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Abstract It is generally accepted that radon emis-
sion is strongly influenced by the geological charac-
teristics of the bedrock. However, transport in-soil and
entry paths indoors are defined by other factors such as
permeability, building and architectural features,
ventilation, occupation patterns, etc. The purpose of
this paper is to analyze the contribution of each
parameter, from natural to man-made, on the radon
accumulation indoors and to assess potential patterns,
based on 100 case studies in Romania. The study
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pointed out that the geological foundation can provide
a reasonable explanation for the majority of the values
recorded in both soil and indoor air. Results also
showed that older houses, built with earth-based
materials, are highly permeable to soil radon.
Energy-efficient houses, on the other hand, have a
tendency to disregard the radon potential of the
geological foundation, causing a higher predisposition
to radon accumulation indoors and decreasing the
general indoor air quality.

Keywords Geology - Radon - Energy-efficient -
Indoor air quality

Introduction

Radon is considered a carcinogenic gas, attributed
between 9 and 15% of the 14,000 annual cases of lung
cancer in Europe (Darby et al. 2005; Krewski et al.
2005). Worldwide, it is considered to be the second
leading cause of lung cancer after smoking. Prolonged
exposure to levels exceeding 100 Bg/m® is treated as a
serious environmental problem (WHO 2009;
UNSCEAR 2000). The European Union has stipulated
in the C.E. 2013/59/Euratom the obligation of Mem-
ber States to monitor and report levels of radioactivity
from natural and anthropogenic sources. Romania has
since adopted Law 526/2018, establishing a National
Action Plan to tackle the radon issue.
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Radon (Rn???) is a decay product directly descend-
ing from radium (Ra®*®) in the natural uranium decay
series. The local geology is the main controlling factor
on the sources of radon generation in the atmosphere,
and consequently, indoors too (Sachs et al. 1982;
Kemski et al. 2001, 2005, 2009; Ciotoli et al. 2017),
since uranium is widely distributed in rocks and soils
throughout the earth’s crust. It is well known that any
rock may have a higher or lower content of radioactive
elements, depending on its genesis (Sachs et al. 1982;
Gundersen et al. 1992; Appleton 2007; Drolet et al.
2013). Magmatic and metamorphic rocks, for exam-
ple, are known to have a higher content of radioactive
elements (U/Ra) than most sedimentary rocks (Stoici
and Tataru 1988; Cosma and Jurcut 1996). However,
some sedimentary rocks, mainly clastic sedimentary
rocks, consisting of fragments (clasts) of preexisting
magmatic or metamorphic rocks, loosened from
weathering process, then transported and accumulated
to some sedimentary basins, are also known to have a
significant radioactive potential (Drolet et al. 2013).
The causal relationship between the amount of
radioactive elements in a certain type of rock and
radon emanations is not always easy to plot, even if the
latter is dependent on uranium concentrations and the
nature of the parental mineral. Certain factors such as
rock granulometry, permeability, fractures, cracks,
rock weathering and decay characteristics may play an
important role in the generation and migration of
radon to the subsurface (Ball et al. 1991; Nazaroff
1992; Drolet et al. 2013). Besides the geological
bedding of a building site, the transfer of radon indoor
is dependent on environmental factors such as venti-
lation, occupation patterns or building and architec-
tural features (Sachs et al. 1982; Gundersen et al.
1992; Kemski et al. 2005; Bossew et al. 2008;
Appleton and Miles 2010).

Recent studies have shown that although the
variation of the radon levels indoors depends primarily
on the physico-chemical characteristics of the sub-
strate (type of rock and permeability), the parameters
that influence the inlet and transport paths can play a
decisive role in the accumulation of radon (Demoury
et al. 2013; Cosma et al. 2013; Bossew 2015; Ciotoli
et al. 2017). With this in mind, investigations
concerning the radon concentration of in-soil gas, soil
permeability, surface radon exhalation (house perme-
ability) and indoor radon concentration were
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performed in five of the largest municipalities in
Romania.

Study areas

The five cities considered for the present study,
Bucharest, Cluj-Napoca, lagi, Sibiu and Timigoara,
are scattered throughout the country. Three cities are
located on the east, south and west plains, while the
other two are situated within the intra-Carpathian
depression. The geological background of Romania
and the five cities considered are presented in Fig. 1.

From a geological point of view, the city of
Bucharest is located in the central part of the
Wallachian sector of the Moesian Platform, involving
two major structural units: a metamorphic sole and
cross-cutting magmatic rocks, overlain by a sedimen-
tary cover (Mutihac 1990; Ionesi 1994). Quaternary
sedimentary deposits (gravel and sands of Colentina
Formation and loess deposits of the Upper Middle
Pleistocene; loess deposits and sands and gravels of
the lower terraces of uppermost Pleistocene; detrital
deposits of the Holocene lower terraces and riverbeds)
are spread on the whole area of Bucharest. Borehole
data (Liteanu 1952) indicate the presence in subsur-
face of two important Pleistocene litostratigraphic
units: The Fratesti Formation (Lower Pleistocene) and
Coconi Formation (Middle Pleistocene). The basal
late Pleistocene (Mostistea Fm.) is not cropping out in
the studied area (Liteanu 1953, 1956; Andreescu et al.
2011, 2013).

Timisoara municipality is located on the southeast-
ern border of the Pannonian Basin, the Miocene-
Quaternary back-arch extensional basin, occurred
after the Styrian phase (sensu Stille). The geological
structure of this area consists of the units of the pre-
Neogene basement (i.e., thrusting nappes, suture
zones, magmatic bodies, sedimentary deposits, etc.),
bordered by fault systems reactivated successively
during Alpine movements and neo-structures (deep
blocks, grabens, horsts, etc.) and controlled by normal
faults (Polonic 1985). The Quaternary is largely
exposed all over this area of the basin and mainly
consists of clastic and clay deposits. The older
Pleistocene fluviatile terrace deposits are covered by
Holocene alluvial deposits consisting of interbedded
clays, sand and gravels. (Codarcea et al. 1968;
Mircescu 1982; Simionescu et al. 1989).
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Tasi municipality and its surroundings are located in
the central-eastern sector of the Moldavian Platform.
This platform consists of two major units: a meta-
morphic and magmatic sole, transgressed by a sedi-
mentary cover (Mutihac 1990; Tonesi 1994; Raileanu
et al. 2012). Carbonate, terrigenous and -clastic
Sarmatian rocks and Quaternary deposits (loess, as
well as sand, gravel of the Pleistocene fluvial terraces,
as well as Holocene alluvial deposits of the Bahlui
River) are exposed in Iasi and its neighborhoods area
(Branzila 1999).

The city of Sibiu is situated on the southern border
of the Transylvanian Depression, nearby the contact
area with the Carpathians metamorphic rocks. The
basement of the whole area concerns Precambrian
metamorphic schists and upper Cretaceous sedimen-
tary formations, transgressed by Neogene formations,
on their turn overlapped by Quaternary deposits
(Mutihac 1990). In Sibiu area, Badenian contains
marls, gravels and sands, Sarmatian contains sandy
marls, dolomite volcanic tuffs, sands, gravel and
conglomerates, Pannonian contains marls, clays,
sands and gravels, Pleistocene contains gravel and
sands specific to medium and upper fluvial terraces
and Holocene contains sands and gravels belonging to
the lower alluvial terraces (Vancea and Ungureanu
1960; Ghiurca 1966; Ciupangea et al. 1970; Lube-
nescu 1981; Gheorghian et al. 1970; Gheorghian and
Gheorghian 1994).

The city of Cluj-Napoca is located in the north-
western side of the Transylvanian Depression, to east
of the Gildu Mountain’s metamorphic rocks. On the
area of this city, the post-“laramian” deposits evi-
dence three partly superposed sedimentary basins: i.
latest Cretaceous-early Miocene; ii. early Miocene; iii.
Middle Miocene (Badenian)-Pannonian, occurred
after the erection of the thrusting nappes of Pienides
and Peri-Getides (Balintoni et al. 1998). The Cluj-
Napoca area exposes mainly the rocks of the first and
the last of these sedimentary basins. Quaternary
deposits (various Pleistocene fluvial terraces and
alluvial Holocene rocks of Somesul Mic and Nadag
rivers and their tributaries) are completing the sedi-
mentary succession. (Raileanu and Saulea 1955, 1956;
Mészaros and Clichici 1976, 1988; Mészaros and
Tanoliu 1989; Filipescu 1999, 2011 and references
therein).
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Materials and methods

Solid-state nuclear track detectors were placed indoors
in 1000 residential buildings for two consecutive
campaigns. Each campaign lasted 6 months. In each
building were placed 2 passive detectors; one for each
of the two most occupied rooms of the house. The
working protocol for passive measurements has been
previously described elsewhere (Cucos et al. 2012).
Based on passive measurement results, 100 houses
with radon concentrations above 200 Bg/m® in at least
one room were chosen for detailed diagnostics. Only
these 100 houses were analyzed in the present study.

Soil gas radon concentration was determined
in situ, using RM-2 (Radon v.o.s., Czech Republic)
portable soil radon monitor and applying the Neznal
method (Neznal et al. 2004). The method requires
determining the concentration of radon from soil gas
samples extracted from a depth of 80 cm using a metal
probe, 15 sampling points for each 800 m? of bare soil.
The number of the samples collected varied according
to the available soil surface of each property. Graph-
ical representations of the radon measurement proto-
col in soil, implemented in the present study, have
been published by Cosma et al. (2013). The quality
assurance has been achieved by participating in
frequent intercomparison exercises with regard to
radon measurements in soil (Burghele et al. 2019).
Soil permeability measurements were carried out
using Radon-Jok (Radon v.o.s., Czech Republic) in
order to assess the radon potential (RP) and radon
index (RI) of the building site, essential for the
identification of “hot” areas in terms of radon activity
concentration. The permeability of the soil is calcu-
lated based on Darcy’s equation, regarding the flow of
fluids through porous media (Neznal and Neznal 2005;
Lupulescu et al. 2018). The principle of the Radon-Jok
measurements is based on the ability to extract gas
from the soil with the help of negative pressure. The
RP is calculated according to the equation (Neznal
et al. 2004):

RP — 3rd quartile of Radon Concentration in Soil — 1
~ —log(3rd quartile of Soil Permeability) — 10

A building site’s radon index indicates the level of
risk of radon release from bedrock, and it is the
qualitative expression of the RP of a building site. If
RP < 10, then Rl is low; if 10 < RP < 35, then RI is
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medium; if 35 < RP, the Rl is high. The radon index of
a building reflects the degree of radiation protection a
building needs, which depends on the soil character-
istics and the building’s foundation type.

Gamma spectrometry measurements were per-
formed on soil and building materials collected from
the investigated houses. The activity concentration of
238U, 232Th, 226Ra, 40K and '¥’Cs was measured.
Present study is discussed only the *°Ra content due
to its direct correlation with indoor radon. The activity
concentration of “*°Ra was measured after a month of
storage using the gamma lines of the short-lived
radionuclide daughters of *?Rn (*'*Pb at 295 keV and
351 keV and 2"Bi at 609 keV). Samples were
analyzed with a high-resolution gamma spectrometer
equipped with a high-purity germanium (HPGe) well-
type ORTEC GEM detector, having a FWHM of
1.92 keV at 1.33 MeV permitting the detection of low
gamma energies. The activity concentration was
calculated using the relative method with IAEA
385,327,447 standards. The method has been
described in a previous work by Cosma et al. (2013).

Measurements to determine radon exhalation (®)
and leakages from cracks were performed for each
house using several devices. Rad7 (Durridge Com-
pany Inc., USA), RTM1688-2 (Sarad GmbH, Ger-
many), Alpha Guard (Saphymo GmbH, Germany) and
Radim 3A-Eman (Jr Plch, Czech Republic), each
coupled to an accumulation chamber, were used to
determine the exhalation rate of radon from the
flooring in the investigated houses. In order to assess
the distribution of radon entry in a room, samples of air
were collected from all visible cracks, in the slab
(Neznal et al. 2004). The samples were collected using
a 150-ml Janet syringe, and the Luk3P (J. Plch, Czech
Republic) detector equipped with Lucas cells was used
to determine the radon concentrations. The determi-
nation of radon exhalation and presence in leakages
have a qualitative significance, which helps to estab-
lish the radon tightness of the building.

Data on CO,, CO, volatile organic compounds
(VOCQ), relative humidity, pressure and temperature
were collected using ICA system, developed by
LiRaCC (Tunyagi et al. 2019). Parameters were
reported as quantitative data, except for VOC that
was reported as qualitative data. The energy efficiency
of the building was calculated based on the national
methodology  (Romanian Energy Performance
Methodology 2006) for energy certification by taking

into account the climate data, building envelope
proprieties, glazed area, heating, domestic hot water
and lighting system. Several steps were necessary to
determine the energy consumption: determination of
the global insulation level; calculation of heat losses
and heat gains; other data: HVAC systems efficiency,
occupancy scenario, building shading, type of heat
emissions system. The sum of these factors was taken
into consideration representing the influence of the
occupational factor on the indoor radon concentration.

Statistical analysis of the data was performed by
using SPSS software, version 24 (SPSS Inc., USA).
The statistical distribution of the data was evaluated
using the D’Agostino-Pearson test. For the sample
comparison, the nonparametric Mann—Whitney test
was performed. The Chi-square (%) test was used to
evaluate the degree of association between qualitative
variables. In order to evaluate the intensity of the
relationship between the examined quantitative vari-
ables, the Pearson correlation coefficient was calcu-
lated. The multivariate analysis was conducted using
log-transformed indoor radon data as dependent
variable. The stepwise regression procedure was used,
and only the factors that had a statistically significant
influence on dependent variable (p < 0.05) were taken
into account. The significance level o was chosen at
0.05.

All radon investigations were carried out in situ by
the Constantin Cosma Radon Laboratory (LiRaCC)
from Faculty of Environmental Sciences and Engi-
neering, while gamma measurements were performed
in the laboratory of Environmental Radioactivity and
Nuclear Dating Centre of Interdisciplinary Research
Institute on Bio-Nano-Science. Both institutions,
belonging to the Babeg-Bolyai University, Cluj-
Napoca, Romania, have implemented standardized
international procedures for quality control and assur-
ance of measurements.

Results and discussions

Statistical analysis

The statistical analysis of the experimental results
obtained for the 100 houses follows both the descrip-
tive presentation of the obtained results and the

evaluation of the degree of association between the
investigated parameters.

@ Springer
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Table 1 Descriptive

Parameter Min. Max. Median AM. S.D. G.M.
statistics of the parameters
monitored in the 100 houses Indoor Rn (Bg/m®) 150 1221 309 356 176 325
@ max x 107 (Bg/m?/s) 99 8 13 16 9
Q3 Ry, (kBg/m®) 6 97 34 39 20 34
RP 5 133 29 33 21 28
CO, (ppm) 432 3375 1083 1213 638 1078
RH (%) 16 70 42 42 10 41
T (°C) 13 31 21 22 3 22
®max maximum exhalation Energy consumption (kWh/m?) 102 500 210 216 63 208
rate per house, Q3 third 226Ra (B g/kg) 8 283 32 48 57 33

quartile, RP radon potential

Univariate analysis

The normal distribution of log-transformed data on the
radon concentration was confirmed by the D’Agos-
tino-Pearson test (p > 0.05). Table 1 presents a geo-
metric mean of measurements for residential radon
concentration of 325 Bg/m>, being about 4 times the
geometric mean reported for Romania (Cosma et al.
2013; Muntean et al. 2014). This is explicable, given
that the selection of the 100 houses in this project had
as a main criterion a radon concentration above
200 Bg/m®.

The CO, concentration, reported here for 1 week,
had a geometric mean of 1078 ppm with limits
ranging from 432 to 3375 ppm. Similar to the
distribution of radon concentration indoors, the CO,
concentration had a log-normal distribution, which is
confirmed by applying the D’ Agostino-Pearson test to
the log-transformed data.

The diagnosis of houses involved both the deter-
mination of the exhalation rate in the floor and the
identification of cracks through which radon can
infiltrate from the soil into the indoor air. The rate of
exhalation was Dbelow the detection limit
(3 x 107° Bg/m?/s) in 33 of the 100 investigated
houses. In the rest of the houses, the exhalation rate
exhibited an extremely high variation with limits
ranging from 3 x 107 Bg/m?%s to 99 x 10~ Bq/
m?%/s and an arithmetic mean of 13 x 10~ Bq/m?%s.
In 4 out of 6 houses where the exhalation rate is higher
than 28 x 107> Bg/m?/s, the flooring is placed
directly on soil or slag, without any form of concrete
screed in-between. In terms of leakages, only those
situations where the measured value was above the
threshold of 1 kBg/m® were taken into account. In
only 12 houses, the floor type (tiles, laminate flooring

@ Springer

Table 2 Concentration of indoor radon activity versus radon
index in the soil

Radon index No. of houses with indoor radon conc. (Bq/m3)

< 300 > 300
Low 1 3
Medium 21 41
High 11 20

or the presence of concrete screed) did not allow radon
leakages above this threshold. For the remaining 88
houses, between 1 and 18 cracks with an arithmetic
mean of 6 cracks per house were identified as radon
entry points. As a maximum value of radon measured
from cracks, the variation is extremely high, ranging
from 1 to 27 kBq/m3, the coefficient of variation being
85%.

In order to calculate the radon potential (RP), the
75% (Q3) percentile of soil radon concentration was
considered. Thus, the value calculated for Q3 was
between 6 and 97 kBq/m® with an arithmetic mean of
39 kBg/m”. The radon potential was calculated based
on the Q3 of the radon concentration in soil, and the
permeability of the soil ranged between 5 and 133 with
an arithmetic mean of 33. Radon potential values < 10
indicate a low index, between 11 and 34 medium
and > 35 a high index. The majority (62) of the
investigated lots presented a medium radon index, a
third (33) showed a high radon index, while only in 4
locations the radon index was low.
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Table 3 Statistical correlations determined between relevant parameters

Spearman correlation for Soil 0.35
226Ra Building 0.08

material
Variable Indoor

Rn

—0.07 05

0.65** n/a n/a n/a n/a
0.55*%*  —0.17 — 0.3 n/a n/a n/a n/a
® max Q3 RP CO, Temp RH Energy
Rn,xoi]

Pearson correlation Indoor Rn
& max
Q3 Rngji
RP

CO,
Temp

RH

Energy

—-012 0.1 0.26%  —0.11 0.30%* 0.13

— 0.1 0.14 —0.04 0.21 —0.14 — 0.07
0.33** 0.13 —0.15 0.13 0.02
0.06 0.19 0.1 0.04

0.01 0.51%* 0.29%%*

— 0.51%% —0.02

0.27%%*

*Correlation is significant at the 0.05 level (2-tailed)

**Correlation is significant at the 0.01 level (2-tailed)

Bivariate analysis

By calculating the Pearson correlation coefficient, a
week correlation between the residential radon con-
centration and the CO, concentration (r = 0.26,
n =97, p = 0.01) was obtained. This may indicate a
poor ventilation that will lead to an accumulation of
both CO, and radon concentration, even if sources of
origin are different. No statistically significant corre-
lation between indoor radon concentration and param-
eters such as floor radon exhalation, radon
concentration in cracks, soil radon concentration, soil
potential or radon index, was observed. Table 2 shows
the distribution of houses based on the concentration
of indoor radon and radon index of the surrounding
soil. Although the radon index takes into account both
soil radon concentration and permeability, this index
cannot be a surrogate of indoor radon measurements or
an indicator for the prioritization of houses that will be
investigated from residential radon. This is also
confirmed by the y* test indicating that there is no
statistically significant dependence between the radon
index and the residential radon concentration
(p > 0.05). Table 3 presents a tabulated representa-
tion of correlated parameters.

On the other hand, a moderate correlation between
residential radon concentration and humidity was
obtained (r = 0.3, n = 97, p < 0.01). As expected, an
inverse correlation was obtained between temperature

and humidity (r = — 0.5, n = 97, p < 0.01). A mod-
erate correlation was also obtained between CO,
concentration and energy consumption (r = 0.3,
n=92,p<0.01).

A total number of 30 samples of soil (10) and
building material (20) were submitted to gamma
analysis. A good Pearson -correlation (r = 0.72,
n =10, p < 0.05) was obtained between the radon
potential and the **°Ra content for the assessed soil
samples. Although such a correlation could be
expected, the result should be treated with caution in
view of the low variation range of *?°Ra in the
evaluated samples (23-39 Bq/kg) and the low number
of samples evaluated. According to EC RP (1999), the
concentrations obtained for radionuclides analyzed in
the samples taken were within normal limits. Due to
the low number of samples, a Spearman’s correlation
was also applied for the gamma data.

By applying the Mann—Whitney nonparametric
test, a statistically significant difference was obtained
between the medians of the radon exhalation rate
based on the presence of concrete screed under the
flooring, the latter’s absence yielding a significantly
greater median (17.5 x 107> vs. 6.9 x 10~ Bq/m%
s). A similar situation was also obtained by the type of
ceiling, a wooden ceiling leading to a significantly
higher floor radon exhalation compared to the concrete
ceiling (p < 0.01). This result can be attributed to the
stack effect caused by the inner—outer pressure

@ Springer
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difference which is amplified by the lack of a sealed
ceiling thus leading to an additional infiltration of sub-
slab air. By determining the partial correlation coef-
ficient between the radon exhalation rate and the
ceiling type, the control variable, being the presence of
the concrete screed, showed a reduction in the
correlation coefficient from » = 0.26 (p = 0.03) to
r = 0.14 (p > 0.05). Therefore, the presence of con-
crete screed has a mediating effect on the impact of the
ceiling type on the rate of exhalation. On the other
hand, the impact of the ceiling type on the indoor
radon concentration is statistically insignificant, the
median of the concentration of radon in houses with a
wooden ceiling being similar to that of the houses with
concrete ceiling (p > 0.05).

Multivariate linear regression was used to investi-
gate the impact of measured parameters on the mean
value of residential radon concentration. The percent-
age of variability of residential radon concentration is
explained by the model for only 15% of cases, the
main contributors being the existence of concrete
screed below the floor, respectively, the indoor
humidity.

Influence of geological factors

The studied locations in the area of Bucharest overlap
the Middle Upper Pleistocene deposits (loessoid
deposits, Colentina Formation) and the uppermost
Pleistocene formations (loess deposits). The sedimen-
tary evolution of the Colentina Fm. can be related to
the actual water courses (e.g., Arges and Dambovita
rivers). The Pleistocene discharge of these rivers used
to be stronger than it is today. This hypothesis is
supported by the amount of carried sediments and flow
paths average. The springs of these rivers are located
in metamorphic areas corresponding to the Fagéras
metamorphic lithostratigraphic units (Sebeg-Lotru
terranes) (Balintoni 2014). The mineralogical compo-
sition of these detrital deposits may reflect the
petrographic and mineralogical imprint of the above-
mentioned crystalline units. They bear amfibolites,
micaschists, ocular gneisses, paragneisses, which are
known for their relatively increased radiation potential
(Stoici and Tataru 1988). The petrographic character-
istics of these deposits may explain the relatively high
values of in-soil and indoor radon concentrations. On
the other hand, loess-like deposits are known to have a
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low radioactive potential (Kozak et al. 2005). In
addition, such low permeable formations should block
the migration of radon in soil. However, indoor and in-
soil measurements performed on emplacements over-
lapping loessoid and loess deposits revealed high
radon concentration values. This phenomenon can be
explained by the following hypothesis. A dry loess
column can be formed under the constructions and by
contracting can lead to the development of high
amplitude cracks. As a consequence, radon gas can
migrate through such flow paths from the underlying
rock formations with a higher radioactive potential
(Tondeur et al. 1996; Kozak et al. 2005).

In the Timigoara municipality, the emplacements
are located on Holocene alluvial deposits. The existing
geotechnical data indicate that these deposits are
covered by up to 1-m-thick soils. This aspect suggests
a possible link between in-soil radon values and these
alluvial deposits. Soil and indoor radon values can be
related to the lithological heterogeneity of these
deposits and the possible occurrence of rock fragments
with increased radioactivity. Such hypothesis may be
explained by the source area of the alluvial deposits.
The Bega River carries reworked material from the
Poiana Ruscd Mountains, where metamorphic rocks
are the main petrographic local component. They
consist of various petrotypes (quartz schists, micas-
chists, quartzites, amfibolites, paragneisses) belonging
to the Padeg and Fagarag terranes (Balintoni et al.
2014). Such rocks are known for their increased
radioactive potential (Stoici and Tataru 1988).
Geotechnical studies indicate the presence of silty
clay interbedding which can explain the reduced
permeability measured in some points around the
emplacements.

The majority of the studied locations from Iagi
overlap Sarmatian clay-rich deposits. In two situa-
tions, they lie directly on Pleistocene upper terrace
detrital deposits. It is known that some Sarmatian clay
varieties recorded a high radioactivity (Otton 1991;
Cosma and Jurcut 1996; Appleton 2007; Drolet et al.
2013). The possible presence of such clays may
explain both indoor and in-soil radon increased values
recorded in this study. The lithological heterogeneity
of these deposits and the presence of clayish soils (as
indicated by geotechnical data) may explain the
differences in permeability values recorded in various
measurement points around the emplacements. Mid-
dle and high in-soil radon values recorded for the
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Pleistocene deposits can be explained by their miner-
alogical and lithological heterogeneity together with
the possible presence of rock fragments with increased
radiation potential. These features may also explain
both the indoor measurement values and the measured
permeability differences from some points surround-
ing the emplacements.

The studied locations of Sibiu overlap both the
Holocene lower terrace deposits of Cibin and Sebesg
rivers and the Pleistocene detrital upper terrace
deposits of the Cibin Valley. The composition of the
alluvial and upper terrace deposits may reflect the
petrographic and mineralogical features of the geo-
logical formations crossed by the Cibin and Sebes
rivers in Quaternary. Such formations comprise
metamorphic rocks (gneiss, micaschists, few amphi-
bolites and pegmatites from the Sebeg-Lotru terranes)
which are known for their higher radioactive potential
(Stoici and Tataru 1988). These aspects could explain
both the relatively high indoor and in-soil radon values
resulting from measurements performed around the
emplacements.

The investigated houses from Cluj-Napoca area
overlap Quaternary (Pleistocene and Holocene upper
terrace and alluvial formations), Neogene (Sarmatian,
Badenian) and Paleogene (Rupelian) deposits. The
composition of Quaternary deposits can reflect the
mineralogical and petrographical features of the
geological formations crossed through time by the
Somesul Mic River and its tributaries. Such forma-
tions include magmatic (e.g., Muntele Mare granite)
and metamorphic rocks (micaschists and paragneisses
belonging to the Somes terrane), which are known for
their higher radioactive potential (Balintoni et al.
2009; Stoici and Tataru 1988). This aspect can explain
the medium and high radon values in soil and the
relatively high values from indoor measurements. The
lithological heterogeneity characterizing these detrital
deposits could also explain the variation of in-soil
measurements. The emplacements overlapping the
Sarmatian and Badenian deposits presented a peculiar
feature in terms of in-soil measurement values. Radon
potential values tend to migrate toward a lower limit of
the interval defining average values. In the meantime,
these values are lower than the average estimated for
emplacements overlapping Quaternary deposits. In a
single case, the emplacement overlaps Lower Rupe-
lian deposits with marls, sandy clays, limestones and
coarse limestone interbeddings. Geotechnical data

indicates the presence of up to 0.5-m-thick black clays
with plastic consistency, followed by 1-m-thick dusty
clay with plastic consistency. This black clay horizon
explains the medium radon potential together with
relatively high values from indoor measurements
(Drolet et al. 2013).

Conclusions

The variation of indoor radon could not be directly
correlated with radon variation in the soil. Considering
that all houses in the study had indoor radon concen-
tration values exceeding 200 Bq/m® and that radon
variation in soil was quite significant (covering from
low to high index), but not directly correlated with the
variation of indoor radon, it can be certainly stated
that, along with geology, the factors related to the
construction characteristics play an extremely impor-
tant role in the accumulation of radon indoor. It has
been noted that all these energy-efficient houses have a
rather high average of CO, which in turn has been
positively correlated with indoor radon levels. This
observation leads to the conclusion that energy-
efficient houses tend to have a low air exchange rate
that can produce negative effects on the indoor air
quality through the accumulation of CO,, radon or
humidity. On the other hand, the absence of concrete
screed combined with thermal retrofit on old houses
may present additional challenges for radon mitiga-
tors. The final conclusion drawn from this study is that
preventive radon measures should be applied for all
new buildings, regardless of the radon index, and that
indoor long-term passive measurements are the most
reliable method for assessing the radon risk for human
health.
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