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ABSTRACT: Radon is a member of the uranium-radium decay family, it is distributed everywhere on Earth — in soils, rocks, minerals, water and air. Part of the radon
emitted in the volume of earth mass migrates through air pores and crevices, reaches its surface and is released (exhaled) into the surface air. Radon is the dominant
factor for the Earth's population exposure from the natural radioactive sources. Irradiation in buildings is considerably greater than outdoor irradiation because it
penetrates freely into them as earth gases through defects in the outer tiling and small cracks in the foundations; the deemanation of radon from water; exhalation from
building materials with an increased content of 226Ra. The seepage of radon from the Earth's bowels can be observed in any closed ground spaces, tunnels,
underground garages, basements. Radon entry into buildings depends on many factors, such as changes in atmospheric pressure, wind speed and precipitation, etc.
Monitoring of radon concentration is relevant to human health if indoor radon concentration is high. The present study presents experimental measurements for radon
content in four underground sites on the territory of the Sofia city, performed by means of two methods - numerical and analytical.

Key words: radon, thoron, exposure, safety, monitoring

NPUNOXHU METON 3A YCTAHOBABAHE HA EKCNO3ULINA HA PAQOH B NOA3EMHU OBEKTU
bnazosecma Bnadkoea, Qumumbp Jumumpos, Hadexda KocmaduHoea, 3axapu JJuHyes, JuaHa MakedoHckKa,
AnexcaHdbp Kpunyes
MurHo-eeonoxku yHusepcumem ,Ca. Mear Puncku®, 1700 Cogpusi

PE3FOME: PaioHbT € YneH Ha ypaH-pagueBoTo CEMENCTBO Ha pasnag, To e pasnpocTpaHeH HaBCsikbAe No 3emsiTa — B MOYBM, CKanu, MUHEpanu, BOAM, Bb3ayx. Yact
OT pajoHa, OTAeneH B obema 3eMHa Maca, MUrpypa npe3 Bb3AYLLHUTE MOPW W LieNHaTUHK, AOCTUra A0 HeilHaTa MoBBPXHOCT W Ce 0cBODOXAaBa (ekcxanupa) B
npu3emMHMs atMocepeH Bb3ayX. PafoHbT € fomMuHupaly dhaktop npu obnbyBaHe Ha HaceneHneto Ha 3emsTa OT eCTECTBEeHWUTE PapMoaKTUBHW WM3TOYHULM.
O6mbYBaHETO B 3aTBOPEHM MOMELLEHNS (CTPaaM) € 3HAUYUTENHO MO-ToNsMO OT 06TbYBAHETO Ha OTKPUTO. B TSX TOW NPOHMKBA Ypes MOYBEHMS ras, MPOHNKBALL MPe3
AedeKkTn BbB BbHLLHATA 00BMBKA M MyKHAaTWHM B OCHOBMTE Ha Crpafata; fAeemMaHaunsTa Ha pajoH OT BOAA; ekcxanauns oT CTPOUTENHW MaTepuanit ¢ MOBULLEHO
CbAbpXaHve Ha 226Ra. Excxanauusita Ha pafjoH OT 3eMHUTe Hefipa Ha NpaKTIKka MoXe Aa ce Habnioasa BbB BCAKaKBY 3aTBOPEHN NPU3EMHM NPOCTPAHCTBA, TYHENM,
MOA3EMHM rapaxy, Ma3eTa. HaBnusaHeTo Ha pafoH B CTpajuTe 3aBUCK OT MHOTO (hakTopy, KaTo MPOMEHN B aTMOC(EPHOTO HamsiraHe, CKOPOCTTa Ha BATHPA U
BanexwuTe v Ap. MOHUTOPUHIBLT Ha KOHLEHTpaLMATA HA PafoH € OT 3HaYeHWe 3a YOBELLKOTO 3ApaBe, ako KOHLIEHTpauusiTa Ha pajgoH B MOMELLEHUsTa e Bucoka. B
HaCTOALOTO N3CMeABaHe Ca U3BBbPLLEHIN EKCNIEPUMEHTAMHN N3MEPBaHINA Ha HWBATa Ha PafoH B YeTMpU Noa3eMHN obekTu Ha TeputopusTa Ha Codms, NOCpeacTBOM
ABa MeToAa - L(POB M aHANUTUYEH.

KniouoBu AYMW. pafoH, TOPOH, eKkcnosnyus, BesonacHocT, MOHUTOPWHI

Introduction Each year, around 1.8 million people worldwide develop
lung cancer, making it one of the cancers with the worst
Radon is a radioactive gas discovered by the French prognosis — most patients die within a few years. According to
chemist Friedrich Do in 1900. As early as the 16™ century, the  the World Health Organisation (WHO) data from 2014, between
Swiss physician and naturalist Paracelsus mentioned in his 3% and 14% (about 230,000 people) of these cases are linked
book a ‘mysterious Schneeberg miner's disease”. This is to radon. It is the second highest risk factor after smoking, and
considered one of the oldest written pieces of evidence for the for non-smokers, it is the number one risk factor (WHO, 2009).
existence of the so-called “radon problem”, which led to the The only way to assess the levels of exposure due to various
deaths of miners in the Schneeberg mines of Saxony and radon isotopes is through measurement. The majority of human
JéChymOV, Czechia. This fact is also described in the exposure comes from radon decay products_ Their
remarkable mining book of that era, “De Re Metalica”, by measurement is directly related to the absorbed dose. Currently,
Agricola (Dimitrov, 2020). measurements of radon alone can be conducted widely and
After the discovery of radon, it was listed as a probable over long durations, as recommended by WHO. Reference
cause of lung cancer. This opinion was reinforced after 1924, levels for buildings and workplaces in the European Union and
when hlgh levels of radon-222 were first measured in the in this Country are given in terms of the annual average
Schneeberg mines. In 1951, Bale found the real cause of lung volumetric activities of 222Rn. For Bulgaria, the reference levels
cancer in miners, namely internal exposure from short-lived are 300 Bq/m3 for buildings and workplaces (Directive
decay products of radon, also called “daughter products™ of 2013/59/Euratom; Ordinance on Radiation Protection 2018).

radon — these are 218Po, 214Pb, 214Bi and 214Po, (as 214Po
is always in equilibrium with 214Bi and this fact is the reason
why 214Po is not considered alone). The natural radiation Variations of Radon
background affects humans, and half of the effective dose

received is due to radon. Radon is heavier than air and has no stable isotopes. It is an

isotope from the uranium-radium series, originating from

27



[oduwHuk Ha MI'Y ,Ce. UsaH Puncku®, Tom 67/2024 / Annual of the University of Mining and Geology “St. Ivan Rilski”. Vol. 67/2024

uranium-238 (238U) (Mezovska V. 2018). In the natural
environment, there are three radioactive isotopes of radon that
are part of the natural radioactive series: actinon (219Rn) (T1/2
= 3.96s) from the 235U series; thoron (220Rn) (T1/2 = 55.6s)
from the 232Th series; and radon (222Rn) (T1/2 = 3.82d) from

the 238U series (Dimitrov, 2020) (Fig. 1).
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Fig. 1. Decay chains of the uranium-radium series
Spreading and impact

Inhaled radon reaches the lungs and emits a-particles,
causing internal irradiation of the lungs. Radon inhaled into the
body is further decomposed into hereditary nuclides, which then
migrate from the lungs and oesophagus to the digestive organs
along with body fluids, causing additional internal exposure.

The main sources of radon in closed spaces (buildings) (Fig.
2) are:
> Soil gas penetrating through the foundations of the
building;
The demanation of radon from;
»  Exhalation from building materials with an increased
content of 226Ra;
> Intake through ambient air from the environment. This
source is secondary, but it can become essential if
there are sites and facilities, such as mining sites,
tunnels for highway pipes, boreholes, etc., nearby.

(Fig. 3).
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Fig. 2. The main sources of radon in closed spaces
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Fig. 3. Radon impact in underground mining sites

In underground mining sites, the concentration of radon may
increase as a result of release from the rock massif during
blasting operations or through groundwater (Shishkov and
Stoycheva, 2021; Hristova et al., 2023).

Methodology

Selected Radon Measurement Methods

For the present study, experimental measurements have
been carried out using two methods for measuring radon
content in underground objects - digital and analytical. The aim
is to monitor the processes of accumulation of hazardous gases
in confined spaces, and accordingly to prepare models to
ensure the health and safety of the working and living
environment.

The analytical method for cumulative measurements of
radon (222Rn) and thoron (220Rn): consists of placing CD/DVD
plates for measuring radon/thoron in underground spaces and
mine workings (mining galleries, caves, etc.). This includes
specifying the influence of underground conditions on the
readings of these detectors and comparing them with other
methods (Dimitrov and Pressyanov, 2018).

In 2011, the capacity of the CD/DVD method was expanded
(Pressyanov et al. 2014, 2015, 2018) with the possibility of
differential measurements of thoron 220Rn, using a
development of the CD-disk method. This also makes it possible
to clarify the contribution of thoron to the irradiation of miners
and over ground personnel.

The principle of the CD/DVD method: combines the high
absorbency of the polycarbonate material of the discs with its
track properties (Fig.4 and Fig. 5).

Fig. 4. The principle of the CD/DVD method for measuring radon
and thoron. Signal formation.
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Fig. 5. Relationship between the density of the tracks at two
depths below the surface of the polycarbonate and the time-
integrated concentration of 222Rn (CF-calibration factor).

The calibration factor depends on the temperature at the
time of irradiation. The temperature influence can be reported,
incl. If it is not known, a posteriori correction can be applied.
Other factors (pressure, dust, smoke, blast waves) do not affect
the CD/DVD method. The CD/DVD method is sensitive and
accurate enough to measure 222Rn and 220Rn in underground
spaces and mines.

The digital method was applied using the Radon Scout
PLUS radiometer (Fig. 6; Table 1), which carried out continuous
monitoring of the concentration (volume activity) of radon in
various underground sites (Gorbounov and Chen, 2019).
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Fig. 6. The Radon Scout PLUS radiometer

Table 1. Technical data of the Radon Scout PLUS radiometer
Measurement range 0-10 MBg/m?3

Increased sensitivity 1,8 impulse/min @ 1000 Bg/ m?
Built-in sensors for:

- Relative humidity (0 ... 100%)

- Temperature (-20 ... 40°C)

- Pressure sensor 800 - 1200 mbar

2G Sensor detecting movements/ hits

1 hour or 3 hours can be adjusted
Measuring chamber with HV

Measurement interval

Measuring collection and Si detector
Memory 672 Records

Display 3x16 Characters
Dimensions 175 x 135 x 55 mm
Weight 800g batteries incl.
Software included Radon Vision

Other measurement methods
In addition to the methods chosen for this study, the most
commonly used devices for determining the concentration of
radon are: Alpha detectors, Activated carbon detectors, Electret
ion chambers, Electronic sensors. Table 2 compares these
methods.
Table 2. Radon Measurement Methods

.| Uncer- |Duration of .
Passive|,_. n Moisture
Detector . |tainty | measure- |Price .
| Active | ,, resistance
(%) ment
Tracks Passive | 10-25 1-12 jow | Depp-on
months application
Activated | poccive| 1030 | 1-7days | low o
carbon
Electret ion Passive | 8-15 5 days -1 average no
chambers year
Electronic | »tve | ~25 | 29998~ average no
Sensors year (s)
Monitors for
continuous | Active | ~10 2 days - high no
year (s)
measurements
CDIDVD  |Passive| 10-20 | year(s) low yes

Selection of underground sites for measurement

Four underground objects described in Table 3 were
selected for the study. Figure 7 shows the location of the
underground sites on the territory of the city of Sofia.
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Fig. 7. Location of the sites on the territory of the city of Sofia.
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Table 3. Location and characteristics of the sites Table 4: Reporting data from CD plates for object I:
c CD/No Ca, Bg/m? 5_Ca, Object
“ o s 2s Ba/m?
g © ] 2 3 §2 g'm
£ 8 | ax | 8| % 2¥F 4595555 | 21.0% basement
o Pyt 2 o ]
w 2~ 14.38977 19.7%
5 months —
Sofia, 03.06.23 - Analytical
1 | Studentski | basement | -15m 13' 11‘ 23 method; Tifie/Projsct ZahariMaz
grad i 7 days Radon Exposed person or group Replace by your own logo!
Period
Scout PLUS " Sardatne. 2208280845
Sofia End datetime:  2023-09-04 06:45
Had h Under- -2m, 03.06.2023 5 months — Place Maz - kola - 1,5m
2 adzni ground 20- R Analytical Instrument Radon Scout PLUS SN: 1794
Dimitar . Comment Zahar-27-08-2023- 1 week
res.area | 93rage 23C | 08.11.2023 method Binary measuring daeflenerme RSCHT34-20230826TO345- 202000470845
£ 04
5 months - 52:;},2 78 nSv (Bq by’
Analytical
Sofia, 03062023 |  method; 2 T
3 | Nadezhda | basement -2m ] - e
o5, area 07.11.2023 20 days I o —
' Radon Scout | ng [fr omin
PLUS 2 m“‘t’;\\j_)_ : z Movemert
15 L T @ F— Relhumiciy
4 months — “ w I~ v
. Under- Analytlce_nl : 2 -
4 region ground 810,- | 03.07.2023 method; T |
Sofia : 760 08.11.2023 20 days £ et i |
mine g | .
Radon Scout i all B
PLUS N
R 1 VH“ \I ‘\‘ i
; » I di {
| |
OBJECT | - Sofia, Studentski grad — ¥
Position 1 — Basement — elevation [- 1.5 m], Area 2.5 m2 T R OGBS SO a0 a0
L] Start End Exposure ime  Dafarecords ~ Radonavg.  Radonexp.  Radon dose
inh in Bg/m? in Bg him? in uSv
2023-08-26 09:45 2023-09-04 06:45 2130 bl ko) 7443 232
Total 2130 i % 7443 232
Person in charge for this measurement
Radon dose converted from pSv to mSv per year measured 955 pSv ar ‘
pSv msv
1000 1 limit 20,00 mSv per year |
1
Radon measured
Radon threshold 300 By/m* ‘
Fig. 8. Locations of the disks and radiometer at object | -
position 1 Fig. 10. Radon Scout PLUS measuring report for Object |
Position 2 — Basement corridor OBJECT Il /Position 1 - Sofia, Hadzhi Dimitar res. area,

Underground garage near the front door, elevation [- 2 m],
Area 900m?; Analytical method of measurements

Fig. 11. Locations of the disks at object Il - position 1

Fig. 9. Location of a disc in object | - pos. 2

OBJECT Il /Position 2 - Unventilated corner in an

The measurement data in the basement site Studentski underground garage (Fig. 12)
Grad are summarised in Table 4. Figure 10 shows the report
obtained after measuring with a Radon Scout PLUS device.
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Table 6: Reporting data from CD plates for object Ill:

CcD/ .
No Ca, Bg/m3 5_Ca, Bg/m? Object
5 68.72841 13.9%
Basement

6 56.72616 12.1%

Tite/Progct Diana maze 2023

Exposed person or group Replace by your own logo!

Period i

Fig. 12. Location of a disc in object Il - position 2 Erdnims; 14T 1648
:::;mem Radon Scout PLUS SN: 1794
Due to lack of access control at object Il, no measurement By moscurog da loname  RSGITOA-0SEOSTORS- 2021 OTTHBAB
with a Radon Scout Plus radiometer was carried out in it. The ;g B

results obtained from the measurement by the analytical method
are summarised in Table 5.

Z
HE
i

Table 5: Reporting data from CD plates for object II: s
CD/ Ca, Bg/m3 5_Ca, Bg/m? Object :
No
3 94.72281 14.3% Underground
123.3058 11.5% garage

OBJECT Il - Sofia, Nadezhda res. area — 'mm —
Basement - elevation [- 2 m], area 3,2 m? inh in B’ inBg W’

Start End Exposure time  Data records
in S
e . 2023-10-04 18:01 2023-11-07 16:49 669,0 223 54 36162 ”;12;
Position 1 — Basement (Fig. 13). ol s a2 E__me SE

Person in charge for this measurement

Radon dose converted from S to mSv per year measured 1477 uSv per year
pSv mSv
1000 1 imi 20,00 mSv per year
Raconmssued o sew
Radon threshold 300 By/m® ‘

Fig. 15. Radon Scout PLUS measuring report for Object Il ‘

OBJECT IV - Underground mine -
elevation [- 810; - 760 m], Area 25 m?

Fig. 13. Locations of the disks and radiometer at object lll -
position 1

Fig. 16. Locations of the disks and radiometer at object IV -
position 1

Start datedme 2023-09-08 09:45
Enddamtme:  2023-09-20 18:43

instrument Radon Scout PLUS SN. 1784

Comment Cawoo 1

Binary messuring data file name RSC1794~20230826T0845-20231004T 180 1.rx
Fom 04

Oesc 7.8 nSvm’(Bqhy’

Fig. 14. Location of a disc in object lll - position 2

In object Ill, both measurement methods were applied. The
results obtained by the analytical method are presented in Table
6, and Figure 15 visualises the measurement report with Radon - S — S———
Scout Plus. s s s ingr

Fig. 17. Radon Scout PLUS measuring report for Object IV
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Table 7: Reporting data from CD plates for object IV:

CD No Ca, Bg/m? 5_Ca, Bq/m? Object

1 128.2615 13.2% Underground
2 125.1702 18.5% mine

9 306.0969 13.0%

10 25.74966 18.0%

11 110 15.9%

12 66.45911 15.1%

13 69.12988 1.7%

14 129.0014 15.9%

15 7213144 15.6%

16 84 22.0%

17 69.51581 15.7% Underground
18 28.56191 15.7% mine

19 53.71669 9.8%

20 56.97182 9.3%

21 68.14635 16.1%

2 113.9955 16.1%

23 245.0859 18.6%

24 121.0355 11.7%

CD 96.79723 19.3%

Result and analysis

The emanation of radon into buildings depends on many
climatic factors, such as changes in barometric pressure, soil
and air humidity, wind speed and direction, precipitation, etc. As
a consequence of these influences, in addition to daily
fluctuations, indoor radon concentrations show significant
seasonal variations. Therefore, long-term (from three months to
one year, according to WHO requirements) radon
measurements in homes, educational, working and public
buildings are needed. Monitoring radon concentrations is
important for human health. Prolonged exposure to
environments with high radon concentrations can lead to a
significant increase in the risk of developing lung cancer (Fig.
18).
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Fig. 18. Relative risk for lung cancer vs. the average residential
radon concentration (WHO)
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Specialised radon measurement is the only way to detect
increased concentrations of radioactive gas in residential or
public buildings. It is important to mention that during the winter
months, there is an increase of about 4 times compared to the
warmer ones. The concentration of radon is also influenced by
the structure of the building and its ventilation. This also
determines the complexity of forecasting.

It is important to note that within a day, variations in
concentration are possible on the order of tens of times,
depending on atmospheric changes. Therefore, the short-term
measurement is not sufficiently representative.

Various underground objects have been selected for the
study. The aim of the authors is to cover sites of different depth
and purpose — residential buildings, industrial zones, and
underground mines, where the expectations are for an
increased radon emanation and different ventilation conditions.
A continuous measurement was carried out using the passive
method within 5 months. Using an active method (with an
electronic device), the duration of the study is indicated for each
objectin Table 3. The challenge in these measurements was the
low levels of radon and, as a consequence, the low density of
the tracks. This low signal density results in a higher relative
error (Table 8).

Table 8. Comparison of data reported by CD-plates for all

objects

CD/ Vol. . Deviation: .

No Concentration: 5_Ca, Bqim3 Object

Ca, Bg/m3 -

1 128.2615 13.2% Underground
2 125.1702 18.5% mine

3 94.72281 14.3% Underground
4 123.3058 11.5% garage

5 68.72841 13.9% Basement
6 56.72616 12.1%

7 45.95555 21.0% Basement
8 14.38977 19.7%

9 306.0969 13.0%

10 25.74966 18.0%

11 110 15.9%

12 66.45911 15.1%

13 69.12988 11.7%

14 129.0014 15.9%

15 72.13144 15.6%

16 84 22.0% Underground
17 69.51581 15.7% o

18 28.56191 15.7%

19 53.71669 9.8%

20 56.97182 9.3%

21 68.14635 16.1%

22 113.9955 16.1%

23 245.0859 18.6%

24 121.0355 11.7%

CD 96.79723 19.3%

Conclusion

In recent decades, the attention of the economy and society
has been increasingly turned to the future, with a certain
amount of anxiety caused by the consequences of our current
actions for future generations. Undoubtedly, the development
of technology in all aspects of human life brings with it many
positives. Unfortunately, rapid leaps in development are
accompanied by harm, leaving a lasting imprint on human
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development and the environment. Improving the environment
is also related to the creation of healthy and safe living and
working conditions.

According to the Basic Standards of Radiation Protection
included in National action plan (2018) and Strategy for
Reducing the Risk of Radon Exposure (2018) recommended
levels are accepted for the concentration of radon. If levels
above the recommended ones are found, measures are taken
to improve ventilation, reduce the entry of radon on the
premises, etc.

According to the measured radon values in buildings, these
are classified into three levels of risk — low, medium, and high.
For each type, there are regulated specific measures that are
evaluated at the design stage. In addition to the protection of
new buildings, regulatory documents also describe in detail the
technical requirements for radon protection in existing
buildings.

Bulgaria has been present on the European map of natural
radionuclides for several years. The purpose of the radon map
is to outline the regions where high levels of radon are likely to
be detected. The measurements carried out so far have
covered some larger cities, cities with an increased incidence
of lung cancer, as well as settlements influenced by the former
uranium mining industry. The studies are not systematic and do
not show the overall picture of exposure of the Bulgarian
population.
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