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Abstract: Indoor radon surveying and remediation were implemented in a single-family home
affected by high levels of indoor radon in the Celleno municipality (central Italy) with the aim of
identifying the contribution of radon sources, evaluating the factors affecting radon entry into the
building, and reducing radon risk. Average radon levels were relatively low at the ground floor
(286 202 Bq m~3) and first floor (167 + 84 Bq m~3) in autumn when the temperature was still warm
and the windows were open, but increased up to 2776 = 1768 Bq m 3 and 970 + 202 Bq m~2 in the
first half of December, when the heating system was on and the windows were closed. The inner walls
of the pilot room at the ground floor, semi buried on one side, were then treated with a waterproof
product (a silane terminated polymer) and the average radon was halved (1475 + 1092 Bq m~3)
in the following month, which was still characterised by winter conditions. Radon entry in the
room was identified and sealed with the same product, and a radon accumulation space behind a
NE-SW oriented wall was naturally ventilated, reducing radon below the reference level in April
with northerly winds conditions.

Keywords: indoor radon monitoring; remediation techniques; waterproof materials; forced ventilation;
central Italy

1. Introduction

Indoor radon is considered the second biggest cause of lung cancer after smoking [1]
and a major contributor to natural radiation exposure for the general population [2-4].
The main sources of indoor radon are the geological bedrock, building materials, and
the water used for domestic purposes [5,6]. The geological bedrock is generally the main
supplier, especially in areas characterised by high geogenic radon potential (GRP; [3,7]).
GRP represents the rate at which radon migrates to the surface along faults or directly
emanated from shallow soil [7]. It can be defined based on soil radon activity concentrations
at a fixed depth (0.8-1 m) and the associated soil gas permeability [8].

Large areas of Lazio region (central Italy), where volcanic products or faulted and
fractured carbonate rocks outcrop, belong to high GRP districts [3,7]. The Celleno area,
where this study was carried out, is classified as a medium-high GRP territory [3]. Average
indoor radon levels at Celleno, based on 44 samples, are 378 Bq m~3 (247-509), with values
up to 2291 Bq m 3 [3]. The dwelling under consideration in particular was characterised by
radon levels higher than 2000 Bq m~2 in winter, when environmental conditions severely
affect radon entry into buildings [3]. The geological bedrock is the main radon source, but
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ignimbrites emitted by the Vulsini volcanic apparatus were used to build the house and
partially contribute to indoor levels.

Recent Italian legislation (D.Lgs. n. 101/2020) [9] established the safety standards for the
protection of people from the dangers deriving from ionising radiation and from radon gas in
the workplace and in homes, indicating a reference level of 300 Bq/ m3. The mitigation of high
radon-affected buildings is generally based on the reduction of radon entry by sealing of surfaces,
on the use of anti-radon barriers, on soil depressurisation, or houses pressurisation techniques
to reverse the air pressure differences between the indoor space and the soil underneath the
building and on the ventilation (natural or forced) of the rooms [10-12].

The aim of this research was: (i) to identify and assess the contribution of radon
sources; (ii) to study and evaluate the factors affecting radon entry into the building, either
geogenic or anthropogenic; and (iii) to reduce radon risk.

2. Geological Setting of the Study Area

Celleno town is located on the Tyrrhenian margin of central Italy, within the volcanic
complexes of Vulsini Mts. Extensional tectonics controlled the evolution of the area since the
Middle-Late Pliocene, generating dominant NW-SE and NE-SW faulting patterns [13,14]
and NW-SE trending marine and continental sedimentary basins [15]. Associated volcanic
activity during the Quaternary produced large volumes of potassic and ultrapotassic lavas
and pyroclastics [16] that were deposited on horst and graben structures. An overlying
sedimentary sequence comprises, from top to bottom, Miocene-Quaternary clayey-sandy
marine, and continental formations, covering Mesozoic carbonate formations.

3. Materials and Methods
3.1. Study House

The study house (Figure 1) is located on “Gruppo di Civita di Bagnoreggio” volcanic
succession ascribed to Middle Pleistocene [15,17]. It was already investigated in the frame
of an EU-funded LIFE-RESPIRE (Radon rEal time monitoring System and Proactive Indoor
REmediation) project, one of the aims of which was to implement a friendly solution
for radon real-time measurement and remediation to keep indoor levels below reference
values [3]. This arrangement consisted of radon, temperature, and relative humidity
sensors, and an external electric fan-system operating by negative pressure method. Since
this device was unable to satisfactorily reduce radon concentration, a dual-way fan was
applied later to increase forced ventilation in the living room (room C in Figure 1). This
action improved radon activity concentrations in room C, but not in the bedroom located
on the ground floor (room A in Figure 1).

O HOLES IN THE EXTERNAL WALLS OF ROOM A, BEHIND THE12 CM LARGE CAVITY CREATED BY THE BRICKS PARTITION.

BEDROOM
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Figure 1. Map of the study house in Celleno (central Italy). T-F in room C stands for a thermo-fireplace.
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The house was built with a local tuff very rich in radon precursors around 1960 and
was only acquired by the present owner in 1991, who carried out some works to protect the
house from soil radon entry: (i) a naturally ventilated trench around rooms A and D, and
(ii) a bitumen membrane and a network of pipes (connected to an external fan, referred to as
“forced ventilation” in the following sections) below the ground of the same room (Figure 1). A
divider of bricks was then placed at a certain distance from the main wall of room A (Figure 1),
unintentionally creating a radon accumulation chamber, indicated as “cavity” in Figure 1.
Rooms A and D are delimited by an embankment, which makes the house semi-buried on two
sides. The naturally ventilated trench was dug right along these margins.

3.2. Monitoring System

In the context of this work, indoor radon was measured in two rooms, the bedroom
located on the ground floor (room A) and a second bedroom on the first floor (room B)
using two AER PLUS (Algade Instrumentation, Bessines-sur-Gartempe, France) radon
monitors (Figure 1). The AER PLUS is a small solid-state radon detector with local storage
for temperature and relative humidity data. It is battery supplied with an autonomy of at
least six months. Both instruments were calibrated for the effect of absolute humidity on
the efficiency of the radon sensor (a silicon detector in which radon is collected by simple
diffusion) at INGV radon chamber. The procedure [6,18] is reported in Appendix A.

The surveying period was from October 2022 to April 2023 (Table 1). After a first phase
of data collection reflecting the normal habits of the occupants (October and November 2022),
from 8 December to 10 December 2022, the walls of room A were treated with a radon barrier
material available on the market, Aquaflex S1K, a silane terminated polymer tested in [6] using
the scale model room approach. According to this method, the product gave an indoor radon
reduction of 81% [6] and was chosen because of its performance and versatility also in the
presence of humidity. Approximately 2.4 kg of product per m? of surface were applied in two
coats considering the running operative procedures in the construction industry to cut the radon
contribution of building materials. The monitoring was continued in the following months
when some further small actions were carried out from mid-December 2022 to mid-January 2023
to better isolate the room from soil radon entry, identified by thoron (?’Rn) sniffing (Table 1).
Finally, on 15 January 2023, two holes were made on the NW external wall of room A to ventilate
the cavity behind the bricks partition, and another hole was drilled through the NE wall of the
same cavity on 2 March 2023 (Figure 1 and Table 1). It is notable that in the period 30 November
2022-2 December 2022, the old window frames were replaced with new ones to improve the
thermal insulation of the room.

Thoron sniffing was performed with the RAD7 (Durridge Company, Inc., Billerica, MA,
USA) radon monitor to find radon entry points from the electrical outlets, end points of the
radiator pipes on the wall and cracks between the parquet strips to improve the insulation of
the room from the ground. The RAD7 is a continuous radon monitor equipped with built-in
pump to exchange air with the environment. It collects radon and thoron daughters (polonium
isotopes) on the surface of its planar silicon detector, enabling high-resolution alpha spectroscopy
of their decay energies. Temperature and relative humidity data are collected throughout the
run. The RAD7 can make a direct and specific measurement of thoron via its first daughter
216po with a half-life of just 150 ms (sniff mode). This makes the response to thoron virtually
instantaneous and allow entry points to be located when the source is very close.

Thoron sniffing was also applied on the treated wall in room A and on the opposite
side of the same wall not covered with Aquaflex S1K in the kitchen, room C (Figure 1), to
evaluate the efficiency of the barrier material.

Transects of total gamma radiation were carried out in room A, room B and out-
doors (Figure 1) using a digital ratemeter connected to a scintillator, 5.1 cm x 5.1 cm
(diameter x length). The ratemeter (model 2241-3, Ludlum Measurements, Inc., Sweetwa-
ter, TX, USA) is equipped with a built-in scaler that provides timed counts over a user
specified period. The gamma detector (model 44-11, Ludlum Measurements, Inc.) col-
lecting gamma radiation from 60 keV to 2 MeV is optically coupled to a photomultiplier
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tube, 5.1 cm in diameter. The sensitivity is typically 900 cpm per 0.01 uSv h~! (*¥’Cs). The
purpose of these measurements was to evaluate relative contributions of building materials
and bedrock and estimate dose rates.

Table 1. Monitoring and mitigation activities in the study house at Celleno (central Italy).

Activity Date

Beginning of radon monitoring

in z0oms A and B 12 October 2022
Replacement of new window frames in room A From 30 November
to improve thermal insulation to 2 December 2022

Application of Aquaflex S1IK

on the inner walls of room A From 8 December to 10 December 2022

Identification and sealing From mid-December 2022
of radon entry points in room A to mid-January 2023

Drilling two holes in the NW external wall
behind the cavity created by the bricks 15 January 2023
partition of room A

End of radon monitoring in room B 20 February 2023
Drilling a third hole on the NE external wall
behind the cavity of room A 2 March 2023
End of radon monitoring in room A 13 April 2023

The Acquaforte meteorological station of the SIARL network [19], located two kilo-
meters away from the study site, provided daily temperature (minimum, medium, and
maximum); wind velocity (minimum, medium, and maximum); and direction and precipi-
tation rates data to evaluate the effect of these parameters on indoor radon.

4. Results
4.1. Indoor Radon Monitoring

Indoor 22Rn time was recorded in rooms A and B from 12 October 2022 to 13 April 2023.
The survey interval was divided into seven segments based on the implementation of

mitigation activities reported in Table 1. Average data in the seven periods are reported in
Table 2 and Figure 2.

Table 2. Average radon data and relative standard deviations measured in rooms A and B
(see Figure 1) from 12 October 2022 to 13 April 2023.

Segment Period Room A Room B
Average 222Rp Stand. Dev. Average 222Rn Stand. Dev.
Bq m~3 Bq m~3 Bq m~3 Bq m~3

1 12 October-11 286 202 167 84
November

2 12 November-30 976 562 585 269
November

3 1 December-16 2776 1768 970 202
December

4 17 December-15 January 1475 1092 807 120

5 16 January—19 February 1572 1013 851 239

6 20 February-3 March 833 422 - -

7 4 March-13 April 670 442 - -

Stand. Dev. stands for standard deviation.
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Figure 2. Average radon data in rooms A and B during seven segments of the survey period from
12 October 2022 to 13 April 2023. See Table 2.

During the first period of monitoring (from 12 October-11 November 2022), the radon
values were relatively low in both rooms because the weather in fall 2022 was warm and
temperate, and windows were left open all day. This allowed the air exchange between the
house and the external environment. Average radon levels (286 Bq m ) at the ground floor
were higher than those of the first floor (167 Bq m~2), showing that the soil significantly
contributed to indoor radon. Later (from 12 November 2022 to 30 November 2022), radon
began to increase due to both the increased pressure and temperature gradients between
the house and the outdoors and the longer time without natural ventilation. In this period,
room A recorded average radon values of 976 Bq m~2 and room B of 585 Bq m 3

At the end of the second segment, the old window frames of room A were replaced
with new ones with a strong seal; therefore, from 1 December 2022 to 16 December 2022,
the colder climatic conditions and the new windows produced a significant increase of
average radon: 2776 Bq m~3 in room A and 970 Bq m 2 in room B.

During the fourth monitoring period from 17 December 2022 to 15 January 2023, it
was possible to evaluate the effect of the waterproof product applied on the walls of room
A and in the radon entry points, detected by 2°Rn sniffing (Figure 3).

2 Holes NW-SE trending

21000 external wall
) / \’
Symbols: [ TR T i 1= 3rd Hole
1 Trench 164 N
164 1170
==== Cavity (10-cm deep) o °O
Wall made of 164 9
perforated bricks
= Holes ROOM D g
Kitchen -
— 500 > Radiator
e 1000
a75@[p o) *© g

Wall side not

treated with teated ?64

Aquaflex S1 K

Room A 3334 @ 2331-21000 (Bg/m?)
Bedroom @ 334-2330 (Bg/m?3)
@ 1-333 (Bg/m3)
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L4 . 2330
64 0 0O
= P ey —
Living-room  4505@ 1m

Figure 3. Locations of radon entry points detected by thoron (>’Rn) sniffing. It is noting that the
four walls of room A, the electrical outlets, and the end points of the radiator pipes on the wall were
treated with Aquaflex S1K.
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Average radon levels dropped to 1475 Bq m 3 (by 47%) in room A and to 807 Bq m 3
(by 17%) in room B, emphasising the effectiveness of the radon barrier product applied
in room A. In the fifth segment of the survey, radon values were almost like those of the
previous period in both rooms (1572 and 851 Bq m~3, respectively, in rooms A and B.

The sixth phase, from 17 February 2023 to 3 March 2023, was still characterised by
cold climatic conditions with closed windows and the thermo-fireplace on in the afternoon,
but indoor radon was furtherly reduced to 833 Bq m~2 (by a further 47% with reference
to the fourth period) in room A, due to the opening of two holes on the external NE-SW
trending wall behind the cavity created by the bricks partition (Figure 1).

The drilling of a third hole in the external wall behind the cavity of room A, perpen-
dicular to the previously mentioned wall (Figure 1), brought radon levels in the seventh
period (from 4 March 2023 to 13 April 2023) to 670 Bq m . should be emphasised that,
with constant winds from NE and N (from 3 to 6 April 2023), a strong wind effect was
observed, and radon levels dropped down to 495 Bq m~3. This effect was very strong even
if the fan connected to the underground pipes of room A was off, the windows were closed
and the thermo-fireplace in room C was on.

4.2. Thoron Sniffing and Soil Gas Entry Points

Soil gas entry points in rooms A, C, and D were located with the thoron sniffing
method [20]. Thoron was locally detectable, showing a direct connection with the soil
source. Radon passed through the electrical outlets, the end points of the radiator pipes on
the wall and the cracks between the parquet strips.

The location of measuring points and relative significant thoron determination are
shown in Figure 3.

4.3. Total Gamma Radiation and Dose

Dose rate profiles in rooms A and B and outdoors, just in front of room A, are reported
in Figure 4. All profiles showed higher values in proximity of the building walls made of
volcanic materials and a decreasing trend at higher distance from them. It should be empha-
sised that rooms A and B are 3 m wide and that the increasing trend of dose rates from 1.40 m
onwards is due to presence of a second wall in front of the first. Since the building materials
are enriched in radon precursors, 28U (173 4- 4 Bq kg ') and ??°Ra (165 + 2 Bq kg 1), as
well as in 232Th (293 4 2 Bq kg’l) and 49K (1313 + 20 Bq kg’l) [3], it is possible to correlate
the dose rate with the contribution of building materials to indoor radon concentration.

=e—|ndoor, ground floor —e—indoor, first floor Outdoor, ground level
450
a
= 400
?, 350 —
o
o 250
8 '_"\—o——-o—o—’/v
o 200
150
0 50 100 150 200 250 300 350

Distance from the main wall (m)

Figure 4. Dose profiles in rooms A and B and outdoors.

Dose rate values are higher in room A located at the ground floor and lower in room B
at the first floor confirming the prevailing influence of the bedrock for exposure to natural
radiation and indirectly as a primary source of radon. The outer profile, just less intense
than that of room A profile, confirms this finding.
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5. Discussion

Strong daily fluctuations were recorded throughout the entire study period and were
clearly linked to the opening and closing of the windows, respectively in the morning and
in the afternoons [21-25], demonstrating that natural ventilation effectively and rapidly
reduced radon levels. The heating system in the cold season, generally turned on in the
afternoon and evening hours, further enhanced winter temperature and pressure gradients
between the building and the outside, driving soil gas into the building and increasing
radon highest daily values. When the forced ventilation below room A was turned on,
radon highest levels were somewhat reduced [26,27].

The effect of heating and forced ventilation on radon peaks detected in room A in the
early morning (before the opening of the windows) is demonstrated by data recorded from
31 January to 3 February 2023 (Figure 5).

Rn -Room A ——Rn-Room B Y Forced Ventilation Y + Heating v/
Temp -Room A Temp -Room B ¥¥ Forced Ventilation )( + Heating X
11000 20
Y Forced Ventilation v/ + Heating «/
10000
9000 ’:b 1 _
— 8000 15 &£
£ e
g 7000 [ %
= an 4
S 6000 " \ Feb 2 o 3
% 5000 \ Y Feb 3 E

4000 ‘ *
3000 | A A
2000 / V"
wo ~\ 7\ N J

30 January 2023 01 February 2023 03 February 2023 05 February 2023

Time (days)

Figure 5. Effect of heating and ventilation on early morning radon peaks from 31 January to
3 February 2023.

On 1 February, radon reached its highest levels (6894 Bq m~2), with ventilation off and
heating on, while the day before radon level was lower (4557 Bq m~3), due to a reduced
indoor/outdoor thermal gradient produced by turning off the heating, ventilation being off.
Finally, on 2 and 3 February, radon peaks reached lowest values, progressively decreasing
down to 4318 and 3834 Bq m 3, with ventilation and heating on. From an overall view of
the data, reductions in radon appear to be linked more to the effect of forced ventilation
below room A than to a reduction of temperature gradients. A similar change in radon
peaks was detected in room B on the same days, but with a smaller relative difference
(Figure 5). This agrees with the primary effect of forced ventilation with respect to a thermal
gradient of 5 degrees, since the latter is the same for both floors, but the effect of forced
ventilation is weaker on the first floor.

No significant external temperature change and constant wind intensity characterise
this period, making the above conclusions stronger.

Indoor radon activity concentration is particularly higher on the ground floor, partially
semi-buried on one side. However, radon levels are also significant on the first floor, as
evidenced for example by the average concentration of 976 4- 562 Bq m~2 in room A,
compared to 585 & 269 Bq m 2 in room B during the second survey period, before the
application of the new window frames (Table 2 and Figure 2). This indicates that geological
bedrock is the primary source of radon, but building materials also contribute [28]. These
observations are confirmed by profiles of dose rate that increase toward the building walls
either at the ground floor or the first floor, being 36% lower at the first floor. The average
dose rates in room A (0.321 uSv h™1), room B (0.218 uSv h™1), and outdoors (0.249 uSv h—1)
are compatible with values detected for other volcanic areas in the world [24,29-31].
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Radon levels also depend on meteo-climatic factors, even if their role is frequently
difficult to isolate from other drivers, such as the living habits of the residents, because
of their simultaneous occurrence. If the average data over the seven survey periods are
discussed rather than the daily records, it is possible to evaluate the general effect of
indoor/outdoor thermal gradients on indoor radon, combined with the implementation of
radon remediation. From the first to the second period, radon increased by 3.5 and 2.8 times
in rooms A and B, respectively, due to reduced natural ventilation and indoor-outdoor
thermal gradients increased by approximately 3 degrees. A progressive further growth
in temperature gradients of 5 degrees and an additional room insulation linked to new
window frames in room A, produced a supplementary 2.8 times radon rise from the second
to the third survey phase. During the fourth and fifth periods, even if the thermal gradients
increased again by one degree, radon was halved in room A thanks to the application of
the waterproof product on the inner walls and in the radon entry points detected by thoron
sniffing. Over the same time periods, radon levels decreased by only 10% in room B at the
first floor, reinforcing the idea that waterproof products are very effective to reduce radon
when applied on the walls made of high radon-emitting building materials. A similar
result was documented in [32], where the application of a waterproof product with a radon
permeability in the range of 10712 m? s~! over the walls of a pilot room, built with a high
radon-emitting material, reduced indoor radon of 70% and up to 80% with the combined
action of a ventilation system.

The efficacy of the waterproof product to cut indoor radon was also evidenced by
comparing thoron sniffing results on the wall separating rooms A and D (Figure 3); no
thoron was detected in room A, away from any electrical sockets or the radiator pipe end
points, while significant thoron levels (478 Bq m~2) were found exactly in the adjacent
room D not treated with the product.

The ventilation of the bricks partition in the sixth and seventh survey periods, com-
bined with a reduction of thermal gradients by 2 degrees, further halved average radon
levels. This improvement is much more significant with northerly winds that pushed soil
gas out of the cavity.

Consequently, it is advisable for the inhabitants of the house to apply a forced ventila-
tion to the “accumulation chamber” to simulate N winds and cut radon levels down to the
reference level established by recent legislation. This action will be presumably effective
also for indoor radon at the first floor, even if no direct data are available to support this
because the survey in room B was over at the end of the fifth period, before the ventilation
of the space behind the wall of room A.

The combined effect of remediation actions (ventilation of the cavity and application of
waterproof products) was furtherly strengthened by a comparison of radon data detected
in room A from 4 to 5 April 2023 (566 Bq m~3) with two other periods (13-14 December
2022 and 26-27 January 2023) characterised by the same wind directions (from N and
NE) and environmental condition (closed windows and ventilation off) (Figure 6), but no
forced ventilation of the radon accumulation cavity. The first period was characterised
by just a coat of the radon barrier on the walls, no detection and sealing of radon entry
points, no holes on the outer walls (average radon was 6770 Bq m~3), while the second was
distinguished by two coats of the product, the sealing of radon entry points and just two
holes on the same side of room A external wall (average radon was 1396 Bq m~3) [27].

Finally, dose rate profiles can be used to assess the risk due to exposure of people to ion-
ising radiation in radon priority areas. If the average (ambient) dose rate of 0.249 uSv h~!
is converted to outdoor annual ambient dose equivalent, using an outdoor occupancy
factor of 0.2, we obtain a value of 0.44 mSv y~! which is lower than the average value of
0.85 mSv y 1, calculated for Lazio [33], but about four times higher than the population-
weighted world’s average of 0.106 mSv y~! [34]. This scenario is compatible with a medium
geogenic radon potential area) [3].
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Figure 6. Combined effect of remediation actions on indoor radon in room A in three selected time periods.

6. Conclusions
The conclusions can be summarised as follows:

e  Real cases are complex due to the simultaneous interplay of many factors affecting
indoor radon. This makes it necessary to study single situation individually.

e Radon sources need to be evaluated and appropriately treated. The geological bedrock
has a prevailing effect over the building materials in this study case.

e Asilane terminated polymer applied on the walls of a pilot room made of a material
with high emission of radon halved indoor concentration, even if soil radon is the
primary source.

e  Suitable waterproof materials can be successfully tested as radon barriers using the
model room approach, proposed in [6].

e  The natural ventilation by northerly winds or the forced ventilation of the partition
space in room A is advisable to reduce indoor radon below reference levels.

e  Dose rate profiles help in defining the risk due to exposure of people to ionising radiation
in a medium-geogenic radon potential area, as indicated in the recent European legislation.
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Appendix A

The effect of water molecules on the electrostatic collection of 2!8Po ions onto the surface of
the two AER PLUS detectors (neutralisation) was evaluated through simultaneous comparison
with the INGV radon chamber equipped with a scintillation cell (ZnS), which is not affected by
air humidity. The INGV radon chamber is a 56 L stainless steel box equipped with a scintillation
cell (ZnS) coupled with a photomultiplier. A range of 1.5 to 14.5 g of HyO in a kg of dry air
(Absolute Humidity, AH) was investigated to reproduce the environmental climatic conditions
according to experimental configurations described in [18].

The radon activity concentration detected by the AER 1011674-B in room A with
reference to that provided by the scintillation cell (R) was equal to:

R = —43.44442 x AH + 1.25963 for AH < 0.0088 (A1)

R = —-0.06003 x In AH + 0.59066 for AH > 0.0088 (A2)

Radon activity concentration detected by the AER 1011715-B in room B with reference
to the radon value provided by the scintillation cell (R) was equal to:

R = —40.52836 x AH + 1.15846 for AH < 0.0084 (A3)
R =-0.11905 x In AH + 0.24984 for AH > 0.0084 (A4)
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