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Abstract

This paper presents the methodology and results of the national radon survey in Bulgaria and its spatial variability. The
measurements were carried out in 2778 dwellings using CR-39 track detectors over two successive 9 and 3-month periods from
April 2015 to March 2016. The arithmetic (AM) and geometric (GM) means of annual indoor radon concentration were 111 +
105 Bg/m® and 81 Bg/m® (GSD =2.15), respectively. The distribution of data has been accepted to be log-normal. Two
hypotheses have been investigated in the paper. The first one was a spatial variation of indoor radon concentration and the
second was spatiality of the factor that influences radon variation. The indoor radon concentrations in the 28 districts have been
significantly different, which prove the first hypothesis. The influence of the factors, geology (geotectonic unit, type of rock, and
faults distance of the measuring site), type of the region, and the presence of the basement in the building on radon spatial
variation, was examined. The analyses have been shown that they significantly affect radon variations but with a relatively small
contribution in comparison to the radon variation between district. Furthermore, the significance and contribution of the inves-
tigated factors were different in each district, which confirmed the second hypothesis for their spatiality.
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Introduction

Radon is a naturally occurring radioactive heavy noble gas,
decay product of ?°Ra, which is a member of ***U chain.
The main source of radon in a building is soil and rocks on
which the building was built on, to a lesser extent, building
materials or water supply from which **’Rn can be released
during the water use. Radon exposure is responsible for ap-
proximately half of the total annual background radiation
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exposure (UNCEAR 2000). For many people, *’Rn is an
important source of exposure which, in principle, can be con-
trolled to some extent. This is one of the reasons that consid-
erable attention has been paid to radon in recent years. The
leading international public health and radiation protection
agencies, as the International Commission on Radiation
Protection (ICRP), World Health Organization (WHO), and
International Atomic Energy Agency (IAEA), updated their
recommendations on radon in response to the new evidence
of health risks from low and moderate exposure to radiation
(ICRP 2007; WHO 2009; IAEA 2011). The main recommen-
dation is that an appropriate system for reducing any exposure
to indoor radon concentrations (CRn) should be established on
the national level. The evaluation of the frequency distribution
of radon concentration levels in dwellings is a base for an
important component of any national radon program. Such
evaluation should be obtained with national radon surveys de-
signed and conducted in such a way as to be a representative of
population exposure in dwellings. A population representative
nationwide survey, recommended by WHO (2009), is one of
the first stages of a national action plan aimed to reduce risks
from radon exposure. The survey to directly measure radon
concentration in a representative sample of dwellings is
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generally used to estimate the distribution of indoor radon
concentration.

Bulgaria adopted the national program for health protection
of population by reducing the indoor radon concentration
since 2014. The extensive population-weighted national radon
survey was performed in Bulgaria for 1 year under the nation-
al program in order to assess the situation in the country as a
whole for implementation of national radon policy.

Radon is a naturally occurring radioactive heavy noble gas,
formed in the result of the decay of 226Ra, which is a member
of the decaying chain of **U isotope. The main source of
radon in a building is soil and rocks on which the building
was built on, to a lesser extent, building materials or water
supply from which Rn can be released during the water use
(UNSCEAR 2000, Annex B, C.1, p. 97). As a gas, the radon
indoor concentrations have large temporal and spatial variabil-
ity which depend on different factors. Relevant factors, which
influence the indoor radon levels, could be principally divided
into three groups: geology; ground characteristics, such as
permeability, water content, organic matter or proximity to
faults, and atmospheric condition; building characteristic fac-
tors such as type of building construction, date of building,
and floor level and lifestyle including heating and ventilation
routines. According to Appleton and Miles (2010), approxi-
mately 25% of the total variation of indoor radon in England
and Wales can be explained by the geology. In previous study,
we have proven that the effect of the characteristics of the
building on radon variability has a spatial character and they
are more dominant in inland cities than in the city located on
the sea coast (Ivanova et al. 2017).

The objectives of this paper are to present the results from
the national indoor radon survey in Bulgaria in general and to
investigate the spatial radon variation over the territory of the
country as well as the spatial character of the factors that
influences radon variation.

Material and methods
Design of the survey

Bulgaria is situated in South-East Europe and occupies the
North-East part of the Balkan Peninsula covering an area of
110,994 km?. The relief of Bulgaria is varied. In the relatively
small territory of the country, there are extensive lowlands,
plains, hills, low and high mountains, many valleys, and deep
gorges.

The population in Bulgaria is about 7.2 million people,
with an average density of 65 people per square kilometer.
Bulgaria has been divided into 28 administrative-territorial
units, called “districts.” The districts are further subdivided
into 265 municipalities. The biggest town in the district is
the center of the province and most populated. Sofia is the
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capital city of Bulgaria and the largest settlement in the coun-
try. Sofia is the administrative center of both Sofia district and
Sofia City district (Sofia-grad).

The aim of the study was to receive an adequate knowledge
of the radon distribution in Bulgarian dwellings. To this objec-
tive, 100 detectors have been assigned to each district, which
makes a total of 2800 detectors for the whole country (Fig. 1).
The survey has been designed, promoted, and coordinated by
NCRRP-MH (National Centre of radiobiology and radiation
protection—Ministry of Health) and carried out in collaboration
with the Regional Health Inspectorates. Additional instructions
have been prepared for the distribution of the detectors for each
district, in order to avoid unrepresentative placing of the detec-
tors, e.g., too many detectors in one settlement. The number of
detectors for the municipalities in the district has been deter-
mined according to the population. The next level of dividing
the number of detectors has been between the towns and vil-
lages in the municipality again depending on their population.
This kind of distribution of the dwellings sample in all towns
and villages in the municipality has been used in order to cover
all territory and increase representativeness. The dwellings in
town and village have been randomly selected by Regional
Health Inspectorates using a door-to-door approach for
contacting families and distributing detectors. Figure 1 shows
a map of Bulgaria with its districts, district’s name, and mea-
suring point location. As a result, within districts, sample den-
sity is about proportional to population density, but the propor-
tionality is different between districts.

The locations of measured dwellings have been definite
with a GPS or according to the exact address through
Google Map. The coordinates have been entered into GIS,
which enables the relevant analyses and visualization of the
obtained results.

The information about the type of building construction
and other information have been filled in questionnaires for
collecting by the participants with help of the Inspectorates.
The percentage of investigated buildings in towns has been
assessed to be 66% using the address of the dwelling complet-
ed in the questionnaire. In order to assess the representative-
ness of national survey, this percentage has been compared to
responding percentage of the buildings in towns according to
Bulgarian National Statistical Institute (BNSI 2016) for the
general dataset, which is 66.3%. The percentages are approx-
imately the same, which corroborates the representativeness
of the national survey.

The radon concentration has been measured on the ground
floors of the inhabited buildings. The detector has been deployed
in the room where the residents spent most of their time (living
room, bedroom, or children room of the dwelling). The position
of radon detectors was chosen at the height of 1-1.5 m above the
floors, e.g., over a wardrobe or a bookshelf, provided that it is
exposed to indoor air. The point of measurement has been cho-
sen not to be close to heat sources and not too close to the wall,
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Fig. 1 Sampling points for indoor radon measurement location and tectonic units on the Bulgarian territory

in order to reduce the impact of possible high thoron concentra-
tion on the radon measurements. Duplicate detectors have been
exposed close together with the main detector in 10% of dwell-
ings for the quality control of the measurement. In the selected
dwellings, the CRn were measured for 1 year in two consecutive
periods. Due to administrative reason, detectors could not be
replaced on sixth month, as was planned. The first period of
the detector exposure was from April to December 2015 and
the second was from January to March 2016. The total losses
from 2800 measured dwellings were 22 houses, which not
returned the detectors from the two phases. The annual CRn
for 2433 dwellings has been estimated as a weighted mean of
the results from two measuring periods (weighted with exposure
time). The weighting procedure, which has been applied to the
current survey data, ensured that the estimate of the current
national average radon level is as accurate as possible. Due to
loss of detectors or refusal from dwelling inhabitants for 345
dwellings, the results of one period have been only available.
In such cases, the missing CRn has been estimated using the
correction factor derived from the results where the measure-
ments in both periods were available. This procedure has been
implemented in another study and has been explained from
Stojanovska et al. (2013).

Indoor radon measurement and data analysis

The CRn measurements were performed using solid-state nu-
clear track detectors (SSNTD)-type RSFV of the Radosys Ltd.
The detectors used in the survey have been stored in an alu-
minum gas-tight bag. Each detector contains two chips (CR-
39) situated in two chambers. The main chip has been set in
major diffusion chamber. The second chip with the secondary
diffusion chamber has been put inside the main chamber. The
secondary chip is used for radon concentration assessment,
when the track number on the main chip exceeds the upper
limit of the linear calibration model or if an artifact on the
main chip has been detected. The radon concentration in this
case is calculated through track density of the secondary de-
tector chip by correcting with the multiplicative factor F, giv-
en by the manufacturer (F, = 6.67 track/mm?, 8(F,) = 5.55%).

The analyses of detectors have been made in the laboratory
of the National Centre of Radiobiology and Radiation
Protection. Upon return of detectors in the laboratory, the chips
have been mechanically removed from chambers and chemi-
cally etched for 3 h and 40 min in a 6.25 M NaOH solution at
90-93 °C (Hulber 2009). The chemical etching enlarges the
tracks created by the alpha particles. The tracks are counted
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using an optical microscope and an automated image analysis
system microscope. Tracks are accepted as genuine if their size
and shape fall within acceptable limits and the track density for
each chip has been given from the microscope. The radon con-
centration has been evaluated using the calibration factor and
background detectors for each batch. In order to estimate the
calibration factor, the detectors from two used batches for im-
plementation of the national survey have been exposed to radon
reference atmosphere in four points—200, 500, 1000, and
2000 Bg/m® in Radon Calibration Service Laboratory of
Federal Office for Radiation Protection (BfS), Germany. For
evaluation of the detectors aging from the first batch, re-
calibration has been performed at the end of the period, and
the background tracks have been analyzed through the transit
detectors sent to each district. Radon concentration (CRn) and
measurement uncertainties (ug,) for two periods have been es-
timated following the ISO 11665-4 (2012).

The statistical analysis has been applied for evaluation of
the influence of categorical factors on the CRn using the com-
mercially available statistical software: (XLSTAT 2014) Pro
7.5 (Version 2014.5.03). The following tests were applied:
data distribution has been tested by Kolmogorov-Smirnov
(KS) test; for analysis of variance, Kruskal-Wallis and
Mann-Whitney tests have been used. As a measure of a level
of'association between InRn and coded categorical factors, the
Spearman coefficient of determination (p*) has been used for
the assessment of correlation between the variables.

Factors affecting indoor radon concentration

Geological setting The area of Bulgaria is small; however, its
geological setting is complex (Yovchev 1971, Dabovski et al.
2002, Zagorchev 2009). Rocks of various ages, origin, miner-
al, and chemical composition are present. Their special distri-
bution and position are complicated as a result of the complex
tectonic structure of the Balkan Peninsula (Zagorchev 1992,
1994).

The Geological Map of Bulgaria (1:100,000) and the tec-
tonic system by Dabovski et al. (2002) have been used to
study the influence of the geological setting on the radon con-
centrations reported at the monitoring points of the National
Survey on Indoor Radon (Fig. 2). According to these infor-
mation sources, the country is within the range of two great
structures—the Moesian Platform and the Alpine Thrust Belt.
On the territory of Bulgaria, these structures have been divid-
ed into zones (superunits), units, and subunits.

The Moesian Platform is generally composed of terrigenous-
carbonate rocks of different age. The main part of the platform
is built by relatively undeformed Mesozoic successions of up to
4-5 km thick sedimentary deposits. These cover unconform-
ably a gently folded Paleozoic basement and are buried under-
neath Palacogene and Neogene sediments. Quaternary deposits
and loess cover considerable areas on the surface. Several larger
structures can be distinguished as positive and negative eleva-
tions relative to the mean. The largest structures are the Lom
Depression, the North Bulgarian Arch, and the South Moesian
Platform margin.

The Alpine thrust belt is divided into two orogenic
systems—the South Carpathian and the Balkan system. The
South Carpathian orogenic system is present only in a small
area in northwestern Bulgaria and there are not many sam-
pling points within it. Therefore, for the purpose of this study,
it has been united with the Balkan orogenic system.

The Balkan orogenic system is subdivided into three tec-
tonic zones: Balkan, Srednogorie, and Morava-Rhodope.

The Balkan Zone comprises subunits. It is composed of
various terrigenous, terrigenous-carbonate, and terrigenous
coal-bearing sediments, with widespread flysch, flysch-like,
and molasse successions and small occurrences subvolcanic
and volcano-sedimentary rocks, as well as rocks that are meta-
morphosed to various degrees. These make up a relatively
thick continental crust (38-34 km) gradually thinning toward
the Moesian platform.

The Srednogorie zone is distinguished by thick volcano-
sedimentary successions and numerous intrusive bodies in a
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relatively thin (35-28 km) continental crust. Terrigenous, ter-
rigenous-carbonate, and terrigenous coal-bearing sediments,
various magmatic, and metamorphosed rocks are also present.

The Morava-Rhodope zone includes widely exposed high-
grade metamorphic basement complexes; frequent intrusive
bodies of different sizes; isolated Palacogene basins with con-
tinental and shallow marine sediments associated with mostly
acid and intermediate volcanic rocks, thick continental crust
(50-52 km) in the central parts of the zone, thinning to 34—
37 km in SE and NW direction.

Sediments of Tertiary intraorogenic continental and
shallow marine basins cover and mask large areas within
the Srednogorie and Morava-Rhodope zone. Alluvium is
deposited along the river valleys in the area of the Alpine
Thrust Belt.

The influence of the faults on the CRn according to
their distance to the dwelling has been investigated also
in the study. A fault is a planar fracture or discontinuity in
a volume of rock, across which there has been significant
displacement as a result of rock-mass movement. Faults
are differed according to their angle of dip and their rel-
ative displacement, but their species have been not con-
sidered in the survey because of insufficient number sam-
pling points in their impact area. The distance between the
dwelling location and tectonic faults was extracted from
the geological maps by GIS methods.

Type of region The settlements could be classified as rural
or urban depending on the density of human-created struc-
tures and resident people in a particular area. Urban areas
include town and cities while rural areas include villages
and hamlets. The settlements in Bulgaria are united in mu-
nicipalities and then in larger regions—districts. There are
one town and several villages in the municipalities. Urban
and rural areas differ in economic, social, and environmen-
tal terms, which have been reflected by the type of build-
ings in them. The difference between the regions has been
investigated in the study.

Presence of the basement Building surfaces in contact with
the ground provide an ingress route into room air through
construction joints and settlement cracks by pressure-driven
flow (Hintenlane and Al-Ahmady 1992). The influence of
building construction with or without a basement on indoor
radon concentration has been assessed.

Results and discussion
Descriptive statistic and data distribution

The descriptive statistic of the annual radon concentrations
(CRn) in 2778 dwelling is presented in Table 1. The distribution

Table 1  Descriptive statistic of annual radon concentrations measured
in 2778 dwellings

Statistic CRn
No. of observations 2778
Minimum, Bg/m® 11
Maximum, Bg/m? 1314
Median, Bg/m® 78
Arithmetic mean (AM), Bq/m’ 111
Standard deviation (SD), Bg/m’ 105
Geometric mean (GM), Bq/m3 81
Geometric standard deviation (GSD) 2.15
Percentage of buildings with < 100 Bq/m> 61%
Percentage of buildings with 100-300 Bg/m? 33%
Percentage of buildings with >300 Bq/m> 6%

of the measured radon concentrations is accepted to be log-
normal (Daraktchieva et al. 2014). The obtained geometric
mean and geometric standard deviation (in brackets) have been
found to be 81 Bq/m3 (2.15). The similar GM have been report-
ed for some other European countries such as those of Republic
of Macedonia GM =84 Bg/m’ (Stojanovska et al. 2012),
Hungary GM =82 Bg/m’, Slovenia GM = 87 Bg/m®, Estonia
(GM =92 Bq/m?), Finland (GM =84 Bg/m’), and
Czech Republic (GM =94 Bg/m®) (UNSCEAR 2000). The
CRn in 61% of the observed buildings has been found to be <
100 Bg/m?, in 33% of buildings between 100 and 300 Bg/m’
and in 6% above 300 Bg/m’. Considering many factors affect-
ing CRn variability, a wide range of GSD appeared in the liter-
ature. For example, our GSD =2.15 is higher than the GSD =
1.86 reported for 437 dwellings in much territory smaller neigh-
boring county Macedonia (Stojanovska et al. 2012).
Furthermore our GSD is lower than GSD reported for
Hungary GM =82 Bg/m® (GSD =2.7) (UNSCEAR 2000);
Montenegro GM = 58.3 Bq/m3 (GSD =2.91), (Vukotic et al.
2018); and Ireland Gm =77 Bq/m3 (GSD =2.4) (Dowdall
et al. 2017) and higher than values reported in surveys in
Sokobanja (Serbia) GM =102 Bq/m3 (GSD =1.79) (Bossew
et al. 2014) and Kosovo GM = 143 Bq/m3 (GSD =1.7) (Gulan
etal. 2013).

Spatial variability of CRn has been confirmed. CRn are
significantly different between districts (KW, p <0.0001).
The GM in the district varies from 57 Bg/m® (2.24) for
Varna district to 184 Bq/rn3 (1.69) for Yambol district (Fig.
2). The GM of CRn in 12 districts is higher in comparison to
the overall GM of CRn which could be seen on the same
figure. In general, the variability in districts is lower than the
variability pertaining to the whole territory. Only in nine dis-
tricts, GSD 1is higher than the overall GSD. This result is
logical, bearing in mind that the factors influencing radon
variation have larger spatial variability on a larger territory,
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Table 2  Descriptive statistic of CRn grouped by geological parameters

Geological parameters N Rn (Bg/m3) Percentage of dwellings with CRn
Range AM (SD) GM (GSD) <100 Bg/m3 100-300 >300
Tectonic unit Balkan zone 374 13-686 90 (79) 69 (2.04) 70% 28% 2%
Moesian platform 1078  11-631 103 (91) 76 (2.14) 64% 31% 6%
Morava-Rhodope zone 432 16-1310 111 (117) 81 (2.10) 65% 30% 5%
Srednogorie zone 893 12-1314 129 (121) 95 (2.17) 53% 39% 8%
Rock type High metamorphic 191 13-524 99 (90) 75 (2.07) 70% 25% 5%
Igneous rocks (effusive) 13 17-1310 214 (344) 110 (3.07) 54% 31% 15%
Igneous rocks (intrusive) 96 15-517 105 (97) 78 (2.12) 60% 34% 5%
Low metamorphic 18 19-198 74 (52) 58 (2.13) 67% 33% 0%
Sedimentary rocks (lithified) 1261  11-1060 105 (95) 78 (2.11) 64% 30% 6%
Sedimentary rocks (partially lithified) 125 17425 85 (78) 60 (2.24) 70% 27% 2%
Sedimentary rocks (unlithified) 889 13-1314 120 (110) 89 (2.14) 56% 37% 7%
Volcanogenic-sedimentary rock 184 12-846 136 (134) 97 (2.23) 52% 39% 9%
Faults distance ~ 0-100 m 32 11-329 101 (93) 67 (2.58) 63% 34% 3%
100-300 m 72 26-376 95 (72) 76 (1.90) 68% 29% 3%
300-500 m 86 19-452 90 (85) 67 (2.06) 74% 21% 5%
>500 m 2587  12-1314 112 (106) 82 (2.15) 61% 33% 6%

instead of on a smaller one, where the effects are more uni-
form, in general. This hypothesis has been examined and
proved in another survey (Appleton and Miles 2010). The
lowest GSD (1.69 and 1.70) have been obtained for the dis-
tricts, which are neighbor to Yambol and Burgas district, while
the higher relate to the following districts: Stara Zagora
(GSD =2.28), Kyustendil (2.30), Sofia-Province (2.30),
Plovdiv (2.36). The similarities between the values of the
GSD for neighboring districts are noticeable. Furthermore,
the analysis has been shown that the value of the GSD is not
related to the GM of CRn and to the number of measurements
in each district since they were practically the same.

Factors affecting indoor radon concentration spatial
variability

The effect of geological setting on CRn variability was ana-
lyzed. The statistic of CRn grouping by the available geolog-
ical parameters is shown in Table 2.

The analysis of variance has shown that the CRn are sig-
nificantly different between tectonic units (p <0.0001)
(Table 2, Fig. 3). Further, multiple pairwise comparisons have
shown that CRn measured in the Srednogorie zone are higher
in comparison to all other tectonic units, while as the lowest
values are related to the Balkan zone. The values of CRn to
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Table 3 Descriptive statistic of CRn grouped by the presence or absence of the basement in the building and type of the region
N Rn (Bg/m®) Percentage of dwellings with CRn
Range AM (SD) GM (GSD) <100 100-300 >300
Bg/m’ Bg/m’ Bg/m*
Presence of basement No 1017 11-1314 132 (126) 97 (2.17) 52% 40% 8%
Yes 1760 12-720 99 (88) 74 (2.10) 67% 29% 5%
Type of region Rural 933 12-1310 125 (110) 94 (2.11) 54% 38% 8%
Urban 1844 11-1314 104 (102) 76 (2.15) 65% 30% 5%

Moesian platform are lower than average for the country. A
significant effect of rock type under a building on radon var-
iation has been also confirmed (p < 0.0001). The higher CRn
originated from the igneous effusive and volcanogenic-
sedimentary rocks in comparison to other types of rocks.
The radon emanation depends on the uranium concentration
(and therefore of radium) in the rock substrate on a geochem-
ical point of view, for that the rocks genesis has an important
impact on indoor CRn. The granite contained and the specific
activities of uranium (respectively radium) in igneous rocks
(effusive) and volcanogenic-sedimentary rocks are higher
than another type of rocks (UNSCEAR 2000 Annex B, C.1,
p. 98). These types of rocks and all magmatic groups are
connected to the Srednogorie zone and this could determine
the high radon concentrations in the zone (Fig. 3). Moreover,
the most of former uranium mining sites have been situated in
the Srednogorie and Morava-Rhodope zone so increased ra-
don risk from bedrock has been expected (Dikov and
Bozhkov 2004). The lowest CRn were observed on the low
metamorphic rocks in Balkan zone and sedimentary rock (par-
tially lithified) in the Moesian platform. On the other hand, the
GSD of the igneous rocks (effusive) is the highest, which
shows the highest variation and means that not only the con-
centration of uranium in rocks influences the CRn. The per-
meability and thickness of superficial rock deposits also
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Fig. 4 InCRn in buildings with and without basement belonging in a
different type of regions

influence radon exhalation from the soil, but the relatively
small number of radon measurements did not allow evaluating
these features.

The impact of faults on the territory of Bulgaria to the CRn
has been difficult to determine because the bulk of the sam-
pling points has been located outside the zones of potential
influence. Only 7% of all samples are placed at a distance of
fewer than 500 m from the geologically mapped faults.
Karstification and fault line could explain the higher CRn, as
the research in the Jura Mountains in Switzerland from Savoy
et al. (2011) has shown, but it should be applied on a regional
level. Drawing consistent conclusions for Bulgaria requires
more detail investigation of fault line types and radon mea-
surement on the regional scale.

The type of region (urban and rural) and the presence of a
basement in the building on CRn variation have been also
examined and the effect has been statistically significant
(KW, p<0.0001). The descriptive statistic for both factors is
given in Table 3. The higher CRn are measured in a rural area
in comparison to urban one. In general, these differences arise
from the type of building, or of the characteristics that control
the radon entrance in it and radon dynamics. Furthermore, the
buildings in the rural area are smaller and older (wall cracks
existence are ways of radon entrance into a building). The
same difference has been investigated on the pilot indoor ra-
don survey in regions in Bulgaria (Ivanova et al. 2013). The
existence of a basement in the building is a factor that signif-
icantly reduces the CRn in it. This well-known fact published
in many publications (Ivanova et al. 2017; Stojanovska et al.
2016; Stojanovska et al. 2017; Millerova et al. 2016) has been
confirmed in our study too.

An analysis of the impact of the basement presence in
building on the concentration of radon in different regions
(rural and urban) has been carried out. The results are pre-
sented in Fig. 4 and are shown that the main difference in
the CRn in buildings with and without a basement is in
urban regions as well as the type of region affected only
the buildings with basement. This could be explained by
the old buildings and by the lack of basements in most of
the buildings in rural regions.
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The spatiality of investigated factors

In order to study spatiality of the factors, the correlation be-
tween CRn and factors has been analyzed in each district. As a
measure, the Spearman coefficient of determination (pz) has
been used (Ivanova et al. 2017). The p2 values for each district
where correlations were significant are presented in Fig. 5. Itis
obvious that a factor effect on the CRn variations in each
district is different. For example, the significant radon vari-
ability effect from the rock type factor has been observed in
the four districts (Blagoevgrad, Veliko Tarnovo, Pleven,
Dobrich) with p? in a range from 6.3 to 15.6% (Fig. 5).
Unlike geology factors, the region and basement factors sig-
nificantly affect radon variation in most of the districts. The
influence of the type of region on the CRn is significant in 14
districts with p” in a range from 4.2 to 18%. The analysis of
basement availability in the building has been indicated the
significant influence on CRn in 15 districts with p* in a range
from 5.2 to 18% (Fig. 5).

The two investigated factors—basement availability and
type of region—appear to influence radon variations in paral-
lel at most of the districts. The CRn variation has been affected
by the presence of basement but has not been by the type of
region in three districts. This could be because in those dis-
tricts there is only one type of region, as “Sofia city” district
does not have a rural area, “Pernik” district is a region almost
of a rural type. The regions without an influence of the pres-
ence of basement on radon variation are “Pleven,” “Silistra,”
and “Stara Zagora” districts. This could be explained by dif-
ferent construction styles of building in these regions.

The variations in geological formations and an evaluation
of the factors affecting CRn in the districts mean that conclu-
sions drawn for one area cannot necessarily be extrapolated to
in adjoining areas even with the same geological formations
(Miles and Ball 1996). The analysis of indoor radon variation
by districts indicates the different types of influence on the
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local level, which demonstrated the need for the regional eval-
uation of the factors for predicting model of radon variability.

Conclusions

The national indoor radon survey in Bulgaria has been con-
ducted. The arithmetic (111 Bg/m®) and geometric means
(81 Bg/m®) for the country have been obtained. The percent-
age of dwellings with annual average radon activity concen-
trations above 300 Bg/m® is 6%. The analysis could be the
basis for the adopted national radon reference level of 300 Bg/
m’, above which exposure is considered inappropriate and
should be optimized with priority.

The classification of geological units on the Bulgarian ter-
ritory has been investigated and the analysis of variance has
shown that the CRn are significantly different between tecton-
ic units and type of rocks. The multiple pairwise comparisons
have been shown that CRn measured in the Srednogorie zone,
which mostly contains the igneous rocks (effusive) and
volcanogenic-sedimentary rocks, are higher in comparison to
all other tectonic units. The survey has been designed as a
population representative nationwide survey, but nevertheless,
the analysis has proved the dependency of indoor radon level
on geology. On the other hand, the study provides the bases of
the classification of rock types, widespread on the tectonic
units according to the radon concentration, which could be
used for modeling of geogenic radon in Bulgaria and detail
survey. The analysis and classification of the tectonic and
rocks could be used for applying the graded approach for
further evaluation of radon potential of the municipalities
and their prioritization. The impact of investigated factors,
type of regions and the presence of the basement on the annual
radon concentration, have been observed and should be con-
sidered in the evaluation of radon potential too.
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The analysis of the radon variation has shown statistically
significant difference between the CRn in the different dis-
tricts. The effects of the examined factors on the radon varia-
tions in each district were with different contributions, thus
confirming the hypothesis for the factor spatiality. The results
provide useful data for the future work under National radon
action plan and the limitation of radon exposure, including
expanding the number of measurement to better take into ac-
count geological factors.
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