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Abstract. The second most important source of indoor radon, after soil beneath dwelling, is building mate-
rial. With the increase in environmental awareness and new energy- savmg policies, residents tend to replace
the ex1st1ng windows with tighter windows, which leads to a decrease in air exchange rate and consequently
an increase in indoor radon concentration. In case of low exchange rates, dose caused by inhalation of radon and
its progeny can exceed external dose originating from the radium content in the surrounding building material.
In this paper, surface exhalation rates of radon (***Rn) and thoron (**Rn) from typical building materials used for
construction and interior decoration of houses in Serbia were investigated. Surface exhalation rate measurements
were performed using the closed-chamber method, while concentrations of radon and thoron in the chamber
were continuously measured using an active device, RTM1688-2, produced by SARAD® GmbH. Finally, the
impact of the replacement of windows on the indoor radon concentration was estimated.
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Introduction

Based on the extensive studies of influence of radon
and its progeny on uranium (and non-uranium) min-
ers, radon was recognized as a human carcinogen
in 1988 by the International Agency for Research
on Cancer (IARC)[1]. A few decades later, pooling
of radon studies performed in China, Europe and
North America revealed unambiguous link between
indoor radon and lung cancer, and consequently,
World Health Organization (WHO) has identified
radon as the second leading cause of lung cancer
after smoking, being responsible for 3-14% of all
lung cancers [2].

The European Council has laid down new basic
safety standards (BSS) for the protection against
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the dangers arising from exposure to ionizing radia-
tion [3]. In accordance with the Council Directive
2013/59/Euratom (BSS), member states are obliged
to investigate the exposure of members of the public
and workers to indoor radon to develop a radon
action plan and to inform the public about radon
levels they are exposed to. This has led to an increase
in radon-related activities in recent years and to
an increased number of measurements of indoor
radon concentrations.

The main source of indoor radon is soil subjacent
to a dwelling. Although a typical contribution of soil
gas to indoor air gas is 1%, soil gas can contribute
with more than 10% to indoor air in houses that
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are built on permeable soil or with a poor founda-
tion (lots of cracks, bad junctions between walls and
floor, etc.) [4]. The second most important source
of indoor radon is building material. In recent years,
the contribution of radon from the building mate-
rial has been becoming more important because of
the new trends regarding energy saving and energy
efficiency in the construction industry. Replacing
the old windows with new ones that provide better
isolation is especially important. Typically, single
glazed, wooden framed windows are being replaced
by double glazed unplasticized polyvinyl chloride
(UPVC), which leads to a reduction in air exchange
rate [5]. Reduced air exchange rate leads to an in-
crease in indoor radon concentration [6].

In this paper, the results of the surface exhalation
rate of radon (**?Rn) and thoron (**°Rn) from some
typical building materials used for construction
and decoration of houses in Serbia are presented.
Exhalation rate measurements were performed using
the closed-chamber method. The concentrations of
radon and thoron in the chamber were continuously
measured using RTM1688-2, produced by SARAD®
GmbH. The impact of the replacement of windows
on the indoor radon concentration was estimated
based on available literature data. This work rep-
resents a continuation of research project activities
in which mass exhalation of building materials and
different parameters influencing exhalation were
studied. Results of previous research were published
in conference proceedings [7].

Materials and methods

The exhalation rates from various building materials
commonly used is Serbia were measured. Nine differ-
ent building materials were chosen for the analysis.
The attention was paid to cover the representative
types of building materials. Therefore, bricks and
brick blocks based on clay and concrete were used.
Decorative materials, such as facade brick, natural
stone, granite and marble, were analysed. Finally,
samples of two materials, which are commonly used
for thermal insulation, were analysed as well.

A chamber with a volume of 30 dm® was used for
the measurement of radon exhalation rate. All mate-
rials were cut in well-defined shape in order to easily
calculate exhalation area and to fit the dimension of
the accumulation chamber. Exhalation area of the
samples ranged from 2.5 X 102 m2-6.7 X 102 m>,
while the mass ranged from 260 g to 670 g. Samples
prepared in this way were placed in the accumulation
chamber and sealed for approximately one week,
before each measurement started. The method used
for the measurement of exhalation rate is well known
as the closed-chamber method [8].

According to this method, the exhalation rate
can be determined by measuring the accumulation
of radon in time using the following equation [9]:

EgS a
(1) C(t):ﬁ(l—e“)JrCOe

where C(¢) is the measured **’Rn concentration in

the accumulation chamber [Bq-m™] at the time ¢, Es
is the surface exhalation rate [Bq-m=s], S is the
exhaling area of the sample [m?], V is the volume
of the chamber [m?®], A is the radon decay constant
[s7!] and C, is the initial radon concentration in the
chamber [Bq-m™3].

Exhaling of radon from a sample in the chamber
can be suppressed partly due to a leakage of radon
from the chamber (chamber not being perfectly
sealed) and partly due to back-diffusion (a decrease
in exhalation due to an increase in radon concentra-
tion in the chamber). In this case, the decay constant
can be expressed as the effective decay constant
using the following equation: Ay = A + A; + Ay, Where
A, and A, take into account the removal of 222Rn due
to leakage and back-diffusion, respectively [9].

In order to measure the effective decay constant,
a dedicated experiment was performed. A test sam-
ple with a high 2*Ra content was used as an exhala-
tion material to ensure high radon concentrations
in the chamber and thus reduce the uncertainties
of the acquired data. The test sample was placed in
the chamber, and radon concentration in the cham-
ber was continuously measured for approximately
16 days with the averaging period of 4 h. The effec-
tive decay constant was deduced by fitting Eq. (1)
to the obtained data and was afterwards used for the
calculation of radon surface exhalation rate.

The same closed-chamber method was used for
the measurement of thoron’s exhalation rate as
well. Small differences were introduced due to a
much shorter half-life of thoron (55.8 s) compared
to that of radon (3.82 days). A smaller chamber
with a volume of 1.7 dm’ was used, and the sam-
pling time was set to 15 min, which is more than
15 times larger than the thoron half-life. This time is
sufficient to achieve constant thoron concentration
and for any thoron present in the chamber before
the measurement to completely decay. Thoron
concentration in the chamber is represented by the
following equation:

ES

2 C, =
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where Cr, is the thoron concentration and Ar, is the
thoron decay constant.

Build-up of radon and thoron in the chamber was
measured using active device RTM1688-2, which
has a sensitivity of 6.5 cts/(min-kBgq-m™).

Results and discussion

Accumulation of radon in the chamber, due to radon
exhalation from the test sample with a high ?**Ra
concentration, during 16 days of measurement,
with 4 h of averaging period, is shown in Fig. 1.
Equation (1) was fitted to the experimental data,
keeping Es, A and C, as free parameters.

Based on the fit, the initial radon concentra-
tion in the chamber, C,, was 0 + 13 Bq-m~, which
is not surprising since the chamber was closed in
the “radon-free” environment. The volume of the
chamber was much larger than the volume of the
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Fig. 1. Radon concentration in the chamber due to ex-
halation from the test sample with a high ??°Ra content.
Theoretical build-up curve according to Eq. (1) was fitted
to the data and is also shown.

sample, and therefore, back-diffusion can be ne-
glected [10]. Fitted effective decay constant was
hett = (305.6 = 3.6) x 10 s7!, which showed that
there was a certain leakage of radon from the chamber.
The contribution of leakage to decay constant was
approximately A, =7.02 x 107 s™.

Radon surface exhalation rates for all sample ma-
terials and the fitted effective decay constant value
were calculated using Eq. (1). Results for both radon
and thoron exhalation rates for selected building
materials are presented in Table 1.

Large ranges of radon and thoron surface exha-
lation rates from different materials were observed.
Additional research is required in order to better un-
derstand these results, especially on radium content
in building materials, as well as their porosity and
permeability. Measured radon exhalation rates are
between 15.8 uBq-m s and 1380 uBg-m=2-s7!, while
thoron exhalation rates are between <1.5 mBq-m2-s™
and 337 mBg-ms'. The data are in agreement with
previously published results [11].

The indoor radon concentration originating only
from the building material can be estimated using
the following simple equation [12]:

ES
3 Cpp =2
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where Ay is the ventilation rate [h™!] and S/V is the
surface to volume ratio [m™] of the room. For stan-
dard room model, S/Vis 1.6 m™.

Table 1. Radon and thoron surface exhalation rates from
selected building materials

ES (222Rn) ES (ZZORn)
Sample [mBg-m2s"] [mBg-m2s"]

Brick 0.090 + 0.018 32329
Brick block 0.340 = 0.055 58.8 £9.4
Concrete block 0.610 = 0.016 111 = 20
Facade brick 0.146 = 0.073 263 +£95
Thermal block 1.380 = 0.071 31.6 £ 85
Natural stone 0.197 = 0.026 337 = 37
Concrete styrofoam 0.658 + 0.034 60 = 14
Marble 0.0158 = 0.0066 <15
Granite 0.0336 + 0.0027 423 +2.1

According to the data from the United Nations
Scientific Committee on the Effects of Atomic Ra-
diations (UNSCEAR) sources, the common range
of ventilation rates in dwellings is in the interval of
0.2-2 h™!, with a geometrical mean of 0.63 h™! [13].
It was shown by Oreszczyn et al. that the installa-
tion of modern windows reduces air exchange rate
by 0.23 exchanges per hour [5], which can cause a
significant increase in indoor radon concentration
if proper building materials are not used.

Owing to a lack of data for Serbia, the value of
exhalation rate of 0.63 h! is the same as the world
average mean. Contribution to indoor radon concen-
tration due to exhalation from building material with
the highest exhalation rate (thermal block) would
be 13 Bq-m~>. If we assume that replacement of old
windows and doors will cause the same reduction
of air exchange rate by 0.23 h™ as in the case of UK
[5], the contribution to indoor radon concentration
would thus be 20 Bq-m™, or in relative terms, it will
cause an increase in radon concentration by 35%,
which in extreme cases could be severe.

Conclusion

In this manuscript, the results of the radon and thoron
surface exhalation rate measurements from several
common building materials used in Serbia are pre-
sented. Data were obtained using the closed-chamber
method, and radon and thoron measurements were
performed using an active device RTM1688-2. The
results that were obtained indicate a large range of
exhalation rates for different materials. Consequently,
some of them could cause a significant increase in
indoor radon concentration. This is especially im-
portant when modern exterior joinery, windows and
doors are installed in residential buildings, signifi-
cantly reducing the ventilation rate. Therefore, it is
important to monitor the radon exhalation rate from
the material used in modern construction.
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