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Introduction 

The radon isotopes (Rn-222 and Rn-220) and their 
progenies are responsible for more than 50% of 
natural radiation dose and the second leading factor 
in the case of the development of lung cancer after 
smoking [1]. Rn-222 (radon) and Rn-220 (thoron) 
are generated in crustal materials from their natural 
Ra-226 (U-238 decay series) and Ra-224 (Th-232 
decay series) content, respectively. As a result of 
the alpha decay of the mother elements, the newly 
formed radon and thoron atoms recoil (average 
recoil energy on formation: radon = 86 keV, thoron 
= 103 keV) [2], which makes their escape from the 
matrix possible. This phenomenon is called radon or 
thoron emanation depending on the parent isotope. 
The emanation is defi ned as the radon or thoron 
atoms formed by the decay of their mother element 
that escapes from the grains (mainly because of 
recoil) into the interstitial space between the grains    
[3]. The ratio between the emanated and total radon 
and thoron originating from the grains is known as 
the radon/thoron emanation factor. This phenom-
enon greatly depends on several factors, such as 
grain size distribution and pore size distribution, 
porosity features, inhomogeneity of radium isotopes 
in the grains, moisture content, and so on. Only the 
emanated radon and thoron can exhale from the 
pore spaces. Owing to their half-lives (3.82 days 
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for radon and 55.6 s for thoron), radon and thoron 
atoms located within the solid grains can diffuse 
towards the surface [3]. 

The transportation of radon gas can only occur in 
pore spaces; the rock matrix itself is excluded from 
this process. The movement of radon and thoron in 
any porous material can be described by the follow-
ing physical processes: 
 – diffusion of radon gas induced by the concentra-

tion gradient, 
 – movement of pore-fi lling – fl uid or gaseous – ma-

terial (fi ltration), 
 – radioactive decay of radon or thoron, 
 – continuous generation of radon and thoron from 

Ra-226 and Ra-224, respectively. 
The radon/thoron exhalation greatly depends 

on the characteristics of the sample. The main fac-
tors that can have an effect on exhalation are the 
following: 
 – Ra-226 and Ra-224 activity concentrations  

[Bq·kg–1], 
 – bulk density of the matrix [kg·m–3], 
 – emanation factor (dimensionless), 
 – diffusion coeffi cient [m2·s–1], 
 – thickness of the matrix [m]. 

The survey of radon exhalation from various 
media, such as building materials, soils, and by-
-products, is common [4–13], while thoron is of 
less interest owing to its complicated measurement 
technique and presumably, its less signifi cant dose 
contribution. Owing to signifi cantly lower diffusion 
length of thoron than radon, in general, thoron could 
be an indoor problem only when the source is pres-
ent in the building material. However, the thoron 
indoor concentration is normally lower than that 
for radon, but the Pb-212 progeny of thoron with 
a half-life of 10.6 h can accumulate to signifi cant 
levels in breathable air, which highlights its inhala-
tion risk [1]. This is why exposure to thoron and 
its progenies can be comparable to or even higher 
than to radon and its progenies. According to some 
recent surveys, it has been found that elevated tho-
ron concentrations can be observed in some regions 
of elevated radiological risk [2, 14–20]. In order to 
measure radon/thoron exhalation, the accumulation 
chamber technique can be used. The increase in 
radon or thoron concentrations in the chamber as 
a function of time is proportional to the exhalation 
power. In numerous cases, thoron has a disturbing 
effect in the case of radon measurements. Several 
types of radon monitors containing semiconductors 
or pulse-ionization chamber (PIC) detectors are 
commercially available. In spite of the numerous 
advantages of PIC detectors, such as AlphaGUARD 
(commonly used), the discrimination between radon 
and thoron has not been solved [21]. In the case of 
the accumulation technique, the disturbing effect 
and the decay correction factor of thoron can be de-
termined precisely as a result of the intercomparison 
with radon/thoron discriminative detectors (e.g., 
RAD7), which make the measurement of thoron 
exhalation possible. 

In this study, an AlphaGUARD 2000 profes-
sional radon monitor with a PIC detector using an 

accumulation chamber technique was optimized 
to measure the thoron exhalation of Slovenian soil 
samples. HPGe gamma spectrometry was applied to 
determine the Th-232 activity concentration of the 
samples to calculate the thoron emanation factor of 
the samples. The surveyed samples were investigated 
previously to determine the radon emanation factor 
and those results were compared with the recently 
obtained thoron exhalation and emanation factor 
results [3]. 

The objectives of the study are: 
1. Determination of thoron massic exhalation of 

Slovenian soil samples using accumulation cham-
ber techniques combined with a radon monitor. 

2. Determination of their Th-232 content   using 
HPGe gamma spectrometry. 

3. Comparison of radon and thoron emanation and 
exhalation features. 

Experimental programme – description 

Materials and sample preparation

In the previous study published by Kardos et al. [3], 
58 soil samples uniformly distributed over the en-
tirety of Slovenia were investigated about the radon 
emanation point of view. In current studies, 51 sam-
ples of the previously investigated 58 samples were 
still available for measurement. The soil samples 
were heated to a constant mass at a temperature of 
105°C to remove all moisture content, grinded under 
0.63 mm, and homogenized. The samples were put 
into air-tight aluminium Marinelli vessels, weighed, 
and enclosed. After gamma spectrometry measure-
ments were conducted, the powdered soil samples 
were enclosed hermetically to avoid the moistening 
until thoron exhalation measurements were carried 
out, since the moisture content has a great effect on 
the emanation coeffi cient [5, 22]. 

Determination of radionuclide content by gamma 
spectrometry 

To obtain the radionuclide content, a (HPGe) 
semiconductor detector (ORTEC GMX40-76, 
with an effi ciency of 40% and energy resolution of 
1.95 keV at 1332.5 keV) was used. The data and 
spectra were recorded using an ORTEC DSPEC LF 
8196 MCA. The Th-232 activity concentration was 
measured using the 911 keV gamma ray of Ac-228 
and Tl-208 using the 2614 keV gamma ray. To calcu-
late the activity concentration, the obtained spectra 
were compared with a certifi cated IAEA reference 
material (IAEA-327 soil sample). The sample mea-
suring time varied between 60 000 s and 80 000 s. 

Determination of massic exhalation and emanation 

Exhalation is the radon/thoron activity that diffuses 
per unit of time from a material into the air surround-
ing the material, in [Bq·s–1] defi ned by the Nether-
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lands Standardization Institute [9]. The exhalation 
can be related to either the surface area of the exhal-
ing surfaces (the areic radon fl ux in [Bq·m–2·s–1]) or 
the mass of the samples (massic radon exhalation 
in [Bq·kg–1·s–1]). If the thickness of the samples is 
signifi cantly smaller against the diffusion length of 
radon, the massic exhalation can be determined. In 
this case, all the emanated radon/thoron exhales 
from the containing matrix and the massic radon/
thoron exhalation can be determined [6]. The rela-
tively short half-life of thoron makes the sampling 
process cardinal. Until the measurable air reaches, 
the effective detector space a signifi cant amount of 
thoron could decay depending on the inhomogeneity 
of thoron in the measurement system, the fl ow rate 
of the airfl ow, the size of the measurement system, 
and even the length of the tubing, which all have a 
signifi cant effect on the measured results. This is the 
reason why the thoron decay correction factor has 
to be determined for every measurement set up in 
order to ensure accurate measurement results. The 
decay correction factor of the applied measurement 
kit and sampling method was determined using a 
RAD7 (Durridge Company, USA) radon/thoron 
monitor and thorium (IV) nitrate powder. The RAD7 
detector was used only for the determination of 
decay correction factors. After the intercomparison 
with AlphaGUARD PRO type radon monitor and 
determination of appropriate measurement condi-
tions, the RAD7 detector was no longer necessary. 
The thoron exhalation was measured with the help 
of an accumulation chamber technique [12, 23] 
(Fig. 1). To ensure a low sample thickness against the 
diffusion length of thoron, a 3–4 mm of a powdered 
layer was applied using a multi-tray sample holder 
system inside the accumulation chamber (Fig. 1). 
A homogenous thoron concentration was ensured 
with intensive air mixing performed by a 12V DC 
fan. The measurement conditions were tested by 
powdered thorium nitrate. 

The soil samples were put into the air-tight 
accumulation chamber. Nitrogen gas was used to 
aerate the accumulation kit to ensure a radon- and 
thoron-free initial accumulation condition. To 
measure the airfl ow, a professional AlphaGUARD 

PRO type radon monitor was applied in the 10 MIN 
FLOW mode. 

Altogether, the sampling process (Fig. 2) took 
70 min. After enclosure and aeration, the airfl ow 
with 1.0 dm3·h–1 was started and within 10 min, 
the thoron reached a state of equilibrium inside 
the measurement kit. After a homogenous thoron 
concentration was ensured in the airflow (first 
10 min of the circulation), the instrument measured 
the radon + thoron content of the airfl ow over 
30 min. In order to determine the only radon content 
of the examined air – which cannot be distinguished 
by the PIC type AlphaGUARD radon monitor – the 
circulation of the airfl ow was stopped and the air 
in the detector chamber stuck in the radon monitor. 
During the following period (10 min), the thoron 
decayed and only the radon remained in the detec-
tor chamber owing to its half-life of 3.82 days. The 
radon content was measured over 30 min. The tho-
ron concentration was obtained from the difference 
between the obtained results of thoron + radon and 
only the radon-containing period, as it is presented 
in Fig. 2. 

The calculation of thoron exhalation was adopted 
from the calculation method of radon exhalation in 
case of enclosed sample method was published by 
Petropoulos et al. [24]. The exhalation phenomena 
for thoron is similar. Only the half-life is different, 
which can be taken into consideration with the re-
placement of decay constant for thoron’s. 

The thoron exhalation under the equilibrium 
condition was calculated with following equation: 

(1)

where: ETn – massic thoron exhalation [mBq·kg–1 ·s–1]; 
Aeq_thoron – equilibrium thoron activity [Bq]; FC – decay 
correction factor of thoron in the airfl ow (dimension-
less); FA – decay correction factor of thoron under 
secular equilibrium conditions (dimensionless); 
m – mass of the sample [kg]; teq – secular equilibrium 
time (389 s). 

The emanation factor of soil samples was ob-
tained with following equation: 

(2)

where:  – emanation factor; Aeq_thoron – equilibrium 
thoron activity [Bq]; ATh-232 – Th-232 activity (ATh-232) 
of belonging samples [Bq]. 

Fig. 1. Scheme of applied measurement kit with a multi-
-tray sample holder. 

Fig. 2. Flowchart of sampling method. 
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Results and discussion 

Th-232 content, thoron exhalation, and emanation 
factor of soil samples   

The Th-232 activity concentration and the thoron 
exhalation and emanation factors of 51 investigated 
Slovenian soil samples are illustrated in the box and 
whisker diagrams (Fig. 3a). The Th-232 content of the 
soil samples ranged between 9.3 ± 0.3 and 161.7 ± 
5.7 Bq·kg–1 (average: 64.6 ± 2.3 Bq·kg–1, median: 61.8 
± 2.2 Bq·kg–1), and the thoron exhalation between 
6.9 ± 1.3 and 149 ± 10.8 mBq·kg–1·s–1 (average: 55.2 
± 6.4 mBq·kg–1·s–1, median: 52.7 ± 7.2 mBq·kg–1·s–1). 
The emanation factors were calculated from the 
measurable thoron activities of the samples under 
equilibrium conditions and the Th-232 content of 
the samples. The obtained thoron emanation factors 
varied between 2.9 ± 0.5 and 21.1 ± 0.8% (average: 
8.6%, median: 8.4%). All the studied parameters 
roughly fi t a lognormal distribution (Fig. 3b). 

Figure 4 presents the correlation between the 
investigated parameters. The obtained results show 
that the thoron exhalation of the samples increased 
as a function of the Th-232 content and the emana-
tion factor as well. As it was expected, no correla-
tion was found between the Th-232 content and the 
emanation factor. The results clearly proved that 
the emanation factor is of great importance with 
regard to exhalation since in spite of the largest 
Th-232 content, the measured thoron exhalation of 
the sample was not the greatest among the samples. 
The matrix of the soil samples has a great effect on 
emanation and exhalation. 

The obtained thoron emanation- and exhalation-
-related results were compared with radon emanation 
and exhalation results investigated on the same soil 
samples previously by Kardos et al. [3]. As a result 
of the comparison, it was found (Fig. 5a) that there 
was no correlation between the radon and thoron 
emanation factors in spite of the relatively similar 
recoil energies of the decay of their parent elements. 

Fig. 3. (a) Box and whisker diagram. (b) Cumulative distribution of measured parameters. 

Fig. 4. (a) Thoron exhalation vs. Th-232 content and thoron emanation factor. (b) Th-232 content and thoron emana-
tion factor. 

a                                                                   b 

a                                                                                  b 
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It can be explained by the inhomogeneity of 
Ra-224 and Ra-226 isotopes in the grains of the soil 
samples. To investigate the inhomogeneity of Ra-224 
and Ra-226 in soil samples, further fi ne fractionation 
could prove the assumption. With regard to radon 
exhalation, a signifi cantly stronger correlation was 
observed than thoron exhalation (Fig. 5b). Owing to 
that fact, it can be presumably stated that radon is 
more dependent on exhalation features than thoron. 

Summary 

Altogether, 51 Slovenian soil samples were investi-
gated from a radiological point of view with particular 
regard to thoron exhalation features. An accumulation 
chamber technique was applied using a multi-tray 
sample holder with 3–4 mm depth of powdered sample 
to ensure low sample thickness against the diffusion 
length. The massic thoron exhalation results were 
obtained with the help of an AlphaGUARD radon 
monitor and predefi ned thoron decay correction fac-
tors. The radon (massic) exhalation ranged between 
 6.9 ± 1.3 and 149 ± 10.8 mBq·kg–1·s–1 (average: 55.2 
± 6.4 mBq·kg–1·s–1, median: 52.7 ± 7.2 mBq·kg–1·s–1). 
The emanation factors were obtained from the thoron 
concentrations under secular equilibrium conditions 
and the Th-232 activity  concentrations (9.3 ± 0.3 
and 161.7 ± 5.7 Bq·kg –1, average: 64.6 ± 2.3 Bq·kg–1, 
median: 61.8 ± 2.2 Bq·kg–1) determined by gamma 
spectrometry. The emanation factors ranged between 
2.9 ± 0.5 and 21.1 ± 0.8% (average: 8.6%, median: 
8.4%). The obtained thoron exhalation and emanation 
related results were compared with the radon emana-
tion and exhalation features of the same soil samples, 
which were determined in our previous study. It was 
found that there was no correlation between the 
radon and thoron emanation factors. This can be 
presumably explained by the different distributions 
of Ra-224 and Ra-226 mother elements in the grains 
of the soils. Owing to that fact, it can be stated that 

the thoron emanation factor cannot be predicted 
from the radon emanation factor. Furthermore, it 
was found that in the case of radon exhalation, the 
relationship between it and the emanation factor was 
greater than with regard to thoron exhalation. 
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