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ABSTRACT

Radon gas from the ground is the main source of indoor concentrations in buildings, regardless
of construction characteristics. According to Council Directive 2013/59/EURATOM, EU Member
States must establish national reference levels for indoor radon concentrations in workplaces
and draw up a National Radon Plan. In Calabria (Southern Italy), maps of indoor measurements
at regional scale are not available. A set of 1434 average annual measurements, taken between
2010 and 2021, has been analysed. For a limited sector, a geostatistical approach allowed to
map the expected concentrations at ground floor, the spatial uncertainty of estimates, and
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the probability of exceedance of the 300 Bq m~> Italian threshold for workplaces. Highest
values characterize the eastern border of the Sila massif. Obtained maps might be used to
optimize locations of additional dosimeters, based on geological constraints. Such studies
may support urban planning policies and provide recommendations on building techniques.

1. Introduction

The main natural source of radiation for humans is
radon gas from the ground, with critical exposures
mostly related to inflow into buildings (Cinelli et al,,
2019; Zeeb et al., 2009). In addition to geological fac-
tors, indoor concentrations depend on construction
methods and types of use of the buildings. Inhalation
and ingestion of radon decay products is the second
major cause of lung cancer (after smoking), and the pri-
mary cause for non-smokers (Ielsch et al., 2001;
Nazaroff, 1992; Steinbuch et al., 1999; Vienneau et al.,
2021; Zeeb et al., 2009). The largest doses of radiation
come from Radon-222, a colourless, odourless and
almost chemically inert radioactive gas. Radon-222 is
the radioactive decay product of Radium-226, one of
the terms of the natural decay of Uranium. Radium-
226 is ubiquitous in rocks and soils, with concen-
trations depending on mineralogy (Choubey et al,
1999; Choubey & Ramola, 1997; Choubey et al., 1997;
Clamp & Pritchard, 1998; Gundersen, 1992; Gunder-
sen et al., 1992; Minda et al., 2009; Tanner, 1964).
Despite its short half-life (3.82 days), Radon-222 can
escape from the soil before decaying into a series of
short-lived radioactive progeny, with the emission of
alpha particles (Darby et al., 2005).

Previous studies in Italy were mainly focused on
geogenic radon gas in the soil to identify ‘prone
areas’ (e.g. Giustini et al., 2019; Iovine et al., 2018).

Geogenic potential maps were developed by employ-
ing geostatistical approaches. Particularly, in Calabria
(southern Italy), studies were only performed in
northern and central areas (Buttafuoco et al., 2007;
Iovine et al., 2018; Tansi et al., 2005). More in detail,
Tansi et al. (2005) found no evidence of a strong cor-
relation between lithology and radon concentrations
in the south-eastern portion of the Crati graben
(northern Calabria). Instead, a clear correlation
between the elongated shape of anomalies and the
orientation of the main N-S§ trending faults could be
recognized — except for the southernmost sector,
where concentrations are affected by the superposition
of the same structures with those belonging to another
regional fault system, trending NW-SE. Higher con-
centrations were also observed in the epicentral
zones of instrumental or historical earthquakes,
whereas lower values were found in areas affected by
large-scale landslides. Buttafuoco et al. (2007)
explored the spatial structure of radon concentrations
in the northern part of the Crati graben by a geostatis-
tical analysis and compared the prediction perform-
ances of four different algorithms. Buttafuoco et al.
(2010) investigated the relationships between radon
concentrations, geology and structural patterns in
the Catanzaro-Lamezia plain (central Calabria) and
assessed the spatial uncertainty associated with the
prediction of geogenic radon in the soil through
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conditional sequential Gaussian simulation (Chilés &
Delfiner, 2012). Emanation resulted to be somehow
affected by faults, lithology and basement geochemis-
try. More recently, Iovine et al. (2018) made a sche-
matic review of worldwide data on soil-gas radon
amounts versus geological factors. Concentrations
surveyed in three Calabrian study areas were also ana-
lysed against lithotypes and faults, by considering
spatial variations. No appreciable differences in con-
centrations could be ascribed to lithotypes, whereas
a clear relation with the main faults was recognized.

Zeeb et al. (2009) recommended reference values
between 100 and 300 Bq m™ for indoor radon con-
centrations. The Council Directive 2013/59/EURA-
TOM on ‘basic safety standards’ for protection
against exposure to ionizing radiations was
implemented in the Italian Legislative Decree n. 101/
2020, in September 2020. The above Directive applies
to the exposure of workers or public to indoor radon,
besides external exposure from building materials, and
long-term exposure from emergencies and human
activity. In accordance, EU Member States must estab-
lish national thresholds for indoor radon concen-
trations in workplaces. In Italy, for annual average
activity concentration in air, such levels should not
generally exceed the threshold of 300 Bq m™ (note:
starting from December 2024, the threshold will be
reduced to 200 Bq m~> for new buildings).

Addressing radon is an important task for risk pre-
vention in new buildings, and for mitigation/remedia-
tion purposes in existing buildings (Zeeb et al., 2009).
Indoor measurements of concentration are relatively
simple to carry out (Ciolini & Mazed, 2010), and gen-
erally point out a strong relationship with building
characteristics, besides geological factors (e.g. Cafaro
et al., 2014; Giustini et al., 2019; Sabbarese et al,
2021). In such studies, indoor radon concentrations
were generally found to be affected by clustering and
apparent non-stationarity issues.

In literature, maps of indoor radon at regional scale
are not available for Calabria. The Joint Research
Centre of the European Commission published the
digital version (Cinelli et al., 2019) of the European
Atlas of natural radiation (De Cort et al., 2011) that
includes a map of indoor radon concentration in
ground floor rooms of dwellings in Europe — in
which great part of southern Italy is not covered. Fur-
thermore, modelling uncertainty is often disregarded
— particularly, the spatial uncertainty that arises from
the fact that even if the data are perfectly measured,
they are sparse and nothing is known at unmeasured
locations (Caers, 2011; Heuvelink, 2018).

In this study, indoor radon measurements, taken by
the Regional Agency for Environmental Protection in
Calabria (ARPACal) are analysed and mapped. The
inherent high variability of measurements made it
possible to assess the feasibility of pattern recognition,

trend and classification approaches of indoor data. In
the Main map, measurements are shown on a litho-
structural map at 1:250,000 scale. The same measure-
ments are also shown on smaller-scale maps
(1:1,000,000), based on the floor (Figure A: higher
floors, Figure B: first floor, Figure C: ground floor,
Figure D: basement). In Annex A, the list of surveyed
villages with main statistics is reported. In Annex B,
measurements with administrative and territorial
details are listed. Figure E shows the results of model-
ling the spatial distribution of measurements at
ground floor by a geostatistical approach.

2. Geological setting

In Calabria (Figure 1 and 2), crystalline-metamorphic
nappes (Palaeozoic), thrust onto the Mesozoic-Ceno-
zoic units of the Apennine chain, are diffusely covered
by sedimentary rocks (Miocene-Quaternary). Ophio-
lite-bearing tectonic units (Jurassic to Early Cretac-
eous), overlying basement nappes, Hercynian and
pre-Hercynian in age, crop out (Amodio-Morelli
et al., 1976; Tortorici et al., 1995). Since Middle Mio-
cene, overthrusting and migration of the Arc towards
southeast along a regional NW-SE fault system com-
bined with the opening of the Tyrrhenian basin
(Van Dijk et al., 2000). Between Late Pliocene and
Early Quaternary, the Arc was dissected by longitudi-
nal and transversal normal faults (Tansi et al., 2007).
From Middle Pleistocene, a WNW-ESE extensional
phase resulted in the ‘Calabrian-Sicilian rift-zone’,
an active normal fault belt along the western coast
(Monaco & Tortorici, 2000). Due to such a complex
geodynamic history, rocks generally show high-grade
weathering.

3. Materials and methods

Radon protection is included in the mission of ARPA-
Cal and is mainly carried out by monitoring indoor
concentrations and maintaining a database of
measurements. Between 2010 and 2021, long-term
measurements of indoor radon concentration were
carried out by time-integrated passive dosimeters,
containing CR-39 Solid State Nuclear Track Detector
(SSNTD) (Fonseca, 1983; Bing, 1993). The physical
test for determining the concentration of indoor
radon gas activity, according to the quality system
accreditation of the ARPACal Laboratory (Accredia
Lab n. 1616L), has a precision of 4% and an accuracy
of 9% in the exposure range 60-6000 kBq m™ h.
Dosimeters were located according to a random-
ized design and collected at each site twice a year,
allowing to compute annual averages. The choice of
the floor in which the measurements had to be made
depending on the building type (S — school, W — work-
place, D — dwelling — all of them built in reinforced
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Figure 1. Elevation map of Calabria, with indication of the main towns and toponyms.

concrete), as well as on agreements with the owners
and on privacy/legal constraints.

In the database, each measurement is listed by an
identification code (ID); location (coordinates),
address, and floor; dosimeter type; start and end of
measurement. Indoor data underwent preliminary
quality control to ensure reliability. Different types
of potential ‘noise’ (e.g. measurement errors, typos,
wrong coordinates) were checked, even to recognise
true outliers in the statistical distribution. Coordinates
were verified also by check the crossing addresses with
apparent positions. The positional accuracy of the
locations taken by GPS devices is about 3—4 m (in
residential complexes made of several buildings, oper-
ators took only a single position for a set of nearby

measurement locations). Data were georeferenced in
the coordinate system UTM WGS84 33N (EPSG
code: 32633) and imported into a GIS as points vector
format.

Lithotypes shown in the Main map were derived
from the Geological Map of Calabria in scale
1:25,000 (CASMEZ, 1969), based on the expected
similarity of radon concentrations (Iovine et al,
2018). Outcropping terrains were grouped into 8
classes, as follows: (a) ¢S — coarse-grained sediment;
(b) fS — fine-grained sediment; (c) LE — limestone and
evaporite; (d) F — flysch; (e) IM — low-grade meta-
morphic rock; (f) mhM — medium/high-grade meta-
morphic rock; (g) aMa — acid magmatic rock; (h)
bMa — basic magmatic rock.
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Figure 2. Geological scheme (after Vitale, Ciarcia, Fedele, & Tramparulo, 2019, mod.), with main fault systems (after Monaco &
Tortorici, 2000; Van Dijk et al., 2000; Tansi et al., 2007; mod.). Key: UnconFormABLE DeposiTs — (a) Quaternary deposit; (b) Pliocene
deposit; (c) Miocene deposit; (d) Paludi Fm. (Late Oligocene-Aquitanian); CALABRIA-PELORITANI TERRANE (overriding plate) — (e) Eocene
cover (Longobucco F.); (f) not affected by Alpine metamorphism (Sila and Stilo units, Palaeozoic-Eocene); (g) affected by Alpine
metamorphism (Bagni, Castagna, Aspromonte, Africo-Polsi, Peloritani Mts. units, Palaeozoic-Cretaceous); SOUTHERN LIGURIAN DOMAIN
(oceanic suture), obducted units - (h) Ligurian Accretionary Complex, Nord-Calabrese, Parasicilide and Sicilide units (Late Cretac-

eous—early Miocene); subducted units — (i) Frido, Diamante-Ter
Abria DomaIN (downgoing plate), Apennine Carbonate Platform

ranova, Malvito and Gimigliano units (Jurassic-Late Oligocene);
units — (I) metamorphic units (Lungro-Verbicaro and Cetraro

units, Middle Triassic-early Miocene); (m) Lagonegro-Molise Basin units (Triassic-Miocene).

The main geological structures in the Main map
were derived from the ITHACA (2021) Catalogue
and from the above-mentioned Geological Map of
Calabria. In particular, ‘active and capable’ faults
were extracted from ITHACA and shown as recent
faults. Note that, according to the above Catalogue,
such tectonic structures are considered ‘active’ as
they moved in the recent geologic past (i.e. between
Upper Pleistocene to Present) and are expected to
move again within a future time span of concern for
the safety of a nuclear installation. Moreover, they
are defined ‘capable’ as they have a significant poten-
tial for displacement at or near the ground surface.

Based on available information on kinematics, such
structures could further be distinguished into two
classes as follows: normal, and oblique/strike slip.
Older tectonic structures were extracted from the
CASMEZ geological maps and shown as ancient faults
(undefined kinematics).

The contour lines (equidistance at 500 m) shown in
the Main map and the shaded relief in the A-E maps
were obtained from the digital elevation model TINI-
TALY (Tarquini et al., 2007), a grid of square cells
with a side of 10 m.

Indoor radon concentration measurements were
analysed with respect to the 8 lithological classes for



the whole sample (1434 values), either in the vicinity
(‘inside buffer’, 145 values) or far from faults (‘outside
buffer’, 1289 values). Buffers were built with different
widths, according to the level of mapping accuracy
(300 and 150 m for uncertain and certain faults, resp.).

By selecting only measurements taken at the
ground floor, the mean indoor concentrations and
their upper and lower limits (at the 95% confidence
level) were computed to verify any control by lithol-
ogy. To this purpose, indoor concentrations were
first transformed into Gaussian values by means of a
Gaussian anamorphosis (Chiles & Delfiner, 2012),
and then back transformed into raw values.

Aimed at investigating the properties of the spatial
structure of indoor radon concentrations, and of their
spatial distribution, a ‘sector of interest’ was then
delimited by drawing a polygon including most of
the measurement locations. Only the measurements
taken at the ground floor (subsample = 940 measure-
ments, 86 thereof inside and 854 outside the fault
buffers) were used in the geostatistical analysis (i.e.
the most numerous subsample).

Indoor data were modelled as an intrinsic, station-
ary process: each datum z(x,) — where x is the location
coordinates vector, and « the sampling point 1, ...,
N — was interpreted as a particular realization (out-
come) of a random, regionalized variable Z(x,). At
unsampled locations, values z(x,) are unknown but
also well-defined because they can be considered as
outcomes of the corresponding random variable
Z(x,) (Armstrong, 1998). The set of spatially depen-
dent random variables forms a random function. For
more details, see — among others — Goovaerts
(1997), Chiles and Delfiner (2012), Wackernagel
(2003), Webster and Oliver (2007).

An experimental variogram was calculated for
structural data interpretation, and a theoretical
model of variogram was fitted for spatial interpolation
(Chilés & Delfiner, 2012; Matheron, 1971). Ordinary
kriging (OK) is one of the most basic types of kriging
methods: it only uses primary information and pro-
vides an error variance (Webster & Oliver, 2007).
Nevertheless, OK produces a smoothing effect and,
to better visualize heterogeneity and assess the uncer-
tainty of concentrations at unsampled locations, single
estimates can be replaced by stochastic simulations,
thus producing a set of alternative maps (possible ‘rea-
lities’ or ‘realizations’) of Rn concentrations that hon-
our sample information and also attempt to reproduce
their spatial variability (Chilés & Delfiner, 2012).
Among the stochastic simulation techniques, the
‘turning bands method’ (Matheron, 1973) — a simu-
lation technique that requires a multi-Gaussian frame-
work — was used, and a number of 500 realizations
were established. Accordingly, indoor data were trans-
formed into a normal-distribution-shaped variable,
with zero mean and unit variance, by using the
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Gaussian anamorphosis (Chiles & Delfiner, 2012).
The measured radon concentrations were used as con-
ditioning data, and the differences between the simu-
lated maps convey the uncertainty about true
concentrations. The pixel-by-pixel histograms sum-
marize the different simulations and approximate
the probability distribution functions that correspond
to each node of the grid. By averaging the simulated
values for each pixel (Journel, 1983), maps of
‘expected’ values at any location and the related stan-
dard deviations could be obtained. The standard devi-
ation provides a measure of uncertainty on the ‘true
value’ of radon concentration. Finally, by counting
the stochastic images exceeding a given threshold,
and converting the sum to a proportion, the prob-
ability of exceeding a given threshold could be com-
puted. In this study, a value of 300 Bq m™> for
annual average activity concentration in air was con-
sidered to map the empirical probability of exceedance
of the Italian legal threshold for workplaces.

4, Results and discussion

The total set of 1434 indoor radon measurements is
shown on the litho-structural map at 1:250,000 scale
(Main map). The same measurements are included
in 1:1,000,000 scale maps, separately by floors (Figure
A: higher floors, Figure B: first floor, Figure C: ground
floor, Figure D: basement). In all the maps, concen-
trations are shown by classes, delimited by also con-
sidering the mentioned reference thresholds for
indoor radon gas (100, 200 and 300 Bq m™).

As a whole, measurements were carried out in 133
(out of 404) different municipalities, unevenly distrib-
uted in the five Calabrian provinces (Table 1). The
greatest number of measurements was performed in
the Catanzaro province (ca. 46%), whereas only 6%
in the Reggio Calabria one. The list of municipalities
considered in the survey is listed by province in
Annex A, with main statistics on the measurements.
In Annex B, average concentrations are listed for all
the measurement sites, with administrative and terri-
torial details.

Most measurements were performed at the ground
floor (ca. 71% — cf. Table 2). The minimum value
obtained for indoor concentration is 6.77 Bq m™>,
whereas the maximum is 1934 Bq m™, both measured

Table 1. Number of measurements by province, for the whole
sample (N) and for the ground floor subsample (N°).

Province N N>300Bqm™ N°  N°>300Bqm~
Cosenza 200 24 150 17
Catanzaro 662 4 434 24
Crotone 227 33 160 27
Reggio di Calabria 92 4 63 4
Vibo Valentia 253 17 216 10
Tot. 1434 119 1023 82




6 V. LUPIANO ET AL.

at ground floor in dwellings (Table 3). In particular,
values above 900 Bq m™> (ie. 3 times the legal
threshold) were obtained (Table 4): in five schools,
two workplaces and two dwellings; mostly, in the Cro-
tone province; within urbanized areas; at ground floor;
on coarse-grained sediments; 5km from the nearest
active fault (but less than 1 km from a generic fault),
in average. No clear correlations could be appreciated
with respect to fault kinematics.

Table 5 summarizes the measurements performed
by lithological classes, for the whole sample. Results
are shown for the subsamples of measurements car-
ried out inside (10%) or outside (90%) the fault
buffers.

Similarly, statistics related to the 1023 measure-
ments made at ground floor are reported in Tables 1,
6 and 7. For this subsample, values above 900 Bq
m ™~ were only obtained in four schools, two dwellings
and one workplace. Table 7 summarize the number of
measurements distributed by lithological classes,
obtained either in the vicinity (inside buffer) or far
from geological structures (outside buffer).

Note that, in all the tables, maxima are listed in
bold, and minima in italics; the number of measure-
ments exceeding the threshold of 300 Bq m™ are
also listed.

In Figure 3, means of indoor concentrations (sub-
sample: ground floor) and their intervals of confidence
(upper and lower limits at the 95% confidence level)
are shown, with reference to the eight lithological
classes. Highest values are generally to be found on
bMa and on IM, followed by mhM and aMa, for
locations located either ‘within’ or ‘outside’ the fault
buffers. Nevertheless, no strong differences can be
appreciated in the mean values with respect to

Table 2. Number of measurements (N), and range of
concentrations by floor, for the whole sample.

Minimum (Bq Maximum (Bq N> 300 Bq
Floor N m~3) m~3) m~3
Basement 143 19.06 1157.00 31
Ground 1023 6.77 1934.00 82
First 200 7.00 658.00 6
Second 50 14.91 151.00 0
Third 15 21.20 119.00 0
Fourth 3 67.00 117.00 0
Tot. 1434 119

Table 3. Number of measurements (N), and range of
concentrations by type of use of the building, for the whole
sample.

Minimum (Bq Maximum (Bq N > 300 Bq
Typeofuse N m=) m—) m~3
Dwelling 653 6.77 1934.00 48
School 409 13.42 1209.37 38
Workplace 372 12.00 1701.75 33
Tot. 1434 119

Table 4. Radon measurements exceeding 900 Bq m~>.

Land

Distance from

Distance from nearest

Concentration of Uncertainty (Bq

Start of measure  End of measure

Type of

Elevation m a.s.l.

use

nearest fault (m)

active fault (m)

Lithotype

m™3)

activity (Bq m™3)

(date)
09.04.2014

(date)
09.04.2013

Floor building

Municipality

Province

(ground)
557.6
577.0
574.2
548.1

ID

Haa

1184.9

2404.7

cS
s

86.00
165.59

1934.00
1701.76

Petilia Policastro

Verzino

Crotone

1069
1103
1101
1100
816

568

1044

897

493.9

7454.0

09.04.2014

09.04.2013

Crotone

474.2
336.0

7492.6

fS
fS

aMa

118.39

1209.37
1190.79
1157.00
1144.82
1048.70

09.04.2014

09.04.2013

Verzino

Crotone

72933

115.69

09.04.2014

09.04.2013

Verzino

Crotone

8.5
229.8
3833

35448

7467.7

117.00

11.02.2021
13.02.2015
18.03.2013

09.04.2014

11.02.2020
13.02.2014

18.03.2012

Taverna

Catanzaro
Catanzaro
Crotone

544.5

Uf

360.2
5802.2

cS

36.31
116.37

-1

Lamezia Terme
Pallagorio

Ciro

2071

cS

540.6

Haa

6526.9

cS

18.27
92.00

940.89

09.04.2013

Crotone
Vibo

360.0

746.7

658.8

cS

906.00

16.12.2018

16.10.2017

0

San Costantino

439.2

1358

Calabro
For each measurement, the following information is listed: ID (identifier); elevation a.s.l.; province; municipality; floor; type of building; start of measurement; end of measurement; concentration of activity; uncertainty; lithotype; distance

Valentia

from the nearest active/generic fault; land use (haa: heterogeneous agricultural areas; uf. urban fabric).



Table 5. Number of measurements by lithotype, taken inside
(N™) and outside (N°“") the buffers along the faults, for the
whole sample.

Lithotype ~ N° N N°“'>300Bgqm~  N™>300Bgqm3
cS 9208 51 63 6
fS 88 12 10 1
LE 54 28 5 2
F 12 1 0 0
M 44 4 4 2
mhM 77 12 8 1
aMa 104 37 9 7
bMa 2 0 1 0
Tot. 1289 145 100 19

For lithotypes, cf. text.

Table 6. Number of measurements (N), and range of
concentrations by type of use of the building, for the
ground floor subsample.

Minimum (Bq Maximum (Bq N> 300 Bq
Typeofuse N m~3) m~3) m™3
Dwelling 399 6.77 1934.00 34
School 363 13.42 1209.36 32
Workplace 261 12.00 1701.75 16
Tot. 1023 82

Table 7. Number of measurements by lithotype, taken inside
(N™ and outside (N°") the buffers along the faults, for the
ground floor subsample.
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lithotypes (either inside or outside the fault buffers). In
fact, 95% intervals of confidence largely overlap.

The variogram map of the Gaussian indoor radon
data for the sector of interest did not show any rel-
evant anisotropy. An isotropic experimental vario-
gram was computed, and then modelled by using
two basic structures: a nugget effect and an exponen-
tial model (Webster & Oliver, 2007) with a practical
range of about 8700 meters. Since the exponential
model has no finite range, a practical range equal
to the distance at which the variogram equals 95%
of the sill variance was used. The model shows a
weak structure for the spatial distribution of indoor
radon measurements, due to a short practical range
compared to the extension of the sector, and the con-
tribution of the nugget effect (about 37%) to the total
sill. However, this spatial structure is not negligible
and legitimated using a geostatistical approach for
studying the indoor spatial distribution. The fitted
model was then used with indoor radon data to gen-
erate 500 simulations by the turning bands method. A
map of mean indoor concentration was obtained by
averaging the 500 realizations (Figure E, scale
1:1,000,000). In such map, the spatial variation of
radon is emphasized, without the typical smoothing

Lithotype ~ Nt N N°''>300Bqm™  N">300Bqm~> o
effects of kriging.
s 656 41 45 4 -
fs 70 10 9 1 For the same sector, the standard deviation of the
LE 40 18 2 1 500 simulated concentrations, and the probability of
F 9 1 0 0 . -3 .
m 3 4 2 7 exceeding the threshold of 300 Bq m™ are shown in
mhM 52 6 6 0 Figure 4(a,b, resp.). The highest values of uncertainty
aMa 63 20 5 5 -1 .
M ' 0 0 0 and of probability of exceedance are r.nalnly t'o t.)e
Tot. 923 100 69 13 found along the eastern border of the Sila massif (in
For lithotypes, cf. text. the NE portion of the sector); subordinately, in the
900 -
800 -
~ 700 +
k=
o
=) 600 -
=)
S 500 -
g
H
8 400 4
=)
Q
o
= 300 -
=}
=]
5]
& 900 ] [
[ ]
® ] ¢
100 - ? 7 )
0 T T T T T T T T T T T T T T T 1
:,)E = ;_: ~ NE QE 5] 5 H z § B 2 g :
T R 3 S S §fs%eed ~3F % s s
g = T 8 =

Lithologic units

Figure 3. Mean values and their intervals of confidence (upper and lower limits at the 95% of confidence level) of indoor radon
concentrations for the eight classes of lithotypes, inside or outside the fault buffers (subsample: ground floor). For lithotypes, see
text. Subscripts ‘in” and ‘out’ indicate locations ‘within’ and ‘outside’ the fault buffers, respectively.
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Figure 4. Post-elaboration maps of the realizations obtained by turning bands stochastic simulations for the sector of interest: (a)
standard deviation of indoor radon concentration; (b) exceedance probability of the threshold (300 Bq m™3).

western portion of the Lametia plain, and by the
Tyrrhenian coast; quite high values also characterize
the northern part of the Crati Graben. However,
only 0.4% of the locations show probabilities greater
than 50%.

In brief, the available set of measurements of indoor
radon gas concentrations pointed out the highest
values along the eastern border of the Sila massif
(Northern Calabria), marked by the N-S regional
fault system. Values above 900 Bq m™ were mostly
found in urbanized areas of the Crotone province, at
ground floor of school buildings. From a geological
point of view, such sites are located on coarse-grained
sediments and not far from fault structures.

Opverall, Figures 3, 4 and E help in delineating zones
where anomalous (high) indoor concentrations are
expected.

5. Conclusions

The analyses performed on indoor measurements
showed no strong differences among lithotypes nor
in relation to fault buffers. Indeed, mean concen-
trations, as well as their lower and upper limits, largely
overlap, with intervals of confidence generally wider
outside the fault buffers. Accordingly, a significant

uncertainty characterizes mean values, and a greater
number of measurement sites would be needed to
explore these aspects in more detail. Nevertheless,
the mentioned lack of strong control may, partly, be
also explained by inadequate construction methods,
and by the habits of people which may affect room
ventilation.

As concerns the sector of interest, highest values of
expected concentrations, as well as the greatest uncer-
tainties and exceedance probabilities, are again located
along the eastern border of the Sila massif. Therefore,
such zones would also require additional measurements.

However, an appropriate optimisation approach for
selecting new measurement points is strongly rec-
ommended, by properly considering geological con-
straints. Based on the preliminary results described in
the present study, hopefully extended to further areas
of Calabria, it may be possible to support urban plan-
ning policies and draw up recommendations to ensure
proper constructive measures to counteract entry and
accumulation of radon gas in the buildings.

Software

Statistical and geostatistical analyses were carried out
by using Isatis® 2018.4 (www.geovariances.com). The


http://www.geovariances.com

maps were realized by using the open sources software
QGIS 3.20.

Geolocation information

Calabria, southern Italy.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Data availability statement (DAS)

o The digital elevation model, derived from TINI-
TALY (Tarquini et al., 2007), is available at http://
tinitaly.pi.ingv.it/Download_Area2.html

¢ The main active and capable faults, derived from
the ITHACA Catalogue (ITHACA, 2021), are
available at http://sgi2.isprambiente.it/ithacaweb/
viewer/

» Geological structures, derived from the Geological
Map of Calabria (CASMEZ, 1969), are available at
http://geoportale.regione.calabria.it/opendata

e Land use, derived from the Corine land cover 2012
— level 2, is available at https://land.copernicus.eu/
pan-european/corine-land-cover/clc-2012%tab =
download

e Indoor radon measurements are listed in Annex
B. Due to privacy restrictions, the locations of the
sites of measurement can only be shown at the
Municipality level.
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Appendices

In Annex A, the villages considered in the survey are listed
by province, with main statistics (n. of measurements, mini-
mum, average, maximum and standard deviations) on the
performed measurements.

In Annex B, the total set of measurement is listed.
For each measurement, the following administrative
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and territorial features are shown: # (progressive
number); ID (identifier); elevation a.s.l; province;
municipality; floor; type of building; start of mea-
surement; end of measurement; concentration of
activity; uncertainty; lithotype; distance from the near-
est active fault; distance from the nearest generic fault;
land use.
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