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Abstract

Radon is known as the main contributor to natural background radiation exposure and the mapping of different radon
phenomenon presents an important task in both a scientific and regulatory context. Considering the aspect of radon
effects on health, identification of areas with elevated radon levels is a crucial step in radon monitoring and the preven-
tion of adverse effects on the population and the environment. Different needs regarding the monitoring of the environ-
mental radioactivity levels in Europe led to initiatives such as the development of the European Atlas of Natural Radia-
tion (EANR). To present different methods of radon mapping, the European Indoor Radon Map and European Geogenic
Radon Map projects are described briefly. The aim of this paper is to present the mapping of different aspects of radon
(indoor and geogenic) and its importance in data visualization and information dissemination. The practical experi-
ences worldwide provide context for future activities of radon mapping in Croatia. Existing Croatian initiatives in the
field of radon risk research are mostly related to the investigations of indoor radon concentrations and identification of
radon prone areas through one national study and several focused studies. A comparison of indoor radon levels in Croa-
tia and several geological parameters identified new areas appropriate for future research that could lead towards a geo-
genic map of radon potential in Croatia.
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1. Introduction significant amounts. The most common isotope, usually
known as radon, is radon-222 (***Rn), which is a mem-

One of the main concerns of environmental protec-  ber of the 2*U decay series with a half-life of 3.82 days.
tion is the issue of protection of humans and the environ-  The other two isotopes are radon-220 (2°Rn), known as
ment from harmful levels of exposure and mitigation of  thoron, with a half-life of 55.6 s and radon-219 (>°Rn),
harmful effects arising from the exposure to hazards.  known as actinon, with a half-life of 3.96 s. As a colour-
Even though the exposure to ionizing radiation from  jegq tasteless, and odourless gas, radon is difficult to de-

natural sources is considered as “a continuing and ines-  (act even in high concentrations. Figure 1 shows the
capable feature of life on earth” (UNSCEAR, 2000), complete 28U decay chain.

radon is known as the main contributor to natural back-
ground radiation exposure. Besides radon’s importance
in radiation prevention and protection, it is also the most
studied geochemical precursor in earthquake prediction
research.

Radon is an inert, alpha-emitting gas that is generated
from the uranium series i.e. one of the four known natu-
ral decay series that occur naturally, also known as pri-
mordial radionuclides. It has no stable isotopes and they
all differ in their half-lives. Out of 34 known isotopes of
radon, only three originate from the decay of primordial
radionuclides and two are present in the environment in

The source and the amounts of radon present in the
environment are natural but are also influenced by an-
thropogenic activities. In rocks and soils, radon is usu-
ally locked inside the mineral matrix but is released to
the interstitial space between grains when the radium
decays (UNSCEAR, 2000). The radon emanation factor
i.e. the fraction of all radon atoms that escape the grains
is determined by several characteristics, like the radium
atom content of the soil and its distance from the parent
radium atom, etc. (Tracy, 2010; Sykora, 2010). Before
their release into the atmosphere or their decay, radon
atoms are transported by diffusion and advection (UN-
Corresponding author: Ana Mostecak SCEAR, 2000). According to Gregori¢ et al. (2012),
ana.mostecak@gmail.com hydro-meteorological conditions govern the exhalation
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Figure 1: Uranium decay chain

of radon, while transport in the earth is related to the
geophysical and geochemical parameters. According to
Etiope and Martinelli (2002) in different geological
scenarios the transport and redistribution of trace gases
(Rn, He) is often determined by the carrier gases (CO,,
CH,) which can even be considered as a controlling fac-
tor in the transport of rare gases (Etiope and Martinelli,
2002). Radon is also dissolved in water and tends to re-
main dissolved in water and contribute to the concentra-
tion of the levels present in the groundwater (Tracy,
2010). Radon concentrations in the soil are responsible
for diffusion to the atmosphere, which is dictated by soil
properties, especially soil moisture (UNSCEAR, 2000)
and the pressure gradient. Radon concentration close to
the surface, i.e. a few meters below the ground, provides
information in determining radon exhalation rate in the
atmosphere (UNSCEAR, 2000). There are three main
factors influencing indoor radon levels: uranium and ra-
dium content in the soil/rock, environmental conditions
that affect radon’s transport from the soil, and meteoro-
logical parameters that affect the exhalation of radon
from the soil to the atmosphere (Ciotolli et al., 2017).
The Harvard Center for Cancer Prevention states that
ionizing radiation is the most studied environmental car-
cinogen, with the exception of tobacco smoke (Wake-
ford, 2004). According to the UNSCEAR report from
2000, radon health risks related to underground mine
exposure were well known, but research on the health
effects arising from the indoor radon exposure only
started in the 1970s (UNSCEAR, 2000). For humans,
the main exposure pathway for radon is through inhala-
tion. Since radon alone is not very active and is elimi-
nated from the body, it’s the inhalation of radon decay
products (*'*Po, 2“Po, ?'“Pb, 2'“Bi) that poses the greatest
health risk by disposition along the airways and irradia-
tion of the bronchial tree and lungs (UNSCEAR, 2000).
Besides smoking, exposure to radon progeny is consid-
ered one of the main contributors to the occurrence of
lung cancer (ICRP, 1987; ICRP, 2010; WHO, 2009).
Considering the aspect of radon effects on health, identi-
fication of areas with elevated radon levels presents a
crucial step in radon monitoring and the prevention of
adverse effects on the populations and the environment.
According to Dubois et al., map visualization of the
occurrence of ??Rn and its decay products “has been of

major public, regulatory, and scientific interest for two
to three decades” (Dubois et al., 2010). The Euratom
Treaty requires the European Commission to “collect,
validate and provide information about the levels of ra-
dioactivity in the environment” (De Cort et al., 2011).
Several authors mention different needs regarding the
monitoring of the environmental radioactivity levels
present on the European legal, regulatory and scientific
levels that led to the initiatives such as the development
of the European Atlas of Natural Radiation (EANR)
(Dubois, 2005; Gruber et al.; 2013; Tollefsen et al.,
2014; Cinelli and Tollefsen, 2016). The EANR project
was started by the Radioactivity Environmental Moni-
toring (ERM) group at the European Commission’s Joint
Research Centre (JRC), with the main objectives of in-
troducing the concept of natural radioactivity to the gen-
eral public, identifying the areas where natural radioac-
tivity levels are elevated and providing reference materi-
als and data to the scientific community (Gruber et al.,
2013; Dubois et al., 2010). EANR should provide an
overview of the different variables related to the sources
of natural radioactivity and their geographic distribution
in different stages, e.g. the generation stage and the stage
of the actual phenomenon that causes concern (Gruber
et al., 2013). The European Indoor Radon Map (EIRM)
project has made significant progress and its outputs will
be presented in the upcoming section. It was based on
national indoor radon measurement initiatives across the
Member States. The European Geogenic Radon Map
(EGRM) presents a challenging task with the aim of
mapping only what Earth itself delivers, i.e. the radon
levels resulting from natural reasons, “irrespective of
anthropogenic factors and temporally constant over a
geological timescale” (Gruber et al., 2013). In this con-
text, the radon phenomenon is termed as geogenic radon
potential (GRP). A more detailed overview of the differ-
ent aspects of geogenic radon mapping will be given in
the next section. Besides the maps covering the indoor
radon values and the geogenic radon potential, cosmic
radiation, terrestrial gamma, and outdoor radon maps are
also planned (De Cort et al., 2011). According to De
Cort et al., the long-term overall goal of the EANR is to
calculate the total dose caused by the natural radioactiv-
ity for a population by using different data and to present
these values in a map (De Cort et al., 2011).
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The Article 103 of the EC Directive 2013/59/Euratom
states that the “Member States shall identify areas where
the radon concentration (as an annual average) in a sig-
nificant number of buildings is expected to exceed the
relevant national reference level” (EC, 2013). Addition-
ally, the document states that the Member States should
establish a radon action plan which should be submitted
to the European Commission. The same requirement is
mentioned by the IAEA (IAEA, 2012). Gruber et al.
(2013) present a definition of the radon prone areas as
proposed in the preparation of the new Euratom Basic
Safety Standards Directive: “a geographic area or ad-
ministrative region defined on the basis of surveys indi-
cating that the percentage of dwellings expected to ex-
ceed the national reference level is significantly higher
than in other parts of the country” (Gruber et al., 2013).
The concept of radon prone areas is usually used in the
geogenic radon potential mapping.

Given the information present herein, the necessity
and significance of the identification and monitoring of
different radon phenomenon, on both national and inter-
national levels with regard to various regulatory and sci-
entific aspects, gives radon mapping a crucial role in the
radiation protection of humans and the environment.
The aim of this paper is to present the mapping of differ-
ent aspects of radon (indoor and geogenic) and its im-
portance in data visualization and information dissemi-
nation. Practical experiences worldwide provide context
for future activities in radon mapping in Croatia and may
be taken as the first step towards a geogenic map of ra-
don potential in Croatia.

2. Overview of radon mapping
initiatives in the world

There are two general approaches to the mapping of
the radon phenomenon: the first one relies on the values
of indoor radon levels to derive a radon risk map, where
the second one combines the indoor radon data with the
available geological data. While the values of indoor ra-
don levels are usually used for determining areas at risk,
as in the example of the EIRM project (Dubois, 2005),
due to the complexity and demanding nature of data col-
lection, different authors are developing radon potential
maps through geologically based methods (Ielsch et al.,
2010; Szabé et al., 2014; Kemski et al., 2001; 2009;
Watson et al.,, 2017; Sainz Fernindez et al., 2017;
Ciotoli et al., 2017; Minda et al., 2009).

The first step in the preparation of the European Atlas
of Natural Radioactivity was the mapping of indoor ra-
don levels. European Indoor Radon Map was based on
data provided by the EU Member States from their na-
tional radon surveys. JRC collected the data through a
questionnaire in order to get an overview of the status of
radon surveys and methodologies used in different coun-
tries (Dubois, 2005). Details are available in the full re-
port (Dubois, 2005), but general conclusions were that

no country used the same methodology. Overall, the es-
timated number of European dwellings where radon
measurements were conducted was between 1.5 and 2
million, with the number of measurements being be-
tween 3 and 4 million due to the fact that measurements
were sometimes done in several rooms in one dwelling,
usually in bedrooms and living rooms. In this context,
Tollefsen et al. (2014) mention a remark for future ac-
tions concerning the fact that there are people who do
not live on the ground floor but on higher floors where
radon levels are considered to be lower, which is espe-
cially true for cities. They stress the importance for sur-
veys to refer to the aspect of population density and
house occupation characteristics. Regarding the conduc-
tion of measurements, in the sampling density aspect,
some countries used a population-weighted approach
where others decided for a homogenous coverage of the
territory (Tollefsen et al., 2014). Also, in defining local
mean values, most of the countries used administrative
borders, where some used a grid as a reference system
and only a few relied on the interpolation or geostatisti-
cal techniques (Dubois, 2005). Measurements differ in
the sampling time (from a few hours up to a year), selec-
tion of buildings types (public buildings, single or mul-
tifamily houses, etc.), but in most countries, they includ-
ed soil-gas measurements. Additionally, the majority of
countries used the EU recommended annual mean in-
door concentrations as their reference level, which is
400 Bgm for existing buildings and 200 Bqm for new
buildings (Duboeis, 2005). In the context of data interpo-
lation and the lack of spatial correlation, Ciotoli et al.
(2017) mention a possibly misleading aspect of this ap-
proach (Ciotoli et al., 2017).

It is interesting to mention that according to Tollefsen
et al., (2014), data from the indoor radon concentrations
map in Europe are related to the “granitic areas of the
Bohemian Massif, the Iberian Peninsula, the Massif
Central, the Fennoscandian shield, Corsica, Cornwall
and the Vosges Mountains, the crystalline rocks of the
Central Alps, karst rocks of the Swiss Jura and the Di-
narides, the black shales in North Estonia and in certain
volcanic structures in central Italy.” (Tollefsen et al.,
2014).

Where EIRM uses the direct measurements of indoor
radon concentrations for mapping, the use of geogenic
radon potential concept is known as an indirect method
(Cinelli and Tollefsen, 2016). The European Geogenic
Radon Map relies on the geogenic radon potential as a
spatial variable to be mapped. In developing the EGRM,
the main challenges were related to the selection and
collection of input variables and the identification of the
multivariate method of defining the radon potential (De
Cort et al., 2011). Variables selected to best target the
final GRP variable consist of different geological and
tectonic data (polygons and line data) and soil gas radon
concentrations, geochemical concentrations in the soil
and soil permeability, geophysical data, etc. (point data)
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(De Cort et al., 2011; Gruber et al., 2013). Another
important factor in the project development is the avail-
ability and the accessibility of data. The European On-
eGeology Project provided the age and lithology data to
be used as a basis for deriving the GRP. As mentioned by
Ciotolli et al. in their work on mapping the GRP of the
Lazio region in Italy, while the GRP concept is widely
used in the radon risk mapping, a generally accepted ap-
proach has yet to be developed (Ciotoli et al., 2017). In
quantifying the radon potential, there are two ways of
deriving the GRP variable, a physics-driven approach
(known as the continuous variable approach) and the ra-
don index approach, also known as the multivariate clas-
sification approach or cross-tabulation (Gruber et al.,
2013; De Cort et al., 2011). According to Gruber et al.
(2013) the physics-driven approach is based on the
quantity that best describes the processes that most con-
tribute to the GRP, and this quantity is very well repre-
sented by the value known as “Neznal RP” due to its
similarity to the proposition by Neznal et al. from 2004
(Gruber et al., 2013). The model for assessing radon
potential from Neznal et al. (2004) is based on measure-
ments of both soil gas radon concentrations and soil per-
meability, as seen in Equation 1 (Gruber et al., 2013,
Szabé et al., 2014). RP should reflect the available ra-
don from the ground, irrespective of the anthropogenic
factors such as building type, etc. (Friedmann et al.,
2017). A detailed overview of the inputs used in the
Equation 1 for deriving the RP values is available in
Gruber et al. (2013).

RP=C/(-log,, log,, k—10) (1)
where:

C — radon concentration in soil air (kBqm™)

k — soil permeability (m?).

Radon index (RI) or the multivariate classification ap-
proach relies on scoring the input variable combinations,
e.g. high soil Rn content and low permeability combined
result in a score. All the scores are summed and then
classified resulting in RI classes (low, medium, high)
(De Cort et al., 2011; Gruber et al., 2013). This ap-
proach is very applicable for the European context given
the diversity of input data. Some of the best practice ex-
periences with the radon index method are available
from Germany, France, the Czech Republic and the USA
(Gruber et al., 2013) and were used for providing the
default RP of the geological units (Tollefsen et al.,
2014). The EGRM is based on the radon index deriva-
tion where the main challenge was to incorporate differ-
ent sets of data, sometimes partial or differing in quality,
into the GRP variable (De Cort et al., 2011).

Besides the method used in the EGRM, De Cort et al.
(2011) mention other approaches that can be used in ra-
don risk mapping: a probabilistic approach based on the
statistical correlation of the observed data, an analytical
approach defining the radon hazard index, a “posteriori”
approach defining GRP as a normalized indoor concen-

tration, and the exceedance probability of indoor con-
centration approach (De Cort et al., 2011). The input
variables in the radon index approach are shown in Fig-
ure 2 (Cinelli and Tollefsen, 2016).

Another important aspect of radon risk mapping is the
estimation of the target variable and its assignment to a
spatial unit (either an administrative or a geological
unit). The variables are estimated from the input data i.e.
RP or index value. For estimation purposes, sometimes
point data can be joined to one unit by the use of the
mean value of all the points belonging to that unit, as in
the development of the EIRM.

GEOGENIC RADON RISK INDEX

||

s

|

outdoor Rn

s

indoor Rn terrestrial

gamma dose

U in soil

soil permeability

aquifers

Figure 2: Input variables for Radon Index derivation
(after Cinelli and Tollefsen, 2016)

Gruber et al. (2013) mention that for the estimation
support, polygons are considered as most applicable to
represent the geological units. Gruber et al. (2013) also
list two main types of problems encountered during the
development of the EGRM: heterogeneity and concep-
tual issues. Heterogeneity issues result from differences
in the datasets gathered across the Member States, dif-
ferences in the protocols used in the measurements or
variables measured, geological classification used, etc.,
all of which first need to be harmonized in order to be
used for mapping (Gruber et al., 2013). Conceptual is-
sues are mainly related to geology. Since radon potential
depends on the radon source term and migration proper-
ties, which are covered by the use of different geological
units in the classification system, sometimes those units
and categories fail to include all the geological details
important for the GRP (Gruber et al., 2013).

According to Ciotolli et al. (2017), GRP is connected
to the local geology and if properly defined it can be of
use in determining radon prone areas, especially in the
situations where the amounts and/or quality of the in-
door radon data is not sufficient. Regarding the correla-
tion of the data available from the measurements of in-
door radon levels and geological data, several authors
researched the correlation between these two sets of
variables (Bossew et al., 2008; Garcia-Talavera et al.,
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2013; Friedmann et al., 2017). Work by Bossew et al.
(2008) focuses on the deterministic prediction of region-
al RP based on the geological classes and stochastic
modelling of RP in Austria. Garcia-Talavera et al.
(2013) presented a methodology for mapping RPA in
Spain by using already available indoor radon measure-
ments and surrogate information and combining it with
data on natural y-radiation. Friedmann et al. (2017)
used indoor radon concentration measurements for
dwellings in Upper Austria paired with data on radium in
soil, the soil gas radon concentration, soil permeability,
and the ambient dose equivalent rate, while paying at-
tention to the geological units present. Besides the
“Neznal RP” (RP), the authors also calculated the
“Austrian RP — radon concentration in a standard room”
(RP,) with the aim of correlating different variables and
checking the use of surrogate data instead of indoor ra-
don measurements (Friedmann et al., 2017). The re-
sults of their study showed that while RP correlates
well with the soil gas radon concentrations, and RP, cor-
relates well with the indoor radon concentrations, a cor-
relation between the RP and the RP, is found only when
the soil gas radon concentration is approximately equal
to 60 kBqm™* (Friedmann et al., 2017). The correlation
between the indoor radon concentrations and radium in
soil and soil gas radon concentration variables was not
sufficient, where only summarization of different geo-
logical units lead to better correlation results (Fried-
mann et al., 2017). Concerning the radon risk classifica-
tion, the authors conclude that even knowing the data on
all the radon relevant variables except the indoor radon
concentrations does not suffice to define the radon risk
for a geological area, but can provide indications and be
used as a quick method of getting a general view of
which areas call for further measurements and investiga-
tion (Friedmann et al., 2017).

Chambers and Zielinski (2011) provide a good
overview of residential radon levels and radon data
availability around the world. Canada is considered a
country where the first large national residential radon
survey was done in the 1970s and 1980s. The authors
also mention data from UNSCEAR related to the world-
wide average values of indoor radon levels for 2000,
where the unweighted average mean value worldwide
was 46 Bqm~and 39 Bqm~population weighted (Cham-
bers and Zielinski, 2011). In the worldwide context,
different authors are working on radon risk mapping and
carrying out different radon research projects. In their
work, Ciotoli et al. (2016) used Geographical Weighted
Regression (GWR) and geostatistics in order to produce
a GRP map of the Lazio region in Italy, with an assump-
tion that the radon risk of an area is only dependant on
the environmental and geological parameters. For pre-
diction of radon prone areas Bossew (2014) used GRP as
a predictor and thresholds of indoor radon concentra-
tions, but not by doing a transfer model from geogenic to
indoor radon, but by optimizing the geological classifi-
cation and grouping.

Some authors focused on the effects and influence of
variables from construction, i.e. building factors. Bor-
goni et al. (2014) used data from several Lombardy mu-
nicipalities (Italy) to research the effect that a range of
building characteristics has on indoor concentrations,
especially on different floor levels. The authors used hi-
erarchical modelling. The results showed that windows
and wall materials had a significant influence on indoor
radon concentrations, while soil type and building type
(attached or detached) did not have a significant effect.
The most influential variable was the floor, with the
basement and ground floor being more associated with
elevated radon levels than the higher floor, but without a
linear behaviour (Borgoni et al., 2014). Kemski et al.
(2009) used indoor radon measurements from 10000
dwellings in order to examine the statistical relationship
between building materials, house types and indoor ra-
don concentrations. Hunter et al. (2009) examined
house-specific factors based on the survey on radon con-
centrations in 40000 dwellings in the UK, The authors
focused on building characteristics (house type and dou-
ble glazing) and construction dates. The results showed
that these parameters also have a statistically significant
effect on indoor radon values (Hunter et al., 2009).
Mikeliinen et al. (2001) studied correlation in the data
from 84 houses in Finland and found substructure and
the permeability of the soil to be the most influential fac-
tors (Mikelidinen et al., 2001).

Due to scarce airborne measurements being available,
the radon risk prediction approach in Norway relies on
the indoor radon measurements in producing a national
radon hazard map. Watson et al. (2017) established a
new national dataset on indoor radon and investigated
the connection between geology and indoor radon val-
ues in Norway. Among other things, the authors con-
cluded that due to local variations of certain rock types,
established relationships between geology and indoor
radon might not be valid in all parts of the country (Wat-
son et al., 2017). An example from France by lelsch
et al. (2010) presents the mapping of GRP in the Bour-
gogne region (France) by using the approach that classi-
fies geological units according to their uranium content
which is determined through the analysis of rock sam-
ples. Maps are further developed by adding other param-
eters and are intended to serve as an operational tool.
This methodology is to be used to develop a national
map, while the region of Bourgogne was used to present
the first application. The authors mention that the map
resulted in the identification of new RPA, which will
help improve the current limits of the priority areas that
are defined by regulations but were based only on ad-
ministrative borders (Ielsch et al., 2010). Szabé et al.
(2014) conducted GRP mapping for the area of central
Hungary by using soil gas radon and permeability meas-
urements. The authors used spatial analysis to research
the relationship between the aforementioned variables
and geological formations. The results showed that
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mountains and hills have the highest soil gas radon con-
centrations, compared to plains (Szabo et al., 2014).
Minda et al. (2009) researched the correlation between
indoor radon concentrations and geological formations
in Hungary and found stronger correlations in one floor,
no-basement houses.

3. Radon investigation and mapping
in Croatia

Croatian initiatives in the field of radon risk analyses
are mostly related to the investigations of indoor radon
concentrations and identification of radon prone areas
through one national study and several focused studies
(Radolié¢ et al., 2005, 2006, 2014). Radoli¢ et al. (2005)
studied the radon concentrations in geothermal water
and air in nine spa pools in Croatia and estimated an ef-
fective dose received by the personnel and visitors. The
results showed an average value of 40.3 Bqm™ and var-
ied from 10.9 to 109 Bqm?, the estimation of an effec-
tive dose was within the limits of the values set for the
workplace (Radoli¢ et al., 2005). The authors also men-
tion that compared to values reported by authors in other
countries, the values found in Croatian spas are far from
elevated. In 2006, Radolié¢ et al. conducted a one-year
long national survey of indoor radon on randomly se-
lected households in Croatia. The total number of house-
holds participating in the study was 782 and they were
selected proportionally to the number of habitants in
each of the twenty counties. Besides the continuous
measurements, participants were also interviewed on
their lifestyles and building types and properties. The re-
sults showed the arithmetic mean value of 68 Bqm~and
the geometric mean of 50 Bqm?, with the arithmetic
mean values for twenty counties ranging from 33 to 198
Bgm™ (Radolié¢ et al., 2006). The authors also reported
that indoor radon concentrations found in Croatia were
similar to the values found in the Central and Southern
European countries. The national survey from 2006 es-
tablished the national reference values for Croatia
(Radoli¢ et al., 2006), where it was also found that the
area of Lika-Senj County had radon levels two or three
times higher than the national reference. Based on those
results, those areas were further investigated with the fo-
cus of identification of radon prone areas in Radoli¢ et
al. (2014). For the area, the authors reported the arithme-
tic mean value of 223 Bqm™ and the geometric mean
value of 121.9 Bqm™ with the percentage of dwellings
with radon concentrations above 300 Bqm™ being 34.7%
(Radoli¢ et al., 2014). A focused study of radon was
done with the aim of radon mapping of the city of Osijek
(Croatia) (Radoli¢ et al., 1998). Continuous measure-
ments were performed in houses in the city and public
buildings (kindergartens and schools) over the period of
two to six months, focusing at gathering data on the in-
door radon levels, the soil gas radon levels, and the in-
formation on building properties (Radoli¢ et al., 1998).

The authors found a positive correlation between the
indoor radon values and soil gas radon values.

Measurements of radon concentrations, as well as
measurements of total gamma radiation, were conducted
for the location in Kastel Gomilica in order to determine
the background radiation of the area (Lovrencic, et al.,
2007). The results showed that radon concentrations
were highly influenced by physical conditions like wind
and pressure, while for gamma radiation, the influence
of basement type and effect of disposed TENORM was
most important (Lovrencic, et al., 2007).

Vaupotic et al. (2007) studied both the Slovenian and
Croatian karstic region, testing soil samples for radon
activity concentrations at four locations (three of which
are in Croatia). While radon soil gas concentration val-
ues varied across the sites, all the samples were found to
be unaffected by the local thermal power plant running
on coal (Vaupoti¢ et al., 2007).

The Croatian State Office for Radiological and Nu-
clear Safety (DZRNS) is responsible for conducting an
ongoing monitoring of ionizing radiation in the environ-
ment. The results of radon concentration measurements
in public and residential spaces for 2012 and 2013 are
available online in map format at http://radon.dzrns.hr/.
The purpose of these investigations was to determine
the existing situation to be used as a basis for the prepa-
ration of the national radon action plan in accordance
with Article 103 of the Directive 2013/59/EURATOM
(DZRNS, 2016).

4. Indoor radon mapping in Croatia
and its connection to geology - first
step to a geogenic radon map

The national survey of indoor radon from 2006 by
Radoli¢ et al. is the most extensive radon measurement
study conducted in Croatia. Most often, indoor radon
originates from the ground on which the building was
built on or rarely from the building materials or it enters
the house through the water supply and is released dur-
ing the water use (IAEA, 2012). The highest concentra-
tions are usually related to the basements and rooms in
the contact with the ground. The major access routes
such are gaps in the floors and walls, cavities and cracks
in the floors or around the piping, construction joints,
etc. IAEA, 2012).

Figure 3 shows how radon usually enters a building,
through 1) cracks in walls; 2) openings in walls and
floors; 3) windows positioned near the ground; 4) water
and waterworks (water pipes); 5) ground.

Work from Radoli¢ et al. (2006) identified counties
in Croatia with elevated indoor radon levels. This data
provided the first input for connecting radon levels in
Croatia with geological parameters. The County with the
highest detected indoor radon level was Lika-Senj
County (X), two other Counties with elevated levels are
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Karlovac County (V) and Primorje-Gorski kotar County
(IX) (Radoli¢ et al., 2006). Based on the data listed in
their work, a map shown in Figure 4 was produced, out-
lining the Counties with the elevated radon levels ac-
cording to the national survey.

The map shown in Figure 4 was made with two sets
of data. The first dataset is related to a table set with el-

Figure 3: Radon access routes
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]

evated indoor radon levels in Croatian Counties (Radoli¢
et al., 2006). This data was transferred to the spread-
sheet calculator and supplemented by county numbers in
anew field, County ID. The second set of data is the GIS
layer which illustrates the spatial extent of Croatian
Counties. Those two sets are linked together with the
primary key in spreadsheet table and also in a layer’s
attribute table. The final GIS layer symbology, elevated
indoor radon levels were drawn as quantities classified
in four classes. Counties with the concentration of in-
door radon levels above 100 Bq/m? are highlighted here.

The map shown in Figure 5 was made with three sets
of data. The first data set is the line GIS layer representing
tectonic zones. Tectonic zones are illustrated by important
faults and overthrusts which are delineated by geological
observations. The second set of data is the GIS layer rep-
resenting geological deposits, differentiated lithologically
and chronostratigraphically. Those two datasets are illus-
trated on the Geological map of Croatia (Veli¢, 2007 with
references). The third set of data is the GIS layer repre-
senting outlined deposits of granites and gneisses, as areas
with potentially high radon concentrations.

The map shown in Figure 6 is the final map, obtained
by a map overlay of the two previous maps. As a result,

Radon [Bq!m’]
D c<50
[Js0<c<100
[ 100 <c 150
] c> 150

counties with conc. of radon above 100 Bqu

Figure 4: Croatian Counties with elevated indoor radon levels (after Radoli¢ et al., 2006)
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Figure 5: Geological map of Croatia (modified after Veli¢, 2007 and references therein)

two groups of counties are highlighted. Identified radon
prone areas with potential for further research are char-
acterized by elevated radon values in respect to recent
fault activity in the Kvarner area and lithological bed-
rock characteristics (granites and gneisses) in the area of
Slavonian mountains (Prelogovi¢ et al., 1995; Jurkovié,
2003; Crni¢ki and Sinkovec, 1993).

5. Conclusions

The importance of mapping of different radon phe-
nomenon can be summarized by the role it has in the
radiation protection of humans and the environment, on
the public, regulatory, and scientific levels. Knowing
that radon is the main contributor to the natural back-
ground radiation exposure, there is a clear and practical
need for the identification of radon prone areas and the
monitoring of the radon phenomenon.

A short overview of the European Atlas of Natural
Radiation (EANR) project and the continuous work on
developing the European Indoor Radon Map (EIRM)
and the European Geogenic Radon Map (EGRM) shows
the importance of the task in the interdisciplinary and
international European context. The practical experi-
ences in the mapping of different aspects of radon (in-

door and geogenic) presented herein aspire to illustrate
both the importance and the complexity of the work re-
quired, as well as the potential that radon mapping has in
improving the implementation of radiation protection.

Additionally, this paper presents the mapping of in-
door and geogenic radon and how visualization of the
mapped data affects interpretation and information dis-
semination. The main advantages of the GIS system use
are evident in improved data visualization and interpre-
tation, linking the geographic and attribute data, and the
possibility of interdisciplinary decision-making in the
area of different environmental issues.

The existing work related to radon mapping in Croa-
tia consists of the investigations of indoor radon concen-
trations and identification of radon prone areas through
one national study and several focused studies. A simpli-
fied correlation between the indoor radon levels and
the geological and tectonic parameters presented in Fig-
ure 6 identified new potential radon prone areas. This
data could be used as input for further research. Since
the map relies on the data provided by Radoli¢ et al.
(2006), future activities should focus on more extensive
research targeting these areas. This new research should
be conducted in cooperation with Radoli¢ et al. and
could be taken as the first step towards a geogenic map
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3
D counties with conc. of radon above 100 Bg/m coincident with seismotectonic areas

Figure 6: Identified radon prone areas with potential for further research

of radon potential in Croatia. The output of this future
research could improve the ability of different users to
access information and also contribute to key interna-
tional initiatives in this field.
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SAZETAK

Kartiranje radona u Hrvatskoj i njegova povezanost s geologijom

Radon je poznat kao glavni doprinositelj prirodnoj pozadinskoj izlozenosti zracenju, a kartiranje razli¢itih fenomena
radona vazan je zadatak kako u znanstvenome, tako i u regulatornome kontekstu. Uzimaju¢i u obzir utjecaj radona na
zdravlje, identifikacija podrudja s povi§enim razinama radona kljuc¢an je korak u pracenju stanja (monitoringu) radona
te sprjeCavanju Stetnih ucinaka na populaciju i okoli$. Razli¢ite potrebe vezane uz pracenje razina radioaktivnosti u
Europi dovele su do inicijativa poput razvoja Europskoga atlasa prirodnoga zracenja (EANR). Kako bi se predstavile
razli¢ite metode kartiranja radona, ukratko su opisani projekti Europske karte razine unutarnjega radona i Europske
karte geogenoga radona. Cilj je ovoga rada prezentirati kartiranje razli¢itih aspekata radona (unutarnjega i geogenoga) i
vaznost kartiranja u vizualizaciji podataka i $irenju informacija. Prakti¢na iskustva iz svijeta pruzaju kontekst za buduce
aktivnosti kartiranja radona u Hrvatskoj. Postojece hrvatske inicijative na podrudju istraZivanja radonskoga rizika uglav-
nom se odnose na istrazivanje koncentracija radona u zatvorenome prostoru i identifikaciju podrucdja izloZenih radonu
kroz jednu nacionalnu studiju i nekoliko fokusiranih studija. Usporedba razina unutarnjega radona u Hrvatskoj i neko-
liko geoloskih parametara identificirala je nova podrud¢ja prikladna za buduca istrazivanja koja bi vodila prema karti
geogenoga potencijala radona u Hrvatskoj.

Kljuéne rijeci:
kartiranje radona, geologija, Hrvatska, GIS, prirodna radioaktivnost
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