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• Significant difference between the
warm months and the cold months
was observed.

• Low values of radon activity concentra-
tion for the sedimentary areas.

• A moderate correlation between the
radon concentrations in water and soil.

• Map of radon in water indicates no sig-
nificant radiological risk.
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In the framework of the last Council Directive 2013/59 (Euratom, 2014) laying down basic safety standards for
protection against the dangers arising from exposure to ionizing radiation, the problem of radon was assumed
in Romania at national level by responsible authorities through the design and development of a National
Radon Action Plan and an adequate legislation (HG nr. 526/2018). In order to identify radon risk areas, however,
it is necessary to perform systematic radonmeasurements in different environmental media (soil gas, water, in-
door air) and tomap the results. This paper presents an atlas of up-to-date radon in soil andwater levels for cen-
tral and western part of Romania. The radon in soil map includes data from 2564measurements carried out on-
site, using Luk3C radon detector. The Luk-VR system was used to measure radon activity concentration from
2452 samples of drinking water. The average radon activity concentration was 29.3 kBq m−3 for soil gas, respec-
tively 9.8 Bq l−1 forwater dissolved air.Mapping of radon can be a useful tool to implement radonpolicies at both
the national and local levels, defining priority areas for further study when land-use decisions must be made.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

On the basis of Articles 35–36 of the Euratom Treaty, the most im-
portant objective of the EU Members States is to monitor and report
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Table 1
Summary statistics of the measured radon activity concentration in soil gas and water.

Measurement type No. Min. Max. AM SD GM GSD

Rn in soil (kBq m−3) 2564 0.2 179.0 29.3 17.4 24.5 1.9
Rn in water (Bq l−1) 2452 0.3 352.0 9.8 16.9 6.2 2.7

AM – arithmetic mean; SD – standard deviation; GM – geometric mean; GSD – geometric
standard deviation.

888 B. Burghele et al. / Science of the Total Environment 669 (2019) 887–892
environmental radioactivity (Euratom, 2010). It has been acknowl-
edged that natural radioactivity is the main source of human exposure
to ionizing radiation (Euroatom, 2014; HG nr. 526/2018). Radon
(222Rn), found ubiquitous in soil, rocks and water represents the main
source of indoor radon. With a significant contribution to the contami-
nation of indoor air in Romania (Todea et al., 2013) and worldwide,
radon is listed by the World Health Organization (WHO, 2009) as the
second leading cause of lung cancer after cigarette smoking. Areal vari-
ation of radon levels in houses primarily depends on the geological fea-
tures of the investigated area (Ciotoli et al., 2017), secondly on the
environmental parameters and ultimately on the building characteris-
tics and occupational patterns (Matei, 2012). Through the latter can
be mentioned the radon from tap water utilized by the household.
Since radon is soluble in water, its degassing is added to the indoor ex-
posure (Kendall and Smith, 2002; Todorovic et al., 2012). Special atten-
tion is needed when groundwater is used for supplying drinking water,
as radon can become a risk factor for users if the radon concentration in
the aquifer is high (NRC, 1999). Most of the cancer risks from radon in
drinking water arise from the transfer of radon into indoor air, and the
exposure through inhalation (WHO, 2009). A significant part of the
Romanian population, from both rural and urban areas is still using
raw water for drinking and household. In the present study, 73% of the
analyzed water samples were collected from wells and springs, as
Fig. 1. Simplified geology of the study area (geological backgrou
those were pointed out as household water sources. In 2015 the
Romanian government has adopted Law no. 301, implementing Direc-
tive 2013/51/Euratom (Euroatom, 2013), establishing a radon reference
level of 100 Bq l−1 for drinking waters.

Themeasurements of the radon concentration in soil, has often been
used as an indicator and a predictive method to evaluate the elevated
indoor radon concentrations of on area (Åkerblom, 1987; Demoury
et al., 2013; Cosma et al., 2013; Borgoni et al., 2014; Al-Khateeb et al.,
2017; Chen and Ford, 2017; Timkova et al., 2017). The distribution of
radon gas in soil can be strongly influenced by local parameters such
as chemical and mineralogical composition, physical properties, cli-
matic and geological factors. Another approach in identifying radon
risk areas is to assess the geogenic radon potential (GRP), a quantity di-
rectly connected to the local geology. High GRP indicates a high proba-
bility of radon entering indoors due to geogenic reasons, such as radium
content of the bedrock and rock permeability (Ciotoli et al., 2017).

The aim of this work is to assess whether risk areas could be identi-
fied based on screening measurements of radon concentration in soil
gas and drinking water which will ultimately help prioritize indoor
radon surveys.

2. Materials and methods

2.1. Design of survey

The investigated territory covers 16 counties, with an area of
99,837 km2, in central and western Romania, representing ~42% of the
Romanian territory. Several measurements campaigns were carried
out between the years 2012 and 2018 in inhabited 10 × 10 km grid
cells. The sampling points were selected near dwellings and densely
populated areas. The median of the number of measurements per cell,
for both radon measurements in soil and water samples was 3, with a
nd after Institute of Geology and Geophysics, 1964–1968).
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minimum/maximum of 1/17. Water samples were collected on avail-
ability. The measurements were carried out between 2012 and 2018,
in all months, except those with frost. Measurements were performed
exclusively during the day.

2.2. Geological features

The geological structure of themapped area corresponds to a variety
of sedimentary, magmatic and metamorphic units. The most important
structural feature, the CarpathianMountains range is represented in the
study area by parts of the Eastern and Southern Carpathians and by the
whole Apuseni Mountains. The latter separate two large sedimentary
basins, the Transylvanian Basin in central Romania, and the Pannonian
Basin in the west, both filled with Tertiary, mainly detrital deposits
(Mutihac, 1990). The Quaternary alluvial deposits along the rivers
partly cover the older formations. The types of soil occurring in the
area are also very diverse, according to the substratum and to the spe-
cific pedogenetical conditions (Florea et al., 1971).

2.3. Radon in soil measurements

According to the JRC recommendations, a grid with 10 × 10 km cells
was superposed on the above-mentioned study area (Tollefsen et al.,
2014). Soil gas radon concentration was determined by measuring the
radioactivity of soil gas samples extracted from a depth of 80 cm
below the ground surface using a metal pipe probe (Neznal et al.,
1996). The soil air sample was collected using a Janet syringe (150 ml)
connected through a rubber hose to the upper end of the probe. The ac-
tivity of the sampled air wasmeasured in situ using the Luk3C radon de-
tector (J.Plch, Czech Republic). Background control measurements of
the scintillation cells were performed before each sampling. A graphical
representation of the radonmeasurement protocol in soil, implemented
Fig. 2. Arithmetic means (AM) over 10 km × 10 km cells of ra
according to the Nenzal method in the LiRaCC laboratory has been pub-
lished by Cosma et al., 2013 (Cosma et al., 2013). The minimum detect-
able activity was calculated at 0.2 kBq m−3 for soil measurements. The
quality assurance has been achieved by participating in frequent inter-
comparison exercises with regard to radon measurements in soil, sev-
eral reports being publicly available (Papp et al., 2012; Burghele and
Moldovan, 2013; Papp et al., 2013). An overview of relative deviation
shows values within ±30%, the admissible value for the test criterion.

2.4. Radon in water measurements

From the same grid cells selected for radon in soil measurements,
drinking water samples were collected from various sources, such as
springs, public network and public/private wells.

Radon measurements in water were carried out using the Luk-VR
system, which involves connecting a VR-scrubber to the above-
mentioned radon detector (Luk3C). This method requires mixing of
the dissolved radon from the water sample with the air above the
water in the volume of the glass vessel. Following this procedure, the
sample of air was transferred to the Luk3C, and measured by the Lucas
cell method. A graphical representation of the radonmeasurement pro-
tocol in water, implemented in the LiRaCC laboratory has been pub-
lished by Cosma et al. (2008). Drinking water samples (drinking
water) originating from different wells, springs and public network
were collected between 2012 and 2018 when the air temperature was
above 12 °C in spring and above 16 °C in summer. At the time of sam-
pling, the temperature of springwaterwas between 10 °C and 15 °C, re-
spectively 8 °C and 18 °C forwell water. Precautionswere taken to avoid
sampling following rainfalls. All water samples (tap, spring and well)
were carefully collected in polyethylene bottles fully filled (without
air bubbles) and tightly sealed in order to prevent loss of radon. The
samples were brought to the laboratory and processed within 24 h.
don activity concentration (kBq m−3) in soil gas samples.



Fig. 3. – Arithmetic means (AM) over 10 km × 10 km cells of radon activity concentration (Bq l−1) in water samples.
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The minimum detectable activity was calculated at 0.3 Bq l−1 for radon
activity in water samples.

Quality assurance has been achieved by participating in intercom-
parison exercises and a radon-in-water proficiency test (no report is
publicly available), the latest test showing a percentage difference of
−16 from the reference.

2.5. Data analysis

Statistical analysis of the data was performed using GraphPad Prism
5.0. The statistical distribution of the data was evaluated using the
Shapiro-Wilk test. For the comparison of the samples (n N 2), the
Kruskal-Wallis non-parametric test was performed, with Dunn's post-
hoc analysis. In order to evaluate the intensity of the relationship be-
tween the examined variables, the Pearson correlation coefficient was
calculated on log-transformed data. The significance levelαwas chosen
at 0.05. The maps of the geographic distribution of radon in soil and
water were built in accordance with the JRC reference grid using the
Classed Post Map function of Surfer 15 and completed in ArcGis 9.

3. Results and Discussions

The study area, spanning over 16 counties, was divided into 1111
polygons according to the internationally suggested 10 × 10 km grid
Table 2
Pearson correlation coefficient analysis for log-transformed data of radon measurements in so

Type of analysis All raw data All cells Cells with ≥2 measurements Cells wit

rsoil - water 0.16 0.36 0.33 0.28
nr. data 1702 648 496 351
p b0.01 b0.01 b0.01 b0.01
for the European indoor radon map (Tollefsen et al., 2014). Approxi-
mately 12% of cells correspond to rocky mountain terrain, significant
number of dwellings, which led to 977 cells being susceptible to radon
measurements in soil and water, but also indoors (data on indoor
radon is under review elsewhere). From a map-level integration per-
spective, 2564 measurements of radon activity in soil were distributed
in 761, while the 2452 radon in water measurements led to the cover-
age of 694 cells within the studied area. Table 1 shows the descriptive
statistics on the concentration of radon activity in soil and water
samples.

The arithmetic mean for radon concentration measurements in soil
was 29.3 kBq m−3. The recorded values, ranging between 0.2 and
179.0 kBq m−3 are comparable to those reported for typical European
soil (Beaubien et al., 2003; Al-Khateeb et al., 2017). The geometric
mean obtained in the present study was within the range reported at
small-scale level in Romania (Cucoş et al., 2017, Papp et al., 2017). The
spatial distribution of the integrated arithmetic mean for each cell in
terms of radon activity concentration in soil gas samples has been
mapped in Fig. 2. By applying the Shapiro-Wilk test, the normal distri-
bution of log-transformed data was not confirmed (p b 0.01). One pos-
sible explanation is the lack of stratification of results in accordance
with environmental parameters that may affect the concentration of
radon activity in the soil. It is well known that radon emitted from soil
is strongly influenced by weather conditions. Lupulescu et al. (2018)
il vs. water.

h ≥3 measurements Cells with ≥5 measurements Cells with ≥6 measurements

0.47 0.47
85 45
b0.01 b0.01
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obtained a good negative correlation between the concentration of
radon activity in soil and the atmospheric pressure (r=−0.83), respec-
tively important seasonal variations in radon activity concentration in
soil. In the present study, by applying theKruskal–Wallis nonparametric
test with Dunn's post-hoc analysis, a statistically significant difference
was obtained between the median of the soil measurements made in
August and the rest of the months, namely June vs. January and June
vs. October.

By seasonal grouping, a statistically significant difference between
the warm months and the cold (spring and autumn) months was ob-
served, the radon activity levels in the soil during the summer being sig-
nificantly lower than those recorded in the other seasons. The results
are explained by the fact that during the warm season the soil humidity
is generally lower, which leads to an increase in the rate of diffusion of
radon in the atmosphere and, implicitly, to the reduction of the concen-
tration of radon in soil (Taipale and Winqvist, 1985).

Considering Figs. 1 and 2, low values of radon activity concentration
in soil were observed for most of the sedimentary areas of the Transyl-
vanianDepression, and in Banat region (Arad and Timiş counties),while
intermediate values have been measured in the middle part of the
Western Plane (Bihor County). High values can be correlated with the
crystalline area of the Eastern Carpathians. Based on the available
data, the occurrence of radon, is satisfactorily explained by the geologi-
cal structure of the investigated area.

Water samples were mostly collected from wells (69%). Public net-
work water was the second most utilized drinking water source in the
investigated sites, consequently 27% of radon in water measurements
were performed in tap water. The remaining 4% of the water samples
were taken from natural springs. Fig. 3 shows the spatial distribution
of the integrated arithmeticmean for each cell in terms of radon activity
concentration in water samples. The arithmetic mean of radon activity
concentration in all water samples was 9.8 Bq l−1, which is ~36%
lower than that reported for Transylvania (Cosma et al., 2008). A possi-
ble explanation for this difference is given by the high share of water
samples from the local network in the present study as well as the
areas involved in the two studies. The present study shows radon activ-
ity concentrations in water 10 times lower than 100 Bq l−1, value rec-
ommended at national and international leve for drinking water (EU,
2001; WHO, 2011; Law nr. 301/2015), yet similar to those reported
for other countries by Duggal et al. (2017). Only 16 out of 2452 (0.7%)
radon measurements in water samples recorded values above the
value of 100 Bq l−1.

Very low (0–10 Bq l−1) concentrations of radon in water were ob-
tained for most of the investigated sedimentary areas of the Transylva-
nian Depression (central Romania), and Banat Plain (Timiş and Arad
counties). These areas correspond to a predominantly detrital sedimen-
tation of Neogene age (Badenian-Sarmatian-Pannonian) in the Transyl-
vanian Basin and the Neogene bays on the western margin of the
Apuseni Mountains. These formations tend to generate low concentra-
tions of Rn in water. Medium concentrations (10–30 Bq l−1) were mea-
sured mainly on the western side of the Southern Carpathians. In the
western and south-western part of the Transylvanian Depression, the
concentrations are somewhat higher than in the eastern, central and
northern part. In the Western Plain, the sediments are younger,
represented by the deposits of the Pannonian Lake and the Quaternary
alluvial deposits of the river network, originating from the western
part of the Apuseni Mountains. This situation may explain the slightly
higher concentrations in the Western Plain. High (30–100 Bq l−1) and
very high (N100 Bq l−1) concentrations of radon in water in
mezometamorphic and granitic areas from the Apuseni Mountains,
Southern and Eastern Carpathians. Generally, high concentrations of
radon, both in soil and in water, occur in areas with crystalline rocks
and granite bodies.

The total number of sampling points where the radon concentration
in soil was determined in the close vicinity of drinking water sources
was 1702. The Pearson correlation coefficient for these sampling points
indicates a poor correlation (r=0.16). By centralizing these rawdata on
a cell level, 648 cells were identified containing at least one common
sampling point, in which case the Pearson correlation coefficient sug-
gests a moderate correlation between the two types of measurements
(r = 0.36). Subsequently, a filtering of the results was attempted in
terms of the number of measurements performed in each cell. The cor-
relation coefficients, presented in Table 2, show an increase in the de-
gree of association between the two types of variables measured with
the increase in the number of values per cell, but even for n ≥ 6, the cor-
relation is moderate (r = 0.47). By comparing the Pearson correlation
coefficients, there is a statistically significant difference between the
values obtained for cells with 2 or 3 measurements and those with at
least 5 measurements.

A similar analysis was attempted for log-transformed data on resi-
dential radon (under review elsewhere) and radon in soil determined
in this study. In this situation no statistically significant correlation (p
N 0.05) was observed, regardless of the level of integration. Even a strat-
ified analysis which took into account the absence of concrete screed
and the type offloor did not provide a statistically significant correlation
between residential radon concentration and radon in soil. Other stud-
ies, reported by Al-Khateeb et al. (2017) fail to reach an agreement
whether radon concentration in soil alone would be a sufficient indica-
tor for radon concentration indoor.

4. Conclusions

The present study represents one of the first attempts to identify and
map radon priority area according to the radon activity concentration in
soil gas and drinkingwater in Romania. Themap of radon inwater indi-
cates that there is no significant radiological problem from the perspec-
tive of inhaled/ingested radon due to water, except for 2 cells out of 694
cells investigated. Moreover, a radon concentration in water ranging
from 0.3 to 352 Bq l−1 would insignificantly influence the indoor
radon concentration, even if the water source was inside the house. Be-
cause the original bedrock of thewater sources (especially in case of tap
water) is hard to establish, it is difficult to establish a good correlation
between radon in water and radon in soil gas from a spot measurement
close to the water source. Themap of radon in soil suggests that strictly
radon measurements in the soil without any additional information
(permeability, construction type, etc.) are not a satisfactory predictive
indicator of radon indoors. Under these circumstances a similar wider
surveywould hardly bring different results, especially since the area in-
vestigated in the preset study incorporate a much-varied geology than
the remaining uncharted territory of Romania. A new study, still in
progress, is looking at the use of additional parameters (i.e. permeabil-
ity, gamma measurements of soil samples, local geology, outdoor
radon, indoor radon or architecture) at a much smaller scale in order
to establish a more accurate correlation of geogenic radon with indoor
radon risk.

Acknowledgements

This work was supported by the Romanian National Authority for
Scientific Research and Innovation, CNCS-UEFISCDI, by the project “Ra-
don map (residential, geogenic, water) for center, west and north-
west regions from Romania (RAMARO)”, PN-II-PCCA-PT-73/2012 and
by the project ID P_37_229, Contract No. 22/01.09.2016, with the title
“Smart Systems for Public Safety through Control andMitigation of Res-
idential Radon linked with Energy Efficiency Optimization of Buildings
in Romanian Major Urban Agglomerations SMART-RAD-EN” of the
POC Programme.

References

Åkerblom, G., 1987. Investigations and mapping of radon risk areas. Norg. Geol. Unders.
Spec. Publ. 2: 96–106; Trondheim.

http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0005
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0005


892 B. Burghele et al. / Science of the Total Environment 669 (2019) 887–892
Al-Khateeb, H.M., Aljarrah, K.M., Alzoubi, F.Y., Alqadi, M.K., Ahmad, A.A., 2017. The corre-
lation between indoor and in soil radon concentrations in a desert climate. Radiat.
Phys. and Chem. 130, 142–147. https://doi.org/10.1016/j.radphyschem.2016.08.005.

Beaubien, S.E., Ciotoli, G., Lombardi, S., 2003. Carbon dioxide and radon gas hazard in the
Alban Hills area (Central Italy). J. Volcanol. and Geotherm. Res. 123 (1–2), 63–80.
https://doi.org/10.1016/S0377-0273(03)00028-3.

Borgoni, R., De Francesco, D., De Bartolo, D., Tzavidis, N., 2014. Hierarchical modeling of
indoor radon concentration: how much do geology and building factors matter?
J. Environ. Radioact. 138, 227–237. https://doi.org/10.1016/j.jenvrad.2014.08.022.

Burghele, B.D., Moldovan, M.C., 2013. Intercomparison of radon in soil instruments at ref-
erence site in Czech Republic. Annals of West University of Timisoara-Physics 57 (1),
61–66. https://doi.org/10.1515/awutp-2015-0107.

Chen, J., Ford, K.L., 2017. A study on the correlation between soil radon potential and av-
erage indoor radon potential in Canadian cities. J. Environ. Radioact. 166, 152–156.
https://doi.org/10.1016/j.jenvrad.2016.01.018.

Ciotoli, G., Voltaggio, M., Tuccimei, P., Soligo, M., Pasculli, A., Beaubien, S.E., Bigi, S., 2017.
Geographically weighted regression and geostatistical techniques to construct the
geogenic radon potential map of the Lazio region: a methodological proposal for
the European Atlas of Natural Radiation. J. Environ. Radioact. 166, 355–375. https://
doi.org/10.1016/j.jenvrad.2016.05.010.

Cosma, C., Moldovan, M., Dicu, T., Kovacs, T., 2008. Radon in water from Transylvania
(Romania). Rad. Meas. 43 (8), 1423–1428. https://doi.org/10.1016/j.radmeas.2008.05.001.

Cosma, C., Cucoş-Dinu, A., Papp, B., Begy, R., Sainz, C., 2013. Soil and building material as
main sources of indoor radon in Băiţa-Ştei radon prone area (Romania). J. Environ.
Radioact. 116, 174–179. https://doi.org/10.1016/j.jenvrad.2012.09.006.

Cucoş, A., Papp, B., Dicu, T., Moldovan, M., Burghele, D.B., Moraru, I.T., Țenter, A., Cosma, C.,
2017. Residential, soil and water radon surveys in north-western part of Romania.
J. Environ. Radioact. 166, 412–416. https://doi.org/10.1016/j.jenvrad.2016.10.003.

Demoury, C., Ielsch, G., Hemon, D., Laurent, O., Laurier, D., Clavel, J., Guillevic, J., 2013. A
statistical evaluation of the influence of housing characteristics and geogenic radon
potential on indoor radon concentrations in France. J. Environ. Radioact. 126,
216–225. https://doi.org/10.1016/j.jenvrad.2013.08.006.

Duggal, V., Sharma, S., Mehra, R., 2017. Radon levels in drinking water of Fatehabad dis-
trict of Haryana, India. Appl. Radiat. and Isot. 123, 36–40. https://doi.org/10.1016/j.
apradiso.2017.02.028.

EU, 2001. Commission recommendation of 20th December 2001 on the protection of the
public against exposure to radon in drinking water. Off. J. L 344, 0085–0088.

Euroatom, 2010. Treaty Consolideted Version of the Treaty Establising the European
Atomic Energy Community (2010/C 84/01) Articles 35–35, 2010.

Euroatom, 2013. Council Directive 2013/51/Euroatom of 22 October 2013 laying down re-
quirements for the protection of the health of the general public with regard to radio-
active substances in water intended for human consumption. Off. J. Eur. Union, L 296/
12–21, 7.11.2013.

Euroatom, 2014. Council Directive 2013/59/Euratom European Council, 2014. Off. J. Eur.
Union 57 (L13), 1–73.

Florea, N., Conea, A., Munteanu, I., 1971. Harta pedologică a Republicii Socialiste România
(Soil Map of Romania) 1: 500.000, Institutul Geologic si Institutul de Studii si
Cercetari Pedologice.

HG nr. 526/2018, 2018. http://gov.ro/ro/guvernul/procesul-legislativ/note-de-
fundamentare/hg-nr-526-12-07-2018.
Institute of Geology and Geophysics, 1964–1968. Geological Map of Romania 1:200,000.
Kendall, G.M., Smith, T.J., 2002. Doses to organs and tissues from radon and its decay

products. J. Rad. Prot. 22 (4), 389.
Law nr. 301/2015 (2015) Establishing the requirements for protection of human health as

regards radioactive substances in drinking water (published: 2015-12-07).
Lupulescu, A., Dicu, T., Papp, B., Cucoş, A., 2018. Determination of themonthly variation of

radon activity concentration in soil. Studia UBB Physica. LXIII 1 (2018), 49–59.
https://doi.org/10.24193/subbambientum.2018.1.05.

Matei, D., 2012. Environmental Sustainability Trends in Protected Areas through the De-
velopment of the Entrepreneurship in Ecotourism, 12th International Multidisciplin-
ary Scientific Geo-Conference SGEM 2012 Conference Proceedings 965–972.

Mutihac V, 1990. Structura geologică a teritoriului României (Geological structure of
Romania), Ed.Tehn., 424 pp.

National Research Council, 1999. Risk Assessment of Radon in Drinking Water, Commit-
tee on Risk Assessment of Exposure to Radon in Drinking Water, National Research
Council 296 pages.

Neznal, M., Neznal, M., Šmarda, J., 1996. Assessment of radon potential of soils—a five-
year experience. Environ. Internat. 22, 819–828. https://doi.org/10.1016/S0160-
4120(96)00189-4.

Papp, B., Cosma, C., Begy, R., Dicu, T., Moldovan, M., Niţă, D.C., Burghele, B., Cîndea, C.,
Fulea, D., Sainz, C., 2012. Comparison measurement of radon in soil gas at radon ref-
erence sites in the Czech Republic (RIM 2010). Studia UBB Ambientum 57.

Papp, B., Cosma, C., Cucoş (Dinu), A., Moldovan, M., Begy, R., Dicu, T., Niţă, D.C., Sainz, C.,
2013. International Intercomparison Exercise on Natural Radiation Measurements
under Field Conditions (IFC11). Rom. J. Phys. 58 (supplement), 210–220.

Papp, B., Cucoş (Dinu), A., Cosma, C., 2017. A comprehensive study of residential, geogenic
and water radon in the North area of Mures county, Romania. Rad. Prot. Dosim. 179
(1), 80–86.

Taipale, T.T., Winqvist, K., 1985. Seasonal variations in soil gas radon concentration. Sci.
Total Environ. 45, 121–126. https://doi.org/10.1016/0048-9697(85)90211-6.

Timkova, J., Fojtikova, I., Pacherova, P., 2017. Bagged neural network model for prediction
of the mean indoor radon concentration in the municipalities in Czech Republic.
J. Environ. Radioact. 166, 398–402. https://doi.org/10.1016/j.jenvrad.2016.07.008.

Todea D., Cosma C., Dicu T., Roşca L., Cucoş (Dinu), A., Rişteiu M., Iancu D., Papuc I.,
Rǎdulescu D., Lung cancer risk induced by residential radon in Cluj and Alba Counties,
Romania, Environ. Eng. and Manag. J. 12 (6), pp. 1281–1285, 2013.

Todorovic, N., Nikolov, J., Forkapic, S., Bikit, I., Mrdja, D., Krmar, M., Veskovic, M., 2012.
Public exposure to radon in drinking water in Serbia. Appl. Radiat. and Isot. 70 (3),
543–549. https://doi.org/10.1016/j.apradiso.2011.11.045.

Tollefsen, T., Cinelli, G., Bossew, P., Gruber, V., De Cort, M., 2014. From the European in-
door radon map towards an atlas of natural radiation. Radiat. Prot. Dosim. 162
(1–2), 129–134. https://doi.org/10.1093/rpd/ncu244.

WHO, 2009. In: Zeeb, H., Shannoun, F. (Eds.), Handbook on Indoor Radon, a Public Health
Perspective. World Health Organization.

WHO, 2011. Water Quality. Fourth edition. vol. 1. World Health Organisation, Geneva
Recommendations.

https://doi.org/10.1016/j.radphyschem.2016.08.005
https://doi.org/10.1016/S0377-0273(03)00028-3
https://doi.org/10.1016/j.jenvrad.2014.08.022
https://doi.org/10.1515/awutp-2015-0107
https://doi.org/10.1016/j.jenvrad.2016.01.018
https://doi.org/10.1016/j.jenvrad.2016.05.010
https://doi.org/10.1016/j.jenvrad.2016.05.010
https://doi.org/10.1016/j.radmeas.2008.05.001
https://doi.org/10.1016/j.jenvrad.2012.09.006
https://doi.org/10.1016/j.jenvrad.2016.10.003
https://doi.org/10.1016/j.jenvrad.2013.08.006
https://doi.org/10.1016/j.apradiso.2017.02.028
https://doi.org/10.1016/j.apradiso.2017.02.028
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0065
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0065
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0070
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0070
http://gov.ro/ro/guvernul/procesul-legislativ/note-de-fundamentare/hg-nr-526-12-07-2018
http://gov.ro/ro/guvernul/procesul-legislativ/note-de-fundamentare/hg-nr-526-12-07-2018
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0080
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0085
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0085
https://doi.org/10.24193/subbambientum.2018.1.05
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0095
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0095
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0095
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0120
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0120
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0120
https://doi.org/10.1016/S0160-4120(96)00189-4
https://doi.org/10.1016/S0160-4120(96)00189-4
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0105
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0105
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0110
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0110
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0115
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0115
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0115
https://doi.org/10.1016/0048-9697(85)90211-6
https://doi.org/10.1016/j.jenvrad.2016.07.008
https://doi.org/10.1016/j.apradiso.2011.11.045
https://doi.org/10.1093/rpd/ncu244
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0145
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0145
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0150
http://refhub.elsevier.com/S0048-9697(19)30849-6/rf0150

	The FIRST large-�scale mapping of radon concentration in soil gas and water in Romania
	1. Introduction
	2. Materials and methods
	2.1. Design of survey
	2.2. Geological features
	2.3. Radon in soil measurements
	2.4. Radon in water measurements
	2.5. Data analysis

	3. Results and Discussions
	4. Conclusions
	Acknowledgements
	References


