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More than 8 years of radon (Rn-222) monitoring was carried out to cover a seasonal 
variability in Saeva dupka cave. Radon can serve as tracer for cave microclimate, air ventila-
tion and circulation studies. Radon monitoring is also important due to the issue of personnel 
radiation safety of guides and cavers. Track etch detectors placed inside plastic chambers 
were used for the radon activity concentration determination. Chambers were located at sev-
eral measuring points inside the cave, exposure times varied among 1 week and 3 to 5 months. 
Long term courses of radon activity concentration show periodical trend with the remarkable 
peak in the turn of summer and autumn every year. Seasonal maximum and average values of 
radon concentration were calculated and used for estimation of the effective doses to guides 
related to the real time spent inside the cave. The obtained values of doses are close to the 
reference level for radon work places (6 mSv/year) and therefore continual radon monitoring 
is necessary with respect to radiation safety of guides. 

Keywords: Saeva dupka cave – Rn-222 monitoring - Track etch detectors - Radon activ-
ity concentration - Seasonal variability –  Effective doses - Radiation risk

КОнЦентраЦия на радОна (RN-222) В ПеЩерата СъеВа дуПКа 
и ОЦенКа на еФеКтиВните дОЗи За ПеЩерните еКСКурЗОВОди

Карел Турек, Петър Стефанов, Хана Орчикова

Абстракт: В пещерата Съева дупка в продължение на повече от 8 години се про-
вежда мониторинг на концентрацията на активността на радона (Rn-222). резултатите 
от мониторинга са приложими и при изследвания на пещерния микроклимат, циркула-
цията на въздушните маси и пещерния вентилационeн режим. мониторингът на радо-
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на е важен и за радиационната безопасност на персонала, обслужващ туристическите 
пещери. Концентрацията на радона в Съева дупка се определя с пасивни измервания, 
като за целта се използват твърдотели алфа-трекови детектори, поставени в пластмасо-
ви камери. Камерите са разположени в няколко пункта за измерване, съобразени с мор-
фологията и микроклимата на пещерата. Времето на облъчване на детекторите варира 
между 1 седмица и 3–5 месеца. дългосрочното измерване на концентрацията на актив-
ността на радона разкрива периодично повтарящ се всяка година тренд на значителен 
максимум през лятото и началото на есента. изчислените сезонни максимални и средни 
стойности на концентрацията на радона се използват за оценка на ефективните дози за 
пещерните екскурзоводи. За целта се взема предвид и реалното време на техния пре-
стой в пещерата.  Получените стойности на дозите са близки до референтното ниво за 
работни места с облъчване от радон (6 mSv/год.). това налага въвеждане на постоянно 
наблюдение на радона в Съева дупка по отношение на радиационната безопасност на 
обслужващия пещерата персонал.

Ключови думи: пещера Съева дупка, мониторинг на Rn-222, алфа-трекови детек-
тори, концентрация на активността на радона, сезонна променливост, ефективни дози, 
радиационен риск

INTRODUCTION

Radon-222 (further only radon), a radioactive noble gas, occurs commonly in 
the environment and makes up about 70% of natural radiation background or 50% 
from all sources of irradiation (UNSCEAR, 2000). The highest concentrations – dan-
gerous to health – were observed in underground spaces such as are uranium mines 
(Ševc et al., 1976; Cohen, 1982). Similar situation with significantly high concentra-
tions also exists in non-uranium mines and underground areas. This poses threat to 
human health of persons working in such localities. Inhalation of radon and mainly 
its short-lived daughter products 218Po, 214Po attached on aerosol particles and unat-
tached fraction as well, increase probability of lungs cancer inication.

A high number of studies focused on radon concentration in caves have been 
carried out worldwide in last decades aimed at two significant areas:

a) radiation protection of persons working/visiting caves (e.g. Fernandez et al., 
1984; Vaupotič et al., 2001; Özen et al., 2018; Thinova and Rovenska, 2011);

b) research of Rn as a tracer for air movement inside caves (e.g. Cunningham et 
al., 1991; Kávási et al., 2010).

Across Bulgaria territory no systematic radiation research focused on radon in 
caves has been performed, in spite there are over 6,000 known caves. There is one 
study focused on radon concentration in 9 caves, carried out in 1975 (Varbanov et al., 
1975). The cave Saeva dupka is not on this list.

In 2007, a team of karstologists in the frame of the academic cooperation be-
tween BAS and AS CR initiated systematic radiological cave research. During first 
year´s the methodology and experimental technique has been tested and adapted, in-
cluding the design of measuring chamber for passive detectors and exposure time for 
radon activity concentration measurement optimization, in compliance with the mor-
phologic and microclimatic features and seasonal dynamics in selected caves (Turek 
et al., 2012; 2015). More extensive speleo-monitoring of radon started in 2011, in 
connection with the experimentally developed model for integrated karst monitoring 
of the ProKARSTerra project.  
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For this purpose, a specialized scientific network has been established, namely 
BGSpeleo-RadNet, which is maintained jointly by the Experimental Laboratory of 
Karstology of the NIGGG - BAS and the Department of Radiation Dosimetry of the 
Nuclear Physics Institute - AS CR. At the beginning of 2020, the network included 
46 caves (including 13 show caves) with a total of 77 measurement points (Turek et 
al., 2020).

OBJECT OF STUDY

The karst cave Saeva dupka, managed by the Bulgarian Tourist Union (since 
1964) has been open as a show cave on 4 June 1967 and offers tourist visits  (Popov, 
1969, 1982). It belongs to most frequently visited show caves – with about 50 thou-
sands visitors (for 2019 year). The visitor´s path is about 450 m long (to Cosmos Hall 
and back) and the in-cave guided tours last 30-40 minutes in average. The cave is 
open for visits all year round, without a day off. Opening hours are from 9:00 to19:00 
(April to September) and from 9:00 to 17:00 (October to March).

In this study Saeva dupka was chosen as a representative cave, because the Ex-
perimental Laboratory of Karstology at NIGGG-BAS developed for the cave a model 
for long term integrated monitoring (Speleo-MIKS “Saeva dupka”, http://www.pro-

Fig. 1a. Cave plan and longitudinal profile (by V. Popov, 1969) with Rn monitoring sites  (1-5) 
and cave halls: A – Stack Hall, B – Rockfall Hall, C – Concert Hall and D – Cosmos Hall 
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karstterra.bas.bg/lab/EN/base.html) which includes speleomicroclimate, CO2 con-
centration in the cave environment, underground karst waters - hydrochemistry and 
hydrometry, tectono-seismic rock massive deformations, etc. Monitoring of radon 
has been included in the program from the year 2011 (Stefanov et al., 2014).  The 
detailed knowledge of radon concentration and its local and seasonal variations can 
be used for a better estimation of health risk from radon exposure to cave guides.

The cave is situated in the transition band between the Danube plain and the 
Balkan Mountains in northern Bulgaria. The cave entrance (4,2 m width and 4,5 m 
height) is in a small rock wreath at 500 m above sea level in the Lednishki Rat ridge 
(Popov, 1969, 1983). It is a sub-horizontal cave, 210 m long (along the axis, Fig. 1a). 
The displacement between the highest part (Cosmos Hall) and the lowest accessible 
part of Rockfall Hall is 20 meters (displacement to the cave entrance: +3 m and -17 
m). Shaped have 4 cave halls (Fig. 1b), the total cave area is approx. 4500 square 
meters and the volume is 50 000 m3. In the Saeva dupka there is no permanent water 

Fig. 1b. Saeva dupka cave halls: A – Stack, B – Rockfall, C - Concert, D – Cosmos
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flow, however an active infiltration of precipitation water takes place through numer-
ous stalactites and rock cracks in the ceiling, which is 8 m to 32 m thick. In the halls 
named Stack, Concert and Cosmos are small sinter lakes formed - permanent or tem-
porary.  Saeva dupka cave is a part of the Brestnitsa karst geosystem, which drains 
into the big karst spring Glava Panega (type Vaucluse). 

EXPERIMENTAL WORK

Track etch detectors (Durrani, Bull, 1987) were utilized for Rn concentration 
measurement. These passive detectors, are commonly used for the monitoring (Vau-
potič et al., 2001; Lario, J. et al., 2005; Sainz et al., 2007; Paar et al., 2013) since they 
show a long-term resistance to the practically 100% humidity typical for the cave 
microclimate. Because of the simple design and low price of the detector, simulta-
neous measurements can be carried out across a large number of caves and at high 
number of corresponding measurement points. Based on the screening measurement, 
the maximum3 annual effective doses were estimated and the reduction of the work-
ing hours could be calculated if necessary. 

During exposures detectors were placed inside plastic chambers. Based on the 
previous experience, small (~20 ml, Fig.2) cylindrical plastic vials with a thin win-
dow were used. The window area of 2 cm-2 was closed hermetically by thin (6 µm) 
polyethylene foil. This foil allows the penetration of radon into the measuring space 
by diffusion, but it is impermeable for the Rn daughter products. Several α-particle 
sensitive CR-39 plastic discs (Page Mouldings Ltd, later Track Analysis Systems Ltd, 
both UK) 16 mm in diameter and 0.5–0.7 mm thick, were utilized as track detectors. 
Exposure intervals varied mostly among 1 week and 4–5 months (on average approx-
imately 46 days). Processing of the exposed detectors was performed using combined 
chemical and electrochemical etching, enlarging the primary alpha-particle tracks 
(Tommasino, 1970). 

The above described measurement arrangement was calibrated in the Rn cham-
ber of the National Institute for Nuclear, Chemical and Biological Protection, Kamen-
ná near Příbram, Czech Republic (http://www.sujchbo.cz/), at different values of the 
time integral of Rn activity within 8 - 35 kBq.m-3.hour. The response R is 2,29 ± 0,28 
tracks.cm-2 per 1 kBq.m-3.hour.

Exposed and etched detectors (Fig.2) were scanned using a high resolution 
(4800 dpi) scanner Epson Perfection 4990 Photo and α-track densities ρ, tracks per 
cm-2, were evaluated from binary pictures using the software ImageJ (http://rsbweb.
nih.gov/ij/download.html). In the case of track densities > 5000 cm-2, the effective-
ness of track counting by the SW decreases due to the track overlapping, therefore the 
experimentally determined correcting function was used: 

          (1)

where ρSW is track density obtained by Image J.

3 The theoretical maximum is more relevant, because the real concentration during working hours 
is not known
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The mean value of radon activity concentration4 over the period of exposure texp 
(days), here mentioned as AV,exp (kBq.m-3),  is then calculated according to the formula 

                                                  (2)

Fig. 2. Plastic vial (20 ml) utilized as a chamber (top left), scanned exposed 
detector after etching (top right) and vial located in Concert Hall (bottom). 

All vials were installed in the distance ≥ 10 cm from any solid object

4 Track etch detectors in vials (passive, integral) and electronic device AlphaE, Saphymo GmbH 
(continual) were compared simultaneously in 3 exposure periods with a good agreement, AV(TED) ≈ 
AV(AlphaE), ∆ ≤ 11% 
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RESULTS AND EVALUATION

TEMPORAL VARIABILITY OF RADON ACTIVITY CONCENTRATIONS

With regard to the climatic effects and seasonal variation having annual peri-
odicity, the total radon monitoring period has to cover at least 1 year. In the Saeva 
Dupka cave, the monitoring period reached already over 8 years, with 4 measurement 
sites locations (from No.2 to 5) and 1 control point (No.1) above the entrance to the 
cave, Fig.1a. In the Cosmos Hall and Concert Hall (D, C, Fig. 1b) 2 additional char-
acteristic points were fitted with vials, starting in June 2014 and in December 2017, 
respectively. For the entire Rn-monitoring period (Nov 8, 2011 – March 6, 2020) 
more than 400 detectors has been processed and evaluated. 

Typical results with remarkable long term variations are depicted in Figs. 3a-d 
in order from the entrance to the farthest part of the cave (Cosmos Hall). The dis-
tinct summer or late summer peaks were observed at all localities inside cave, Figs. 
3a-d. Seasonal variations observed for Rn follow closely the outside temperature. 
These correspond to the behavior of gases heavier than air, that cumulate in the 
warm (summer) year period and re-forced out during winter as a consequence of the 
penetration of cold air with low radon concentration into the cave, thus decreasing 
the Rn concentration inside cave. Of course, air flow is influenced by multiple pa-
rameters, primarily - position of the entrance to the rest of the cave, communication 
paths to the surface, depth and shaping of the interior space in frame of the whole 
cave etc.

All data series (Figs. 3a-d) obtained from the entire time of monitoring (2011-
2020) were summarized (according the date in a year) to determine the seasonal max-
imum, resp. seasonal average radon concentration. The typical seasonal courses of 
radon concentration are presented in a form of histogram on Figs. 4a-d. For Concert 
Hall (Fig. 4c), the course of the outside temperature (monthly average) is recorded. 
The concentration of Rn corresponds to heating massive rock formation surroundings 
the cave following the progression of temperature with a delay of approx. 1.5 months.

Seasonal tendencies in all inner localities are very similar (Figs. 4a-d) i.e. rising 
from the beginning of the year till the highest values at the turn of summer and au-
tumn and followed by decrease toward the end of the year. Of course, this trend was 
not observed outside (Figs.3a, 4a), due to the absence or dissimilar way of ventilation 
effect. 

The lowest concentrations were observed in the period December-February, the 
highest ones roughly in the 2nd half of August. It is worth noting that while the lowest 
concentrations correspond to period of the lowest outside temperature, the highest 
concentrations show a delay approximately 1-1.5 month as mentioned above.

Summarized data related to monitored localities along the tourist route in Sae-
va dupka are presented in Table 1 throughout the period 2011-2020. Annual mean 
Rn concentrations  and  were calculated from histograms “max”, resp. 
“ave” (Figs. 4a-d). 
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Fig. 3b. Long term Rn concentration in Rockfall Hall 
(monitoring site 3B), 2012–2020

Fig. 3a. Long term Rn concentration in Stack (monitoring site 2A) 2012–2020 and near 
entrance/out (monitoring site 1) 2016-2020
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Fig. 3c. Long term Rn concentration in Concert Hall (monitoring site 4C), 
2011–2020

Fig. 3d. Long term Rn concentration in Cosmos Hall (monitoting site 5D), 
2011–2020
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Fig. 4a. Seasonal Rn concentrations (max and average) in Stack Hall and near the entrance 
(period 2012–2020 and 2016-2020 respectively)

Fig. 4b. Seasonal Rn concentrations (max and average) in Rockfall Hall 
(period 2012–2020)
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Fig. 4c. Seasonal Rn concentrations (max and average) in Concert Hall and the outside air 
temperature Tout (monthly average) during the period 2011–2020

Fig. 4d. Seasonal Rn concentrations (max and average) in Cosmos Hall 
during the period 2011–2020
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THE EFFECT OF THE CAVE SPATIAL LAYOUT AND CAVE MORPHOLOGY

To evaluate the effect of spatial layout and cave morphology, the values of Rn 
concentration were compared along the cave profile. Because of variable seasonal 
ventilation it was necessary to compare both cold and warm period of the year (ac-
cording the outside temperature) – January and August. In the Fig. 7 the data of Rn 
concentration and temperature were ploted as an average for throughout nearly all 
past decade. 

In general, Rn concentration remains low and stable in the winter period (rough-
ly Oct-Mar, Figs. 4a-d and 7), natural ventilation is going from the entrance, i.e. 
external air dilutes the air in the cave decreasing Rn concentration at the same time. 
In the warm period (reversed course of ventilation) concentration rises relatively 
quickly with distance from the entrance and reaches the maximum value in Concert 
Hall (Fig. 7). Subsequent decrease of concentration in Cosmos Hall (at the greatest 
distance from the cave entrance) is related to the different height of these 2 localities. 
Due to high density, Rn gas cumulates mainly in lower parts of the cave. It is notable 
in the locality Concert Hall, which is situated deeper comparing to Cosmos Hall. In 
spite of shorter distance to the entrance, i.e. stronger ventilation, the Rn concentration 
is higher. At the same time, in Rockfall Hall which is the deepest part of the cave, but 
is only 60 meters from the entrance (Figs. 1 and 7, Tabl.1), the concentration of radon 
is lower compared to the Concert Hall and Cosmos Hall (Fig. 4a-c). Rockfall Hall is 
also the coldest part of the cave.

Table 1 
Summary of Rn concentration measurements in Saeva dupka in 2011-2020

Locality Height, a.s.l.
relat. depth

dist. to entrance

Total 
monitoring 

time

Lowest 
concentra-

tion

Highest
concentra-

tion

meter year Bq.m-3

Cosmos H. 503 (+3, 205) 8,1 167 3 807 1 849 1 120

Concert H. 488 (-12, 140) 8,1 206 8 128 3 545 2 066

Rockfall H. 485 (-15, 80) 7,2 112 4 061 2 280 1 281

Stack H. 488 (-12, 40) 7,4 144 2 544 1 261 885

Entrance/
outside

505 (+5, 0) 4,8 102 641 37 21
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CALCULATION OF EFFECTIVE DOSE

According to the Recommendation of the Czech State Office for Nuclear Safety 
(SUJB, 2018) and ICRP Publication 115 (Tirmarche et al., 2010), the personal effec-
tive dose reference level is 6 mSv during 1 year (2000 working hours). The real an-
nual effective dose Ea [mSv] for the professional staff (cave guides) can be calculated 
using the formula  

                                   (3)

where AV(t) [Bq.m-3] is the Rn concentration variable throughout the year season 
and j presents the individual “cave factor” taking into consideration proportion of 
free fraction short-lived Rn-progenies fixed on aerosol particles (< 5nm). Common 
value of j is ~1.5, in the conservative approach j = 2 (Thinova, Rovenska, 2011; 
SUJB, 2007) The actual presence of guides inside the cave throughout the year has to 
be considered. The typical yearly distribution of entries of the single guide of Saeva 
dupka cave (from 5 full-time guides in total), is shown in Fig. 5 (personal communi-
cation, 2017). In the given case it means 512 entries, altogether 341 hours.

For purposes of numeric solution of the time integral of Rn concentration, the 
numerator in Eq.3 must be expressed as

                       (4)

where k is a day in the year, Ak is corresponding daily Rn concentration, tk daily 
time spent in a cave (nk is the number of entries in the day k, t0 duration of single 
visit). 

Eq.4 is valid in the case of stable spatial Rn concentration in the whole area vis-
ited. The visit of the Saeva dupka cave consists of 3 stops in localities - Stack Hall, 
t0(SH) = 10 min, Cosmos Hall, t0(CO) = 10 min and Concert Hall, t0(CH) = 20 min 
during one entry (including short time necessary to walk between) with remarkably 
different concentrations Ak(SH), Ak(CO) and Ak(CH), respectively. Therefore Eq.4 
must be reformulated as

 (4a)

resp.

(4b)

Estimation of effective dose was calculated after substitution (4b) into Eq.3 
for the above-mentioned guide (known record of entries, Fig. 6). A conservative 
approach was used, i.e. Ak,max  and j = 2. All numeric data were taken from histo-
grams “Rn max” in Figs. 4d, 4b, 4a and Fig. 5. Calculated estimations of effective 
doses Ea for the year 2017 and for the whole period of measurement are presented 
in Table 2.
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Fig. 5. Seasonal variations (cold - warm period) along the longitudinal profile of 
the Saeva dupka cave. Localities (red, from left to right): Cosmos Hall, Concert 

Hall, Rockfall Hall, Stack Hall, Entrance
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Fig. 6. The individual record of yearly distribution (in 2017) of entries for a guide 
in the Saeva dupka cave

5 Relative error of measurement is ~ 15-20%, taking into account relative statistical error ≤ 5% 
(at least 400 tracks counted at each detector) and relative error of the response 12.2% f (R = 2,29 ± 0,28 
tracks.cm-2 per 1 kBq.m-3.hour).

Table 2.
The estimated annual effective dose5 to the professional guide

Locality
Ea,max (j = 2), mSv

2017 2012-2019

Cosmos Hall, t0(CO)=10 min 0,68 1.15

Concert Hall, t0(CH)=20 min 3,32 4,56

Stack Hall, t0(SH)=10 min 0,12 0,77
Whole cave 4,1 6,5

The year-on-year variability of radon concentration in a given place and in the 
same season can reach up to 400-500% (Thinova, Rovenska, 2011). This can have a 
significant effect on the value of the calculated effective dose - see the last column in 
Table 2. In the calculation, the mean values of concentration for the entire measure-
ment period were used, assuming the same record of entries as in 2017.

CONCLUSIONS 

The basic characteristics of long-term seasonal variability of Rn concentrations 
were studied in detail for one of the most frequently visited Bulgarian show cave, 
Saeva dupka, throughout 8 years. Well reproducible annual periodic changes are typ-
ical for this locality. Rn concentrations time variations correlate well with the outside 
temperature. 

Radiation exposures (effective dose, mSv) for guides were calculated using 
measured Rn concentrations and real time spent in the cave. Both seasonal and spatial 
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variabilities were considered. The calculated estimation of effective dose (Tab.2) is of 
the same order as the recommended reference level (6 mSv including measurement 
error). When using the conservative approach - daily concentration taken as a daily 
maximum throughout the whole duration of the measurement – annual effective dose 
~4,1 mSv is very close to the reference value 6 mSv. Therefore, the continual Rn con-
centration measurement is recommended in Saeva dupka cave and each guide should 
keep her/his individual record of entries. Ordinary visitors are exposed to effective 
doses at least 2 orders lower and the health risk is for them negligible.

Similar measurements are carried out simultaneously in many other Bulgarian 
caves with the aim to obtain information about the radiation situation in the most 
important karst  localities in the country. Increased attention has to be paid to show 
caves (Turek et al., 2020). The continual measurement using electronic devices can 
provide more detailed values due to high time resolution. This will make it possible 
to determine the diurnal variation of radon concentrations with respect to working 
hours and clarification of effective dose as well. Besides, experimental determination 
of the actual value of individual cave factors j is necessary. It is to be solved in the 
nearest future. 
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