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United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR)1), the dose received from 
inhalation of radon, thoron, and their progenies dominates 
approximately 50% of the global average annual radiation 
dose (1.2 mSv vs. 2.4 mSv). In particular, the contribution 
of the dose from radon is estimated to be up to 90% and 
the dose from thoron is small as thoron concentration is 
lower due to the difference in their half-lives (3.8 d for 
radon and 55.6 s for thoron). However, recent surveys 
performed in the past decade have revealed the existence 
of a thoron-prone area where doses from thoron can be 
equal to or exceed those from radon2-7). In addition, some 
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1.  Introduction

Radon isotopes (radon (222Rn) and thoron (220Rn)), 
chemically inert radioactive gases that are generally 
abundant in the living environment, have an important 
role in radiation exposure among natural radiation 
sources. According to the estimation made by the 
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researchers8-9) proposed a dose conversion factor for 
thoron, which was based on the latest human respiration 
and bio-kinetic models and was three times higher than 
the dose conversion factor adopted by the UNSCEAR. 
Thus, exposure to thoron has been recognized as an 
important factor.

Thoron progenies are responsible for lung exposure to 
thoron in the dose estimation. However, the measurement 
of thoron progeny concentration is generally complex 
compared to that of thoron gas concentration using the 
passive technique. In sequence, the measured thoron 
concentration is multiplied by the thoron equilibrium 
factor to estimate the equilibrium equivalent thoron 
concentration as the thoron progeny concentration1, 10-15). 
It represents the degree of equilibrium between thoron 
and its progeny (212Pb and 212Bi)16). The UNSCEAR 
report determined a typical value of 0.02 for the thoron 
equilibrium factor1). In contrast, thoron equilibrium 
factors compiled from regional surveys with long-term 
measurements differed by three orders of magnitude 
among the dwellings, although representative values 
(arithmetic or geometric mean) were in the order of 
the UNSCEAR computed value17, 18). These long-term 
measurements were generally performed over several 
months and were not completed within a year19-22). 

We conducted a thoron and its progeny survey of 
approximately 100 dwellings in the southeastern coastal 
area of India from 2010 to 20115, 23-24). The meassurements 
were obtained for approximately four months and 
repeated three times. In the present study, based on the 
database of thoron and its progeny concentrations, thoron 
equilibrium factors were calculated and their variation 
over seasons was examined. 

2.  Materials and methods

2.1.  Outline of  location and conducted survey
The thoron and its progeny survey was conducted in the 
Chhtrapur placer deposit area along the southeastern 
coast of Odisha (Orissa), India (location map present in 
Omori et al.5)). The absorbed dose rate in air in the area 
is up to approximately 5000 nGy h-1; therefore the area is 
identified as a high background radiation area25, 26). For 
the survey, 106 dwellings (100 cement constructions and 
6 mud constructions) were selected from 12 villages in 
the study area. A pair of thoron and its progeny detectors 
were installed on the wall (a few centimeters from the 
wall surface) or the middle of the room in each dwelling. 
The exposure period was set to be approximately four 
months, and the measurements were repeated three 
times (first period: mid-October 2010–early February 2011 
(winter); second period: mid-February–early June 2011 
(summer); and third period: mid-June–mid-October 2011 
(rainy season)) to examine the differences throughout the 

year. Details of the survey can be found in Omori et al.5)

2.2.  Measurement of  thoron concentration
The thoron concentrations were measured using solid-
state nuclear track detectors enclosed in diffusion 
chambers, RADUET (Radosys Co. Ltd., Hungary). A 
combination of chambers with different air exchange 
rates can measure radon and thoron concentrations 
separately27). A solid-state nuclear track detector CR-39 
with dimensions of 10 mm×10 mm (Radosys Co. Ltd., 
Hungary) was used to record tracks of alpha particles 
from radon, thoron, and their progeny. The RADUETs 
were calibrated using radon and thoron chambers 
established by the National Institute of Radiological 
Sciences (NIRS; currently National Institutes for Quantum 
Science and Technology)28, 29). 

The RADUET was positioned on the wall or in the 
middle of the room in each dwelling to measure the 
average thoron concentration over approximately four 
months indoors. After the exposure was completed, 
the RADUETs were processed in NIRS for chemical 
etching of the CR-39 chips, counting the number of 
tracks registered on the chips, and evaluating thoron 
concentrations. The CR-39 chips were etched in 6.25 M 
NaOH solutions at 90°C  for 6 h. The number of tracks 
formed on the chips was counted using an automatic 
reading system, Radometer2000 version 1.43 (Radosys Co. 
Ltd., Hungary), and it was divided by the analyzed area to 
determine the track density. Thoron concentration was 
estimated from the exposure period, track density, and 
calibration factors for thoron and radon exposure5).

2.3.  Measurement of  thoron progeny concentration
Thoron progeny concentrations were measured using 
a deposition-based technique30, 31). The thoron progeny 
detector used in the present study has the function of 
alpha-energy discrimination to detect alpha particles 
from one of the thoron progenies 212Po (8.8 MeV) only. 
CR-39 chips with dimensions of 10 mm × 10 mm (Nagase 
Landauer, Ltd., Japan) were mounted on a stainless steel 
plate and covered with two-layered Mylar films. The 
thickness of the Mylar films was adjusted such that alpha 
particles from 212Po could pass through the film and reach 
CR-39. 

The thoron progeny detector was positioned on the 
wall or in the middle of the room together with RADUET 
over approximately four months. After the exposure 
was completed, the thoron progeny detectors were 
processed in NIRS for chemical etching of the CR-39 
chips, counting the number of tracks registered on the 
chips, and evaluating the thoron progeny concentrations. 
The CR-39 chips were etched in 6 M NaOH solutions at 
60°C  for 24 h. The number of tracks formed on the chips 
was counted using image capture and analysis. In the 
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image capture, ten photographs (approximately 17.7 mm2 
in total) of the formed tracks were taken manually for 
every etched chip at 100×magnification with an optical 
microscope and camera (Model LBV-A570, KENIS Ltd., 
Japan). Image analysis was performed to count the tracks 
captured on the digital photographs using CellProfiler 2.0, 
software developed by Carpenter et al.32) The equilibrium 
equivalent thoron concentration was estimated from the 
exposure period, track density, and a calibration factor for 
thoron progeny exposure5). 

2.4.  Analysis
Thoron equilibrium factor (FTn) was calculated from the 
thoron concentration (CTn) and equilibrium equivalent 
thoron concentration (EETC) determined by the 
RADUET and thoron progeny detector, respectively, as 
follows:

　        EETC
FTn  = ———— . (1)
              CTn

At three of the 106 dwellings investigated, the RADUET 
and thoron progeny detector were deployed in the middle 
of the room. Data obtained in these cases were excluded 
from the analysis.

Statistical and regression analyses were performed 
using the software OriginPro 2020 (OriginLab Corporation). 
Statistical significance was set at a level of 0.05. 

3.  Results and discussion

Thoron equilibrium factors were evaluated successfully 
in 62, 76, and 41 dwellings in the first (winter), second 
(summer), and third (rainy season) periods, respectively. 
In 24 dwellings, the total measurement period covered a 
year. Thoron equilibrium factors for some dwellings were 
not evaluated because the thoron concentrations were 
lower than the detection limits for the first and second 
periods. The smaller number of samples in the third 
period was because of the smaller number of investigated 
dwellings. 

Figure 1 shows the distributions of  the thoron 
equilibrium factor in the form of cumulative probability 

on a logarithmic scale. The Shapiro–Wilk test for the 
equilibrium factor after logarithmic transformation 
suggests that it had a lognormal distribution in all 
periods (p -values were 0.79, 0.14, and 0.59 for datasets in 
winter, summer, and rainy seasons, respectively). This 
was evident from the regression analysis for the plots in 
Figure 1, which shows that a line drawn under an ideal 
lognormal distribution fitted well.

The statistic results for the thoron equilibrium factors 
are summarized in Table 1. In the summer period, the 
thoron equilibrium factors were distributed in a range of 
0.016–0.42 with arithmetic and geometric means of 0.066 
and 0.051, respectively. The thoron equilibrium factors 
differed by one order of magnitude in the minimum and 
maximum values. A similar characteristic was found in 
the dataset for the rainy period, where the equilibrium 
factors were distributed in the range of 0.012–0.24 with 
arithmetic and geometric means of 0.056 and 0.044, 
respectively. In contrast, all the equilibrium factors in 
the winter period were in the range of 0.006–0.087, with 
arithmetic and geometric means of 0.030 and 0.025, 

Fig. 1.  Distribution of thoron equilibrium factor in the form of 
cumulative probability on a logarithmic scale. Fitted (dotted, dashed, 
and solid) lines are drawn by estimating ideal log-normal distributions 
from the geometric mean and geometric standard deviation of the 
thoron equilibrium factor.

Table 1.  Statistical values of thoron equilibrium factor during the measurement periods

Season Na
Thoron equilibrium factor

AM ± SDb GM (GSD)b Range

Winter 62 0.030 ± 0.019 0.025 (1.89) 0.006 - 0.087

Summer 76 0.066 ± 0.059 0.051 (1.99) 0.016 - 0.42

Rainy 41 0.056 ± 0.044 0.044 (2.05) 0.012 - 0.24
a N means the number of dwellings for analysis.
b  AM, SD, GM and GSD mean arithmetic mean, standard deviation, geometric mean 

and geometric standard deviation (no unit), respectively.
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respectively. Compared with the summer and rainy 
periods, the maximum thoron equilibrium factor was 
smaller by one order of magnitude in the winter period. 
The annual means for the 24 dwellings were in the range 
of 0.01–0.16 with an arithmetic mean of 0.04.

The thoron equilibrium factors reported in the present 
study agreed with those summarized from the results of 
regional surveys by Hosoda et al.17) and Chen et al.18) They 
reported wide ranges of thoron equilibrium factors from 
0.0001 to 0.1. Similarly, the present study reports a wide 
range of thoron equilibrium factors. However, they were 
less than or in the order of the value recommended by the 
UNSCEAR (0.02)1) for 100%, 80%, and 90% of the cases in 
which thoron equilibrium factors could be determined in 
winter, summer, and rainy seasons, respectively (Fig. 1).

The thoron equilibrium factors showed seasonal 
variation. In other words, those in winter appeared lower 
than those in the other seasons. To confirm the seasonal 
variation, ratios of the equilibrium factors were calculated 
between the seasons for the 24 samples, that is, ratios 
from summer to winter, rainy to winter, and summer 
to rainy. Figure 2 shows the distributions of the ratios 
of the thoron equilibrium factors between the seasons. 
The thoron equilibrium factors in the summer and rainy 
seasons relative to those in the winter season were higher 
than unity for most samples. In other words, the thoron 
equilibrium factors in winter were generally lower than 
those in the other seasons, which is expected from the 
results in Figure 1. Similarly, the thoron equilibrium 
factors in the rainy season were slightly lower than those 
in the summer.

Table 2 summarizes the seasonal variations in the 
thoron equilibrium factor reported in previous studies33-38) 
and the present study. This clearly shows that the 
thoron equilibrium factors do not exhibit typical seasonal 
variations. In detail, the equilibrium factors were higher 
in the colder seasons in some cases, higher in the warmer 
seasons in other cases, and constant throughout the 
seasons in other cases. Ideally, the thoron equilibrium 
factor decreases with an increase in the ventilation rate39, 40). 
The equilibrium factor is expected to be higher in colder 
seasons due to the poor ventilation of the room air. 
However, such seasonal variation was rarely observed 
in previous studies33-38) and in the present study. This 
is partly because the behavior of thoron in room air is 
very complicated due to its short half-life. In particular, 
in the colder season, room air does not mix well due to 
poor ventilation. In this situation, the spatial distribution 
of thoron concentration becomes more heterogeneous, 
and the concentration gradient increases significantly 
at locations close to the thoron source (i.e., walls, floors, 

Fig. 2.  Distributions of thoron equilibrium factor ratios among 
summer, rainy, and winter seasons. Boxes are bounded at 25 
percentile value, median value, and 75 percentile value of the ratios 
from lower to upper, respectively. Open squares represent the 
arithmetic mean. 

Table 2.  Summary of seasonal variations in thoron equilibrium factors

Location Thoron equilibrium factor
Arithmetic mean ± standard deviation (range)

Detector position
(distance from wall)

Dry season Rainy season

Lolodorf, Cameroon6) 0.25 ± 0.05 (0.02 - 0.85) 0.09 ± 0.01 (0.01 - 0.21) 20 cm

Winter Summer Rainy Autumn

Uttarkhand, north India33) 0.04 (0.01 - 0.80) 0.03 (0.01 - 0.27) 0.04 (0.01 - 0.63) 0.04 (0.01 - 0.53) 10 cm

Winter Summer Rainy

Uttarkhand, north India34) 0.06 ± 0.05 (0.01 - 0.21) 0.06 ± 0.05 (0.01 - 0.31) 0.09 ± 0.06 (0.02 - 0.36) 10 cm

Uttar Pradesh, north India35) 0.01 ± 0.01 (0.005 - 0.04) 0.01 ± 0.01 (0.005 - 0.036) 0.01 ± 0.01 (0.005 - 0.032) 30 cm

Punjab, north India36) 0.04 (0.01 - 0.11) 0.03 (0.01 - 0.08) 0.04 (0.01 - 0.11) 30 - 50 cm

Punjab, north India37) 0.05 ± 0.03 0.05 ± 0.04 0.04 ± 0.03 20  cm

Jammu and Kashmir, north India38) 0.03 ± 0.02 (0.01 - 0.09) 0.04 ± 0.08 (0.005 - 0.09) 0.03 ± 0.02 (0.01 - 0.07) 10 - 20 cm

Odisha, east India (Present study) 0.03 ± 0.02 (0.006 - 0.09) 0.07 ± 0.06 (0.02 - 0.42) 0.06 ± 0.04 (0.01 - 0.24) On wall
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and ceilings). This phenomenon reduces the thoron 
equilibrium factor if the thoron progeny concentration 
is constant. To better understand seasonal variation in 
the thoron equilibrium factor, together with thoron and 
its progeny concentrations, aerosol concentration should 
be measured, which has a role in changes in the thoron 
equilibrium factor.

4.  Conclusion

The main findings of the present study are summarized 
as follows:
• Thoron equilibrium factors followed a log-normal 

distribution with geometric means of 0.025, 0.044, 
and 0.051 in the winter, rainy, and summer seasons, 
respectively;

• In 80–100% of the cases for each of the three seasons, 
thoron equilibrium factors showed values lower than or 
in the order of the value recommended by UNSCEAR 
(0.02)1);

• Thoron equilibrium factors showed seasonal variation 
with a minimum in winter and maximum in summer;

• Typical seasonal variation for the thoron equilibrium 
factor could not be determined based on comparisons 
with previous studies and the present study. 

Acknowledgement

The authors would like to thank the reviewers for their 
valuable comments in improving the manuscript.

Funding

This work was partly supported by the grant-in-aid 
“Construction of Natural Radiation Exposure Study 
Network” from the Special Coordination Funds for 
Promoting Science and Technology of the Ministry of 
Education, Culture, Sports, Science and Technology, 
Japan.

Conflict of Interest

The authors declare that they have no conflict of interest.

References

 1. UNSCEAR. Sources and Effects of Ionizing Radiation. Volume I: 
Sources, New York: United Nations Publication; 2010.

 2.  Guo Q, Iida T, Okamoto K, Yamasaki T. Measurements of thoron 
concentration by passive cup method and its application to dose 
assessment. J Nucl Sci Technol. 1995;32(8):794–803.

 3. Kranrod C, Ishikawa T, Tokonami S, Sorimachi A, Chanyotha S, 
Chankow N. Comparative dosimetry of radon and thoron. Radiat 
Prot Dosim. 2010;141(4):424–7.

 4. Kudo H, Tokonami S, Omori Y, Ishikawa T, Iwaoka K, Sahoo 

SK, et al. Comparative dosimetry for radon and thoron in 
high background radiation areas in China. Radiat Prot Dosim. 
2015;167(1–3):155–9.

 5. Omori Y, Prasad G, Sorimachi A, Sahoo SK, Ishikawa T, Vidya 
Sagar D, et al. Long-term measurements of residential radon, 
thoron, and thoron progeny concentrations around the Chhatrapur 
placer deposit, a high background radiation area in Odisha, India. J 
Environ Radioact. 2016;162–163:371–8.

 6. Bineng GS, Saïdou, Tokonami S, Hosoda M, Siaka YFT, Issa H, et 
al. The importance of direct progeny measurements for correct 
estimation of effective dose due to radon and thoron. Front Public 
Health. 2020;8:17.

 7. Saputra MA, Nugraha ED, Purwanti T, Arifianto R, Laksmana 
RI, Hutabarat RP, et al. Exposure from radon, thoron, and thoron 
progeny in high background radiation area in Takandeang, 
Mamuju, Indonesia. Nukleonika. 2020;65(2):89–94.

 8. Kendall GM, Phipps AW. Effective and organ doses from thoron 
decay products at different ages. J Radiol Prot. 2007;27(4):427–35.

 9. Ishikawa T, Tokonami S, Nemeth C. Calculation of  dose 
conversion factors for thoron decay products. J Radiol Prot. 
2007;27(4):447–56.

 10. Milić G, Jakupi B, Tokonami S, Trajković R, Ishikawa T, Čeliković 
I, et al. The concentrations and exposure doses of radon and 
thoron in residences of the rural area of Kosovo and Metohija. 
Radiat Meas. 2010;45(1):118–21.

 11. Sulekha Rao N, Sengupta D. Seasonal levels of radon and thoron 
in the dwellings along southern coastal Orissa, Eastern India. Appl 
Radiat Isot. 2010;68(1):28–32.

 12. Vaupotič J, Bezek M, Kávási N, Ishikawa T, Yonehara H, 
Tokonami S. Radon and thoron doses in kindergartens and 
elementary schools. Radiat Prot Dosim. 2012;152(1–3):247–52.

 13. Chege MW, Hashim NO, Merenga AS, Meisenberg O, Tschiersch 
J. Estimation of annual effective dose due to radon and thoron 
concentrations in mud dwellings of Mrima Hill, Kenya. Radiat Prot 
Dosim. 2015;167(1–3):139–42.

 14. Meisenberg O, Mishra R, Joshi M, Gierl S, Rout R, Guo L, et al. 
Radon and thoron inhalation doses in dwellings with earthen 
architecture: comparison of measurement methods. Sci Total 
Environ. 2017;579:1855–62.

 15. Chen J. Assessment of thoron contribution to indoor radon 
exposure in Canada, Radiat Environ Biophys. 2022;61(1):161–7.

 16. UNSCEAR. Effects of Ionizing Radiation. Volume II, New York: 
United Nations Publication; 2009.

 17. Hosoda M, Kudo H, Iwaoka K, Yamada R, Suzuki T, Tamakuma Y, 
et al. Characteristic of thoron (220Rn) in environment. Appl Radiat 
Isot. 2017;120:7–10.

 18. Chen J, Harley NH. A review of indoor and outdoor radon 
equilibrium factors̶part II: 220Rn. Health Phys. 2018;115(4):500–6.

 19. Chen J, Moir D, Sorimachi A, Tokonami S. Characteristics of 
thoron and thoron progeny in Canadian homes. Radiat Environ 
Biophys. 2011;50(1):85–9.

 20. Chen J, Moir D, Sorimachi A, Janik M, Tokonami S. Determination 
of thoron equilibrium factor from simultaneous long-term 
thoron and its progeny measurements. Radiat Prot Dosim. 
2012;149(2):155–8.

 21. Janik M, Tokonami S, Kranrod C, Sorimachi A, Ishikawa T, 
Hosoda M, et al. Comparative analysis of radon, thoron and 
thoron progeny concentration measurements. J Radiat Res. 
2013;54(4):597–610.

 22. Omori Y, Tokonami S, Sahoo SK, Ishikawa T, Sorimachi A, 
Hosoda M, et al. Radiation dose due to radon and thoron progeny 
inhalation in high-level natural radiation areas of Kerala, India. J 
Radiol Prot. 2017;37(1):111–26.



Yasutaka Omori et al./ Radiation Environment and Medicine  2022 Vol.11, No.2   50–55 55

 32. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang 
IH, Friman O, et al. CellProfiler: image analysis software for 
identifying and quantifying cell phenotypes. Genome Biol. 
2006;7:R100.

 33. Prasad M, Rawat M, Dangwal A, Kandari T, Gusain GS, Mishra 
R, et al. Variability of radon and thoron equilibrium factors in 
indoor environment of Garhwal Himalaya. J Environ Radioact. 
2016;151:238–43.

 34. Ramola RC, Prasad M, Kandari T, Pant P, Bossew P, Mishra R, et 
al. Dose estimation derived from the exposure to radon, thoron 
and their progeny in the indoor environment. Sci Rep. 2016;6:31061.

 35. Saini K, Singh P, Sing P, Bajwa BS, Sahoo BK. Seasonal variability 
of equilibrium factor and unattached fractions of radon and 
thoron in different regions of Punjab, India. J Environ Radioact. 
2017;167:110–6.

 36. Bangotra P, Mehra R, Jakhu R, Pandit P, Prasad M. Quantification 
of an alpha flux based radiological dose from seasonal exposure to 
222Rn, 220Rn and their different EEC species. Sci Rep. 2019;9:2515.

 37. Sharma S, Kumar A, Mehra R, Kaur M, Mishra R. Assessment 
of progeny concentrations of 222Rn/220Rn and their related doses 
using deposition-based direct progeny sensors. Environ Sci Pollut 
Res. 2018;25(12):11440–53.

 38. Kumar M, Kumar P, Agrawal A, Kumar R, Sahoo BK. A study on 
seasonal variability of 222Rn-220Rn parameters in dwellings around a 
thermal power plant, India. J Radioanal Nucl Chem. 2017;314(1):39–
48.

 39. Porstendörfer J. Properties and behaviour of radon and thoron and 
their decay products in the air. J Aerosol Sci. 1994;25(2):219–63.

 40. Meisenberg O, Tschiersch J. Specific properties of a model of 
thoron and its decay products in indoor atmosphere. Nukleonika. 
2010;55(4):463–9.

 23. Ramola RC, Prasad G, Gusain GS, Rautela BS, Choubey VM, Vidya 
Sagar D, et al. Preliminary indoor thoron measurements in high 
radiation background area of southeastern coastal Orissa, India. 
Radiat Prot Dosim. 2010;141(4): 379–82.

 24. Ramola RC, Gusain GS, Rautela BS, Sagar DV, Prasad G, Sahoo 
SK, et al. Levels of thoron and progeny in high background 
radiation area of southeastern coast of Odisha, India. Radiat Prot 
Dosim. 2012;152(1–3):62–5.

 25. Mohanty AK, Sengupta D, Das SK, Saha SK, Van KV. Natural 
radioactivity and radiation exposure in the high background area 
at Chhatrapur beach placer deposit of Orissa, India. J Environ 
Radioact. 2004;75(1):15–33.

 26. Sahoo SK, Ishikawa T, Tokonami S, Sorimachi A, Kranrod 
C, Janik M, et al. A comparative study of thorium activity in 
NORM and high background radiation area. Radiat Prot Dosim. 
2010;141(4):416–9.

 27. Tokonami S, Takahashi H, Kobayashi Y, Zhuo W. Up-to-date 
radon-thoron discriminative detector for a large scale survey. Rev 
Sci Instrum. 2005;76(11):113505.

 28. Ichitsubo H, Yamada Y, Shimo M., Koizumi A. Development of 
a radon-aerosol chamber at NIRS – general design and aerosol 
performance. J Aerosol Sci. 2004;35(2):217–32.

 29. Sorimachi A, Ishikawa T, Janik M, Tokonami S. Quality assurance 
and quality control for thoron measurement at NIRS. Radiat Prot 
Dosim. 2010;141(4):367–70.

 30. Zhuo W, Iida T. Estimation of thoron progeny concentrations in 
dwellings with their deposition rate measurements. Jpn J Health 
Phys. 2000;35(3):365–70.

 31. Tokonami S. Why is 220Rn (thoron) measurement important? 
Radiat Prot Dosim. 2010;141(4):335–9.


