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Abstract

We report the results of 3-years of Radon-222 monitoring in six show caves across Europe, selected with the feature
of having only one, or no natural entrance, defined as dead-end caves. The caves are located in Spain, Slovakia,
Slovenia, and Czechia. The consecutive monitoring was performed between January 2017 and January 2020. Contin-
uous measurements of the radon activity concentration using spectrometry detection and analysis of the a-particles
of 222Rn progeny were performed. Meteorological parameters influencing gas flow were recorded inside and outside
of the caves. Although the radon activity concentrations differed from one cave to another, all six of the studied caves
revealed very similar trends, showing evident seasonal variability with higher values in summer and lower values in
winter. The measured values of radon activity concentrations ranged between 633 and 26,785 Bg/m?. The temperature
differences between the inside and outside of the caves is the main radon movements driving force. The results of this
study have significant practical implications, making it possible to provide cave administrators with recommendations
regarding employee or visitor time-limited access to the investigated caves. Ours is the first comparative study encom-
passing the most interesting dead-end caves in Europe.

INTRODUCTION

Radon-222 is a naturally-occurring inert radioactive gas with a half-life of 3.824 d, originating from the radioactive
decay of ??°Ra in the #*8U radioactive decay chain in the Earth’s crust (Stein, 1987). Only a fraction of the radon atoms
created in a mineral grain emanates into the void space between grains, where they are dissolved in water or mixed
in soil gases, and are thus transported by convection toward the ground surface and the atmosphere (Nero, 1988;
Sabbarese et al., 2020a). This transport is influenced by a number of geophysical and geochemical parameters (Etiope
and Martinelli, 2001; Ambrosino et al., 2020a). Radon represents the most significant source of ionizing radiation ex-
posure: up to 70 % of natural background radiation or 50 % of all irradiation sources (UNSCEAR, 2000; Ambrosino
et al., 2020g). Radon poses a substantial threat to human health when a buildup occurs in confined spaces, such as
dwellings and workplaces, where people spend long periods of time (Field, 2007; Panteli¢ et al., 2019; Ambrosino et al.,
2020b). Decades of epidemiological studies concerning the effects of radon on human health show a statistically signif-
icant increase in lung cancer risk from prolonged indoor exposure (Darby et al., 2001). Underground working and living
spaces with little or no ventilation are the most significant in terms of potential human exposure to radon (Sabbarese et
al., 2020a). In particular, caves are recognized as special indoor occupational environments where extremely elevated
concentrations of 22Rn may occur (Cigna, 2005; Sainz et al., 2007; Ambrosino et al., 2019a). Therefore, radon releases
represent a significant phenomenon that may affect the utilization of caves. This aspect poses a threat to human health
for persons working in such localities (cavers, tour guides, maintenance personnel, employees working in shops built
over cave entrances, etc.) and visitors (Field, 2007). Many recommendations concerning indoor radon concentrations
have been made and a reference level of 300 Bg/m? in workplaces is strictly recommended by the Council Directive of
the European Union (2013/59/Euratom) (Euratom, 2014). A large body of world literature investigating the distribution
of radon in caves focuses on two main areas: radiation protection (Lario et al., 2005; Thinova et al., 2005b; Field, 2007;
Bahtijari et al., 2008), and tracing the underground airflow (Sebela et al., 2010; Ambrosino et al., 2020c; Pla et al., 2020;
Sabbarese et al., 2020b).

European caves, known for centuries, are of great interest to cavers and scientists alike. Generally, publicly acces-
sible caves are usually monitored, but there are many caves under exploration without any monitoring. Radon activity
concentrations are mainly influenced by air circulation due to the geomorphological situation of each cave (Cigna, 2005;
Field 2007). Some caves have more than one entrance at different elevations with convective circulation of air. The
main force controlling this type of circulation are differences in air density (Wigley, 1967; Badino, 2010). The second
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type of air circulation is barometric circulation, which responds to differences between the inner and outer barometric
pressure (Richon et al., 2005; Badino, 2010; Gregori€ et al., 2013). This type of circulation usually occurs in caves with
one entrance (dead-end caves) or in caves with small entrances. Dead-end caves are distinctive due to their limited
ventilation and stable regime of CO, concentrations (Czuppon et al., 2018; PrelovsSek et al., 2018). The radon may often
reach very high concentrations within passages in vast underground karst systems, defined as dead-end passages
(e.g., Pisani rov, Postojna Cave in Slovenia) (Gregori€ et al., 2013).

The present research provides a comprehensive survey of the distribution of radon levels in representative dead-
end caves with different geological and structural settings located across Europe. Six caves were selected in Spain,
Czechia, Slovakia, and Slovenia (Fig. 1). The monitoring period was between January 2017 and January 2020, during
which time the meteorological parameters inside and outside of the caves were also recorded. Ours is the first such
comparative study concerning dead-end caves. The marginal aim of our work was to show the seasonal radon trends
and the influence of meteorological factors in order to understand the common characteristic features of these types of
caves. Moreover, this study represents one step further in addressing public health issues relating to radon gas expo-
sure in caves, and in creating greater awareness of the necessity for the implementation of thorough indoor air quality
monitoring protocols (Sabbarese et al., 2021).

DESCRIPTION OF THE SELECTED CAVES

Here we describe the main features of the six investigated dead-end caves across Europe. The main meteorologi-
cal data, i.e. temperature, air pressure, and relative humidity, monitored inside the caves, by means of the appropriate
sensors connected to a data-logger, are also reported.

Rull Cave (Spain)

Rull Cave (38°48'40" N; 00° 10' 38" W, Fig. 1) is located in Vall d’Ebo, in the south-east of Spain (Alicante province).
Rull Cave developed in massive Miocene conglomerates that were deposited on Cretaceous limestones (Pla et al., 2016).
These materials conform to the host rock of the cave, which has a thickness varying from 9 m to 23 m. Above the cave,
the soil has a discontinuous thickness of approximately 1 m, with a coarse to fine texture mainly composed of quartz (Pla
et al., 2017). Rull Cave is locat-
ed in an area with a Mediter-
ranean or warm climate (Csa
climate type, Koppen—Geiger
Classification) and with hot and

s ‘ LBt dry summers (Garcia-Anton et

‘ | al., 2017). The cave is defined

’ / | | _ \ as having an individual central
| - chamber (20 m high) described

‘ 2. | 50 as being almost round in shape

3. 4 . with a surface of 1,535 m2. It

* ? ' has a single entrance located
” ' at the top of the cave (Pla et al.,

W ‘ _ 2017) (Fig. 2a). Temperatures

| | a5 in Rull Cave range between 15
‘ | = and 17 °C, the mean relative
humidity reaches about 98 %
and the pressure ranges be-
tween 933 and 985 hPa. 222Rn
measurements have been tak-
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Figure 1. Location of the studied dead-end caves: 1. Rull Cave (Spain), 2. Bozkov Dolomite Caves Fig. 1) ?re IO_Cated in the region
(Czechia), 3. Mlade¢ Caves (Czechia), 4. Vazecka Cave (Slovakia), 5. Ochtinska Aragonite Cave of Lugian, in the north-west
(Slovakia), 6. Zupanova Cave (Slovenia). (Source: modified from Google Earth). of Czechia (North Bohemia
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Figure 2. Plan view of the six studied dead-end caves with the locations of the radon monitors.

region, Liberec province).
The significant Lugian-Jilov-
ice-KySperk Fault intersects
the cave system and the len-
til of calcareous metamor-
phosed dolomites that are
corroded by groundwater
(Rovenska et al., 2008). The
caves originated in the karst-
ic mass in the Zelezny Brod
crystalline region, which
originated in the Silurian pe-
riod (Rovenska and Thinova,
2010). The caves consist of
two independent systems
with two entrances (one
used as an exit for visitors),
which are connected by an
artificial tunnel (Fig. 2b). The
entrance to the underground
space was discovered by do-
lomite miners in the 1940s.
Lower parts of the caves are
flooded, and some lakes are
visible from the tourist path.
The average temperature in
the cave is between 7.5 °C
and 9 °C, relative humidity is
near to 100 %, and the pres-
sure ranges between 935
hPa and 990 hPa. The cave
tour is 350 m long (Rovenska
and Thinova, 2010). Continu-
ous radon monitoring began
in the caves in 2001, using a
RADIM 3A monitor and pas-
sive solid-state nuclear track
detectors to obtain average
seasonal concentrations
(Rovenska et al., 2008; Thi-
nova and Burian, 2008).

Mlade¢ Caves (Czechia)
Mlade¢ Caves (49° 42
23" N; 17° 00' 57" E, Fig. 1)
are situated on the edge of
the eastern Tfesin ridge in
the eastern part of Czechia,
within the Bohemian Mas-
sif (Olomouc province). The
caves are formed in Devoni-

an calcite limestones (Stransky and Thinova, 2017). The Tresin Threshold represents a significant borderline between
the NW situated Mohelnice Basin and the Unicov-Litovel Depression (northern Upper Morava Graben part). More-
over, this line creates a borderline between two geomorphological provinces: the Western Carpathians and the Czech

Highlands (Ambrosino et al.,

2020d). The Graben is a part of the Nisa-Morava fault zone, which is defined by slow,

brittle, active deformations, low-magnitude seismicity, and daily CO, fluxes (Spacek et al., 2015). The total length of the
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Mlade¢ Cave corridors is 1,250 m (Hromas, 2009). The cave corridors were formed by groundwater from Hradecka
Stream on three levels and they are defined as phreatic or deep phreatic caves (Hromas, 2009). The corridors generally
follow the N-S and NW-SE oriented faults and the steep layers. The NW-SE striking lineaments are associated with
the Hana Fault Zone here. The caves have two openings, one is used as an entrance and the other as an exit (Fig. 2c).
The temperature in the caves is between 9 °C and 12.5 °C, mean relative humidity is 80 %, and the pressure ranges
between 952 hPa and 1020 hPa. Continuous radon monitoring began in 2011 using a RADIM 3A monitor (Ambrosino
et al., 2020d; Stransky and Thinova, 2017).

Vazecka Cave (Slovakia)

Vazecka Cave (49° 03' 23" N; 19° 58' 19" E, Fig. 1) is situated in the northern part of the Low Tatra Mts. on the north
edge of the Vazec Karst area, in the north of Slovakia (Zilina province). It developed at the contact of the Kozie chrbty
Mts. and the Podtatranska Basin, in the Middle Triassic dark-grey limestones of the Gutenstein Formation of the Hronic
Unit (Droppa, 1962). Tectonic activity of the WNW-ESE faults and flood-water injections from the Biely Vah River into
exposed and faulted carbonates led to the modeling of the underground cave spaces (Bella et al., 2016). Moreover,
previous morphological features were remodeled by slab and block breakdown, forced by frost weathering during the
last-glacial stages (Bella et al., 2016). The cave is located almost at the bottom of the Biely Vah river valley, just 8 m
above the river bed. It is 530 m long and consists of subhorizontal halls, without any significant vertical segmentation
(Smetanova et al., 2020). The cave has only one entrance (Fig. 2d). A large part of the cave is filled by fluvial sediments.
The temperature in the cave is between 6 °C and 8.5 °C, mean relative humidity is 93 %, and the pressure ranges be-
tween 900 hPa and 950 hPa. Continuous radon monitoring began in 2012 using a BARASOL BMC2 probe (Smetanova
et al., 2020).

Ochtinska Aragonite Cave (Slovakia)

Ochtinska Aragonite Cave (48° 39'49" N; 20° 18' 20" E, Fig. 1) is located in the south-east of Slovakia (KoSice prov-
ince). It was discovered during the excavation of an adit in 1954 (Bosak et al., 2002). It developed in Lower Devonian
crystalline marble and Fe-ochre of the Drnava Formation (Gelnica Group) in the Slovenské rudohorie Mts., belonging
to the Inner Western Carpathians (Gaal, 2004). The rock massif here was affected by Hercynian, Alpine orogenesis, as
well as by the rejuvenation of Tertiary and Quaternary faults. The general direction of the faults is NE-SW and is often
also followed by ankerite accumulations (Gaal, 2004). The cave may be divided into wet parts, like the Marble Hall with
an air temperature of 7.8 °C to 8.5 °C, and dry parts, like the Deep Dome with an air temperature of 8.6 °C to 10 °C
(Zelinka, 2004). The cave has no known natural entrance and a 145 m long artificial tunnel (Fig. 2e). The cave does not
have any particular connection with the outside climate (Zelinka, 2004). Mean relative humidity is approximately 40 %,
and the pressure ranges between 915 hPa and 968 hPa. Continuous radon monitoring began in 2016 by RADIM 3A
monitor (Ambrosino et al., 2019a).

Zupanova Cave (Slovenia)

Zupanova Cave (45° 55' 10" N; 14° 38' 31" E, Fig. 1) is situated in the center of Slovenia (Grosuplje province). The
cave was created in lower Jurassic limestones (J1, lower and middle Lias), belonging to the External Dinarides (Placer,
2008). Approximately 500 m to the west of Zupanova Cave principal entrance is Dobrepolje Fault (NW—SE), which
separates the uplifted Triassic SW block from the subsided NE block of Zupanova Cave (Ravbar and Ko$utnik, 2014).
There is also evidence of dextral horizontal movement along the Dobrepolje Fault. The fault is one of the so-called Di-
naric oriented (NW—-SE) faults in Southern Slovenia, which are still tectonically active. Measurements of air temperature
show relative stability in Zupanova Cave, and it is normally not affected by the external atmosphere (Ravbar and Ko3ut-
nik, 2014). The monitored values range between 9.4 °C and 9.9 °C. The cave has two entrances, but the second one
is closed (Fig. 2f). The first entrance is open throughout the year. Mean relative humidity is approximately 45 %, and
the pressure ranges between 933 hPa and 990 hPa. The first short-term monitoring of 222Rn in Zupanova Cave took
place in 1985 (Kobal et al., 1986, with continuous monitoring using a RADIM 3A from 2017 (Ambrosino et al., 2020e).

RADON MONITORING METHODOLOGY

The Radon-222 activity concentration in the Ochtinska Aragonite Cave, Mlade¢ Caves, Bozkov Dolomite Caves,
and Zupanova Cave is continuously passively monitored using a RADIM 3A monitor. The monitor uses spectrometric
detection of alpha particles, with an energy of 6.002 MeV, emitted by radon progeny 2'®Po decay having a half-live of
approximately 3.1 min (Sabbarese et al., 2017a; Stransky and Thinova, 2017). Detection of alpha particles is based
on electrostatic collection on a silicon detector, using a hemispherical metallic chamber with a volume of 8.3 x 10™*
m? (the detection efficiency is 0.8 count m?/ Bgh). The background elimination is provided once per year, by deleting
alpha particles at 5.30 MeV from radon progeny 2'°Po (half-life of 138.4 d) that contribute to a long-lasting background
on the silicon detector surface (Ambrosino, 2020), In very damp environments, the radon gauge is placed in a plastic
box containing a bowl with a desiccant (CaCl,) inert toward radon, to avoid the extreme influence of relative humidity
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on the radon measurements (Ambrosino et al., 2020d). Measurement intervals are set to 30 minutes, and for statistical
analysis, the daily averages are considered.

A “cave” version of the RADIM 3A monitor, the RADIM 5WP (desiccant inside the monitor, lower sensitivity), has
been used for continuous measurements of 222Rn activity concentrations by diffusion in the Rull Cave (Legarda et al.,
2010; Pla et al., 2020). The working principle of the device is similar to the newest model described above: the radon ac-
tivity concentration is determined by measuring the gross a-activity of the radon decay products ?'®Po and ?'*Po, which
are collected electrostatically (after decay of the radon in a diffusion chamber) on the surface of a Si-semiconductor
detector (Ambrosino et al., 2018a). The detection efficiency is 0.4 imp Bg/(h m®). Measurement intervals are set to 30
minutes, and the daily averages are used.

In Vazecka Cave, radon activity concentrations are continuously monitored using BARASOL BMC2 multi sensors.
The radon diffuses inside a detection volume (1.48 x 107 m?®) through three cellulose filters, which trap all of the solid
daughter products (Smetanova et al., 2020). The sensor is an implanted silicon detector with a depleted depth of 100
pMm and sensitive area of 400 mm?2. It enables spectrometric detection of decay of 222Rn and its daughter products in the
detection volume (window set at between 1.5 MeV and 6 MeV) (Kumar et al., 2009). The sensitivity is 50 imp Bg/(h m?),
measurement intervals are 10 minutes, and the daily averages are taken.

In all of the dead-end caves (except Bozkov Dolomite Cave and Vazecka Cave), the radon monitors are located in
relatively deep areas with no public access (Fig. 2), where parameters such as ventilation and aerosol spectrum are not
influenced by the movement of visitors (Thinova et al., 2005b; Ambrosino et al., 2020d).

RESULTS AND DISCUSSION

The time series of 222Rn activity concentration measurements in the six investigated dead-end caves, and meteo-
rological air parameters inside and outside of the caves, are for the period between January 2017 and January 2020.
Such a long period is appropriate and accurate for defining the annual regime in the caves and for estimating the radon
activity concentrations, and enables seasonal/periodic trends to be highlighted. In fact, neither 1- to 3-month long mea-
surements nor a half-year to one-year long intervals may be used to correctly estimate radon activity concentrations
(Somlai et al., 2011). The daily ??2Rn time series recorded in the monitored European dead-end caves between 2017
and 2020 are shown in Figure 3. Short data drop-outs occurred in the recorded radon time series in some of the caves
due to failure of the data logging network. These were filled-in using the well-proven SSA spectral method (Ambrosino
et al., 2019b), which eigendecomposes the time series and subsequently reconstructs them, recursively imputing the
missing values using additive component regressions (Ambrosino et al., 2020a; Golyandina and Osipov, 2007). The
measured radon value ranges are 633-4,321 Bg/m?® for Rull Cave (Spain), 1,336-8,456 Bg/m? for Bozkov Dolomite
Caves (Czechia), 2,865-11,483 Bg/m?for Mlade¢ Caves (Czechia), 3,560-26,785 Bg/m?for Vazecka Cave (Slovakia),
3,571-11,913 Bg/m?for Ochtinska Aragonite Cave (Slovakia), and 743-6,769 Bq/m*for Zupanova Cave (Slovenia).

There are major differences in the radon activity concentrations among the dead-end caves (Fig. 3). The radon con-
centrations in Vazecka Cave (Slovakia) are nearly double the general levels of the other five caves, highlighted in Fig.
3 by the secondary y-axes. The speleological characteristics of the investigated dead-end caves, i.e. the karst rocks
and bedrock types, their origin, composition and ?2Ra content, influence the radon concentration levels (Sabbarese et
al., 2017b; UNSCEAR, 2000). Discontinuities, such as cracks, faults, and fractures, permit the efficient transport of soil
gases containing radon and CO,, (Gregoric et al., 2013; Smetanova et al., 2020). Such transport occurs only if these dis-
continuities are not completely filled by water-carried silt or clay particles unless they are loosened by rock movements.
Then, the nature of the dead-end cave characterized by limited ventilation and relative few entries, contributes to the
accumulation of an increase in gas levels inside the caves. The caves appear not to be affected by proximity to nearby
caves, and they do not show similar radon activity concentration values. On the other hand, the six dead-end caves
exhibit very similar behavior, having an annual periodic trend. More precisely, radon levels in all of the caves reflect

T ——— i seasonal changes, with an increase
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To investigate this aspect, the recorded meteorological parameters were taken into account during the data processing.
These parameters are monitored inside the caves alongside radon, while outside they are measured using a Weather
Station data-logger located nearby. The meteorological trends of the six caves have been shown separately in several
studies with different scopes during the last decade (Rovenska and Thinova, 2010; Ambrosino et al., 2020f; Pla et al.,
2020; Smetanova et al., 2020). The current 2017-2020 meteorological monitoring values show a similar trend to those
mentioned in the previous publications. The meteorological data are not reported in the present work so to not bur-
den this paper with many figures. Instead, a cross-correlation study using the Matlab tool between the meteorological
parameters and the 222Rn activity concentrations in all of the caves was performed to find the dominant factor driving
the radon variability (Ambrosino et al., 2019b). The results (not shown) conclude that the difference between the outer
and inner air temperatures almost exclusively controls the ??2Rn changes, with an average value equal to 0.82 °C and
a mean lag time impact on 222Rn being one week at most. The high values of outer-inner temperature differences cor-
respond to the high radon activity concentration levels, and vice versa. This strong dependence is also clearly visible
in Fig. 4, where the two independent signals are compared for all of the caves. In the winter, significantly lower radon
levels are observed compared to the summer (Sainz et al., 2018) because during the winter and early spring, cold and
dense outside air enters the caves along
asexs the floor, and the soil gas with radon re-
mains in the deeper areas of the rock mas-
sive (Kamra, 2015). This natural convective
circulation, as a result of internal-external
buoyancy temperature differences, causes
the air flow outside to carry the radon con-
tinuously emanated from the bedrocks with
st 2 13 it, resulting in a decrease in the radon con-
e ’(“(’;‘_‘)Bwade& cJaV:“ 20 =L (g"‘i‘ﬁvmckéc'::“ s centrations in the caves (Rowberry et al.,
2 e | # il 2016). The ventilation mechanism is stron-
ger in the summer when the difference
between the outer-inner and concurrently
noon-midnight temperature is higher, and
the soil gas is drawn from the bedrock
area into the cave. Therefore, due to the
outdoor temperatures in the summer being
5 e L Satia higher than the constant temperatures in
it ot N i i ki 2 202 the caves, more radon is pulled out of the
= (E.) Ochtinska Aragonite Cave . .
z ksl || a8 subsoil, because the inner cooler denser
air keeps the radon emitted from the rocks
in the caves, resulting in significantly high
radon concentrations (Rovenska and Thi-
nova, 2010).

To isolate the seasonal cycles, a 24-
hour running continuous Pearson’s (linear)
correlation with a half hour step (i.e., a sort
of daily correlation over time, was run us-
[—ouler-innertemgeraturedifference —radon actlvityconcentranon] Ing the Matlab tOOl) (PreSS et al., 2007)

Figure 4. 222Rn activity concentrations vs. the difference between outer and inner air ~ Similar to the seasonal variations, the diur-
temperatures in the six stgdigd qead-end caves across Europe from ngnuary 2017- nal variations in all of the caves are mainly
January2020 (the letters indicating the caves reflect those used in Figure 2). The . fl d by the t t diff
much higher radon concentrations in Vazecka Cave (Slovakia) are shown on the sec-  "ue€nced by the temperature ditierence,
ondary y-axes. with a mean correlation coefficient R of

0.77. Therefore, diurnal and seasonal air
exchange due to the convective circulation effect results in diurnal and seasonal fluctuations in natural gas and aerosol
concentrations (Bezek et al., 2012; Sainz et al., 2018). Sifting through the literature dedicated to the issues of ??2Rn
monitoring in caves, it is worthy to note how such a seasonal-periodic modulation found in the present work is char-
acteristic only in dead-end caves (Zelinka 2004; Richon et al., 2005; Perrer et al., 2007; Oh and Kim, 2011; Turek et
al., 2015; Ambrosino et al., 2018b; Czuppon et al., 2018; Sainz et al., 2018; Pla et al., 2020; Smetanova et al., 2020).
In fact, it emerges that the show caves with more than one entry or large entries exhibit entirely different behavior with
variable radon patterns not implicit for any dominant meteorological factor other than a combination of them, as is the
case of Driny Cave in Slovakia (Rowberry et al., 2016), Olibano Cave in Italy (Ambrosino et al., 2019c), ZbraSov Ara-
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Table 1. Pearson’s (linear) correlation gonite Caves in Czechia (Briestensky et al., 2014), Jenolan Caves in

coefficients of 222Rn time series for the six Australia (Zahorowski et al., 1998), Tapolca Cave in Hungary (Somlai
studied dead-end caves. et al., 2009), Maomaotou Big Cave in China (Tang et al., 2020), and
Location Correlation Coef., R others all over the world.

Ochtinska - Zupanova 0.82 Two additional analyses were performed to determine the degree

of similarity among the six studied caves qualitatively visible in Fig-

Ochtinska - VaZeckéa 0.72 R < ;
o ure 3, and also to highlight the seasonal variations of the ??22Rn time
Ochtinska - Bozkov 0.75 . . . .
Ochfinské - Miaded 0.60 series: a Pearson’s (linear) correlation analysis (Press et al., 2007) of
Ochtinska - Miadec : 222Rn signals among the caves (Table 1), and the monthly average of
Zupanova - Vazecka 0.83 222Rn activity concentration levels per mean year (Fig. 5). The results
Zupanova - Bozkov 0.82 of the correlation analysis in Table 1 show how the six dead-end
Zupanova - Mlade& 0.72 caves have similar radon levels, with R values greater than or equal
Vaecka - Bozkov 0.76 to 0.6, and with a maximum R of 0.83 and mean values of R 0.73 +
Vaecka - Mladed 068 0.06. These high correlaﬁon coefficient values, together with Elgure
] 5, confirm and summarize what has been constantly stated in our
Bozkov - Mlade¢ 0.68 . L . 202 . .
o paper (i.e., the periodic annual seasonality of the #22Rn signals in the
Rull - Ochtinska 0.62 dead-end caves with overall levels increasing from the cold to the
Rull - Mlade¢ 0.76 warm season (Perrer et al., 2007; Duefias et al., 2011; Oh and Kim,
Rull - Bozkov 0.76 2011; Sainz et al., 2018).
Rull - Vazecka 0.70 Figures 3 and 5 validate the high radon activity concentrations,
Rull - Zupanova 0.73 ranging from 633 Bg/m?® to 26,785 Bg/m?3, recorded inside all of the
dead-end caves. The latest European Union Directive on ionizing
radiation protection (2013/59/Euratom)
—\Vaiecka Cave (Slovakia) ——~0Ochtinska Aragonite Caves (Slovakia) ——Mladec Caves (Czechia) .
——Zupanova Cave (Slovenia) Bozkov Dolomite Caves (Czechia) Rull Cave (Spain) eStabIISheS a reference IeVel fOr the an-
= 12644 2,484 nual average of indoor radon activity con-
g S . u ¥ . centrations in air of 300 Bg/m? (Euratom,
T2 = w4, 2014), which also extends to all show
= ] 25 . . . .
2% . L 2 . s . . & cavesand agencies granting permission
_§§ S s LI _ 3 for activities in non-tourist caves (Field,
£5 eta " " ‘ o L g s 2007; Dumitru et al., 2015). All of the in-
: % o T & e . s o o 2 vestigated dead-end caves are well above
g3 = e . e T » ““ 2 the European Union reference level for
S s " . «.s 3 indoor radon gas of 300 Bg/m? where-
= 8 « ° ¢ . ~ by posing a potential radiological health

0 _ 0 hazard to cave guides, cavers, and also
occasional visitors and employees (Lario
et al., 2005; Thinova et al., 2005a; Somlai

et al., 2009; Ambrosino et al., 2020f). Our
Figure 5. Average monthly variations per mean year of ??Rn activity concentrations in  g\;rvev on dead-end caves mav be a fur-
the six studied dead-end caves, for the monitoring period January 2017—January 2020. ther c)(/)ntribution to the radon éloncentra—

The much higher radon concentrations in VaZecka Cave (Slovakia) are shown on the  * T A )
secondary y-axes. tion monitoring effort in caves worldwide,

also aiming to put in evidence on the risk
level due to radon inhalation and its human health impact on people in dead-end caves. Therefore, we expect these
results to be of great interest to the administrative staff of the investigated show caves and, at the same time, agencies
involved in granting permits to access these caves, to inform employees and the public about the high levels of radon
in the caves, especially during the summer, and to recommend adequate local regulations.

CONCLUSIONS

Dead-end show caves are underground environments with no significant ventilation, a relatively stable climate,
and only one or two small entry points. In this study, six dead-end caves across Europe were continuously monitored
with the aim of investigating the 2?2Rn levels in relation to meteorological parameters. Different elevated radon activity
concentrations, ranging from 633 Bg/m?® to 26,785 Bg/m?®, were recorded during January 2017 to January 2020. The
environments of the caves show a very similar behavior (calculated mean linear correlation factor R of 0.73 + 0.06),
with stable ?22Rn activity concentrations and particular periodic trends indicating strong seasonal changes, higher in
the summer rather than in the winter. Air density differences between cave air and the outside atmosphere may create
density-driven flows, resulting in air exchange between the cave and the atmosphere outside. Because air density is
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influenced by temperature, the temperature gradient between the outer and inner atmospheres of the dead-end caves
is the dominant meteorological parameter (mean cross-correlation factor R of 0.82) determining the variation in radon
levels. All of the investigated dead-end caves exceed the European reference level of indoor annual average radon con-
centration of 300 Bg/m3. The results obtained in this work may help to improve the characterization of special dead-end
cave environments, and underline the importance of radon monitoring to assess the radiation risk for people entering
and remaining for a certain time. The presented paper is a first comprehensive radon survey focused on dead-end
show caves in Europe.
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