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Introduction

Radon (222Rn) is a radioactive noble gas with a half-
-life of 3.82 days, produced by the decay of radium 
(226Ra) in uranium (238U) decay series. Due to its 
unique characteristics (chemically inert, relatively 
long half-life), radon has been widely used as a 
natural tracer in various environmental studies. The 
monitoring of radon in the cave atmosphere is also 
performed for the radiological risk assessment for 
cavers and cave visitors [1–4]. 

The radon activity concentration in the atmo-
sphere of the karst systems depends on a complex 
interrelation among several different factors, in-
cluding outside–inside temperature differences, the 
degree by which outside air mixes with cave air, 
humidity of the cave interior, precipitation amount 
and its infi ltration to the cave environment, 226Ra 
content in host rock and cave sediments, rock and 
cave sediments porosity, 222Rn exhalation rate from 
the surfaces in the cave, and volume and shape 
of the cave [1, 5–8]. Meteorological conditions are 
considered as a major infl uence on radon variability 
in the rock environment. However, the relationship 
between radon and meteorological parameters re-
mains poorly understood, and interpretations are 
often ambiguous. Seasonal and diurnal variations of 
radon are often explained by the changes in air tem-
perature, and an important factor is air pressure [5, 
9–11]. The infl uence of meteorological conditions 
on the radon temporal variations depends mostly 
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on the shape of the cave, the position of the cave 
entrance, and the number and directions of cracks 
and fi ssures connecting the cave rooms with the 
outdoor atmosphere [8, 12]. Besides radon, carbon 
dioxide is often used as a tracer gas in ventilation 
studies in underground environments [11, 13–15]. 
The main sources of CO2 in caves are diffusion 
from the epikarst, degassing of drip waters, decom-
position of organic matter, precipitation of calcite 
from supersaturated solutions, and anthropogenic 
fl ux by breathing of the visitors [11, 14, 16]. 

In this article, we present the annual variation 
of 222Rn activity concentration and CO2 concentra-
tion measured continuously in the Važecká Cave 
(Northern Slovakia) between November 2015 and 
September 2019. 

Geographical and geological setting

The Važecká Cave (N 493.35393', E 1958.30753') is 
located in the northern part of the Low Tatra Moun-
tains on the north edge of the Važec Karst area, at the 
contact of the Kozie chrbty Mountains and the Pod-
tatranská Basin. The cave is 530 m long and opened 
to the public from February to the end of November. 
The entrance to the cave is situated 8 m above the 
recent river bed of Biely Váh River, at an altitude of 
784 m a.s.l. [17, 18]. The cave is characterized by 
subhorizontal halls, without a signifi cant vertical 
segmentation. The rock massive thickness above the 
Važecká Cave is about 15–20 m. 

The genesis of the V ažecká Cave was mainly af-
fected by an erosion activity of the Biely Váh River 
and the tectonic activity of WNW-ESE faults. The 
Važecká Cave is developed in the Middle Triassic 
dark-grey Limestones of the Gutenstein Formation 
of the Hronic Unit. The cave originated mainly by 
an infl ow of aggressive allochthonous water and 
fl ood-water injections from the Biely Váh River into 
exposed and faulted carbonates. Its formation was 
enhanced by water seeping from precipitation and 
circulating through the karst aquifer and by surface 
waters sinking into the underground [19]. A large 
part of the cave is covered by water-transported 
sediments. Allochthonous gravels and sands with 
granite pebbles were transported into the cave dur-
ing its fl uvial formation. Consequently, they were 
covered by unsorted sediments consisting mainly of 
loam, slightly rounded limestone clasts, Palaeogene 
sandstone, weathered granite pebbles, and fossil fau-
nal remains. Above unsorted sediments, fi ne-grained 
sediments were deposited in several sequences as 
a result of repeated fl ood-water injections from the 
surface river and fl oods caused by waters circulating 
through adjacent karstifi ed limestones [19]. 

Monitoring site

The radon research in the Važecká Cave started in 
June 2012 at the station Gallery. From November 
2015, three microclimate monitoring stations, op-
erated by the Slovak Caves Administration, were 

established in the cave: Gallery, Lake Hall, and 
Entrance Hall (Fig. 1). 

The Važecká Cave can be divided into three 
microclimatic zones [20]. The fi rst dynamic zone 
(Fig. 1) spans the area from the cave entrance to 
the Stone Dome, where the monitoring station 
Entrance Hall (783.14 m a.s.l.) is situated. Tran-
sitional, the static-dynamic zone (Collapsed 
Dome) reached up to the Lake Hall. The Lake Hall 
(787.84 m a.s.l.) and the Gallery (789.40 m a.s.l.) 
stations are situated in the third, a thermodynami-
cally static zone, where the highest air temperature 
was recorded, with low-temperature changes during 
a year. 

All three monitoring stations are situated on 
a tourist route and equipped with sensors for con-
tinuous high-resolution monitoring of 222Rn activity 
concentration, CO2 concentration, temperature, and 
relative humidity of the cave atmosphere. External 
parameters, such as rainfall, atmospheric tem-
perature, relative humidity, wind speed, and wind 
direction, are registered by the outdoor meteoro-
logical station, situated close to the cave entrance. 
Atmospheric pressure data were taken from the 
meteorological station operated by the Earth Science 
Institute of Slovak Academy of Sciences in Stará 
Lesná, 40 km NE from Važec village.

The monitoring of radon is performed using 
the passive detector Barasol BMC2 (450 mm2, Si 
diode, Algade, France), which records alpha par-
ticle emissions. Radon enters the sensing volume 
by diffusion through three cellulose fi lters, which 
trap all the solid daughter products. The sensitivity 
of the instruments is in the order of 50 Bq/m3 per 
impulse/hour. The bottom of the Barasol probe is 
situated approximately 1 m above the cave fl oor. 
The detector is placed in a distance of 2 m or more 
from the cave walls, depending on the monitoring 
site geometry. The CO2 concentration is continually 
monitored by Carbocap sensor GMP 222 (Vaisala, 
Finland), with a measuring range of 0–10 000 ppm. 
Data from the stations are collected automatically 
or manually, with a sampling period of 10 min. From 
these measurements, hourly and daily averages are 
calculated. Data gaps of 3 h or less were fi lled by 
linear interpolation. 

The radon activity concentration and CO2 con-
centration in the Važecká Cave exhibited annual, 

Fig. 1. Ground plan of the Važecká Cave with marked 
microclimatic zones [20] and monitoring sites. 
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nonperiodic short-term and periodic daily variations. 
Due to the CO2 sensor malfunction and many gaps 
in the radon time series from the Entrance Hall 
station, in this article, the time series from the Gal-
lery and the Lake Hall stations are compared. The 
interpretation of the daily variation of radon and 
CO2 was outside the scope of this study. 

Results and discussion

Radon activity concentration, CO2 concentration, and 
air temperature measured at the stations Gallery and 

Lake Hall in the Važecká Cave exhibited a clear annual 
variation, with the maximum in the summer months 
(Fig. 2). The spatial differences in radon activities 
among stations were confi rmed. The highest radon 
levels were found in the Gallery, which is situated at 
the most distant place from the cave entrance, with 
the daily average of radon concentration ranging from 
3600 ± 190 Bq/m3 to 42 200 ± 590 Bq/m3. In the Lake 
Hall station, the radon concentration ranged from 
2780 ± 150 Bq/m3 to 27 700 ± 480 Bq/m3. However, 
the radon concentration in the Gallery was signifi -
cantly higher solely in 2016, in the following years of 
the monitoring, the measured radon concentrations 
reached similar maximum levels. 

Multiday radon variations lasting up to 15 days 
were observed, and most of them were registered 
simultaneously at both stations (R2 = 0.63). The 
coincidence of peaks was much better in the win-
ter months when the amplitude of peaks in the 
Lake Hall reached up to 20 000 Bq/m3 and up to 
26 000 Bq/m3 in the Gallery. 

Coinciding short-term peaks were registered also 
in CO2 time series (R2 = 0.90). A good correlation 
was found between the daily averages of radon and 
CO2 concentration registered in the Lake Hall station 
(R2 = 0.74), while at the Gallery their correlation 
was weaker (R2 = 0.55). Contrary to radon, the 
spatial difference between CO2 concentrations was 
not very distinct, it reached the almost same values 
at both monitoring stations (Fig. 2). The daily aver-
ages of CO2 ranged from 750 ppm to 7800 ppm in
the Lake Hall and from 1000 ppm to 7700 ppm 
in the Gallery. Internal temperatures at both sta-
tions exhibited almost the same course (R2 = 0.99). 
The daily courses of radon, CO2 and temperatures 
measured inside and outside the cave during a year 
were calculated from the daily averages of data mea-
sured between November 2015 and September 2019 
(Figs. 3 and 4). The daily average of radon concentra-
tion was negatively correlated with the temperature 
difference (R2 = 0.81 for the Lake Hall, R2 = 0.80 
for the Gallery). Similarly, the daily average of CO2 
concentration was negatively correlated with the 
temperature difference (R2 = 0.72 for the Lake Hall, 
R2 = 0.63 for the Gallery). 

Based on the results, two ventilation regimes 
were distinguished in the Važecká Cave, infl uenced 

Fig. 2. The time series (daily averages) measured between 
November 2015 and September 2019 at the monitoring 
stations inside (Rn, CO2, temperature Tint) and outside 
the Važecká Cave (atmospheric temperature Text) and 
atmospheric pressure measured at the Stará Lesná station. 

Fig. 3. The daily average of 222Rn activity concentration and the difference in internal and external temperature, cal-
culated from November 2015 to September 2019, at the Gallery (left) and Lake Hall station (right). 
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by the changes in the difference between internal 
temperature measured at the monitoring sites inside 
the cave and atmospheric temperature. During the 
summer regime (from April to the end of Septem-
ber), the difference between temperature measured 
inside the cave and the atmospheric temperature 
was negative. In this time of year, radon and CO2 
reached its annual maximum. In the winter regime 
(from October to the end of March), when the 
difference between the internal temperature and 
atmospheric temperature was positive, radon and 
CO2 levels at both monitoring sites exhibited their 
annual minimum (Fig. 3). 

The annual variation of CO2 concentration was 
similar to the annual variation of radon activity 
concentration (Fig. 4); however, CO2 maximum 
appeared approximately one month later than the 
radon maximum. The maximum of radon concen-
tration was registered between June and September, 
while the maximum of CO2 concentration appeared 
from July to September. This type of a ventilation 
regime and seasonal variation of radon or CO2 con-
centration was often observed in the horizontally 
developed caves [2, 11, 12, 14, 15] and in horizontal 
tunnels [9]. 

Conclusions

The seasonal variability of radon, CO2, and environ-
mental parameters measured inside and outside the 
Važecká Cave were analysed. Both radon activity 
concentration and CO2 concentration are charac-
terized by the high summer and low winter levels. 
Signifi cant short-term variations of radon and CO2 
were registered, simultaneously at both monitoring 
stations in the cave. The summer and winter venti-
lation regime was confi rmed in the Važecká Cave, 
associated with the seasonal change in the difference 
between internal and atmospheric temperatures. 
The annual variation of radon activity concentration 
and CO2 concentration seems to be governed by the 
annual variation of natural ventilation of the cave. 
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