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Abstract. Postojna Cave is the largest of 21 show caves inal., 1984; Kavasi et al., 2010; Vaupdtj 2008) and the sec-
Slovenia. The radon concentration there was measured comnd that of radon as a tracer for air movement within a cave
tinuously in the Great Mountain hall from July 2005 to Oc- (Cunningham and Larock, 1991; Hakl et al., 1996; Kies and
tober 2009 and ranged from about 200 Bghin winter to Massen, 1997; Kowalczk and Froelich, 2010; Perrier et al.,
about 3kBqnm3 in summer. The observed seasonal pattern2004; Przylibski, 1999). Minute quantities of uraniufddU)
of radon concentration is governed by air movement due tgresent in limestone result in relatively high values of radon
the difference in external and internal air densities, controlledin karstic caves (Cigna, 2005; Gillmore et al., 2002; Hakl
mainly by air temperature. The cave behaves as a large chinet al., 1997) due to the low natural ventilation of the un-
ney and in the cold period, the warmer cave air is releasedlerground cavities. Tectonic faults constitute an additional
vertically through cracks and fissures to the colder outsidesource of radon (Ball et al., 1991; Gillmore et al., 2000;
atmosphere, enabling the inflow of fresh air with low radon Sebela et al., 2010). Variations of radon concentration in
levels. In summer the ventilation is minimal or reversed andcave air arise from a balance of the emission from cave sur-
the air flows from the higher to the lower openings of the faces and drip waters, decay in cave air, and exchange with
cave. Our calculations have shown that the effect of the dif-the outside atmosphere (Wilkening and Watkins, 1976). Sea-
ference between outside and cave air temperatures on rad@onal changes in natural ventilation often cause large tempo-
concentration is delayed for four days, presumably becauseal variation in radon levels, most commonly characterised
of the distance of the measurement point from the lower enby high summer and low winter concentrations (Kowalczk
trance (ca. 2km). A model developed for predicting radonand Froelich, 2010; Perrier and Richon, 2010; Przylibski,
concentration on the basis of outside air temperature has beet®99; Tanahara et al., 1997; Wilkening and Watkins, 1976).
checked and found to be successful. However, other atypical patterns have also been documented,
such as maximum concentrations during autumn and mini-
mum during summer in Mammoth Cave, Kentucky (Eheman
et al., 1991) or in Moestroff Cave (Luxembourg), where the
lowest concentrations are observed in the summer (Kies and
Radon £22Rn), a radioactive gas with a half-life of 3.82 days, Mass«_an, 1997). As a result of elevated radon concentrations,
ostojna Cave as well has been under permanent radon sur-

is released from minerals into the pore space of rocks an ; . ] .
subsequently into the atmosphere (Nazaroff, 1992). It is/€Y since 1995 (Vaupdtiet al., 2001; Vaupdti 2008). In

well known that high concentrations of radon are commonthls study, ra_ldon was monitored in the Great Mountain hall
in mines (Cohen, 1982; Sevc et al., 1976). The existencepf the. Postojna Cave from July 2005 to October 2009'. OL.”
of similar radiation in underground cavities was found in the Intention was to eStabl'fSh a model of rado_” concentration in
1970s, since when research on radon concentration in nafl'® Cave air on the basis of temperature differences between
' ﬁe cave air and the outside air. Such a model could reduce

ural caves has taken two directions. The first is the aspec ber of tsin th ded for d
of radiation protection (Duenas et al., 1999; Fernandez et. € NUMDEr of measurements in the cave needed for dose es-
timates for the personnel working there.
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Fig. 1. (a)Slovenia with the Postojna Cave indicatéld) The passages of Postojna Cave with the monitoring site in the Great Mountain hall
and the cross section d-iadicated.(c) Cross section of the Great Mountain hall with the measurement point and tectonic structure.

2 Site description 3 Methodology

Postojna Cave, with 20 km of galleries, is the longest known3.1 Measurement methods
cave system and the largest of 21 show caves in Slovenia
(Fig. 1a). It is one of the most visited show caves in the Radon was monitored continuously in the Great Mountain
world. The vertical extent of the system is 115 m. The heighthall from July 2005 to October 2009. During the first year, a
above sea level of the river Pivka where it enters the cave igarasol probe (MC-450, ALGADE, France) was used, which
511 m and that of the platform in front of the cave entrancewas then replaced by a Radim 5 WP monitor (SMM Com-
529 m. The cave passages have been developed in approgiany, Prague, Czech Republic). Data for some months in
mately 800 m of Upper Cretaceous bedded limestone situated006, at the end of 2007, and in summer 2009 are missing
between two important Dinaric faultSébela et al., 2010). because of high air humidity, which damaged the measuring
This cave is a typical horizontal cave (Fig. 16pbela, 1998) devices. The Barasol probe is designed primarily for radon
with the tourist entrance being a large natural entrance withmeasurements in soil gas. The probe gives radon concentra-
a diameter of several meters. An electric train takes visi-tion, based on alpha spectrometry of radon decay products in
tors through 2 km long galleries and passages to the statiothe energy range of 1.5MeV to 6 MeV using an implanted
in the cave, from where they start a walking route. Besidessilicon detector. The detector sensitivity is 50 Bgtand a
the part of the cave open to visitors, the Postojna Cave syssampling frequency was set at once an hour. In addition to
tem is composed of several halls, named Island Cave, Magradon concentration, the probe also recorded temperature and
dalene’s Cave and Black Cave, connected to each other barometric pressure. The Radim 5 monitor determines radon
narrow passages. Some of them can be accessed from tig@ncentration by measuring gross alpha activity of the decay
surface through their own entrances (Fig. 1b). There is ngproducts?!8Po and?*4Po, collected electrostatically on the
forced ventilation in the cave and air is exchanged only bysurface of a semiconductor detector. The sensitivity is about
natural air draught through the numerous cracks, corridor$0BgnT2 and the sampling frequency was twice an hour.
and breathing halls (Gams, 1974) connecting the cave withThe data have been stored in the internal memory of both
the outside atmosphere. The measurement site is located instruments and then transferred to a personal computer for
the Great Mountain hall (Fig. 1c), which is the biggest col- further evaluation. The daily averages of radon concentration
lapse chamber in Postojna Cave and lies about 2 km from th#vere calculated from raw measurements.
tourist entrance. Hourly values and daily averages of outside air tem-
perature at the Postojna meteorological station were ob-
tained from the Office of Meteorology of the Environmental
Agency of the Republic of Slovenia.
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3.2 Radon modelling 3

Fluctuations in cave air radon concentration are a balance
between the net exhalation of radon from the surfaces within<
the cave, decay in cave air, and the degree of mixing of out-
side air with cave air (Wilkening and Watkins, 1976) as de-
scribed by mass balance Eg. (1):

dcd;tave = ERné - )\Ccave— % (Ccave— Cout) (1)
where Ccave and Coyt represent radon concentration in the o
cave and outsideErp, is a net flux of radon atoms from the JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
material surrounding the cavity into the open volurfiend

V are surface area and volume of the cavitys the radon  Fig. 2. Average monthly radon concentrations in the Great Moun-
decay constant an@ the natural flow rate of cave air. Since tain hall from 2005 to 2009.

the exact volume of the cave and the natural flow rate are not
known because of the complex morphology of the Postojnat

o
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cave passages, radon mass balance Eq. (1) can be simplifie?f shapes of the various halls and corridors and the presence

to Eq. (2) of vertical cracks and breathing halls that affect the venti-
e lation of the cave. In addition to seasonal variation, diurnal
dCcave ®—2C ki|AT|Ccave @ variations were also observed at some points in the cave, usu-
dr 0 caver L ally in summer (Kobal et al., 1988; Vaup6ti2008). How-

a1y ) ever, this is not the case in the Great Mountain hall, pre-
where® (Bqm™>s™") is the radon source term\T (K) is g mably because of its huge volume: it is open on all sides
the difference between outside and cave temperatliré®) 4 thus intensively aerated. This has a smoothing effect on

is distance of the measuring location from the entrance and,qon concentration and thus reduces its diurnal variation.
t (s) is time. The outside radon concentration is set at zero,

since it is much less than the value in the cave. The radon.1 Cave air ventilation and seasonal radon behaviour
source term@, is calculated from Eg. (3) in the case of no
ventilation, when radon concentration reaches its maximumDuring the cold winter months, air temperature in the cave
is higher than outside and this temperature difference causes
a natural draught of less dense, radon-rich cave air upwards
through vertical cracks and channels into the outside atmo-
sphere, thus allowing the entry of cold denser outside air into
the cave through the tourist entrance (chimney effect). This
_ oL AL (Cua—Co)L [ms—lK—l] ) continuous ventilation significantly lowers the radon concen-
|AT|C, |AT| dt|AT|C, tration. As can be seen in Fig. 3a, radon concentration and
outside temperature follow a linear relationship, with a corre-
lation coefficient R) of 0.62, as long as the outside temper-
ature is lower than the cave temperature. However, when the
daily outside temperature drops belevé °C, radon concen-
4 Results and discussion tration increases, presumably due to ice and snow covering
the smaller breathing holes from above, thus preventing the
Radon concentration in the Great Mountain hall was found to“chimney” effect. Radon concentration reaches its maximum
be in the range from about 200 Bqrhto about 3 kBg m3. when ventilation stops or is minimal. This happens at outside
The lowest average monthly radon concentration betweenemperatures approximately the same as the cave tempera-
2005 and 2009 occurred in March (600Bq#h and the ture (10°C), as seen in Fig. 3a. Small black dots on Fig. 3a
highest in June (2500Bqm) (Fig. 2). The seasonal pat- at temperatures above 10 and radon concentrations below
tern is mainly the result of air movements caused by differ-1500 Bq 13, reflect the influence of some other parameters
ences between external and internal air densities, controllednd were not included in the analysis.
to a large extent by air temperature; this corresponds well The influence of atmospheric changes on radon concen-
with the processes characteristics of horizontal caves (Hakiration in the Great Mountain hall was observed only after
et al.,, 1996). The cave temperature varies from 9 t60 114h. The reason for this time lag is the geomorphology
only, the whole year round. Radon concentrations can vanof Postojna Cave and the long distance from the tourist en-
substantially from place to place in the cave (Kobal et al.,trance (2 km). This shifted influence of the outdoor tempera-
1987, 1988), depending on the distance from the entranceure is most clearly noticed in spring (Fig. 4a), when the cross

d=rChX 3)

Values ofk can be calculated from existing data for every
single day according to Eq. (4),

i

whereC, andC, 1 represent average daily radon concentra-
tions for two consecutive days andid 1 day.
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correlation between radon concentration and outside air tem ,
peratures points to 114 h lag time (Fig. 5) :
In summer the ventilation is reversed and air flows from
higher to lower openings of the cave. The temperature dif- }
ference between outside air and cave air creates a pressu
difference which causes a draught of air out of the cave anc
consequently lower radon concentrations over time (Fig. 3a)
However this process is observed in the Great Mountainhal 8323888823 288883
only when the temperature difference between outside anu
cave air is.high enough. The effect pf Iowering.the radon Fig. 4. Average daily radon concentration€chye, average
concentration CO,UId be observgd during two periods of hOtdaily outside temperatureddyt) and the difference between maxi-
summer days with average daily temperatures aboV&C20  1yym and minimum outside temperaturesft.o for different sea-
in July and August 2008 (Fig. 4b). sons: (a) winter/spring 2009 (February, March, Apriljb) sum-
The transition periods in spring and autumn are characmer 2008 (June, July, Augus(g) autumn 2008 (September, Oc-
terised by a large range of ventilation rates caused by diurnalober, November) an¢d) winter 2008/2009 (December, January,
variability in the temperature difference between cave andrebruary).
outside air. In spring, radon concentration rises only after
some days of higher daily temperatures (Fig. 4a), since the
increased ventilation during the cold nights prevents the ac-
cumulation of radon in the cave air. On the other hand,
sudden drop in radon concentration below 500 BGfroan
be observed as soon as one or two days after the first col
front on 19 November 2008 (Fig. 4c).

07,
11
15
19
23
27,

In winter, with constantly low outside temperatures (14 to
38 December 2008, Fig. 4d), continuous ventilation leads to
low radon levels in the cave. In contrast, the effect of de-
reasing ventilation can be observed during the sunny days
from 8 to 12 December 2008 (Fig. 4d), characterised by
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high daytime temperatures around°f@ which caused the
ventilation to slow down during daytime, thus allowing radon ~ °©
accumulation in the cave.
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4.2 Radon modelling Fig. 6. Comparison of predicted and measured radon concentra-

. tion (C and outside air temperatur@g(,t) from July 2005 to
The radon concentration measured from July 2005 to chcto(bgf\ée())og. P ol Y

tober 2007 was used to establish a model, while the other
part of the dataset (November 2007 to November 2009)

was used for testing the model. The radon source term, The correlation coefficient of 0.76 between measured and
calculated from Eq. (3), is (520.6)x 103Bgm3s?  predicted radon concentrations on the validation dataset,
in the case of no ventilation, when radon concentrationfrom November 2007 to October 2009, is high. As expected,

reaches its maximum at the confidence level of 97.5%the correlation is poorer in the transitional periods of spring
(Chax = 2800+ 280 Bq n13). For this purpose, the time shift and autumn.

of 4 days between outside temperature and radon concentra-
tion was taken into account.
Constantk was calculated for everfipour—Cecavepair (daily 5 Conclusions
averages) in the period from July 2005 to October 2007 and
average values were determined separately for summer anflvo major ventilation regimes have been identified in the
winter, according to different ventilation regimes (Fig. 3b). Postojna Cave that have a direct influence on radon concen-
Taking into account the different behaviour of radon con-tration in the cave. In cold periods the cave behaves as a large
centration at temperatures belev6°C (Fig. 3a), the aver-  chimney and the warmer, radon-rich cave air is released to
age radon concentration of 0.640.23kBq nT> was calcu-  the colder outside atmosphere, driving an inflow of fresh air
lated. The results are collected in Table 1. Averaglues  with low radon levels. Radon levels in the cave are highest
were used for predicting radon concentration using Eq. (2Jwhen the outside temperature is similar to or lower than the
according to the rules described in Table 1. Constantas  cave temperature (EC) and, hence, air movement is very
used for days with an average daily temperature abov€10 Jow. Calculations have shown that the effect of the differ-
andk; for days with an average daily temperature betweenence between outside and cave temperature on radon con-
—6 and 10°C. When the average daily temperature droppedcentration was delayed by four days, presumably because of
below —6°C, radon concentration was set to 0.64kBgm  the distance of the Great Mountain from the tourist entrance
(Table 1). The time series of predicted and measured rado(ca. 2 km). When the daily outside temperature drops below
concentrations are presented in Fig. 6. Radon concentrationg°C, radon concentration increases. It is assumed that ice
is more stable in summer than in winter (Fig. 3b), causingand snow on the surface above the cave prevent the cave air
a higher dispersion of; values and eventually also a larger from leaving the cave. In summer, the ventilation is mini-
discrepancy between measured and predicted radon concefiral or reversed and the air flows from higher to lower open-
trations in winter. ings of the cave. When the temperature difference between
cave and outside air is high enough to overcome the barrier
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of the long distance to the cave entrance, the subsequent aitakl, J., Hunyadi, I., Csige, |., &zy, G., lerart, L., and \arhegyi,
pressure difference causes a draught of air out of the cave and A.: Radon transport phenomena studied in Karst caves —interna-
consequently lowers radon concentration. tional experiences on radon levels and exposures, Radiat. Meas.,
This model, developed on the basis of the results of our 28.675-684, 1997. , )

previous long-term radon monitoring in Postojna Cave, pro-Ka¥ast, N., S_°m'a_" J., Szeiler, G., SzgbB., Schafer, I., and
vides a relatively good prediction of radon concentration in  Kovacs. T.: Estimation of effective doses to cavers based on
the cave air, simply on the basis of the difference in air 200" Measurements carried out in seven caves of the Bakony

' . Mountains in Hungary, Radiat. Meas., 45, 1068-1071, 2010.
temperature between the cave and outside. Although Su“‘Kies, A. and Massen, F.: Radon generation and transport in rocks
cessful, the model will not replace measurements, but could 4,4 soil, in: The Moestroff Cave — a study on the geology and
mal’kedly reduce their number without d|m|n|sh|ng the level climate of Luxemburg’s |argest Maze Cave, edited by Massen,
of reliability of data needed for dose estimates for the per- F., Centre de Recherche Public — Centre Universitaire, 159-183,
sonnel working in the cave. 1997.
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