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Simultaneous indoor measurements of radon, thoron and equilibrium equivalent concentra-
tions, by three different continuous radon monitors in real ambient conditions, were
performed and compared during two weeks period. Radon concentrations varied from
153 Bqm3 to 870 Bqm3 with variations of thoron concentrations in the range
(2.17-219) Bqm3. Obtained arithmetic means of equilibrium equivalent radon and thoron
concentrations were (130 £ 50) Bqm3 and (23 + 18) Bqm3, respectively. The inter-compari-
son of active radon devices was focused on consistency of results between themselves and the
influence of environmental conditions on the behavior of each detector system. The obtained
statistically significant correlation between the results of used monitors, validates them for
application in radon diagnostic measurements as the first step in radon remediation and dose

assessment.
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INTRODUCTION

Exposure to radon, thoron and their progenies
gives important amount of dose from ionizing radiation
in indoor environment [ 1]. More detailed exploration is
especially important in dwellings, where previously in-
creased radon concentration has been detected. It is well
known that higher concentrations of radon or thoron
lead to the increase of their progenies in air. Due to dif-
ferent half-lives of radon and thoron, 3.82 days and 55.6
seconds, respectively, their distributions in indoor air
are different. It is considered that the distribution of in-
door radon is homogeneous, but thoron concentration
exponentially decreases from its sources in the room
(walls, floor efc.) [2, 3], even for the high rate of
air-flow inside the room [4]. However, radon and
thoron progenies have similar behavior in indoor air
due to the relatively long half-lives.

According to EU directive, which implements
basic safety standards for protection against the dan-
gers arising from exposure to ionizing radiation [5], all
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member states (including candidate countries) shall
establish the reference level for radon in dwellings and
workplaces not to exceed 300 Bqm™ and the national
action plan for controlling public exposure due to ra-
don indoors. Therefore, short-term indoor radon
screening measurement by continuous monitors, fol-
lowed by long-term measurement, is needed in dwell-
ings where radon gas concentrations are near or above
reference level [6]. For remediation of such residential
areas and workplaces, it is necessary to use some ac-
tive technique for finding radon and thoron paths of
entry. Moreover, the use of passive detectors is associ-
ated with a large uncertainty due to inadequate han-
dling and placement of detectors.

This work is a result of comprehensive study in
one family house, where concentration of radon ex-
ceeded the level of 400 Bqm3, which represents the
action level for average annual radon concentration in
indoor air of existing dwellings, according to currently
valid National Rulebook (Official Gazette RS 86/11
and Official Gazette RS 50/18). Previous measure-
ments were performed several times by passive detec-
tors, such as CR-39 and charcoal canisters [7, 8]. Pres-
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ent survey measurements were taken during two
weeks in November 2018. Such a detailed analysis of
the individual case emerged as a need for a better un-
derstanding of the behavior of radon, thoron and their
progenies, over a longer period of time, under con-
trolled conditions in one room.

Direct measurement and continuous monitoring
ofindoor radon and thoron progeny concentrations are
very important in order to estimate their contribution
to dose and to the precise determination of the equilib-
rium factors. Radon equilibrium factor Fy,, is defined
as the ratio of the equilibrium equivalent radon con-
centration EERC and actual radon concentration Cp,

] EERC
Fr, =
Cra
The same relation stands for thoron, Tn, equilib-
rium factor Fr,,, given by the ratio of the equilibrium

equivalent thoron concentration EE7TC and actual
thoron concentration Cr,

O]

n

EETC
Fry =—— )
CTn
MATERIALS AND METHODS

Simultaneous measurements of radon, thoron,
EERC and EETC, in real indoor environment, were
conducted continuously during November 2018, in a
closed room with poor ventilation (<0.5 h™!). The
room was selected based on previous radon measure-
ments and the detected, elevated radon level. The
room, of approximately 75 m® volume, is a part of an
old house built in the 1930s, constructed by adobe and
bricks, with wooden floor and windows and without
any concrete slab below the wooden floor. It was inter-
esting to investigate EERC and the presence of thoron
and EETC in indoor air. The measurement of thoron
concentration is not as unambiguous as the measure-
ment of the radon concentration and is highly depend-
ent on the position of the instrument on which it is lo-
cated in the room during the measurement [10]. Also,
indoor thoron concentration is highly influenced by
building material, used for the construction and cover-
ing, on the contrary to radon, where building material
is aless dominant factor [ 11]. Therefore, simultaneous
measurements of thoron gas, by RAD7 and
RTM1688-2 active monitors, have been carried out at
several positions in the room. For this study, three dif-
ferent radon/thoron monitors were used: AlphaGuard
PQ2000 PRO, RPM2200 with RTM1688-2 (Sarad
GmbH) and RAD7 (DURRIDGE Company). All ac-
tive detectors have integrated sensors dedicated for
temperature, relative humidity and atmospheric pres-
sure measurements. AlphaGuard principle of detec-
tion is based on a pulse ionization chamber with an ac-
tive volume of 0.56 dm’. The unit AlphaPM was
connected as front-end to AlphaGuard for simulta-

neous monitoring of radon and its decay products.
RTM1688-2 monitor is an alpha spectrometer with
semiconductor detector insensitive to ambient humid-
ity. EERC and EETC were determined with RPM2200
by detection of the alpha activity collected on a mem-
brane filter (1 wm pore size), with constant air-flow.
Differentiate mode is used for hourly determination of
EETC, because of the long half-lives of thoron proge-
nies until the 2'?Po, the point in the decay chain at
which such alpha-spectrometry measurements are
possible. RAD7 is a commonly used, semi-conductor
alpha-spectrometer, suitable to distinguish radon and
thoron. Precise measurement is provided by constant
fresh air supply into an active chamber, after removing
the moisture by a drying unit connected to the device
inlet.

AlphaGuard and RAD7 instruments were cali-
brated at the accredited trial metrological Lab.
SUJCHBO Kamenna, Czech Republic, in 2015 and
SARAD instruments were calibrated by the manufac-
turer in 2018. All instruments participated with satis-
factory results in the 2018 NRPI Inter-comparisons of
Radon gas Continuous Monitors and 2015 NRPI
Intercomparisons of Radon gas Measurement Instru-
ments at SURO v.v.i. Institute, Prague, Czech Repub-
lic within the IAEA Technical Cooperation Projects
RER/9/153 and RER 9127.

RESULTS AND DISCUSSIONS

Descriptive statistics of continuous measure-
ments of: radon concentrations Cy,,, thoron concentra-
tions Cr,, equilibrium equivalent concentrations for
radon EERC and thoron EETC, respectively and equi-
librium factors for radon Fy, and thoron F,, respec-
tively, are given in tab. 1. All data were collected on an
hourly basis and for statistical evaluations the first
three records have not been taken into account.

Exceeded theoretical value of 1 for thoron equi-
librium factor (tab. 1) is probably due to the fact that in
certain measurements, thoron concentration was mea-
sured in the central position of the room, at a height of
1 m from the floor, which will lead to a small thoron
concentration, due to its short half-life and therefore,
to a large measurement uncertainty. Consequently, this
will introduce a large uncertainty in the assessment of
the equilibrium factor as well, and directly affect the
arithmetic mean of thoron equilibrium factor, which
exceeds even the radon equilibrium factor in this
study. In order to avoid that and obtain more realistic
thoron concentrations, measurement should be carried
out in close proximity to the possible source of indoor
thoron (walls, floor or cracks).

Comparison of indoor radon concentrations
continuously monitored by AlphaGuard, RTM1688-2
and RAD?7 are shown in fig. 1. Elevated arithmetic
mean of radon concentration, obtained by RAD7 in-
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Table 1. Descriptive statistics (minimum and maximum value and arithmetic mean (AM) with standard deviation) of Cg,,

Crw, EERC, EETC, Fg,, and Fr, for the used active monitors

Monitor Cra [Bqm™] | Cr,[Bqm™] | EERC[Bqm™] | EETC [Bqm*] Frn Fry
Min 167 _ 26 ~ 0.07 N
?ggagﬁﬁriﬁa Q20001 Max 766 - 266 - 0.41 -
AM | 473+136 - 130 + 50 - 0.28 +0.05 -
, Min 153 18 2 33 0.07 0.046
RT“ﬁI}ffzgz'go‘”“h Max 844 219 323 94.2 0.60 1.04
AM | 4304153 64 +35 125 + 64 23+ 18 024+0.09 | 0.32+0.26
Min 171 217 _ _ _ _
RAD7 Max 870 178 — - — —
AM | 5494163 39 + 40 - - - -

strument, could be explained by the fact that RAD7
was operational only for the first 170 hours from the
beginning of a measurement, when the indoor radon
concentrations were higher, fig. 1. Ambient conditions
such as: pressure, relative humidity and temperature in
the investigated room, are shown in fig. 2. From the
graphics, it can be concluded that during the test pe-
riod there were no major deviations in temperature and
relative humidity of indoor air, significant deviations
were registered only for air pressure. Air pressure
ranged from 100.017 kPa to 102.159 kPa, fig. 2. Re-
cent publications show close relationship between ra-

don concentrations and indoor vapor pressure varia-
tions [12].

APearson's correlation was run to estimate the re-
lationships between indoor radon concentration and
three independent variables (i. e., temperature, pres-
sure, and humidity). Preliminary analyses show that the
relationship is linear with all variables normally distrib-
uted, as assessed by Shapiro-Wilk's test (p > 0.05), and
there were no outliers. Moderate positive, but statisti-
cally significant correlations are found between: radon
concentration and temperature, » = 0.532, p < 0.0005;
radon concentration and pressure, 7=0.304, p <0.0005,
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Figure 2. Time variation of pressure, relative humidity, and air temperature during the measurement
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and radon concentration and humidity, » = 0.497,p<
<0.0005. To predict the value of indoor radon from
temperature, pressure and humidity, a multiple regres-
sion was run. There was linearity, as assessed by partial
regression plots and a plot of standardized residuals,
against predicted values. There was no evidence of
multi-collinearity, as assessed by tolerance values
greater than 0.1. The assumption of normality was met,
as assessed by a O-O Plot. The multiple regression
model statistically significantly predicted radon con-

centration, F(3.329)=46.275, p <0.0005, explained 30

% of the variability of radon concentration. All three

variables added statistically significantly to the predic-

tion, p < 0.05. Regression coefficients and standard er-

rors can be found in tab. 2.

Since there were no repeated measurements in
the comparison, the results can be compared graphi-
cally using a modified Youden's plot, figs. 3-5, that
easily identifies the systematic and random errors of
particular instruments [13]. The inner square of the
plot represents 20 and the outer square represents
130. All the measured values fall within the outer rect-
angle and are thus considered acceptable. Points that
lie near the 45° reference line, but outside 2 square, in-
dicate a systematic error, probably caused by different
sensitivity of instruments on the change of environ-
mental conditions. As it can be noticed, there are no
random errors (points that lie far from the 45 °© refer-
ence line).

The RAD7 and RTM1688-2 devices have the
ability to measure indoor thoron concentration, Cr,, as
well as radon concentration, fig. 6. Discrepancy of
thoron concentrations, in these measurements, is a
consequence of seven different experimental set-ups
of active monitors, at five positions in the examined
room, during the measurement:

— from 0 h to 48 h: only RAD7 was operational one
meter above the floor and 30 cm close to the wall 1
— position 1.

— from 50 h to 97 h: two devices operated simulta-
neously (RAD7 at the same position — 1 and
RTM1688-2 at the central position in the room,
one meter above the floor — position 2),

— from98 hto 121 h: only RTM1688-2 was opera-
tional but on the floor with minimal possible dis-
tance from the wall 1 (about 15 cm), 1 m from the
corner of the room — position 3,

— from122hto 170 h: RAD7 and RTM1688-2 oper-
ated side-by-side on the floor with minimal possi-
ble distance from the wall 1 depending on instru-
ment inlet set-up (5 cm for RAD7 and 15 cm for
RTM1688-2), 1 m from the corner of the room —
position 3,

— from171 hto218 h: RAD7 and RTM1688-2 oper-
ated side-by-side on the floor close to the wall 2,
1.5 m from the corner of the room — position 4,

—  from219 hto 260 h: only RTM1688-2 was opera-
tional at the central position in the room, 1 m
above the floor — position 2, and

Table 2. Summary of multiple regression analysis,

p <0.05
. . Standardized
Model Unstandardized coefficients cocfficients
B Std.Error Beta
1
(Constant) -3208.288 1355.893
Temperature 28.216 7.363 0.347
Pressure 2.201 1.279 0.089
Humidity 16.033 8.150 0.171
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the obtained results

— from275hto340h: RAD7 and RTM1688-2 oper-
ated side-by-side at about 1.2 m above the floor,
close to the wall 2, 1.5 m from the corner of the
room — position 5 (fig. 6).

Due to the fast increase in Tn concentrations
when the instruments were positioned on the floor (es-
pecially close to the wall 2), we concluded that the
dominant source of thoron in the room is soil beneath
the wooden floor. Large discrepancies between RAD7
and RTM 1688-2 results could be explained by differ-
ent distances from the floor of fixed inlets as thoron
sampling points (for RAD7, inlet is about 5 cm above
the floor and for RTM 1688-2 instrument, inlet tube is
about 30 cm above the floor). According to some au-
thors [14, 15] if the detector system is placed closer
than 10 c¢cm to the wall, measured Tn concentration
mainly represents exhalation from the wall. Measured
thoron concentrations are in good agreement with the
results of the first indoor thoron survey in our region,
which was carried out using UFO and RADUET de-
tectors in houses of Kosovo and Metohija, Serbia, in
three series between 2003 and 2011, with wall dis-
tance from 10-30 cm [16].

Comparative measurements of EERC were done
by AlphaGuard and RPM2200, and the results are
shown in fig. 7. Linear coefficient of correlation be-
tween EERC, measured by AlphaGuard, and
RPM2200 has the value of 0.9898, fig. 7, which shows
a good agreement of the results obtained by two de-
vices. Along with measuring of EERC, the device
RPM2200 measured EETC, and the obtained measure-
ment values are shown in fig. 8. Examining the graphics
it can be concluded that EETC has the same trend as the

EERC. However, from the graph 8, it can be noticed that
there are some periodical variations of EETC results on
every 5-6 hours. We assume that the cause of these vari-
ations is hourly-used differentiate mode for determina-
tion of EETC. This can be corrected by selecting a time
interval of approximately 5 hours. This period is neces-
sary to reach the saturation of >'?Po, thoron progeny that
is alpha emitter, used for EETC determination. The ob-
tained ratio of EETC to EERC with an arithmetic mean
of 0.215 is in good line with a worldwide range of
0.01-0.5 [1].

Figures 9 and 10 show the comparisons of radon
gas concentrations and FEERC, monitored by
AlphaGuard and by SARAD instruments (RTM1688-2
and RPM2200), respectively. It can be noticed that both
concentrations exhibit the same trend of increase and
decrease over time, for both instrument set-ups.

Good correlations between radon concentra-
tions and EERC are a consequence of the stable indoor
radon equilibrium. The obtained similar average val-
ues, for FRn of (0.28 £ 0.05) for AlphaGuard and
(0.24 £ 0.09) for SARAD instruments, are in good
agreement with UNSCEAR value of 0.4 [1]. Since the
examined house is located in a non-urban district, even
better agreement is achieved with typical published
values for houses in Europe (0.40 for towns and 0.32
for villages) [10].

A multiple Pearson's correlation was run to esti-
mate the relationships between indoor radon Cy,, in-
door thoron Cy, and their progenies, EERC and EETC,
for AlphaGuard and SARAD's instruments, tab. 3. All
correlations are statistically significant, but, there is a
weak correlation between indoor thoron and EETC.
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Figure 10. (a) Time variation of radon gas concentration and EERC monitored by SARAD instruments
(RTM1688-2 and RPM2200) and (b) linear correlation of the obtained results

This confirms previously introduced assertion that
thoron determination is strongly affected by the posi-
tion of the monitor in the room, which is not the case
for measurement of homogeneously distributed
thoron progenies. Otherwise, correlation coefficients,
for the data obtained in cases when monitors were op-
erated side by side (EERC and radon concentration for
AlphaGuard and EERC and radon concentration for
SARAD instruments — see tab. 3), are close to 1.

CONCLUSIONS

Indoor radon, thoron, EERC, and EETC varia-
tion in a single room, in the same period (November

2018), was investigated for two weeks. Long term
measurement, with passive detectors, is appropriate
for general assessment, but, more detailed research
must be performed in the case of elevated radon levels.
The present study proved that with active ra-
don/thoron detectors, it is possible to monitor daily
and weekly variations of radon and thoron concentra-
tions and to search radon and thoron equilibrium,
based on the behavior of their progenies.

On the contrary to passive detectors, application
of active monitors allows measurement of thoron con-
centrations in more than one position in the room and
therefore, enables finding of thoron potential sources.
Once the sources of thoron in the room are identified,
special attention should be paid to the distance of in-
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Table 3. Pearson correlations for studied variables — AlphaGuard instrument and SARAD instruments (RTM1688-2 and

RPM2200)
Cra Crn EERC
(AlphaGuard) | (RTM1688-2) | (AlphaGuard) |EERC (RPM2200) EETC (RPM2200)| Cra (RTM1688-2)

Crn (AlphaGuard) 1

Can (RTM16882) | 0.960** I

EERC
Aoy | 0.896% 0.874%* |

EERC (RPM2200)|  0.864** 0.850%* 0.874%* 1

EETC (RPM2200)|  0.406** 0.411% 0.355%* 0.402%* 1

Con (RTM16882)|  0.386** 0.421%* 0.264%* 0.435%* 0.124* 1

**correlation is significant at the 0.01 level (2-tailed), * correlation is significant at the 0.05 level (2-tailed)

strument inlet from the walls or the floor, which should
be set to approximately 10 cm.

Good agreement of correlations given in tab. 3,
for two different active monitors, is another confirma-
tion of their reliability, and suitability for investigation
of radon and thoron equilibrium in indoor air.

Despite the numerous problems and limitations
that are associated with thoron and their progeny be-
havior, this study shows that active measurements of
thoron are important, but still difficult for comprehen-
sion, and need further investigations. It would be con-
venient for national legislators to consider the continu-
ous measurements as obligatory before and after
remediation, which should be proposed in the future
national action plan.
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PoGepr 3. TAKATOI, Copuja M. ®OPKAIINA, Bama PATOJWR, Urop T. YEJINKOBUH,
Cenena [1. CAMAPIINR, yman C. MPBA, Kpuncruaa 1. BUKUT-IIPEJTEP

CUMYIJ/ITAHA UCIIUTUBAIBA PAITOHA, TOPOHA U PABHOTEXHUNX
EKBUBAJIEHTHUX KOHHOEHTPAILIMJA IbUXOBUX ITOTOMAKA Y
INOPOINYHOJ KYRU - CTYIUJA JEJHOI CIIYYAJA

CuMynTaHa UCIUTUBaWba pajoHa, TOPOHA U PAaBHOTEXKHUX €KBMBAJIEHTHUX KOHIEHTpaluja
IbUXOBUX MOTOMakKa KopulrhemeM TpH pas3juyuTa aKTHUBHA PajJOHCKa MOHHMTOpA CHPOBEJEHA Cy U
ynopebeHa y pearHIM aMOUjeHTATHIM YCIOBUMA, Y BDEMEHCKOM IEPHOJy Off iBe Heplelbe. KoHnenTpanuje
pajona cy Bapupane of 153 Bqm= go 870 Bgm™, ca BapujanujoM KOHIEHTpaluja TOPOHA Y OICETY
(2.17-219) Bqm™. JloGujene cy apuTMETUYKE CPEMHE PABHOTEXKHMX €KBUBAJECHTHUX KOHICHTpAIHja
pagona u Topona oy (130 + 50) Bqm™ u (23 + 18) Bqm™, pecnekrusno. iHTepKOMIIapanyja ak THBHAX
ypebaja 3a Mepeme pajjoHa U TOpOHA je 6uia (hoKycupaHa Ha KOH3UCTEHTHOCT MehycoOHO nobujeHux
pe3yaTaT, Kao M Ha YTHIAj CHOJbAIIHIX YCI0BA Ha MOHAIIAke CBAKOT IETEKTOPCKOr cucreMa. [JJobujena
CTaTUCTUIKM 3HadajHa Kopenanuja Meby pesyaraTtmma KopuirheHWX aKTUBHUX MOHUTOpA MOTBpbhyje
IUXOBY NIPUMEHY 32 IETEKIM]y pajJoHa Y TOKY peMeaujaurje objekara ca MOBUIIEHOM KOHIEHTPALjoM
pajioHa ¥ y IpopavyHy NpUMIbEHE JJO3€.

Kwyune peuu: padon, topoH, pasHOMEHHA eKBUBANCHIIHA KOHUEHIPAUU]a pAOOHA, PABHOTUENCHA
eK6UBANEHIUHA KOHYEHIUPAaUuUja itilopOHa




