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ABSTRACT 
 
The present study will introduce a methodology for spatial evaluation of external gamma dose throughout an 
urbanized region. As a case study, geoprocessing techniques were used to gather data, perform statistical and 
spatial data treatment related to natural gamma radioactivity throughout the Poços de Caldas urban area. This 
information, which was initially punctual, could be correlated with the number of people exposed to natural 
radiation using the database from the census made available by IBGE (Brazilian Geography and Statistics 
Institute). The census sector is the smallest piece of territory, with identifiable physical boundaries in the field, 
with adequate size for research operations. All 54,237 geoprocessed external dose values, within dosimetry 
ranges, presented a variation from 0.33 mSv year-1 to 3.51 mSv year-1, with an average equal to 0.95 mSv year-1. 
The results obtained, when compared to worldwide dose values (0.06 mSv year-1 to 1.23 mSv year-1 with an 
average of 0.48 mSv year-1) indicated that though the average value in Poços de Caldas – 0.95 mSv year-1 – is 
almost twice the world average, it’s within the dosimetry range found in other countries. Nevertheless, the 
region has some areas with values higher than those observed elsewhere in the world, though in areas with lower 
population density. 
 

1. INTRODUCTION 
 
In this work, outdoor gamma radiation dose rates data were geoprocessed in order to estimate 
the average outdoor gamma radiation dose of the population in the open urban area of the city 
of Poços de Caldas, MG. It is presumed that high dosages may pose risks to human health. 
The estimate of this component of natural radiation to which all humans are exposed has been 
represented by an interpolation of points using a GIS (Geographic Information System). The 
values obtained in this work were comparable with measurements taken in the last decade in 
many regions. 

 
Geographic Information Systems (GIS) are defined as computational environments in which 
spatial data represented by graphical entities and conventional raster images can be linked 
together with other non-spatial data such as alphanumeric records from a database [1]. 
 
All the matter in the universe is made up of atoms, which result from different arrangements 
of protons, neutrons and electrons. The instability of atoms is associated with an excess of 
stored energy, which tends to be released in the form of radiation. In this process, called 
decay, the atom is freed of excess energy and becomes more stable. Radioactivity is thus a 
natural process. Atoms that decay, emitting radiation, are known as radioactive. Living cells 
exposed to radiation, for example, may be destroyed or altered, in general leading to diseases. 
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Exposure of living beings to radioactivity or ionizing radiation from natural radiation sources 
is an inescapable condition of life’s existence on earth. There are two main sources of human 
exposure to natural background radiation: 1) high-energy cosmic rays from outer space and  
2) natural radioactive elements that were a product of the creation of planet Earth. These are 
also called natural radioactive isotopes and are part of the series of natural radioactive 
potassium (40K), uranium (238U), thorium (232Th) and actinium (235U) in soils, rocks, air, 
water and in living organisms. 

 
From the point of view of radioprotection, the correct physical quantity to be used to measure 
an individual’s dose is the effective dose, or simply dose, which is the sum of external and 
internal doses (inhalation and ingestion) of a person arising from exposure to natural and 
artificial radiation sources. This study evaluated only the effective dose from external open-
air exposure to natural radioactive elements. 

 
The unit of effective dose in the International System of Units is the Sievert (Sv) and since 
one (1) Sv is a large value, sub-units of this size were used, or “milliSievert” mSv = (10-3 Sv) 
“microSievert”µSv = (10-6 Sv) or nanoSievert nSV = (10-9 Sv) of the Sievert (Sv). 

 
Sánchez [2] considers ionizing radiation to be an example of a pollutant, measured in  
Bq or Sievert, for example, and it is subject to specific regulation. What’s more, all pollution 
(i.e., emission of matter or energy beyond the assimilation capacity of the environment) has 
an environmental impact. 

 
The damage that radioactivity can cause to human health justifies strict security standards. 
Many countries, including Brazil, carry out studies on this issue in order to understand the 
effects of natural radioactivity on humans. In general, exposure to these sources does not 
reach dangerous levels. 

 
In the specific case of the municipalities of Poços de Caldas Plateau and the town of Araxá, 
there is concern about a possible association of increased incidence of cancer with exposure 
to natural radiation, since the region of the plateau is recognized worldwide as a Natural High 
Radiation Area [3]. 

 
The values presented below for natural doses were obtained from scientific publications in 
the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 
and publications in international journals. Nature, one of the most respected scientific 
magazines considers UNSCEAR to be an ideal example for preparation of independent and 
objective scientific reports. UNSCEAR is a scientific committee of the UN, issuing annual 
reports to the General Assembly of the United Nations about risks from all sources of 
radiation, including weapons and nuclear power. UNSCEAR reports can be considered the 
bibles of the science of ionizing radiation. 

 
Subsection 6.1.3.2 of CNEN-NN Guideline 3.01 [4] states that "in situations of chronic 
exposure, when relevant action levels calculated based on the intervention levels established 
or approved by CNEN are surpassed, remediation should be implemented". This position 
aims to establish Regulatory levels of intervention and action in situations of chronic 
exposure of the public. This standard defines an annual dose of 10 mSv as a general reference 
value for intervention in situations of chronic exposure of members of the public arising from 
the presence of natural radionuclides. The estimate or measure of a existing dose value above 
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the 10 mSv year-1 reference always demand an assessment for the implementation of 
protection or remediation measures. Note that this value stipulated by the standard CNEN 
considers the sum of all components of natural radiation and that this work will not be 
addressing issues related to internal dose (ingestion and inhalation) and radiation due from 
cosmic rays. 
 

2. LOCATION OF STUDY AREA 
 

The city of Poços de Caldas is located in southeastern Brazil; the region where the city lies 
has a peculiar geological formation characterized by huge alkaline VOLCANIC COMPLEX 
where uranium and thorium anomalies are found. Figure 1 shows the morphology of the 
volcanic CALDERA and the location of the urban area of Poços de Caldas.  

 
 

Figure 1: Location of the monitored area on Poços de Caldas Plateau, MG. 
 

 
3. MATERIALS AND METHODS 

 
The equipment used to evaluate radiation doses in Poços de Caldas was a mobile system for 
measuring a range of environmental radioactivity (Eberlin Model FHT 1376), which was 
made up of a high sensitivity range detector (5 liter scintillation organic detector) linked to a 
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GPS (Global Position System), and a computer. The setup was installed in a passenger 
vehicle and gathered dose levels at around 120,000 points within the city (Figure 2).  
 

 
 

Figure 2: Set up installed in a passenger vehicle. 
 
The points collected by the detector were stored in text files and were then converted into 
Excel spreadsheets which underwent preliminary treatment and were then converted into dbf 
files. The dbf files (data base files) contained only the necessary information (geographic 
coordinates and spot rates) to be plotted on the urban area of Poços de Caldas. The map of the 
urban area of Poços de Caldas was provided by the City Hall in dwg (Design Web Format) 
used by AutoCAD software. 
 
Thus, 120,000 dosage values that underwent processing resulted in 54,237 georeferenced 
dosage values. These georeferenced points were interpolated in a GIS (Geographic 
Information System), enabling the preparation of the urban area radiometric map. Figure 3 
demonstrates with more detail the region monitored in this study. 
 
Subsequently, the radiometric information on the map could be correlated with the number of 
people exposed to natural radiation using the database of the census sector provided by IBGE 
(Instituto Brasileiro de Geografia e Estatística). The census sector is the smallest territorial 
unit with identifiable physical limits on the field that has dimensions suitable for research 
operations throughout the country. 
 
The vast information contained in the census sector was organized in eight Excel 
spreadsheets. After filtering, relevant information was exported in dbf (data base file) and 
grouped in polygons (Shapefile - shp) for the different census sectors already in the GIS 
environment by using the join command. This allowed the construction of a population map 
for Poços de Caldas separated into census sectors. 
 
Cross-referencing the radiometric map with the population map allowed an estimate to be 
made for average dose for residents of Poços de Caldas. 
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Figure 3: Poços de Caldas urban area and downtown sampling points.   
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4. RESULTS AND DISCUSSION 
 

UNSCEAR [5] defines the average natural world exposure at 2.4 mSv year-1 and typical 
values are range from 1 to 10 mSv year-1 (Table 1). External dose is divided into two parts, 
i.e. the dose that a person receives at home or work (indoor) and another part in open air 
(outdoor). 

Table (1): global average exposure to sources of natural radiation. 
 
Annual effective dose (mSv) Source of exposure 

 Average Typical range 
Cosmic radiation 0.39 0.3 - 1.0 
External terrestrial radiation   
           Indoor 0.41  
           Outdoor 0.07 

0.48 
0.3 – 0.6 

Inhalation 1.26 0.2 - 10 
Ingestion 0.29 0.2 - 0.8 
Total 2.4 1 - 10 

 
Note that here, average values collected to make up the world average of effective dose of 
0.48 mSv year-1 from external gamma radiation were obtained using the conversion 
coefficient (0.7) of the dose absorbed in air for effective dose and the indoor occupation 
factor (0.8) determined by equation 01 and factor (0.2) in the equation 02 for outdoor, since 
80% of the time the time the population is indoors: 

 
Indoors: 84 nGy/h × 8,760 h (1 year) × 0.8 × 0.7 Sv/Gy= 0.41 mSv                    (01) 
Outdoors: 59 nGy/h × 8,760 h (1 year)× 0.2 × 0.7 Sv/Gy= 0.07 mSv            (02) 
   
To estimate the dose rate in open environments (outdoors), only the conversion coefficient 
was considered. Thus typical annual rates for closed environments are between 
0.12 mSv year-1 and 1.23 mSv year-1 for indoor and 0.06 mSv year-1 and 1.23 mSv year-1 

for outdoor, with an average of 0.50 mSv year-1 and 0.36 mSv year-1, respectively. 
 

It is permissible to consider areas with high levels of natural radiation annual as references, 
such as Guarapari (7.4 mSv) and Meaipe (11.6 mSv) in Brazil and Kerala (60 mSv) in India. 
With an estimated half-life of 60 years, cumulative irradiation will be between 444 mSv and 
3960 mSv; there is no secular evidence of genetic or somatic damage in millions of people 
living in these areas. It is known that the biological effect of cumulative dose is less 
significant than the same level in a single dose, but there is a proportion between them [6]. 
 
Furthermore Veiga et. al. [7] demonstrated equivalence between external and internal dose 
values for the city of Poços de Caldas. The estimated effective dose for the population living 
in urban areas of Poços de Caldas is 0.91 mSv year-1 (external radiation) and 0.72 mSv year-1 
(internal dose from radon). 

 
In his 2001 doctoral thesis, Sachetti [8] described the external dose for open environments in 
urban areas of cities within and adjacent to the plateau of Poços de Caldas, as well as two 
others far away. The values obtained were: Poços de Caldas 0.89 mSv year-1, Andradas 
0.61 mSv year-1, Caldas 0.80 mSv year-1, Águas da Prata 0.65 mSv year-1, Recreio district in 
Rio de Janeiro 0.65 mSv year-1 and Guarapari 0.73 mSv year-1. Oliveira in 2003 [9], also in 
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his doctoral thesis, estimated the average effective dose for the city of Sao Paulo to be 
0.55 mSv year-1, well above the world average. 

 
The 54,237 geoprocessed external dose values in the urban area of Poços de Caldas varied 
between 0.32 mSv year-1 and 3.64 mSv year-1 with an average equal to 0.95 mSv year-1 and a 
standard deviation of 0.16 mSv year-1, as shown in the histogram below (Figure 4). 
 

 
Figure 4: Histogram of frequency for distribution of gamma radiation dose rates. 

In the preparation of the radiometric map, outdoor gamma radiation dose rate values are 
distributed of in dosimetric bands which were assigned colors (Figure 5). This procedure was 
used to facilitate visualization of the spatial distribution of outdoor gamma radiation dose rate 
in the city because the volume of data is large, making its interpretation difficult. 

 
Figure 5: Poços de Caldas Urban Area Radiometric Map. 

 
The census sector allows a spatial approach and integration of demographic data with data 
radiological facilitating inter-relation of information from various databases. 

 
To count the population of Poços de Caldas in 2007, IBGE produced 151 sectors with 795 
variables on characteristics of households and residents. The total population of the urban 
area of  Poços de Caldas is 119,741 habitants. 
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Thus each polygon represents a census sector. Each census sector received population and 
radiometric information, which enabled the development of radiometric maps with estimated 
average dose rate by census sector and a population map containing information on the 
number of inhabitants of each sector (Figure 6). 

 
 

Figure 6: (a) dosimetric map and (b) population map of the urban area of  
Poços de Caldas. 

 
When multiplied, these two maps produced a product of the average dose rate of the 
population in each census sector. This result represents the collective dose to the urban 
network of Poços de Caldas. The collective dose according to the standard CNEN-NN-3.01 
and the expression of total effective dose received by a population or group of persons, 
defined as the product of the number of individuals exposed to a source of ionizing radiation, 
the average distribution of effective dose of these individuals. The collective dose is 
expressed in person-sievert (Figure 7). 

 
Figure 7: Collective dose map of Poços de Caldas urban area. 



INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

9

 

The estimate of a typical value for average dose for the population of Poços de Caldas was 
determined by summing the products of the dose and the population in each area divided by 
the total population (equation 03). 
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                                                                 (03) 

In which Dp is equal to average dose of outdoor gamma radiation, di = dose rate in the media 
sector i, pi = number of people residing in census sector i and pt = total population of Poços 
de Caldas. 
 
The sum of the products of the dose per individual is 116,458 and the total population of 
Poços de Caldas found by IBGE is 119,741 inhabitants. So the average individual outdoor 
gamma radiation dose for the city of wells of grout is 0.97 mSv year-1. 
 

5. CONCLUSIONS 
  

These results, when compared with world dosimetric values (0.06 mSv year-1 to 
1.23 mSv year-1 with an average equal to 0.36 mSv year-1 - UNSCEAR) indicate that Poços 
de Caldas’ average of 0.95 mSv year-1 (arithmetic mean dose) and 0.97 mSv year-1 (collective 
dose), although it is almost twice the world external terrestrial radiation average, is within the 
dosimetric range found in other countries. It is important to point out that the observed values 
also included some contribution from cosmic rays. Despite the region having some areas with 
values above those observed worldwide, these areas have lower population density and are 
isolated and not very expressive points. 
 
This work enabled radiometric and population information to be gives a geographic 
reference, increasing its power to guide health, remediation and monitoring actions. 
 
Due to what has been shown, it is of great interest that the municipal management plans be 
able to have information related to risk ratings of natural radioactivity at an adequate scale to 
minimize the general population’s risks of exposure to ionizing radiation. 
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