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ABSTRACT
The noble gas 222Rn is a radioactive isotope of the element radon that can be found in atmospheric air, among
others gases, at broad range of concentration. This isotope decays from 238U series, which is normally found in
soil and rocks, especially in fault zones and fractures, where uranium presents greater mobility. The atmospheric
high concentration of this gas is frequently related to confined environments including dwellings and other
buildings with low air ventilation rate. Inhalation of this gas is acknowledged by international agencies such as
WHO, as the second leading cause of lung cancer, being the first among the non-smoker population. That is the
reason why, some countries have defined their regions with high radon potential where it is justified the
implementation of construction techniques to reduce indoor radon concentration. This paper uses the Geogenic
Radon Potential (GEORP) approach aiming to identify radon prone areas in the urban zone of Poços de Caldas Brazil. GEORP encompasses simultaneous measurements of the soil gas permeability and radon soil gas
concentration. This investigation was accomplished using RADON-JOK permeameter, a device specially
developed for in situ soil gas permeability, and ALPHAGUARD, a professional radon monitor. A large
variability was observed in both radon soil concentration and soil gas permeability. Some areas have presented
low gas permeability due to clayey soil characteristics thus medium GEORP. The majority of the points in this
paper have been identified with high radon soil gas concentration showing values that reached 1,000 kBq.m-3
and presenting high radon index.

1. INTRODUCTION
Radon is a noble gas, radioactive, colourless and odourless. Its best known isotope is 222Rn,
which decays from 238U. This element is present in soils, rocks and building materials. Part of
radon gas generated in such materials escapes through cracks and failures in rocks and also
by pressure difference from the bedrock to the houses. It means that radon is present
everywhere in various levels of concentration [1].
With a half-life of 3.8 days, 222Rn decays to radioactive metals such as polonium, lead and
bismuth, also known as the daughters of radon. These decay products are the main concern
regarding its levels of gas concentration in the air, once radon and its daughters can be
inhaled and retained in the respiratory system, contributing to internal dose of radiation.
Radon gas products are the main contributors of the effective dose of ionizing radiation from
natural source to which the world population is subjected [1].

According to Catelinois et al. [2] there is a link between radon gas concentration and lung
cancer. This relationship emerged from records of high mortality rates among underground
miners by the early twentieth century. In the 70s the existence of radon in human living
environments was proved, since then, the element has been considered to be a problem for
public health. The indoor concentration is about 1,000 times smaller than that of found in
soil. Researches on the effects of this contamination, especially in dwellings and workplaces,
seek evidences for its damage to health.
There is no international consensus upon the reference levels for radon in buildings and
workplaces, several countries use their own measurements. In most of the European
countries, for example, in the UK the concentration limit varies between 200 to 400 Bq.m-3
[3]. In general, the European countries are quite advanced in terms of reference level for
indoor radon, Brazil in turn, does not have a reference level, in this case the limit adopted is
the generic dose level of 10 mSv.year-1 [4]. The role of the state is to define regions which are
above the reference level and propose remedial actions and building codes to prevent radon
ingress from soil.
Several factors must be considered when monitoring the concentration of radon in human
living environments, such as people habits and climatic phenomena. Keeping open or closed
windows and doors, rooms with little or no air circulation, temperature, pressure and others
are the factors that influence the spread and concentration of these radionuclides. Talbot et.
al. [3] observed a variation in the concentration along the seasons, in the northern
hemisphere’s winter the levels of this gas tend to be higher due to the long closure period,
even though the permeability being low due to moisture content in soil because of the snow.
Monitoring the concentration inside dwellings presents the restricting problem of accessing
the residence for a long period with monitors, this unusual habit may generate people’s
disapproval. So in order to measure and assess the exposure to radon, the way is to determine
the so-called Geogenic Radon Potential - GEORP of the region, which means giving a
number to radon emerging from the earth, helping to identify the regions where high indoor
concentrations would be expected in new buildings. GEORP takes the concentration of radon
in the soil and the soil gas permeability into account. Thus some countries have defined their
areas with high radon potential which justifies the implementation of construction techniques
to minimize the concentration of radon in dwellings.
2. DESCRIPTION OF THE REGION
Poços de Caldas is located in the southern part of Minas Gerais State in Brazil, has over
160,000 inhabitants and is best known for being a touristic city with an altitude around 1,300
m and for its hot springs. It is the main city of the region with lots of hospitals, universities,
schools and companies that receive most people from the surrounding towns. The urban area
is settled inside the so-called Poços de Caldas Alkaline Massif, as shown in Figure 1, a
complex area with the shape of a volcanic crater that is of about 30 km in diameter. The
massif was basically formed by igneous intrusion in the metamorphic basement usually called
Pinhal Block, where igneous rocks can be found such as nepheline syenite, fonolites and
granites, with the occurrence of gneisses, sandstones, breccias, conglomerates and clays. The
region has also deposits of bauxite due to the action of weathering on igneous rocks, as well
as anomalies of uranium and thorium due to hydrothermal alteration [5].
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Figure 1: Geological map of Poços de Caldas Alkaline Massif [6].
Therefore, the main concern is about the variety of anomalies found all around the massif as
described by Ulbrich [5] and its influence on the quality of the air into the buildings of the
town. That justifies the importance of GEORP survey in Poços de Caldas.

3. MATERIALS AND METHODS
In order to characterize GEORP in urban areas of Poços de Caldas, firstly, it was necessary to
identify the required areas according to previous studies of radiation external dose [7], areas
of urban development as well as geological features of the region. The geographic
coordinates of the chosen points are shown in Table 1, they were disposed around the town as
presented in Figure 2. To perform the soil gas permeability and also the soil gas concentration
sampling in each point, a centred triangular grid with 5 m edge was adopted. Extreme
climatic conditions should be avoided while measuring in order to maintain proper soil
conditions and reliable information for both procedures.
Table 1: Geographic coordinates of the points in study, zone 23 K.
Points
P1
P2
P3
P4
P5
P6
P7
P8

Coordinates (UTM)
x
y
338152
7586586
338045
7586458
337985
7587676
333959
7588700
330151
7589894
341163
7589826
346812
7587641
337979
7584641
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Points
P9
P10
P11
P12
P13
P14
P15
-

Coordinates (UTM)
x
y
337544
7585061
338649
7586123
340105
7586970
336128
7588302
336467
7583659
337378
7582385
328328
7586374
-

Figure 2: Satellite image of the distribution of measures points in GEORP survey in
Poços de Caldas Town.

3.1. Soil Gas Permeability

RADON-JOK is a Czech piece of equipment, especially designed for in situ measurements of
the permeability of gases in soil. The method is very simple and measures the pumping time
necessary to fill a rubber sack (capacity of 2,000 cm³) with gas from soil at the depth of 80
cm, pumped under constant pressure.
Firstly, the so-called “lost tip” is placed at the bottom of a steel probe, and then the set is
driven into the soil 80 cm deep using a hammer, where it is guaranteed that the entire air
pumped through probe comes from the soil, Figure 3. The active area is important to
calculate the shape factor, which is created by the cavity left when the lost tip is extruded 5
cm by means of introducing the punch wire into the probe and pounding 5 cm downwards.
The punch wire is removed and subsequently a conduit is connected to the probe head and the
RADON-JOK nozzle [8].
The RADON-JOK pumps the air under negative pressure using one or two weights
depending on the desired pressure. The permeability (k) is given in m² by the Equation 1 [8],
the formula depends on the number of weights, the depth and the shape factor. The flow is
based on Darcy’s equation.
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k

Q. 
F .P 

(1)

Where Q (m³.s-1) is the air flow through the probe, F (m) is the shape factor that depends on
the active area and the diameter of the probe (in this circumstances F = 0.149 m), μ (Pa.s) is
the dynamic viscosity of the air (at 10 °C μ = 1.75 10-5 Pa.s) and ∆P (Pa) is the pressure
difference between the surface and the active area of the probe (one weight under negative
pressure about 2.16 kPa, two weights about 3.75 kPa).

Figure 3: Schematic of radon soil gas sampling.
Figure 4 shows the soil gas permeability being performed in the field as well as the main
components of the equipment. The advantage of using such a piece of equipment is the
possibility of performing the measurement without any energy source.
3.2. Radon Concentration in Soil Gas
ALPHAGUARD is a portable radon detector for continuous measuring of radon
concentration in air, soil, water or building materials. It uses the principle of the pulse
ionization chamber, alpha spectroscopy and presents high efficient detection for radon and
gives a fast response to concentration gradients [9].
The soil gas concentration sampling is performed by using the same arrangement described in
section 3.1, however, using ALPHAPUMP, a pump that is connected to the ALPHAGUARD
and to the probe as well. The conduit that links the pump and the probe must have a fine
mesh filter and a moist filter, as shown in Figure 5. The volume of air pumped is controlled
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by a bag of approximately 2,000 cm³, which guarantees that sufficient amount of radon gas
passes by the monitor chamber. After the bag has been filled with gas, the pump is turned off.
The first two readings must be skipped, and then the next ten are taken to validate the
concentration of the point.

f
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b

c
e

d

Figure 4: RADON-JOK and its main components measuring permeability of gas in soil.
(a) Rubber sack, (b) stopwatch, (c) weights, (d) probe, (e) conduit and (f) valve/nozzle.
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Figure 5: Soil gas concentration sampling and its main components. (a) ALPHAPUMP,
(b) ALPHAGUARD, (c) probe, (d) conduit, (e) filters and (f) bag.
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3.3. Geogenic Radon Potential
GEORP is used as a parameter to identify regions where indoor natural concentrations can be
expected for geological purposes. In other words, the potential measures radon emerging
from the earth. Once the soil gas radon concentration and the permeability were measured,
GEORP can be calculated for all the points in accordance with the Equation 2 [10, 11].

RP 

CA  1

 log k  10

(2)

Where CA (kBq.m-3) is the radon concentration and k (m²) is the permeability of the soil.
Here the input information for CA and k are quite difficult to analyse from the site
measurements as mentioned by Gruber [11], because no ideal situation exists in reality, that
means, soils and rocks are not homogeneous, they heterogeneous and present different
characteristics and behaviours. Therefore in this paper, according to [10], the protocol to
assess the GEORP considers the 3rd quartile of the data set as input data in the formula for
both CA and k.
The RP given in Equation 2 allows the determination of radon index of a building site (RI),
which is just a way to classify the measured point as low, medium and high radon index of a
building site [11].

4. RESULTS AND DISCUSSION
Table 2 shows the field survey for permeability (k) and soil gas concentration (CA) on the 3rd
quartile of the data set. The expected variety of data found in the field was observed taking
the measurements even in good weather conditions as recommended. Such a variety of data is
due to the large range of soils found in Poços de Caldas Alkaline Massif. To understand the
data presented in Table 2 better, Figure 6 shows the chart of the data survey for the two
parameters in the study. A comparison is made with permeability limits suggested in [8] and
the measured points.
Note that P8 has results for neither permeability nor radon gas concentration, because while
measuring, this place has presented clayey soil, and the pumping procedure was not feasible
at the time. In case of P10 and P13 these values were just possible considering only 3 points
of the adopted grid, because on the remaining two points the pumping was impossible to
perform due to very low permeability of the soil.
According to Figure 6 the soils with low permeability are P1, P8, P10 and P15. Point P7 is on
the boundary of low to mid permeability. The medium permeability soils are P3, P4, P9, P12
and P13, and those classified with high permeability are P2, P5, P6 and P14. With respect to
the radon concentration, in Figure 6 it is also noticeable that the radon concentrations tend to
be high in 60 % of the analysed areas when compared to the limit of “high risk” established
in Sweden, for example, which is 50 kBq.m-3 [12]. Nevertheless, a peak of 1,107.39 kBq.m-3
was detected in P5, which draws the attention to this point, once its value is almost ten times
higher than the average. In field it was observed that P5 presents a rocky soil with occurrence
of sandstone outcrops. Such fact may justify the high permeability found in this spot.
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Table 2: Soil gas permeability, radon concentration and radon potential in the
measured points
Point
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
a
Not detected.

CA75 (kBq.m-3)
327
205
187
68
1,000
76
78
ND
113
115
33
121
87
97
176

K75 (m²)
8.49 10-14
8.95 10-12
1.33 10-12
2.61 10-12
1.25 10-11
1.25 10-11
4.82 10-13
NDa
1.12 10-12
7.35 10-14
7.55 10-14
3.91 10-12
6.52 10-13
4.82 10-12
5.22 10-14

RP
106.15
194.61
99.19
42.32
1,107.39
83.14
33.23
ND
57.40
36.38
10.25
85.27
39.40
72.89
53.32

1.4E-11

1100
1000

1.2E-11

900

1.0E-11

700

600

8.0E-12

500

6.0E-12

400

k (m²)

CA (kBq.m-3)

800

4.0E-12

300
200

2.0E-12

100
0

1.7E-14
P1

P2

P3

P4

P5

P6

P7

P8

Soil gas concentration
High permeability boundary

P9

P10 P11 P12 P13 P14 P15
Soil gas permeability
Mid permeability boundary

Figure 6: Radon concentration and soil gas permeability measured in Poços de Caldas.

In order to assess the radon potential, Figure 7 shows the radon index according to [10] and
the boundaries established for its classification. As shown in Figure 7, P7 and P11 presented
RP between 10 and 35 which led to medium RI. And all the remaining points (except P8)
presented RP higher than 35 which led to high RI. In the chart the lowest is the point in axis
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Y the highest one is the permeability. And the hazard can be estimated through RP, as further
the point is in X axis on the chart of the Figure 7.
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Figure 7: Radon potential of a building site.
Studies on GEORP in Brazil are rather scarce, Lara et. al. [13] investigated this parameter in
the Metropolitan Region of Belo Horizonte, Minas Gerais - Brazil and showed values varying
from 13.6 kBq.m-3 to 124.4 kBq.m-3 in areas of high radon concentration of her study.
Therefore, 33% of the radon concentrations detected in this paper are over of the maximum
value found by Lara. She also proved based on her studies that the radon concentration is
significantly influenced by the soil type, which was discussed previously in this paper.

5. CONCLUSIONS
Radon emerged from the soil is one of the main contributors of indoor radon concentration.
The geogenic radon potential analysed in this paper detected high values, reaching a peak of
1,107.39 and presenting 2 points with medium RI and others 12 points with high RI. The soil
permeability varied between low and high, nonetheless, the radon concentration in soil
reached 1,000 kBq.m-3 in a highly permeable soil. It is important to highlight that the radon
concentration found in soil does not mean that the concentration is the same in the air.
The establishment of radon action level is still being developed by the countries, and the
importance of studies that support these references is a way to identify prone areas and
reduce its hazard to society. Further studies could be carried out on establishment of
reference levels for outdoor radon concentration.
It is recommended to increase the grid of points around the town for a better assessment, as
well as setting a comparison of these points to the soil type of the town for future
recommendation regarding building construction techniques and remediation in Poços de
Caldas.
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Here it is also suggested a refined evaluation concerning point P5, once this point was
identified with the highest geogenic radon potential in the study, and it is located near to
human living environments. This evaluation can be done by densifying the grid around this
place as well as by monitoring the indoor radon concentration of the surrounding dwellings.
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