to 4000 nGy/h, that correspond to 3.5 to 70 times the world 
population-weighted average (59 nGy/h). In Brazil, the coast of Espírito Santo state is also a 
rich monazite region, particularly in the Guarapari city and Meaípe village where dose rates
in the air range from 130 to 1.200 nGy/h and 220 to 4.200 nGy/h, respectively. In the
municipal district of Poços de Caldas of Minas Gerais state, a region of volcanic intrusion 
where mineralized uranium associated to thorium is found, the dose rate varies from 100 to 
4.000 nGy/h [10; 11].

In India, systematic studies of radiation levels and radionuclides distribution were
accomplished in regions next to three main rivers in the coast of Karnataka, Kali, Sharavathi 
and Netravathi. At the margins of those rivers the absorbed dose rates in the air were 44 
nGy/h, 35 nGy/h to 57 nGy/h [12].

Studies carried out in the states of Akwa-Ibom, Bayelsa, Delta, Rivers and Ondo localized in 
the coastal region of Nigeria [13] reported values of absorbed dose average rate in the air as
(33.655 ± 3.409) nGy/h, where the minimum value of (2.229 ± 0.081) nGy/h was in the
Akwa-Ibom state and maximum value of (61.652 ± 0.670) nGy/h in the Delta state.

The phosphate sediments have commonly a high level of radionuclides due to the associated
uranium. Studies accomplished by Saad [14] showed that the phosphate in the northeast of 
Brazil has one of the highest concentrations in U3O8 (150 to 300ppm) when compared with 
other world occurrences of phosphate [15]. In recent years, studies have been made to 
determine the magnitude of exposure to natural radiation in order to assess the health of 
populations living in these regions [9].
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3. FUZZY LOGIC AND RADIATION FUZZY MAP

In delimited two-dimensional cartographic maps for polygons, some environmental problems 
can not be realistically modeled due to abrupt passages among represented parameters. For 
example, in the representation of natural phenomena, radionuclides are not uniformly 
distributed in the terrestrial crust, exhibiting spatial variations in the borders or limits.

According to Lagacherie et al. (1996) the variations in those borders are more representative 
than inside the polygon. The extraction of those variations can be accomplished starting from 
observations in the landscape, for example, rivers margins, modifications in the geology 
associated with abrupt relief variations [7]. Besides those exception situations, the borders in 
the maps are associated to doubts, inherent to the object or identified phenomenon, and to 
uncertainties, caused by limitations of observations [16].

The use of logic fuzzy in the contact representation of polygons makes the easy incorporation 
of the information on the nature of the contacts possible, as well as of the uncertainty 
associated to the classification and to the positioning. The fuzzy logic is based on the theory 
of fuzzy set developed by Zadeh [17] that allows the modelling in imprecise and uncertain
zone. The main characteristic of the theory of fuzzy sets is the attribution of a membership 
function to each data group. This way, it is possible to analyze which membership degree, 
between 0 and 1, an element belongs to sets A and B, instead of using the classic reasoning of 
the set theory, originated from the evolution of the Greek philosophy, that determines if an 
element belongs or not to set A or B. The fuzzy systems were created based in logic fuzzy for
several applications such as uncertainties and imprecision in mathematical models [18],
muticriteria analyses for identify risk [19], fuzzy exposure model [20; 21; 22] and fuzzy 
image processing [23].

The fuzzy image processing is the collection of all approaches that understand, represent and 
process the image, their segments and features as fuzzy sets. The representation and 
processing depends on the selected fuzzy technique and on the problem to be solved. This 
processing has three main steps: fuzzification of the image, modification of membership
values, and, if necessary, defuzzification of the image. In the first step the data are 
transformed from intensity (gray-level plan) for membership plan (fuzzification). In the 
intermediate step the membership values were modified for appropriate fuzzy techniques and 
the last step is the defuzzification that is based on the transformation of results obtained in the 
intermediate step in crisp values, this step can exist or not depending on the purpose of the 
given application [23].

The fuzzification is the process where crisp values are converted in fuzzy values. 
Summarizing, it is the process of transforming crisp values into membership degrees for 
linguistic terms of fuzzy sets such as high, great, low, average and small. In fuzzy image 
processing the fuzzification is based in the values of their pixels. The conversion of crisp 
values to fuzzy values and it imprecision is represented by membership functions. 

The value attributions or membership functions to fuzzy variables are based on the expert
knowledge and on the understanding of the development of these membership functions. For 
this, the complete knowledge of the problem and linguistic variables is necessary. The 
membership functions are represented by linguistic variables as: "a lot", "little", "more or 
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less", "medium" among others. The form of the membership functions can assume several 
types as triangular, trapezoidal, gaussian, bell etc.

4. MATERIALS AND METHODS

A study area was selected and delimited due the wide extension of the phosphate deposits in 
the region of the northeast of Brazil, whose association with the radioactive element uranium, 
is widely known. The criteria adopted for the selection were the presence of a region with 
considerable population density (693 hab/km), existence of villages, small farms and 
industries, occurrence of water resources and the availability of preliminary data from 
previous works in the region. After analysis of various locations, an area of approximately 40 
km2 was chosen and delimited, covering part of the Abreu e Lima, Igarassú and Paulista cities
in the state of Pernambuco. The chosen region is located between parallels 9131371.88 mS 
and 9123844.20 mS and the meridians 288917.27 mL and 294095.07 mL in UTM (Universal 
Transverse Mercator) as can be seen in Fig. 2.

Figure 2. Area selected for the study

Ideally, the best condition to build the image of an area starting from the pixels would be to 
create a uniform grid of points. Due to the access difficulty to some areas, the distance among 
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the selected points varied of few meters to kilometers inside the studied area, resulting in an 
irregular distribution of mesh points.

Therefore, an appropriate interpolation technique called krigging was used for this case to 
obtain a representation closer to the reality. In this way, it was possible to obtain a rectangular 
mesh of points (1037x705) that represents the distribution of exposures to the radiation where 
each point of the mesh represents an image pixel of the area to be translated in gray levels.  

This mesh of points was fuzzyfied in defined linguistic variables as: "high exposure", 
"medium exposure" and "low exposure". The elements in the formed multidimensional 
matrix were in the range between 0 and 1, using membership functions of the gaussian type. 
These functions were based on the expert's knowledge and in the relation of frequency of the 
values of exposure of the interpolated mesh.

In this study area there are some cities, villages and industries, that besides being located 
right on the deposits, their inhabitants use water of the underground for different purposes 
and consume the food produced in the region.

A total of 48 collection points was measured in the study area, covering the areas of higher 
and lower population density during a period of 30 days. At each point, radiometric 
measurements and geographical localizing (longitude and latitude) with a GARMIN GPS 
were carried out.

5. RESULTS

The obtained outdoor values of absorbed dose rate in air varied from 55.7 to 304.5 nGy.h-1

with an average of 161.7 nGy.h-1. The values are well above the population-weighted average 
which is 59 nGy.h-1 and the range of variability from 10 to 200 nGy.h-1 [9]. The indoor 
measurements resulted in the range 93.4 to 356.7 nGy.h-1 with an average of 170.4 nGy.h-1, 
these values are also above the population-weighted average of 84 nGy.h-1 with a range of 
variability from 20 to 200 nGy/h [9].

According to recent studies about uranium concentrations in water [15], added to other 
sources of food consumption [8], the obtained results ratify the characterization of this area as 
high natural background.

An image in RGB (red, green and blue) format was obtained where each pixel is related to  
fuzzy variables as low, medium and high exposure, respectively, facilitating the correct 
interpretation of the map. The obtained fuzzy map of the absorbed dose rate distribution in air 
in the region can be seen in the Fig 3.
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Figure 3. Fuzzy map representing the distribution 
of absorbed dose rate in air in the study area.

One of the main features of a fuzzy map is that its representation in membership degrees 
softens the passages among the fuzzy sets: high exposure, medium exposure and low 
exposure. These softened limits show more realistically the levels of natural radiation that are 
found for the different concentrations of radionuclides in the terrestrial crust. These levels are 
represented by the membership degrees in the theory of the fuzzy sets.

Through the obtained map it was possible to identify an area of high exposure in agreement
with the literature data about the area commonly denominated commercial phosphate 
(approximate level of 10% P2O5) in the phosphate region.
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(a) (b)
Figure 4.  The polygons represent the area of the 
commercial phosphate that is overlapping in: (a)
the image of the distribution of absorbed dose rate 
in air in the phosphate area; (b) the image of the 
urbanized area.

Starting from the data of this area and the chemical association of the uranium to P2O5, we 
can presume that the areas of commercial phosphate would have a higher level of uranium 
and their descendants, consequently a larger contribution to absorbed dose rate in air.
Accordingly, when observing the Fig. 4 (a), it is possible to verify the consistence of the 
obtained results by the overlapping of the images of the fuzzy radiation exposure map and the 
polygonal representation of the commercial phosphate area. Most part of the area presenting 
the highest exposures coincides with the area of commercial phosphate.

During the intensive exploration of phosphate in the past, a layer of soil with 15 m depth was
removed. When the extraction stopped, a disordered occupation by the population happened, 
causing a possible increase in the received exposure. The Fig. 4 (b) shows clearly that the 
areas occupied by residences are located very next of the area with the highest exposures and 
even coinciding in some places.
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Returning to Fig. 4 (a), under the representation point of view, the overlapping of these 
images shows in a pragmatic way the difference between fuzzy map and the Boolean 
approach. In this figure, it can also be observed low exposure areas where the absorbed dose 
is small. This can be explained because those areas do not coincide with the areas of larger 
exploration of commercial phosphate, so radionuclides do not emerge at earth surface..  

Another possible justification for this fact would be the variation of the soil covering that can 
achieve 42 m in depth, creating a kind of natural shield. Another important factor is the 
urbanization of the area by man-made placement of pavements on streets, squares, houses 
and small buildings that can also cause the same shielding effect, as observed by Affonseca et 
al. [24] when investigating the influence of urban development on the natural radiation in Rio 
de Janeiro city.

3. CONCLUSIONS 

The obtained values of absorbed dose rate in air in the phosphate region of Pernambuco were 
considered higher than the world average. Using the theory of the fuzzy sets associated to the 
krigging technique it was possible to identify spatially and in georeferenced mode the areas 
of highest exposure. Therefore, the association of both techniques is efficient and it can be 
used more frequently in future studies since an open field exists for this type of applications.

The theory of fuzzy sets and the fuzzy logic have a great potential when treating relations
among ambiguous and uncertain parameters. For instance, the value of exposure for an 
inhabitant can be considered a fuzzy value, because one can not have precise data about the 
daily activities of this inhabitant.

The fuzzy map represents very well a radiation region by the reproduction of the softness in 
its contours, showing the full potentiality of the fuzzy logic associated to the use of linguistic 
variables in creating adequate tools to give support to the experts and non-experts. This logic 
also allows the approach of non-probabilistic uncertainties that needs many times a better 
representation of the realistic character.   

In future works, a software will be built, becoming possible the automatic fuzzy analysis of 
exposure to natural radiation as well as to the radiation resulting from radiological accidents. 
This is seen as an important tool of support in the prevention and prediction of the exposure 
based in radiological data and in the behavior of the population in case of an emergency 
situation in the area.
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