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Abstract: Building materials, such as brick and concrete, are known indoor radon (*32Rn) and thoron
(?*Rn) sources. Most radon and thoron exhalation studies are based on the laboratory testing of
pieces and blocks of such materials. To discuss if laboratory findings can be applied to a real-world
environment, we conducted intensive in situ exhalation tests on two solid concrete interior walls
of an apartment in Japan for over a year. Exhalation rates of radon (Jr,) and thoron (/1) were
measured using an accumulation chamber and dedicated monitors, alongside monitoring indoor
air temperature (T) and absolute humidity (AHj,). There were weak correlations between Jry, or J1
and T or AHj, at one tested wall, and moderate correlations of g, and strong correlations of [,
with T or AHj, at the other wall, meaning more or less seasonal variations. The findings aligned
with previous laboratory experiments on Jr, but lacked corresponding data for Jt,. Additionally, a
moderate or strong correlation between [g, and J1, was observed for both tested walls. Comparison
with theoretical calculations revealed a new issue regarding the impact of each process of emanation
and migration within concrete pores on radon and thoron exhalation. Overall, this study provides
insight into parameterizing radon and thoron source inputs in modeling the spatiotemporal dynamics
of indoor radon and thoron.

Keywords: radon; thoron; exhalation rate; solid concrete interior wall; in situ measurement; environ-
mental factors

1. Introduction

Radon (*??Rn, half-life 3.82 d) is a naturally occurring radioactive gas that can exist
anywhere in the environment and is widely recognized as a risk factor for lung cancer.
In recent years, much attention has been paid to thoron (**Rn, half-life 55.6 s), and its
measurement techniques, dosimetry approaches, and data accumulation regarding its
characteristics have been progressively established [1].

Of the various radon and thoron exposure locations, the most important is the indoor
environment from the perspectives of public health and radiation protection. To assess
the spatiotemporal dynamics of radon and thoron in dwellings, continuous-measurement-
based studies have been conducted in many countries (e.g., [2-4]). From generation to
exposure, radon and thoron undergo several processes, including (1) emanation within and
exhalation from soil, building materials, and water, (2) migration (diffusion and advection
through soil and building materials and air exchange (ventilation) between indoor and
outdoor environments), and (3) inhalation after disintegrating to decay products. These
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processes have been mathematically described with parameters related to meteorological
conditions, subslab soil, building materials, etc. For better assessment and prediction, it
is important to investigate each process and numerically reproduce the measured results
(e.g., [2-5]).

The soil beneath a building is widely considered the most dominant radon source [6-9].
Conversely, this cannot apply to thoron with a short half-life in any situation or in the
case of high elevations of a high-rise building for both radon and thoron. In these cases,
building materials used for walls, floors, etc. should be considered as an alternative source.
Thus, there are a considerable number of papers discussing radon and thoron exhalation
rates in terms of measurement techniques, material types, and meteorological effects. As a
result, for example, protocols for measuring radon and thoron exhalation rates have been
developed [10,11], and, recently, a database of radon exhalation rates for approximately
2000 samples of building materials used in Europe was created [12].

Most studies are based on laboratory testing with pieces and blocks of building
material samples [12-16], probably due to the easy sample handling and controllability
of meteorological conditions. Although in situ testing can be useful in observing the
exhalation of radon and thoron from walls and floors installed in real-world buildings, any
single dataset is merely a snapshot of given samples, times, and environmental conditions.
An investigation bridging laboratory and in situ works is desired to discuss if the findings
obtained in laboratories can be applied to a real-world environment. In this regard, through
numerical computation, Sahoo et al. [17] found that laboratory testing with small samples
may overestimate radon exhalation rates compared with in situ testing and then proposed
a semi-empirical formula for correction.

To address such research requirements, this study conducted intensive in situ testing
of radon and thoron exhalation rates for over a year to collect snapshot data from the same
interior walls. The effects of air temperature and humidity and the relationships between
radon and thoron exhalation rates were investigated through comparison with a previous
laboratory-based study and theoretical calculations. This study will not only contribute to
building a bridge between laboratory and in situ test data but also help in considering the
input of radon and thoron sources required in modeling the dynamics of indoor radon and
thoron concentrations.

2. Materials and Methods
2.1. Testing Location and In Situ Measurement

The exhalation test was conducted from April 2021 to January 2023 in two rooms of
a ground-floor apartment of a 5-story housing complex built in 1980 in Okayama, Japan.
A solid concrete interior wall in each room was tested, which was installed as the border
between the apartment being tested and the next one. One wall will be called “R1W2”, and
the other “R2W1.” No inhabitants were living in this apartment during this study.

The radon and thoron exhalation rates from the wall were measured using a so-
called accumulation method. The solid concrete wall was covered with an accumulation
chamber (hard surface emission chamber; DURRIDGE, USA). This chamber was made of
acrylonitrile-butadiene-styrene plastic and had an internal cavity with a radius of 10.8 cm
(ra), a depth of 1.27 cm (d,), and a partition of size 20 x 1.27 x 1.27 cm? (Vp); therefore,
the internal cavity volume was V, = 433 cm3. Different effective measurement areas (i.e.,
Sgrn = 7ra2 = 366 cm? for radon and Sty = Va/da = 341 cm? for thoron) were applied for
calculating radon and thoron exhalation rates, as noted in a previous paper [18]. The
gap between the chamber and the wall was filled with clay to suppress the leakage of air
containing radon.

Radon and thoron exhaled from the wall were accumulated in the chamber and
simultaneously measured using either of the two monitors: a pulsed ionization chamber
(AlphaGUARD PQ2000 PRO, SAPHYMO, Frankfurt, Germany) for radon monitoring,
and a passivated ion-implanted planar silicon detector with an electrostatic collection of
charged alpha emitters (RAD7, DURRIDGE, Billerica, MA, USA) for radon and thoron
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monitoring (Figure 1a,b). As shown in Figure 1a, a thoron decay chamber was set in the
measurement system to prevent thoron from flowing to the monitor (AlphaGUARD) that
cannot discriminate radon and thoron. This chamber was simply an airtight acrylic box, and
its size was designed so that thoron can remain in it for more than 10 min, corresponding
to 10 half-lives, and its activity concentration can be reduced to <1/1000.

(a) Testing only Jrn (b) Testing both Jrn and J1n

Radon activity concentration (Bq m~)

Wall Wall
r Accumulation chamber 4 M Accumulation chamber 4
0.2 L min™! 0.6 L min™?
Pump ]
Th d Filter Rad it Filter| Radon & Thoron monitor
L_,| Thoron decay i adon monitor L Desiccant RAD7 _—
chamber (AlphaGUARD) ( )
Internal pump

Figure 1. Schematic representation of radon and thoron exhalation measurement systems. (a) System
for testing only the radon exhalation rate using AlphaGUARD. (b) System for testing both radon and
thoron exhalation rates using RAD?.

Figure 2 shows typical time plots of radon and thoron activity concentrations, indicat-
ing that the time required for equilibrium was more than 10 h for radon and far less than 1
h for thoron. Thus, each test was conducted for 24-48 h to ensure appropriate curve fitting
for radon. Data processing from radon and thoron activity concentrations to exhalation
rates will be explained later.

(a) Radon (b) Thoron
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Figure 2. Changes in measured radon or thoron activity concentration during the exhalation test.
(a) Radon measured using AlphaGUARD. (b) Thoron measured using RAD?. Error bars for plots
show the uncertainty (10) due to counting.

During the exhalation measurement, in addition to the indoor radon activity concentra-
tion measured using AlphaGUARD, Cpg (Bq m’?’), the indoor air temperature, T (°C), and
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the relative humidity, RHj, (%) were monitored using a thermohygrometer (TR-73U, T&D,
Matsumoto, Japan). Indoor air absolute humidity, AHj, (g m~3), was then calculated as

( 7.5T )
. 217x6.1078x10°T+2373’ . RHiy i idi
AHiy = T4373.15 X Fogr. The indoor temperature and humidity were strongly

correlated with the outdoor temperature and humidity because no electrical appliances,
including air conditioners and heaters, were used during the test. Meanwhile, relative
humidity within the measurement system, RHsys (%), was also measured with RAD7’s
built-in hygrometer, and then absolute humidity, AHsys (g m~3), was calculated when
RAD? was used for measurements because the essential use of the desiccant resulted in
low relative humidity (<5% in general). Additionally, the temperature and water content
at the wall surface were occasionally measured using a wall-surface temperature probe
(0628-7507, TESTO, Titisee-Neustadt, Germany) and a stray field probe (0636-6160, TESTO,
Titisee-Neustadt, Germany), respectively. However, these results are not shown in detail
here, because there was no significant difference between air and wall-surface temperatures,
and the wall-surface water content was stable diurnally and seasonally (i.e., 2.9 £ 0.3% for
both R1W2 and R2W1).

2.2. Data Analysis

The radon and thoron exhalation rates were calculated using the analysis methods that
the authors recently developed and validated [18]. The details below explain the outline
of them.

The radon exhalation rate was obtained by fitting a mathematical model to the time
plot (Figure 2a). The change in radon activity concentrations, Cr, (Bq m~3), can be given
by the following three-compartment model with the varying Cpg:

dCRn a ]RnSRn % v
a _ i — (A — 1
T A + A Crnm + aCpg Rn T+ A +a ) Crna, 1)
dCRn’i 0 (4
T ViCRn/a + aCpgg — (/\Rn + VI + 0‘) CRII,II 2)
dCRn,m _ v
dr = Vi CRn,l + (XCBG (ARn + Vi + D‘> CRn,mr (3)

where Jrn (Bq m~2 s~ 1) denotes the radon exhalation rate from the wall, Sg,, (m?) is the
exhalation measurement area for radon, V (m~2) is the volume of each compartment,
v (m3 s~ 1) is the flow rate, a (s 1) is the leakage rate from the measurement system, Cpg
(Bq m~3) is the indoor radon activity concentrations outside of the system, Ary (s 1) is
the decay constant of radon, and the subscripts “a”, “i”, and “m” are the accumulation
chamber, the intermediate between the accumulation chamber and the radon monitor,
and the radon monitor, respectively. Equation (3) was then fitted to a set of measured
radon activity concentrations. In dealing with Cpg, the actually observed variation was
incorporated into the fitting computation. Mean and standard deviations (uncertainty
with coverage factor k = 1) of Jr, were calculated based on the Monte Carlo method [19],
considering measurement uncertainties, such as radon activity concentrations.

The thoron exhalation rate, /1, (Bq m~2 s71), was calculated using the following

equation:
N-1 _y (V-Va)
v B(5) et

g 21]1\;1(%)1171

where St,, (m?) denotes the exhalation measurement area for thoron, N (<) is the number
of segments for the accumulation chamber, Ct, (Bq m~3) is the measured thoron activity
concentration, f = Aty + NT:’, ¥ = I;’,—:, and Aty (s71) is the decay constant of thoron. N = 433

] Tn = Crn, (4)

was used here, so that each segment volume corresponded to 1 cm3. Each measured thoron
activity concentration (Figure 2b) was substituted in Equation (4) to obtain J1,. Mean and
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standard deviations of 1, were then calculated from a bunch of J,, obtained through one
single exhalation test.

3. Results

Figures 3 and 4 show Jr,, as a function of T and AHjy,, respectively. T is a predominant
factor in defining AHj;, so that the similar correlation trends were reasonably observed
for both parameters. The data indicated weak positive correlations (0.1 < R < 0.4) for the
wall RIW2 and moderate positive correlations (0.4 < R < 0.7) for R2ZW1. The values of Jr
were similar between R1W2 and R2W1 at lower T (around T =5 °C) or low AH;, (around
AHj, =5 g m~3), but the slope of the regression line was around four times higher at R2ZW1
than that at RIW2.

(a) RTW2 (b) R2W 1

0006 v | v | v | 0006 v | v | v |
| J=13x10°T+0.0025 | | J=4.5x10"°T+0.0022
o R=0.31 R=0.69
N 0.004
€
3
~ 0.002
= A O AlphaGUARD i O AlphaGUARD
® RAD7 ® RAD7
1 ] 1 ] 1 ] 1 ] 1 ] 1 ]
0 10 20 30 0 10 20 30
T(°C) T (°C)

Figure 3. Radon exhalation rate as a function of temperature. The monitor used is AlphaGARD
or RAD?, and the walls tested are (a) RIW2 and (b) R2ZW1. The regression line is depicted for the
combined data from both detectors.

(@) R1W2 (b) R2W 1
0-006 ) | ) | ) 0.006 ) I T I T
| JU=1.5x 10" AH + 0.0026 | | J=6.6x10° AH + 0.0025 |
‘T’\ R=0.25 R=0.67
© 0.004 0.004
=
g
= 0.002 0.002
\SK R O AlphaGUARD R O AlphaGUARD
® RAD7 ® RAD7
L I L I L L I L I L
0 10 20 30 0 10 20 30
AH,, (gm™) AH, (gm™)

Figure 4. Radon exhalation rate as a function of absolute humidity. The monitors used and walls

tested are the same as in Figure 3.

Figures 5 and 6 show J1y, as a function of T and AHjj,, respectively, representing weak
positive correlations for RIW2 and strong positive correlations (0.7 < R) for R2ZW1. Similarly
to the case of Jrn, JTn at R2ZW1 had greater slopes of the regression lines by a factor of
around three compared to that at RIW2.
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(@) R1W2 (b) R2W 1
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Figure 5. Thoron exhalation rate as a function of temperature. The monitor used is RAD7, and the
walls tested are (a) RIW2 and (b) R2ZW1.
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Figure 6. Thoron exhalation rate as a function of absolute humidity. The monitor used and walls
tested are the same as in Figure 5.

Figure 7 shows a moderate correlation between Jr, and J1, for RIW2 and a strong
correlation for R2W1, reflecting the similar dependence of Jr, and Jt, on T and AHj,, as
indicated in Figures 3-6.

The averages and standard deviations of all data are summarized in Table 1. The
difference in average Jrn, JTn, Or & between the monitors or walls was relatively small (ca.
20% at most), considering the variability. All combined data (n = 66, except for n = 47 for
Jtn) show that the tested walls had, on average, 2.9 x 1073 Bq m~2 s~ ! for Jrn, 0.089 Bq
m~2 57! for J,, and 8.2 x 1075 s7! for &. These are higher by a factor of six and two than
typical values for Jrn (5 X 1074 Bq m~2s 1) and Jr, (0.05 Bq m2s71) reported in an earlier
review paper [20]; however, they fall within their typical ranges of 10~4-3 x 1073 and 1073~
0.2 Bqgm~2s~!, respectively. The value of « was approximately one order of magnitude
greater than a typical value of around 10~ s~! observed in common laboratory tests of
rad on emanation and exhalation, where AlphaGUARD or RAD7 was simply connected to
an airtight chamber containing a radon-emitting sample (e.g., [21]). This means that the
present in situ measurement system was more prone to air leakage, probably because the
gap between the accumulation chamber and wall remained unfilled despite the addition of
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clay to reduce leakage. When the equivalent measurement system is deployed to another
testing location, different levels of air leakage, depending on wall-surface conditions, can
be observed.

(a) RAD7 | R1W2 (b) RAD7 | R2W 1
0.2 ) I 1 I 0.2 ) I 1 I
- Jo, = 8.1 Jg, +0.080 . Jrp = 15.6 J;, + 0.034 .
{\0_15_R=0.41 ] 0_15_R=0.77 -
()]
0.1
0.05
L | L | L | L |
0 0.002 0.004 0 0.002 0.004
Jra Bgm?s™) Jrn Bgm?s™)

Figure 7. Relationship between radon and thoron exhalation rates. The monitor used and walls tested
are the same as in Figure 5.

Table 1. Averages and standard deviations of measured radon and thoron exhalation rates and
leakage rates.

Wall Monitor n T RH;, AH;, RHys AHgys Jrn ) JTn ) %
(Testin o _ _ (Bgm-~— (Bqm~ _
Peads Je) (%) (gm3) (%) (gm3) i i )]

RIW2
(August 167495  669+52  11.0+64 29+£03) 92+ 1.1)

plo  AlphaGUARD 13 (47-297)  (569-746)  (43-21.4) - - %1073 - % 1075
2022)
RADY - 183+72 677450  116+53 19409 05+04 (7+04) 010+ (79 £18)
(53-299)  (60.6-772)  (45-222)  (0.1-3.9)  (0.1-1.7) % 103 0.01 x 1075
AlphaGUARD 177480  674+50  114+57 ~ ~ (2.8 £0.4) B 84+17)
+RAD72 (47-299)  (569-772)  (43-22.2) % 10-3 v 10-5
R2W1
(April
160+66  670+41  98+41 (3.1+0.4) 8.7 +18)

2021— _ _ _

Jartaary AlphaGUARD 6 (67-239)  (62.0-740)  (4.9-16.1) %1073 x 1075

2023)

RADY 24 17.6 +£9.5 64.9 + 6.4 112+63 23+16 04+04 (29406) 0.080 + (79 £23)
(43299)  (522-80.8)  (4.0-209)  (09-79)  (0.0-13) %1073 0.012 x 10°5
AlphaGUARD . 173489  653+60  109+59 _ ~ (3.0 £ 0.6) B 8.0 +22)
+RAD72 (43299)  (52.2-80.8)  (4.0-20.9) % 10-3 v 105
RIW2 +
R2W12 ( ) ( )

(April 165+85  669+48  10.6+57 3.0+03 9.0+13

2021~  AlphaGUARD 19 (47-297)  (569-74.6)  (4.3-21.4) - - % 10-3 - % 1072
January

2023)

RAD? i 180+84  663+59  114+58 21+13 04404 (28405 0089+  (79+21)
(43299)  (522-80.8)  (40-222)  (0.1-79)  (0.0-17) %1073 0.015 x 1075
AlphaGUARD 175+84  665+55  114+58 ~ ~ (2.9 £0.5) B 82+1.9)
+RAD72 (43299)  (522-80.8)  (4.0-22.2)  10-3 % 10-5
2 The data measured at RIW2 and R2W1 or with AlphaGUARD and RAD?7 were simply combined for calculating

each parameter.

4. Discussion

This study obtained in situ data on Jr, and [, from the two solid walls for over
a year. The data on Jr, determined based on the different measurement systems using
AlphaGUARD and RAD7 were combined to more clearly see its dependence on temperature
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and humidity. Although the data analysis methods for both systems were validated in a
previous paper [18], we should be careful about the fact that the desiccant used for RAD7
dramatically dehumidified the internal air of the measurement system generally down to
5% or less in relative humidity (see RHgys in Table 1). It should be considered whether such
low humidity induced unusual Jr, values that were not comparable to those measured
using AlphaGUARD. It is apparent from Figures 3 and 4 that there was no significant
discrepancy of Jr, between both radon monitors, which validates the combination of those
data. Furthermore, this suggests that AHj, can be treated there as an alternative parameter
instead of AHsys, which is supported by the fact that a strong positive association was
actually observed between AHj, and AHsys (R = 0.93).

Note that this argument is also supported by a reasonable assumption that tentatively
low AHgys only during the RAD7-based exhalation tests caused very little change in water
content in the sample of interest, W (%), at the shallow region of the wall, where some
physical behaviors (e.g., radon emanation and diffusion) contributing to the release of
radon to the atmosphere still effectively occur. This is because water diffuses from the
surrounding or deeper region to the shallow region, and the evaporation through the open
surface connected to capillary pores would take time [22-24].

According to previous studies based on laboratory tests with pieces of building mate-
rial samples, such as brick, granite, and concrete, environmental factors can influence radon
and thoron exhalation rates (e.g., [13,14]). Generally, Jr, and J1, increase with increasing
AH or W and then remain on a plateau or decrease beyond a certain level of AHj, (AHsys) or
W. The water effect can be explained by the combination of radon emanation and migration
processes; an increase in W can enhance radon emanation, which is defined as an escape of
radon atoms from the solid into pore spaces, and it can also impede radon diffusion and
its resulting exhalation from pore spaces open to the atmosphere. Conversely, Jr, simply
increases with increasing T, and there is no known trend for the change in 1, with T. The
temperature effect has been explained by radon adsorption during the migration in media;
an increase in T can reduce the adsorption ability of radon atoms onto the solid surface,
causing them to remain in the media.

Our in situ data from the solid concrete walls (Figures 3 and 4) are compared with
earlier laboratory testing data from 1 L cubic concrete samples [16]. Here, we focus on
radon and concrete because comparing different building materials, which typically ex-
hibit different radon and thoron exhalation characteristics even within the same material
(e.g., [15]), seems inappropriate, and the laboratory-based findings of thoron exhalation
from concrete samples have not yet been thoroughly compiled. As mentioned in Section 3,
the weak and moderate correlations were found between Jr, and T (Figure 3) or AHj,
(Figure 4), which appeared consistent with the following report, as discussed below. Stran-
den et al. [16] found that Jr, increased with W from 0 to 4-5%, with a dramatic increase
by a factor of five from W = 3 to 5%, and then dramatically decreased to the same level as
observed at W = 0.5-3% with increasing W from 5 to 6%. Furthermore, it was also found
that Jry, increased by a factor of two to seven with increasing T from 5 °C to 50 °C; during
the temperature experiment, the original W values (2.3-3.3%) in three concrete samples
were preserved naturally without any water addition or drying treatment.

Our occasional water content monitoring at the wall surfaces deployed next to the
accumulation chamber indicated the relatively stable W for over a year, i.e., 2.9 £ 0.3% for
both R1W2 and R2W1 was seen. This means that T or AH;j, was not a surrogate index of
W, as shown in the laboratory testing, too [16]. It can be concluded that regarding Jr, as a
function of T, our in situ data agreed with the laboratory testing result and supported their
aforementioned argument about radon’s adsorption on the internal surface of the concrete.
However, we could provide no data on the impact of W on Jr,, and such information
would be desired in the future to be discussed for a wall with a wide range of W.

When it comes to the effect of T on Jr,,, our data were close to the laboratory testing
data from Stranden et al. [16]. Here, we consider their data at T close to our temperature;
they indicated the increase in Jr, by a factor of 1.2-2.0 with increasing T from 5 to 22 °C.
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However, they only provided a single Jr, value without its uncertainty at each T, so more
reliable and supporting data are desired in the future.

Finally, to examine the results in Figure 7, where the correlations seemed more or
less different between the walls, other factors affecting Jr, and Jt,, are discussed through
simple theoretical calculations. The literature presented a mathematical model expressing
an exhalation rate | (Bq m~2 s~ 1) from the solid wall with a thickness of d (m) [7,20]:

J= C)tsthanh(i) , (5)

where C (Bq kg ') represents the 2?°Ra or ?**Ra activity concentration in the wall material,
A (s71) is the decay constant of radon or thoron, ¢ (-) is the radon or thoron emanation
fraction of the wall material, p (kg m~3), the density of the wall material, L (=y/D/A) (m) is
the diffusion length of radon or thoron in the wall material, and D (m? s~1) is the diffusion
coefficient of radon or thoron in the wall material. The input values were unknown for the
walls tested in this study, and the following values were selected from the information in
the literature [7-9,15,20] to roughly match the calculated | with the measured J: Cra-226 =
65Bq kg !, Cra24 = 13 Bqkg ™!, ern = e1n = 0.1, p = 2300 kg m 3, d = 0.2 m, Lg, = 0.183 m,
Ltn =237 x 1073 m, and D = 7.0 x 1078 m? s~!. When these input values are used in
Equation (5), the solutions are Jg, = 2.9 x 1073 and J1, =8.8 x 1072 Bqm 2 s~ 1.

Figure 8 shows how Jry and J1y, can theoretically change within possible ranges of D
(107°-10"° Bgm~2 s71) or € (0.01-0.14). As expected, an increase in ¢ can linearly amplify
J, resulting in a linear relationship between Jr, and J1y,; the same relationship will be seen
with changing C and p, as well. Changing D had a different relationship between Jry
and J1,, where it exhibited a gentle or steep curve below or above D = 3.0 x 1078 m2s71,
respectively. This means that D greater than a critical level can have an essential impact
only on 1, because most radon atoms with a longer half-life of 3.82 d can readily diffuse
out of the wall to the atmosphere, even with low D.

04 [ LA AL AL LA L AL LA L AL LA L i
I  —@— Changing ¢
| —o— Changing D
__03F / .
T I 106 m2s!
N L
o L
c L
o 0.2 .
o [ £=0.01 107 m2 s~
S [ | p=10omest 108mes
01 .
[ 0.1
o, PN T T SN [T TR T TN SN N SO SO T 1
0 0.001 0.002 0.003 0.004

Jrn (Bam?s7)

Figure 8. Relationship between radon and thoron exhalation rates calculated with a variety of radon
emanation fractions and diffusion coefficients. Equation (5) was applied to the calculation within
the ranges of ¢ = 0.01-0.14 and D = 107°-107% m? s . The input values of the other parameters are
listed in the text.

When our in situ testing results (Figure 7) are examined only from the diffusion
process (Figure 8), R2W1 that had a two-fold larger slope of the regression line in Figure 7 is
considered to have a higher D than R1W2 despite being used for the same apartment. One
straightforward reason for this may be a difference in the aging of the concrete exposed
to slightly different meteorological conditions for several decades. Figure 8 illustrates
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that Jrn, and J1, are relatively easy and difficult, respectively, to increase at D lower than
3.0 x 1078 m? s~1. However, Figures 3-6 show that Jr, and J1, increased to the same
degree regardless of walls and meteorological parameters; for instance, ratios of Jr, and
Jtn at 5 °C to those at 30 °C were 1.13 and 1.10 for RIW2 and 1.46 and 1.42 for R2W]1,
respectively. This implies that not only diffusion but also the emanation process is actually
associated with the impacts of T and AHj, on Jry and 1. Investigating this issue in detail
is beyond the scope of this study, but it would be an interesting research topic for better
understanding the mechanism of radon and thoron exhalation from solid concrete installed
in real buildings.

5. Conclusions

In situ radon and thoron exhalation rates were intensively measured at two solid
concrete walls of an apartment in Japan. All data obtained for over a year were investi-
gated to reveal environmental and material-associated factors affecting radon and thoron
exhalation from the concrete walls. Regarding T and Jry, our findings were consistent
with those of an earlier known laboratory study by Stranden et al. [16]. Conversely, the
corresponding laboratory testing on J1, has not been conducted and is desired in the future.
Additionally, the significant linear correlations between Jr, and 1, observed at both tested
walls was theoretically considered, revealing a new issue regarding how much impact each
process of the emanation and migration within concrete pore spaces has on radon and
thoron exhalation.

This study found more or less seasonal variations in both radon and thoron exhalation
from the solid concrete wall. This finding could be useful in modeling the spatiotemporal
dynamics of indoor radon and thoron in dwellings. In the case of a solid concrete wall,
Jrn and Jy, as input parameters can be described as a simple function of T or AHj,. This
would contribute to a better understanding of a correlation between exhalation rates and
airborne activity concentrations, as well as better modeling of indoor radon and thoron
activity concentrations. The indoor activity concentrations were continuously monitored in
the same rooms tested in parallel with a series of exhalation tests in this study, which will
be available for statistical analysis and numerical modeling.

Note that, as a limitation of this study, this consideration cannot apply to other types
of wall materials and structures, such as thin gypsum-based cavity walls, which may have
diurnal variations in exhalation rates (unpublished data by the authors); this observation
has already been implied by a theoretical consideration [25]. To validate our findings
obtained only from the two walls of a single apartment, more in situ tests need to be
conducted in different buildings and environments. Better parameterization of exhalation
rates from other types of walls, including surface-coated concrete walls, in addition to
concrete walls would also be necessary; thus, laboratory or in situ testing and numerical
approaches should be expanded to a wider range of building materials.

Lastly, the authors would like to emphasize the importance of the data processing to
gain Jrn. The analysis method used in this study was a three-compartment model with
varying Cpg, which was developed and compared with other simple, common methods
(e.g., one-compartment model with stable Cgg) in a previous study [18]. It must be noted
that if such a simple method was applied, different significances of correlations from what
were seen in the present paper would be observed, resulting in more or less different
conclusions. In particular, a way to deal with Cgg was crucial. At least in our test cases,
Cpc was always lower than Cr,, in a plateau region (Figure 2a) but not as low, as we could
consider Cpg as stable by averaging a bunch of Cpg over a test period.
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