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Indoor radon retrospective concentrations were obtained and compared using two
radon measurement methods. Both methods rely on the measurement of the
long-lived radon progeny 219Pb, collected either on the surfaces (surface trap tech-
nique), most frequently glass, or in a volume trap, usually sponge from furniture
(volume trap technique). These techniques have been used to retrospectively esti-
mate radon gas concentrations that have existed in dwellings in the past. The work
presented here compares the results provided by the surface trap technique devised at
the University College of Dublin, Ireland, and the volume trap technique devised at
the Scientific Research Center, Mol, Belgium. The field campaign was carried out by
the research team of the ECE Laboratory of the Vinca Institute of Nuclear Sciences
at the spa of NiSka Banja, identified as a region of Serbia with a high indoor radon
and ground water radium and radon content.

Key words: indoor radon, retrospective measurement, surface trap, volume trap

INTRODUCTION

Niska Banja, a spa located 9 km east of Nis, Ser-
bia (fig. 1), has been known since the Roman times. Itis
one of the forty spas in the country, famous for its hot
springs with high radium and radon concentrations. The
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town is located in the quarternary alluvium of the
river NiSava, along the border of a karstic limestone re-
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Figure 1. Location of NiSka Banja, Southern Serbia
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gion and a thick stratum of travertine (groundwater
spring deposits). The formation of travertine, in con-
junction with high radium concentrations in the
spring-waters of Niska Banja, could be the cause of
high radium concentrations in the soil of the region. The
measured radium concentration in the soil amounts to
approximately 900 Bg/kg [1]. Due to the high radium
content of the soil, a number of radon surveys have been
conducted, both indoors and outdoors [2-5], and the av-
erage indoor radon concentrations were found to be
largely dependant upon the type of bedrock on which
the dwellings were built. Dwellings built on the traver-
tine plains were found to have, on average, radon con-
centrations of approximately 1.5 kBg/m?,with some
dwellings reaching 2-6 kBg/m?>. For dwellings built on
alluvium sediments, the average indoor radon concen-
trations were found to be 635 Bg/m?, less than half of
those built on travertine deposits, but still well above the
Serbian national average of 400 Bg/m>. The average
outdoor radon gas level per annum was found to be
57 Bg/m?, far higher than the typical worldwide value
of 10 Bg/m® [6]. Due to the high values of indoor and
outdoor radon concentrations measured, the NiSka
Banja region has been classified as an area with a high
natural radon concentration.

The majority of radon gas measurements carried
out indoors as a part of these surveys were contempo-
rary radon gas measurements [7]. However, from 2004
to 2005, anumber of retrospective radon gas measure-
ments were also conducted in various dwellings
throughout the region. Both surface trap and volume
trap measurements were made and this paper com-
pares the two types of measurements in dwellings
where in the same indoor space both measurements
were made.

RETROSPECTIVE
MEASUREMENT TECHNIQUES

Retrospective assessment of radon exposure is a
technique which was developed in recent years. Retro-
spective methods are based on measuring >'°Pb or
210pg due to radon which has accumulated in solid or
porous media over many years and which is, therefore,
in principal proportional to the cumulative radon ex-
posure. By means of the retrospective method, past
changes in radon exposure are measured, for example,
in homes previously inaccessible for radon testing or
subject to temporal and spatial changes in radon con-
centration. Basically, two methods of retrospective ra-
don assessment exist. These methods are based on the
build-up of low levels of ?'°Pb and, consequently,
219pg activity that can be related to long term average
radon concentration. In the surface trap technique, air-
borne radon decay products deposit on glass surfaces.
Subsequently, they can be implanted through alpha re-
coil and remain fixed in the near surface layer of the

glass where they can be detected through alpha decay
by means of track-etch detectors or pulse ionization
chambers [8]. Any bulky, sufficiently porous material,
with known age and history, can serve as a volume
trap. It suffices that radon gas can diffuse freely
through the material on a time scale shorter than that
of radon half-life, so that the radon concentration in-
side the volume trap is continuously representative of
the radon concentration outside the volume trap. The
material should, however, be such that radon decay
products can not migrate into or out of the volume trap.
Moreover, the volume trap material should not contain
a significant natural !°Po background, so as to disturb
the measurements.

The surface trap technique

A technique using CR-39 detectors (polyallydiglycol
carbonate) and LR-115 detectors (cellulose nitrate) known
as the “CR-LR difference technique” aimed at large-scale
fieldwork was used in this investigation to measure 2'°Po
[9]. The alpha sensitivity of CR-39 (plastic material), of the
same type typically used in ambient radon detectors, makes
activity measurements on glass using an alpha track-etch
detector possible, fulfilling at the same time the need for a
practical and economical way of estimating long term radon
concentration. This method allows measurement without
removing the glass from the site. Another advantage is that
such detectors are passive and require no power supply. In
this technique, a few square centimeters of each of the alpha
track detectors are mounted side by side on a chosen flat
glass surface. The glass is cleaned and a piece of CR-39
plastic is affixed to its surface and left in place for a few
weeks. For standard etching conditions, LR-115 is sensitive
to alpha particles in an energy window in the approximate
range of 1.2-4.8 MeV, while CR-39 is sensitive to alphas
with energies of less than 1 MeV, to those much greater than
the maximum energy (7.68 MeV) emitted by the radon
progeny. As the '°Po alpha energy is 5.3 MeV, the LR-115
will not record tracks from the surface trapped 2'°Po, but
will, nevertheless, produce tracks proportional to the intrin-
sic alpha activity naturally present in the glass. The CR-39
track density will thus be a mixture of tracks due to the im-
planted 2'°Po alpha emissions and those from the intrinsic
activity of the glass. After being deployed for ¢ hours, the
following expression gives the surface 2!°Po activity for a
glass surface onto which, side by side, CR-39 and LR-115
detectors were mounted

CR-b-LR
APo k-t
where 4p, means *'°Po activity in Bq/m* and CR and
LR represent net tracks per cm” for CR-39 and LR-115
detectors, respectively; b= CR/LR is the intrinsic alpha
activity track density ratio for unexposed glass, and &
is the pulse ionization chamber factor which deter-
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mines CR-39 sensitivity to >'’Po. The values of hand k
depend on the actual etching regimes and track accep-
tance criteria used. For standard procedures, values of
b=1.97 and k=0.081 tracks per cm”/ Bgh per m* were
obtained [9].

The typical exposure period used in this work for
the alpha track detectors mounted on glass was about
three to four months. The plastic is then removed and
the alpha tracks resulting from implanted 2!°Po that
have been etched into its surface are counted. The al-
pha-particles from the glass produce latent damage
tracks in the plastic that can be easily developed and
measured. The track generation rate is then a measure
of the alpha-activity of the glass surface. Radon con-
centrations obtained in this way, correlated to the ra-
don decay products, can be used to create radon expo-
sure histories [9-11].

The Cr-39 alpha track densities recorded for
these exposures were mainly within the range of 5 to
25 tracks per mm?. Measured A, values ranged from
about 3 to 30 Bq/m?, with individual values as high as
50 Bg/m?.

The use of the surface trap technique in retro-
spective radon measurements aimed at epidemiologi-
cal studies is now becoming more common. Besides
Serbia [12-15, 3], studies involving measurements on
glass have been performed in USA, Ireland, Norway,
Germany, and Sweden [16-22, 10, 23].

The volume trap technique

The other technique in use is the volume trap
measurement technique. It, too, utilises the measure-
ment of 2!°Po surface activity arising from the decay of
the long-lived radon progeny 2!°Pb. However, in this
case, the 2!%Po activity is not measured on a glass sur-
face or mirror. Instead, the 2!°Po activity measured is
that which has been deposited in spongy materials
such as mattresses or cushions. This idea was first pro-
posed in 1994 [24]. Spongy materials allow the diffu-
sion of radon gas through their pores but, in normal
circumstances, radon progeny cannot diffuse easily
into the material, so that the progeny deposited at
depth in the material is attributed entirely to the radon
gas itself. Thus, the 2!°Po activity in the centre of the
material correlates well with the radon gas it has been
exposed to over its lifetime, allowing for a retrospec-
tive radon gas measurement to be made.

The measurement material for the volume trap
technique is typically a 100 cm? polyester foam sam-
ple from mattresses or cushions taken from a dwelling.
In order to exclude any surface effects, the sample is
normally dissected from inside the exposed material.
Once the sample has been removed from the material,
it is kept in a radon-free environment for approxi-
mately 138 days (one half-life of 2!°Po), in order to
reach radioactive equilibrium. The next stage of the

process is to chemically separate the 2!°Po activity
from the material. This is done via several steps [25,
26].

Firstly, the samples are dissolved in NaOH (14
molar) and hydrolyzed for 5 to 10 hours. After cool-
ing, HCI (8 molar) is added and the solution dried un-
der infra-red lights. This residue is then dissolved in
HCI (12 molar) in order to eliminate all NaOH. The fi-
nal residue is then dissolved in 4.2 ml of HCI (12 mo-
lar) and the sample is made up to 100 ml using water.
This solution is mixed with 100 mg of ascorbine acid
and covered by silver plate, turned onto its head, and
then the polonium is autodeposited onto the plate for
over 48 hours. The activity of >!°Po is then determined
via alpha spectrometry using a PIPS detector. The
amount of 21%Po lost during this procedure is deter-
mined by using 2°®Po as a tracer material. Using a con-
version factor that takes into account the porosity and
the age of the sample material, retrospective radon gas
concentration is then calculated from the said 2!°Po ac-
tivity. These detectors have been used in surveys in the
past [27, 23] and a subsequent study [15] found this
measurement technique to be very reliable.

However, like all radon measurement techniques
it has its disadvantages. The major one being that this
technique is destructive (i. e. that the material is re-
moved from the dwelling and destroyed during analy-
sis, as opposed to the surface trap technique), so that oc-
cupants are sometimes reluctant to supply the needed
samples. In addition, it has been established that, in very
dusty circumstances, direct penetration of radon prog-
eny from the outside of a sample to the centre is possi-
ble, so that extra caution is needed in these conditions.

FIELD CAMPAIGN: DEPLOYMENT AND
RETRIEVAL OF DETECTORS ON SITE

All of the dwellings in Niska Banja were exam-
ined by a research team of the Electrochemical Etch-
ing Laboratory of the Vinca Insitute of Nuclear Sci-
ences, Belgrade, Serbia, and surface trap monitors
installed at choosen sites within them. The locations
and the glass surfaces for the surface monitors within
the rooms were selected according to appropriate cri-
teria. In addition to this, a detailed questionnaire for
each room of interest was set up, recording a number
of other relevant factors related to the aerosol concen-
tration, ventilation rate, and surface to volume ratio,
past and present. These details were then used in con-
junction with the modified Jacobi room model [28], in
order to better estimate the average radon concentra-
tion of the glass objects regarding the period they have
been exposed to over their lifetime in the room.

In addition, during these investigations, a num-
ber of these rooms had a sample of sponge material
taken from them for a volume trap analysis, the age of
the material also beeing noted in the questionnaire.
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These samples were then sent to, treated and analysed
at the radiochemical laboratory of the Scientific Re-
search Center (SCK CEN), Mol, Belgium.

Surface trap monitors were left in-situ for a pe-
riod of approximately 3 months before being removed
by an experienced person and sent back for analysis to
the experimental laboratory of the School of Physics at
the University College Dublin (UCD), Ireland, in an
electrostatically sealed bag. Surface trap detectors
were etched as soon as they reached UCD. Due to the
extremely low intrinsic background of the transported
material, relatively short period in post and high 2!1°Po
activity, the background corrections of the detectors
exposed were not calculated.

After being etched, the CR-39 and LR-115 de-
tectors were counted and a retrospective estimate of
radon concentration obtained. These results were then
compared to the volume trap measurement results
made by the research team of the SCK CEN.

RESULTS

Surface trap measurements of a total of 39 dwell-
ings were conducted. At the least, one surface monitor
was placed in each of them, with the majority having
two surface trap measurements per dwelling installed.
This resulted in a total of 61 surface trap measurements.

Eighteen dwellings had volume trap measure-
ments made in them, with a significant portion of them
having at least two measurements made per dwelling,
resulting in a total of 27 volume trap measurements.

All in all, there were 20 rooms from 16 different
dwellings (10 bedrooms, 9 living rooms, 1 storageroom)
where at least one surface trap measurement and one vol-
ume trap measurement was made. The results obtained
can be seen in tab. 1. For rooms that had more than one
volume trap detector placed in them, the overall average
of the radon concentrations from the detectors was used.

The 2'Po surface activity measurements have
been normalised to 20 years and a summary of the vol-
ume and surface trap measurements can be seen in tab. 2.

The ratio of the volume trap to surface trap mea-
surements was then calculated and the results presented
in fig. 2. The volume trap estimate differs greatly from
the surface trap estimate for room number 12, as can be
seen in the graph. Both the volume and surface trap re-
sults were revisited for this sample and it was noted that
the volume trap sample was particularly dusty. Since
the dust could have had an affect on the estimated retro-
spective radon gas concentration, this sample result was
ommited from the rest of the analysis.

The same ratios as before, without room 12, are
displayed in a more appropriate scale in fig. 3.

Figure 3 indicates that the majority of the ratios
of the surface to volume measurements are close to
one. The 2!%Po surface activities normalized to 20
years for the 19 rooms were then compared to the vol-

Table 1. Volume and surface trap measurements from
dwellings in NiSka Banja

Dwellings Volum trap Surface trap
210p
Room Locati Ra(tjortlion c((;xri)crfrrll;rl?:ie%n conlc{:ft(r):tion
number, 04O COFBCSIEZ] to 20 years) | [Bqm]
[Bqm~]

1 Bedroom 510 13.32 570
2 Bedroom 850 21.42 998
3 Bedroom 6000 30.77 1347
4 Bedroom 7200 64.03 2459
5 |Living room| 26600 560.48 26107
6 |Livingroom| 13900 128.69 10.624
7 |Living room 8750 13.03 1076
8 |Living room 1700 21.10 983
9 Storage room 1400 45.00 1926
10 Bedroom 2000 24.75 1153
11 |Living room| 2800 138.08 5304
12 |Living room| 41800 117.93 453
13 Bedroom 480 31.33 1204
14 | Livin room 1100 36.31 2715
15 Bedroom 3400 56.04 1846
16 |Living room 360 4.92 189
17 Bedroom 610 18.60 714
18 Bedroom 2000 8.05 309
19 |Living room 510 12.56 482
20 Bedroom 12400 128.00 5943

Table 2. Summary of volume and surface trap
measurements

Technique| Activity | Minimum | Maximum | Average

Volume P??Rn activity|
trap [Bqm 3] 360 41800 6719
210Po activity,
5 560 74
Surface | [Bam?]
traj 222 Vi
P [PRnactivity je9 26107 | 3320
[Bqm?]
100
& 9 ¢
S 80
g 70
S 60
5 50
B 40
S 30
o
5 2
1g ..’Oaa.oAa- — ot t o .
0 5 10 15 20

Room number

Figure 2. Ratio of volume to surface trap estimated
radon concentration

ume trap retrospective radon gas estimates in order to
determine the degree of correlation that existed be-
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tween these two different methods. A reasonably good
correlation (0.77) was found (fig. 4).

Retrospectively estimated surface trap radon gas
concentration was then compared to the volume trap
radon concentration (fig. 5). It was found that the cor-
relation between these two methods was 0.83. This
value is better than the correlation between the 2!°Po
surface activity and the volume trap radon estimate.

Ratio of radon concentration

O = N Wh OO~ OO

0 5 10 15 20
Room number

Figure 3. Ratio of volume to surface trap estimated
radon concentration with room number 12 omitted
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Figure 4. A comparison of the '°Po surface trap
(normalized to 20 years) to volume trap retrospectively
estimated radon concentration
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Figure 5. A comparison of surface to volume trap
estimated retrospective radon concentration

CONCLUSIONS

This study indicates a very high degree of correla-
tion (0.83) between two retrospective radon gas estima-
tion techniques. Comparing the 2!°Po surface activity
measurements to the volume trap retrospective radon es-
timates, however, this correlation decreases.

Both methods confirmed the results obtained in
previous research done in Niska Banja that the dwell-
ings built on travertine plains were found to have
very high radon gas concentration. On average, more
than 3 kBq/m? were found in some dwellings by sur-
face trap technique. By volume trap technique, on av-
erage, more than 6 kBq/m? was found in the dwell-
ings built on the same travertine plains. On alluvium
sediments, the average indoor radon concentration
was below 1 kBq/m?. This is less than half than that of
those on travertine deposits, but still well above the
Serbian national average.
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INOPEBEBE PE3Y/ITATA MEPEIbLA PAJTOHA Y
HUIKOJ BABU PETPOCIIHEKTUBHUM TEXHUKAMA

PeTpocnexkTuBHE KOHIIEHTpalMje paoHa Y 3aTBOPEHUM MpocTOpHjaMa ofipebene cy u ynopebene
nBeMa MepHEM MeTofama. O0e MeTojle 3acCHMBajy ce Ha Mepemwy ayroxuseher moromka pagona 21°Pb,
JICTIOHOBAHOT OWJIO HA CTaKJICHAM MOBpIIMHAMa (TIOBPIIMHCKO Y30pPKOBAHE), WU Y YHYTPAIIHOCTH
cyabepacTor MaTepwdjalia MOPEKIOM W3 HaMellTaja (3alpeMHUHCKO Yy30pKoBame). OBe TEXHHWKE Cy
ynoTpebIbeHe [la peTPOCIIEKTUBHO NPOIIeHe KOHIEHTPAIIM]Y pajioHa Koja je y IPOLUIOCTH Ouila MPUCYTHA Y
TOM TpocTopy. Y pamy ce ynopebyjy pe3ynTaTH 3acHOBAaHM HA TEXHMIM TOBPIIMHCKOT Y30pKOBaHa
pa3BujeHo] Ha YHuUBep3uteTy y [abnuny, Mpcka m TeXHUIM 3allPEeMHHCKOT Y30pKOBama, Pa3BHjEHO] Y
HayuHo-uctpakuBaukoMm LeHTpy y Momny, Benrmja. Tepencku pajg oGaBibeH je y Humikoj bambu,
UJIeHTU(UKOBAHO] 30HH Ca BUCOKUM HIBOOM OCHOBHOT 3paueH-a 3 MPUPOJIe U BUCOKUM cafipxKajeM pajidjyma
y BofH, off crpane ucrpaxkusada ELIE maGopaTtopuje MucturyTa “Bunua”. [loOujeHn pe3ynTaTtu Mepema
PajioHa TIOBPIIMHCKUM H 3alPEMUHCKIM Y30PKOBaH-eM II0Ka3allu cy BUCOKY Kopesanujy, R? = 0.83.

Kmwyune peuu: padoH y 3aitieopenoj Upociiiopuju, peilipocileKiliueHo Meperse, 0BPULUHCKO Y30PKO8arbe,

3LlL_tp€MuHCK'O Y30pKosarbe



