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INTRODUCTION

The radioactive noble gas radon (222Rn, a decay, tm= 3.82 days) is al-
ways accompanied by its short-lived decay products (RnDP): 2 1 8Po (a decay,
tm= 3.10 min), 2 1 4Pb (0fy decay, tm= 26.8 min), 2 1 4Bi 0ly decay, tm =
19.9 min), and 2 1 4Po (a decay, tm- 164 JUS). In indoor and outdoor air, they ap-
pear as unattached RnDP in the form of clusters in the size range 0.5-3 nm and
as attached RnDP between 200 and 800 nm [1]. Because of plate-out of aero-
sols on the walls and floor of a room, as well as air movement and entry of
fresh air, radioactive equilibrium between RnDP and Rn in indoor air is only
partly achieved and is expressed as a fraction between 0 and 1, called the equi-
librium factor, F [2].

Birchall and James [3] elaborated a dosimetric approach to calculate the
dose conversion factor, DCFD, based onfun. Their 'best estimate' for the indoor
air conditions in dwellings was DCFD = 1 5 mSv WLM"1. 1 WLM (working-
-level-month) is the exposure resulting from 170 hours breathing in air with an
activity concentration of RnDP of 1 WL (equivalent to 1.3*108MeV m"3 [4]). It
thus appears that DCFD is a factor of 3-fold higher than DCFE = 5 mSv WLM"1,
the value obtained from epidemiologic studies and currently recommended by
ICRP-65 methodology for workplaces [4]. The discrepancy between DCFD and
DCFE values has not been fully clarified, the most probable reason originating in
too high a value being chosen for the particle radiation weighting factor, wa [5].
In addition, Porstendorfer [6] has shown that DCFD can be calculated separately
for mouth (DCFDm) and nasal (DCFDn) breathing, using empirical equations:

DCFDm = 101x/un + 6.7x (1 -/ u n ) (1)

DCF D n = 23x/u n + 6 . 2 x ( l - / u n ) (2)

In this paper, the results of our studies on^n m 29 rooms of kindergartens
and 26 rooms of elementary and high schools, at the lowest point and the railway
station in the Postojna Cave, and in 4 rooms in wineries in Slovenia are reported,
and DCFD values based on the Porstendorfer formulae (Eqs. 1 and 2 above) are
discussed and compared with the DCFE value recommended by ICRP-65.
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EXPERIMENTAL

Measurement sites

Radon was surveyed in the indoor air of practically all the kindergartens
(730) and schools (890) in Slovenia, within the national radon programme, bet-
ween 1990 and 94 [7,8]. For the study offun, those kindergartens and schools
were selected in which elevated radon levels had been observed [7,8] or were
expected, based on geology [9]. Measurements, lasting for 1-2 weeks at each
place, were carried out in 29 rooms of 13 kindergartens (in the period from
March 1998 to February 2001) and in 26 rooms of 16 schools (in the period
from March 1998 to April 2001).

Because of the elevated radon levels, permanent radon monitoring at the
lowest point and the railway station in the Postojna Cave was introduced in
1995. Based on the radon concentrations measured, working time for the em-
ployees in the cave is limited in order to keep their effective doses acceptably
low. Measurements offun, lasting for 1-3 weeks at the two places, were carried
out at the lowest point of the cave (LP) in summer, when radon levels are hi-
ghest: August 10-18, 1998; June 3 0 - July 8, 1999; July 19- August 3, 2001,
and in winter, when radon levels are lowest: December 14-22, 1998; December
10-20, 1999), and at the railway station (RS) in summer (June 3-18, 2001).

In the context of the radon survey in underground premises of eight major
Slovene wineries, fm was monitored for 1-2 weeks in the period from April to
July, 2002.

Measuring technique

Portable SARAD EQF3020 and EQF3020-2 devices (SARAD, Dresden,
Germany) were used. Air is pumped for 6 min at a flow rate of 2.4 dm3 min"1

over a metal mesh grid where unattached and attached RnDP are separated and
then deposited electrostatically on two separate 150 mm2 semiconductor detec-
tors. Applying the Markov method [10], the device gives Rn concentration
(CRJ, individual concentrations of RnDP, equilibrium equivalent activity con-
centration of RnDP (Ci^p), potential alpha energy concentration (PAEC), F
(defined as PAEC /(34640 Q J and/un (defined as PAECaa/(PAECan + PAEO*),
with superscripts 'un'- unattached and 'att'- attached) [11].

Data were transferred to a personal computer in the laboratory for evalua-
tion. Origin 6.1 Data Analysis and Graphing Software was used for statistical
data evaluation and presentation.

270



VII. simpozij HDZZ, Opatija, 2008.

RESULTS

Kindergartens and schools

Diurnal variations of the measured parameters are presented in Table 1 as
arithmetic mean values of C^, F, and/^n for the whole period of measurement.
Radon levels are significantly higher in schools than in kindergartens. The pro-
bable reason lies in the age of buildings. While the majority of kindergartens
were built after 1980, the school buildings are generally older. Here, due to age-
ing, the basic concrete slab has numerous cracks and fissures and is no longer
an adequate barrier to radon. Further, there is very often no concrete slab at all
in old buildings.

Table 1. Indoor air radon concentration (C^) in Bq m~3, equilibrium factor betwe-
en Rn and RnDP (F) and unattached fraction of RnDP (fun) in schools and kinder-
gartens. Number of values (n), arithmetic mean (AM), arithmetic standard devia-

tion (ASD), lvalue (t) and p-value (p).

F

Jun

schools

kindergartens

schools

kindergartens

schools

kindergartens

n

26

29

26

29

26

29

AM

1362

584

0.61

0.53

0.13

0.15

ASD

1718

394

0.15

0.15

0.03

0.06

t

2.372

2.024

2.114

P

0.021

0.048

0.039

significantly

different

significantly

different

significantly

different

The difference in F levels in schools and in kindergartens most probably
reflects the different working regimes at the two places. While in a classroom in
a school the movement of students is minimal during class hours, children mo-
ve more freely in the play room of a kindergarten, causing air movement and
hence increasing plate-out of aerosol and, consequently, lowering F. As expec-
ted [12,13], high F values are accompanied by low/,n values. The fact ih&ifun

values in schools were lower than in kindergartens was therefore expected
(Table 1).

Following the ICRP-65 criteria [6], the personnel in kindergartens and
schools can be considered as nasal breathers and therefore for them DCFV =
DCFDn. If the arithmetic means of^n f° r kindergartens and schools (Table 1)
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Figure 1. Lognormal plots of /tin in schools and kindergartens

are used in Eq. 2, values of 8.72 mSv WLM"1 and 8.38 mSv WLM"1, respecti-
vely, are obtained, being higher by factors of 1.74 and 1.68, respectively, than
the ICRP recommended value of 5 mSv WLM"1 for workplaces.

Postojna Cave

The arithmetic mean values of the measured parameters resulting from
continuous measurements are listed in Table 2. C-^ values were higher in sum-
mer than in winter at the lowest point, and higher at the lowest point than at the
railway station. On the other hand, F was lower in summer than in winter at the
lowest point, and lower at the lowest point than at the railway station in sum-
mer. Walking visitors there cause more air movement than at the railway station
in summer. Thus plate-out of RnDP is enhanced and F reduced, the effect being
more pronounced in summer than in winter, and more at the lowest point than
at the railway station. fun values are higher in summer than in winter at the lo-
west point, and higher at the lowest point than at the railway station in summer.
Because of the much larger number of visitors in summer than in winter, the ca-
ve air is much more disturbed, resulting in enhanced/,,, values in summer [14].
Similarly, the air is more disturbed by visitors in narrow corridors at the lowest
point than in the big hall at the railway station, resulting in enhanced fun at the
lowest point [14]. fun values in the cave are much higher than in kindergartens

272



VII. simpozij HDZZ, Opatija, 2008.

Table 2. Average values (arithmetic mean and arithmetic standard deviation) of
Rn concentration (C^J, RnDP concentration (C^p) , equilibrium factor between
Rn and RnDP (F), unattached fraction of RnDP (fnB), barometric pressure (P),
relative air humidity in the cave (RH) and air temperature in the cave (Tin), mea-
sured during different periods at the lowest point (LP) and railway station (RS).

Season,

Summer,

year (site)

1998 (LP)

Winter, 1998 (LP)

Summer, 1999 (LP)

Winter, 1999 (LP)

Summer,

Summer,

2001 (LP)

2001 (RS)

On/

4090

1470

4540

2070

5900

3330

Bqnr3

±440

± 1060

± 600

± 1160

±620

±370

0.34

0.56

0.35

0.58

0.35

0.63

F

±

±

±

±

±

±

0.06

0.10

0.09

0.11

0.07

0.13

Jun

0.58 ±

0.10 ±

0.60 ±

0.14 ±

0.68 ±

0.15 ±

0.14

0.07

0.16

0.08

0.11

0.05

Table 3. Dose conversion factors for mouth (DCFDm) and nasal (DCFDn) breathing
calculated, using Eqs. 2 and 3, from thefun values in Table 2 for the lowest point

(LP) and railway station (RS) in the Postoj na Cave in different seasons.

Season, year (site)

Summer, 1998 (LP)

Winter, 1998 (LP)

Summer, 1999 (LP)

Winter, 1999 (LP)

Summer, 2001 (LP)

Summer, 2001 (RS)

Jun

0.58

0.10

0.60

0.14

0.68

0.15

DCFD m

mSv WLM"1

61.4

16.1

63.3

19.9

71.5

20.9

DCFDm /5

12.3

3.2

12.7

4.0

14.3

4.2

DCFD n

mSv WLM"1

15.9

7.9

16.3

8.6

18.2

8.7

DCFD n /5

3.2

1.6

3.3

1.7

3.6

1.7

and schools. One of the reasons for the high values is the very low concentra-
tion of aerosols in Postojna Cave, being only (1.9^.3)xl09m~3, as compared to
a barite mine with (200-1600)xl09irf3and /un in the range from 0.003 to
0.008 [1]. Another reason for elevated/^ values could be the intensive washout
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of aerosols at practically 100% relative air humidity, as observed in some
spas [15].

Based on the arithmetic mean values of fm, DCFDm (Eq. 1) and DCFDn

(Eq. 2) values were calculated for the lowest point in summer and winter, and
in summer at the lowest point and railway station (Table 3). According to the
ICRP criteria [6] only maintenance workers engaged in hard physical work in
the cave may be considered as mouth breathers, and for them DCFD = DCFDm,
while for all others, tourist guides, souvenir vendors, locomotive drivers, DCFD

= DCFDn. Table 3 also displays factors by which DCFDm and DCFDn values ex-
ceed the ICRP recommended value of 5 mSv WLM"1 for workplaces.

Wineries

Results of continuous measurements in four wineries are listed in Table
4 as the arithmetic mean values of the measured parameters.

Table 4. Average values of Rn concentration (CRJ , equilibrium factor between Rn
and RnDP (F) and unattached fraction of RnDP (fan) obtained from continuous me-
asurements in Slovenian wineries, with the resulting dose conversion factors for

nasal breathing (DCFDn).

Winery

01- S-05

04- P-02

06- L-02

07-G-02

Date in 2002

23.04.-13.05.

30.05.-14.06.

06.06.-03.07.

20.06.-04.07.

CRII

Bq nr3

91

182

998

360

F

0.25

0.49

0.63

0.48

Jun

0.20

0.12

0.08

0.09

DCFDn

mSv WLM"1

9.56

8.22

7.54

7.71

DCFDn/5

1.91

1.64

1.51

1.54

The values of fm are similar to those in kindergartens and schools, or
even lower, although a reliable comparison is not possible because of the small
number of measurements in wineries. Values are much lower than in Postojna
Cave - obviously because of higher aerosol concentrations and lower air humi-
dity in a winery than in the cave [1,15]. According to the ICRP criteria [6],
workers in wineries may be considered as nasal breathers and for them DCFD =
DCFDn, calculated from Eq. 2. DCFDa values in Table 4 are 1.5- to 1.9-fold hi-
gher than 5 mSv WLM"1.
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CONCLUSIONS

Measurements offm in Slovenian kindergartens have shown that the dose
conversion factor based on the dosimetric approach is on average DCFD =
8.72 mSv WLM~\ which is 1.74-fold higher than the epidemiology-based value
of DCFE = 5 mSv WLM"1 currently recommended by ICRP for workplaces. For
schools this factor was 1.68.

In Postojna Cave, DCFD values were higher than DCFE by a factor of
1.7 in summer at the railway station, and by a factor from 3.2 to 3.6 in summer
and from 1.6 to 1.7 in winter at the lowest point. For maintenance workers en-
gaged in hard physical work this factor is 4.2 in summer at the railway station,
and from 12.3 to 14.3 in summer and from 3.2 to 4.0 in winter at the lowest
point.

In the four wineries, DCFD values were in the range from 7.71 mSv
WLM"1 to 9.56 mSv WLM^and thus between 1.5- and 1.9-fold higher than
DCFE.

The DCFD values in the different environments contribute additional in-
formation to the general database on DCFD, which is a prerequisite for a better
understanding of and successful coping with the gap between DCFD and DCFE,
which is not yet completely understood.
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