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ABSTRACT

The main aim of this work is to map Radon activity concentrations in the soil of a tectonically-
active Mediterranean sector (Gioia Tauro Basin, Calabria, southern Italy). A total of 276
measurements have been taken at a depth of ca. 60 cm from the soil surface, using a
portable ionisation chamber, according to a pre-established protocol. Measurements have
been performed at the centroids of a 2.5 km square grid, and along transverse sections
across the main faults. Spatial variation of 2*Rn concentrations in soil gas has been
modelled through a geostatistical approach, generating 200 realisations by sequential
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Gaussian simulation. Maps of *?Rn, of **°Rn and of ratio **’Rn / (**°Rn+2%’Rn) are
presented. The distribution of Rn concentrations is highly asymmetrical (median: 14.5 kBqg/
m?; standard dev. 22.7 kBg/m>; min: 0.06 kBq/m>? max: 137 kBgq/m>). The results provide
insights into the relationships with the geo-structural characteristics of the territory.

1. Introduction

Naturally occurring radioactive elements are com-
monly found in rocks and soils. Their decay generates
a series of radioactive progeny, including **’Rn (Rn, in
the following) and 229Rn (also known as Thoron, Tn)
(JRC, 2019), which can migrate — carried by fluids —
through fractures and tectonic discontinuities, reach
the land surface and, in some cases, accumulate within
caves or buildings (Bulut & Sahin, 2024; Nunes et al.,
2023). Radon is one of the main sources of natural
radiation exposure and has significant implications
for environmental monitoring and public health
(Chen et al., 2018; Liu et al., 2024; Ting, 2010; US-
NRC, 1999).

The amount of Rn in the soil depends on several
geological, structural, geomorphological and pedolo-
gical factors (Bena et al., 2022; Buccianti et al., 2009;
Elezaj et al., 2025; Guagliardi et al., 2016; Iovine et
al., 2017; Janik et al., 2024; Mao et al,, 2023; Phong
Thu et al, 2020). Although a correlation with the
type of bedrock is widely accepted (i.e. highest values
are expected on granite, quartz porphyry, schist, phyl-
lite slates, whereas lowest values are found on sedi-
mentary rocks — cf. Iovine et al, 2017, and
references therein), some studies reported unexpected

results, suggesting that other controlling factors (e.g.
regolith, slope, fault, landslide) should be considered
(Erzin & Yaprak, 2024; Iovine et al., 2017; Kardos et
al., 2015; Tansi et al.,, 2005). The combined analysis
of these factors may allow for a better understanding
of Rn accumulation in the soil, providing valuable
insights for assessing radiological hazards and devel-
oping mitigation strategies (Nunes et al., 2023).

Modelling and quantifying Rn spatial distribution
is essential for characterising radioactive risk.
Recently, interest strongly increased in Italy after the
implementation of European Directive 2013/59/
EURATOM, which established basic safety standards
for protection against ionising radiation in indoor
environments. Italian Decree n. 101/2020 and the
National Radon Action Plan 2023-2032 (PNAR)
defined guidelines for Rn monitoring, risk reduction
and public awareness, following the recommendations
of the World Health Organization. To this regard,
mapping soil-gas Rn concentrations may help in deli-
neating areas potentially affected by higher levels of
emission (priority areas).

The present study deals with radon activity concen-
trations in the soil of the Gioia Tauro basin (Calabria,
southern Italy). This is a tectonically active
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Mediterranean sector characterised by a crystalline-
metamorphic substrate. Moreover, the study area has
a high incidence of cancer (particularly, lung cancer)
compared to regional and national averages (cf.
ASP-RC, 2026, https://www.asprec. it/registro-tumori/).

Both measured and expected (based on a geostatis-
tical approach) Rn concentrations are shown in the
Main Map (at 1:100,000 scale), together with a sche-
matic geological section (Figure A), the main stat-
istics (Figures B-F), and the relationships among
Rn, Tn and Rn/(Rn + Tn) ratio with the main geo-
logical features (Figures G-J, at 1:250,000). The
results provide an overview of the role of the geologi-
cal characteristics of the territory in relation to Rn
concentrations in the soil.

2. Geological overview

In the study area (Figure 1), a Serravallian-Messinian
succession, including conglomerate, sandstone and
pelite, followed by the Messinian Gessoso-Solfifera
Group, unconformably overlies Palaeozoic terranes.
The Pliocene Trubi Formation (Zanclean-Piacenzian),
a marl and marly-limestone rhythmite, unconform-
ably overlies Messinian deposits and older units
(Cita et al., 2007). This passes upward (paraconfor-
mity/disconformity) to Piacenzian-Calabrian submar-
ine dunes, grading downward to Calabrian silty and
blue clay that infill the paleo-Siderno-Gioia Tauro

Strait (Longhitano et al., 2012). Marine and continen-
tal terraces (middle Pleistocene-Holocene) occur at
different elevations (Miyauchi et al., 1994).

The main longitudinal faults belong to the Siculo-
Calabrian Rift Zone (Catalano et al., 2008), an active
NNE - SSW normal-fault system developed along
the Tyrrhenian margin. Key structures include the
Palmi-Gioia Tauro Fault (PGF) along the coastal sec-
tor, and the Sant’Eufemia d’ Aspromonte-Laureana di
Borrello Fault (SLF), buried in the Plain, merging
southward with the Sinopoli Fault (SF). The Cittanova
Fault (CF) is the dominant morphological element,
marking the western flank of the Aspromonte Massif
at the contact between Palaeozoic crystalline rocks
and Miocene—Quaternary basin deposits; its hanging
wall hosts Plio-Pleistocene basin-fill deposits. The
CF offsets late-Pleistocene terraced alluvial deposits,
colluvium and paleosols, juxtaposing them against
the crystalline basement (Galli & Bosi, 2002).

The Gioia Tauro Basin is bounded to the north by
the Nicotera — Gioiosa Fault Zone (NGFZ) and to the
south by the Bovalino — Bagnara Fault Zone (BBFZ),
both oriented WNW — ESE and showing oblique kin-
ematics. These structures downthrow the basin fill
deposits relative to the crystalline basement of the
Serre and Aspromonte massifs (Tripodi et al., 2013,
2018, 2022). In the central sector of the basin, the
Palmi — Locri Fault Zone (PLFZ) represents another
major structure of the same system.
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Figure 1. Simplified litho-structural map of the Gioia Tauro Basin (after CASMEZ, 1969, mod.). The main lithological outcrops and
structural systems of the study area are shown. Rock units are distinguished, based on relative age (Palaeozoic basement, Oligo-
cene-Holocene terrains). Faults are classified as normal (in blue) and strike-slip (in red). Contour lines (equidistance: 200 m) and

main villages are also included.
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Sinopoli

Figure 2. Panoramic view of the NE-SW oriented Sinopoli Fault (SF), separating the basin filling sequence (Plio-Pleistocene sedi-
ments) from the crystalline basement of the Aspromonte Massif. The fault (cf. blue line) dips towards the Tyrrhenian Sea and is

characterised by normal kinematics.

Within the Gioia Tauro Basin, several synthetic
faults (e.g. the Sinopoli Fault, SF, in Figure 2) and anti-
thetic faults belonging to the NNE — SSW structural
system are also present, cutting through the entire
basin fill succession (Tripodi et al., 2018). Both main
fault systems define active seismogenic zones, consist-
ent with the spatial distribution of earthquake hypo-
centres. Historical seismicity is mainly associated
with the CF and with the destructive 1783 earthquake
sequence (Castello et al., 2006; Galli & Bosi, 2002),
which also produced widespread coseismic effects
(Sarconi, 1784).

The eastern part of the study area is rugged, corre-
sponding to the Aspromonte Massif, and abruptly
connects to the west with the Gioia Plain, character-
ised by a gently-dipping landscape that extends to
the Tyrrhenian coast. The mountainous portion is
mainly covered with beech and pine forests, while
the plain is cultivated with citrus groves, olive groves
and kiwi plantations. The regolith cover is hetero-
geneous in terms of thickness and soil maturity,
being more developed and mature in the less steep
areas (both at the top of the chain and in the flat sec-
tors). Large portions of the plain are characterised by
subacidic andosols, with good water reserves and good
drainage (according to WRB classification, cf. FAO,
1998; ARSSA, 2003, https://93.51.147.138:900/ intro/
carta_dei_suoli.html).

Overall, these geological characteristics, together
with the high rates of cancer incidence reported in
the literature, make the Gioia Basin an area of particu-
lar interest for the study of Rn activity concentrations
in soils, water and inside buildings.

3. Materials and methods

Rn and Tn activity concentrations in the soil were
measured using the AlphaGUARD DF2000 portable

monitor, recognised for reliability and repeatability
of measurements in field conditions (Rottger et al.,
2023; Said et al., 2023; Villert, 2017). The instrument
operates via an ionisation chamber, with an active
volume of 0.62 litres, in which a particles can be
detected. Its main technical features are: (i) an inte-
grated pump with an adjustable flow rate of 0.5-21/
min; (ii) a flow/closed loop/diffusion mode; (iii) an
operating range of 2-2 x 10° Bq/m’, with a calibration
accuracy of +3%; (iv) a simultaneous measurement of
temperature, atmospheric pressure, and relative
humidity; (v) Rn/Tn discrimination, based on differ-
ent half-lives; (vi) a dedicated software for data acqui-
sition, visualisation, and export.

The measurement campaign began in June 2024
and ended in July 2025, with a break between Novem-
ber 2024 and March 2025 to avoid the coldest and
rainiest period, thus limiting the influence of seasonal-
ity on the concentration values measured, as discussed
in Section $4.

The survey aimed to acquire direct concentrations
in the soil. With the aim of guaranteeing reliability
and reproducibility of the soil-gas measurements, a
standardised protocol was adopted, based both on
the instructions contained in the instrument’s user
manual and the UNI EN ISO 11665-11:2019. More
details on the procedure are reported in Annex A.

The reproducibility of the measurements was
confirmed by multiple tests (5% of the sites examined),
carried out at different depths (between 0.5 and
0.8 m). Furthermore, the result of a cross-check — car-
ried out before the start of the measurement cam-
paign, using different instruments simultaneously
(DF2000 and Radon Mapper) — indicated a discre-
pancy between the results of less than 5%.

A sampling network was designed, based on a
square grid (2.5 km per side), covering a total area of
around 840 km?. The measurement points (Figure 3)
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Figure 3. Gioia Tauro Basin. Distribution of soil-gas Rn sampling point (green dots).

were positioned at the centroid of each cell, compat-
ibly with accessibility and land use; further measure-
ments were taken along transects, arranged
transversely to the main faults, to better investigate
geological peculiarities. A total of 276 measurements
were performed aiming at ensuring an even spatial
coverage of lithological and structural variability (cfr.
also Figure H on the Main Map). For each

Table 1. Main controlling factors considered.

measurement point, the main factors (cf. Table 1)
that could influence the diffusion of gases in the soil
were recorded, both in the field (by means of a sys-
tematic survey form) and in the laboratory (based on
literature and archive data).

An exploratory data analysis was performed, based
on the calculation of the main descriptive statistics,
histograms and boxplots. Rn concentrations were

Factor

Description

Land use (after Corine Land Cover 2018, Level 3 — European Environment
Agency, 2019)

Lithotype (after Geological Map of Calabria, in scale 1:25,000; CASMEZ,
1969, mod.)

Soil type* (FAO, 1998; ARSSA, 2003, https://93.51.147.138:900/ intro/
carta_dei_suoli.html)

Presence of slope movements (Sorriso-Valvo & Tansi, 1996; unpublished
data)

Topographic data (cf. DAS; Tarquini et al., 2007, 2023)

Morphological characteristics (cf. DAS; Tarquini et al., 2007, 2023)

Main faults (after Critelli et al., 2016; Galli & Peronace, 2015; ITHACA,
2021, https://sgi2.isprambiente.it/ithacaweb/ viewer/; Tripodi et al.,
2018)

Annual crops associated with permanent crops; Broad-leaved forest; Complex
cultivation patterns; Coniferous forest; Continuous urban fabric;
Discontinuous urban fabric; Fruit trees and berry plantations; Land
principally occupied by agriculture with significant areas of natural
vegetation; Mixed forest; Natural grasslands; Non-irrigated arable land; Olive
groves; Pastures; Transitional woodland-shrub.

Outcropping terrains were grouped into 8 classes, as in Lupiano et al. (2023),
based on expected similarity of Rn concentrations (lovine et al., 2017), as
follows:

¢S — coarse-grained sediment;
fS - fine-grained sediment;

LE - limestone and evaporite;
F - flysch; IM - low-grade metamorphic rock; mhM — medium/high-grade
metamorphic rock; aMa — acid magmatic rock; bMa — basic magmatic rock.

Fine vs. coarse textured (by field estimation).

Great Soilscape.

(Yes/No)

Position of the sampling points with respect to slope movements.

Contour lines and shaded relief were derived from a digital elevation model
(square cells with a side of 5 m), obtained by merging Lidar data, provided
by the Italian Ministry of the Environment and Energy Security, and the DTM
TINITALY 1.1.

Slope (°) and elevation a.s.l. of the sites of measurement.

Faults were classified into ‘normal’ (NF) and ‘strike slip’ (SSF).

Position of the sampling points with respect to buffer zones (width: 600 m);
distance from nearest fault.

(*) Further laboratory and field characterization of soils (grain size, water content, permeability, mineralogy, gamma spectrometry) is in progress.
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classified and posted to obtain an overview of the dis-
tribution of values, allowing for interpretation against
the main geo-structural features. Data were analysed
by a geostatistical approach (Matheron, 1971), in
which each measured soil-gas Rn value, z(x), at any
location x (here, x is a coordinate vector in two dimen-
sions x, y) on the land surface, is considered drawn at
random from a variable Z(x) that has a population
with potentially an infinite number of values. The ran-
dom variables Z(x) are spatially dependent, and form a
random function (Armstrong, 1998).

The spatial analysis allowed modelling and
quantification of soil-gas Rn spatial variations by an
experimental variogram consisting of the values of
semivariance calculated from the pairs of data separ-
ated by a distance h, and then fitting to them a theor-
etical function (variogram model, cf. Figure F on the
Main Map).

All data were transformed into a Gaussian shaped
distribution with zero mean and unit variance, using
the Gaussian anamorphosis procedure (Wackernagel,
2003), to avoid few exceptionally large values from
contributing to very large squared differences. The
variogram y(h) is a quantitative measure of spatial
autocorrelation of each regionalised variable Z(x). It
is a function of the distance vector (h) and direction
of data pair values [z(x,), z(xo +h)]. A theoretical
function (variogram model) is fitted to the semivar-
iance points of an experimental variogram to allow
the variogram to be analytically estimated for any dis-
tance h. Most variogram models require two par-
ameters: range and sill. The first is the distance over
which pairs of values are spatially correlated, whereas
the second is the variogram value corresponding to the
range (Chilés & Delfiner, 2012). The optimal fitting is
based on a cross-validation procedure, and its good-
ness is assessed through two statistics: the Mean
Error (ME), and the ratio between the squared errors
and the kriging variance (mean squared deviation
ratio, MSDR). The ME proves the unbiasedness of
the estimate and requires an ME value close to 0,
whereas the variogram accuracy of an MSDR is close
to 1 (Webster & Oliver, 2007).

Sequential Gaussian simulation (SGS) (Chiles &
Delfiner, 2012), together with the fitted variogram
(Figure F) and Gaussian Rn data, was used to map
the soil-gas Rn concentrations in the Gioia Tauro
Basin (cf. Main Map) to better visualise heterogeneity
and assess the uncertainty of concentrations at
unsampled locations. A set of 200 alternative maps
(realizations) of Rn concentrations were obtained by
SGS, that honour sample information and attempt to
reproduce spatial variability. Moreover, the pixel-by-
pixel histograms at each node of the simulation grid
summarise the different realizations and approximate
the probability distribution functions. Averaging the
simulated values for each node, the maps of expected
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values at each location and of related standard devi-
ations were obtained (Journel, 1983), the latter provid-
ing a measure of uncertainty of estimated values at
unmeasured locations.

A more thorough analysis of relationships among
measurements, expected values and territorial charac-
teristics (e.g. soil type, morphometry, land use, slope
movements) is still being completed, and will be dis-
cussed in a successive study.

4. Results and discussion

In the Main Map, measured Rn concentrations are
shown, together with values estimated through a geos-
tatistical approach. On average, the concentrations in
the easternmost part of the study area (characterised
by a predominantly granitic and, to a lesser extent,
metamorphic substrate) are not higher than in the
Plain. Similarly, strike-slip fault zones (NGFZ, PLFZ,
BBFZ), and normal faults (PGF, CF) belonging to
the Sicilian-Calabrian rift zone, are characterised by
soil-gas concentrations lower than those normally
expected along active regional structures (cf. e.g.
Iovine et al.,, 2017). Among these, CF, NGFZ, and
BBFZ originated steep slopes that hinder the develop-
ment of thick, mature soils, and favour slope instabil-
ity. As concerns PLFZ and PGF, they mostly cut highly
permeable terranes (i.e. aeolian sands, alluvial depos-
its) with poor/absent soil coverage.

Conversely, some positive anomalies coincide with
tectonic features of the Gioia Plain. The highest con-
centrations correspond to:

e intersections among tectonic structures of regional
importance (see CF and NGFZ, near Giffone:
110.843 kBg/m®),

e SW-NE -oriented fault segments between Sinopoli
and Terranova Sappo Minulio (see SF, and its
extension towards NE: 137.070 kBq/m3 ),

e aburied NE-SW small structure, south of Rizziconi
(89.109 kBg/m’), and

o the buried SLF fault (108.259 kBq/m?>), which runs
longitudinally across the Plain.

Hypothesised fault segments, based on both
observed Rn concentrations and geomorphological/
structural evidence, are also shown (dashed in
black). Some of these structures are not mentioned
in the literature, whereas others (e.g. SLF) had already
been conjectured, also based on geophysical investi-
gations (Tripodi et al., 2018, 2022), and are confirmed
in this work.

Below the Main Map, a simplified litho-structural
section (Figure A, bottom) and a Rn profile (Figure
A, top) are shown. The highest measured values
(blue dots) and the peaks of the inferred amounts
(cf. red curve) correspond to tectonic structures that
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Table 2. A summary of Rn and Tn results.

min max avg median st. dev. v Q Qs
Rn 0.097 137.070 21.822 14.458 22.740 1.042 7.056 28.607
uRn 0.001 5.400 2.209 2.550 1.083 0.490 1.700 2970
Tn 3.570 193.412 54.687 47.240 33.784 0.618 31.646 69.052

Note: Main statistics of measured activity concentrations (population size = 276). Values expressed in [kBq/m3], except for cv (dimensionless). Key: (uRn)
uncertainty of measurement; (min) minimum; (max) maximum; (avg) average; (st. dev.) standard deviation; (cv) coefficient of variation; (Q;) lower quar-

tile, (Qs) upper quartile.

affect the Plain in the middle portion of the profile (cf.
between SLF and CF): here, subacidic andosols — on
average, thicker and more mature than those in
other parts of the study area — cover gentle slopes
made of Quaternary sandy conglomerate and silt.
On the other hand, lower Rn amounts characterise
the western sector by the coast (where aeolian high-
permeability sands crop out), and — remarkably —
the easternmost part of the area (where the CF fault
system cut acid magmatic rocks).

Overall, the above evidence confirms the results
obtained in Central and in Northern Calabria by
Tansi et al. (2005) and by Iovine et al. (2017). In
these studies, the main positive anomalies were, in
fact, found along active regional tectonic structures,
except for areas characterised by steeper slopes or
affected by landslides.

Summary statistics of Rn and Tn are reported in
Table 2. In Figure B on the Main Map, the related fre-
quency histogram is shown. The distribution of Rn
concentrations is highly asymmetrical (skewness=
2.10), with mean (21.734kBq/m>) and median
(14.450 kBg/m’) not very close. Values vary from a
minimum value close to zero to about 137 kBq/m”.
As mentioned above, Rn values were transformed
into a Gaussian distribution by means of a Gaussian
anamorphosis.

In Figure C, D and E on the Main Map, the box-
plots related to distance to faults, to position with
respect to fault buffers, and to lithotypes are shown,
respectively. Moreover, the variogram model fitted
to the experimental values of Rn concentration semi-
variances is shown in Figure F. Concentrations do
not seem to show a significant decrease with distance
to faults (Figure C). However, the greatest variability is
recorded in the vicinity of tectonic structures. The
highest absolute values were recorded in the distance
classes below 500 m, and comprised between 500
and 1000 m (110.843 and 137.070 kBq/m>, respect-
ively). For distances greater than 2000m, and between
1000 and 1500 m, the highest median (17.982 kBq/m3 )
and upper quantile (33.009 kBq/m”) are to be found.
When considering the position of the sampling points
with respect to the buffer zones (width: 600 m) along
the faults, no clear correlation with the measured con-
centrations emerged (Figure D). Inside the buffers of
strike-slip faults, the greatest asymmetry can be
appreciated, with mean and median values quite
different; still, the interquartile range is greater, if

compared to other cases. Outlier measurements out-
side the buffers (including the maximum observed
concentration) may be explained, at the local scale,
by peculiar characteristics of the soils and/or by buried
faults. In addition, outliers inside the buffers (of either
normal faults, or strike-slip faults) seem to confirm the
role of tectonic structures in determining high values
of concentrations. Nevertheless, no significant statisti-
cal correlation (linear or non-linear) was found, as
shown in Figure 4. The effect of distance from the
faults can, in fact, be affected by other environmental
factors (such as soil thickness and type).

As regards lithotype (Figure E), greater maximum
concentrations were recorded in soils covering
coarse-grained sedimentary deposits (137.070 kBq/
m’), followed by samples on acidic magmatic rocks
(84.820 kBq/m3). Generally, mean and median con-
centrations are higher on coarse-grained sediments,
and on medium — to high-grade metamorphic rocks,
whereas lower values are observed on acidic magmatic
rocks. Moreover, the greatest variability and distri-
bution asymmetry characterise coarse-grained sedi-
ments, which also show mean and median values
that are less close with respect to other lithotypes.
The differences in average radon concentrations for
the different lithotypes were tested using analysis of
variance (ANOVA - Miller et al., 2002). Since
Levene’s test showed that the variances were not

7000 - .
R =0.009
6000 -
[ ]

= 50004 e
E
=
=
= 40004 e °
&= ® @
] o?
S 3000 "
2 “es'e
§ ° o‘ L .
a 2000 1o °o oo } . °

P ®

L
L]
® o
o oF :. e

60 80 l(I)O 1I20 1210 léO
Rn (kBg/m’)
Figure 4. Scatter diagram between Radon concentrations and

distance to fault. Pearson’s correlation coefficient is also
reported.



homogeneous, Welch ANOVA was used (Delacre et
al., 2019). The results showed no significant statistical
difference between the averages for the different
lithotypes.

Based on the above-mentioned results of the
explorative data analysis, all data could be considered
a unique population for spatial analyses. An isotropic
experimental variogram was calculated using Gaus-
sian Rn data, no relevant anisotropic behaviour was
detected, and an isotropic exponential model of vario-
gram was fitted to the experimental points of semivar-
iance (Figure F). The theoretical model has a practical
range of about 4870 m, and a sill of 0.70. The practical
range is reported because the exponential model has
no finite range and, usually, the distance at which
the variogram value equals 95% of the sill variance is
used as the practical range. Moreover, a discontinuity
(‘nugget effect’) is observed at the origin. Its value is
about 0.30, largely due to variability at scales smaller
than the minimum sampling distance. The variogram
model performed well on the cross-validation, with
the mean error close to 0 and the mean squared devi-
ation ratios close to 1. The steep initial slope of the
exponential variogram model suggests the presence
of a small- or local-scale variation, whereas the behav-
iour of the model after the inflection point of the curve
might be due to a large-scale or regional variation. The
small-scale variation might be explained by tectonic
structures, whereas the regional one by bedrock
characteristics.

The above variogram model was employed with
Sequential Gaussian simulation to generate 200 realiz-
ations. The post-processing of such realizations
allowed us to obtain the expected values and standard
deviations of Rn (cf. Main Map, and Figure G). The
latter is a measure of uncertainty of values at
unsampled locations (whose pattern of anomalies
replicate the one observed for concentrations).

Further maps show: (i) Rn measurements against
lithotypes and main geological structures (Figure H);
(ii) Tn measurements (Figure I); (ili) Rn/(Rn + Tn)
measurements (Figure J). More in detail, in Figure
H, the Rn measurements are shown against geological
structures and lithotypes. The control exerted by bed-
rock types and tectonic structures appears to be more
complex than commonly assumed in the literature: in
fact, there is no clear, direct correlation between the
highest values of Rn and the presence of acidic mag-
matic substrate, nor do structures of regional impor-
tance (such as the CF) seem able to produce — per se
— the highest concentrations. Therefore, additional
controlling factors (e.g. related to geomorphological
and pedological issues) must be considered to fully
understand the observed results. The measurements
of Tn and the percentage ratio Rn/(Rn+Tn) are
shown in Figures I and J, respectively. The ratio Rn/
(Rn+Tn) may be useful for distinguishing areas
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where Rn plays a predominant role — for example, in
case of deep migration paths. The highest percentages
are to be found along the main fault systems (e.g. CF,
SLF, NGFZ), whereas Tn tends to reflect more superfi-
cial sources (presumably, in the topsoil or shallow
bedrock), being characterised by lower mobility:
higher values were recorded in the Plain, which are
not related to known structures.

In the study area, the results confirmed significant
relationships between soil-gas Rn (measured/
expected) and geo-structural characteristics. The high-
est Rn concentrations in the soil tend to be located
along some of the NE-SW-oriented faults, and where
they intersect with NW-SE structures. In some cases,
positive Rn anomalies are not associated with mapped
faults — suggesting the possible influence of either bur-
ied structural elements or other controlling factors.
Interestingly, major tectonic structures (such as the
CF) and acid magmatic bedrock do not always exhibit
significant positive anomalies, perhaps due to local
pedological and geomorphological control, which hin-
ders the development of thick, mature soils, and
favour slope movements (known to be characterised
by negative anomalies — cf. Tansi et al., 2005). Such
conditions affect gas accumulation, resulting in
lower amounts even nearby relevant tectonic struc-
tures and on acid magmatic rocks.

Overall, the above results are consistent with pre-
vious studies performed in northern and central
Calabria (Buccianti et al., 2009; Buttafuoco et al.,
2010; Guagliardi et al., 2016; Iovine et al, 2017;
Tansi et al., 2005), and support that spatial variability
of soil-gas Rn is controlled, in a complex manner, by a
set of factors that include lithotypes, tectonic struc-
tures, soil cover characteristics, and morpho-evol-
utionary processes. Variations in soil depth, grain
size, permeability, and organic matter can, in fact, sig-
nificantly affect gas migration and retention, and
therefore the measured concentrations (cf., e.g. Buc-
cianti et al., 2009; Guagliardi et al., 2016; Janik et al.,
2024; Mao et al.,, 2023; Phong Thu et al., 2020).

If considering the main studies carried out in the
Mediterranean area, Ciotoli et al. (1998) performed
soil-gas measurements of Rn along transects located
transversal to the main structures in the Fucino
basin, Central Italy. Highest values (120 kBq/m’)
were found along regional faults related to the 1915
Fucino Plan earthquake. Among the main controlling
factors, the authors indicated the geometry of the
faults, and the thickness and grain size (permeability)
of the surficial deposits. In addition, Ciotoli et al.
(1993) recognised anomalies that may be explained
by (unknown) buried faults. Erees et al. (2007) ana-
lysed measures of Rn in thermal water in the Denizli
Basin, Western Turkey. Temporal variations were
recognised, with maxima (ca. 26 kBq/m3) ascribable
to local seismic events. Swakon et al. (2005)
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investigated Rn in soil gas in the vicinity of fault zones
within the Krakow region of Poland. Highest levels
(max 89 kBq/m3) were found close to a Miocene
fault cutting Jurassic limestone, and where the loess
deposit (assumed to act as a trap for deep radium
and a barrier for Rn migration) shows a smaller
thickness.

Rn and Tn amounts are, therefore, affected by sev-
eral environmental and geological factors. Among
these, seasonal variability (including air temperature,
pressure and humidity; soil temperature and moist-
ure) has already been reported as relevant in affecting
measured values. According to Mao et al. (2023), Rn
amounts are generally found to increase in shallow
soils with increasing depth of measure, air pressure,
and air temperature; on the other hand, an inverse
correlation is reported with air humidity. Moreover,
Rn concentrations are also reported to rapidly increase
in the near surface after rainfall events (Wang et al,,
2022). All these factors introduce unpredictability at
the local level, which may not be easily anticipated
through a mere analysis of geological mapping.

The design of the Rn survey is a critical issue. Gen-
erally, an even distribution of data is a good solution
for spatial interpolation, to properly capture geological
and soil characteristics. An improvement of a regular
grid of measurement points can be obtained by using
transects (as done in this study), according to the geo-
logical complexity of the area.

If properly planned, measurements in soil gas are
useful to support analyses of Rn indoor, both in the
case of existing buildings and for land-use planning,
to effectively mitigate the health risk.

Software

Statistical and geostatistical analyses were carried out
by using Isatis.neo® release 20252  (www.
geovariances.com). The maps were realised by using
the open-source software QGIS 3.40.11.
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» Geological structures, derived from the Geological
Map of Calabria (CASMEZ, 1969), are available at
http://geoportale.regione.calabria.it/opendata

e DTM with 1 m/ 2 m resolution from the PST Data-
base of the Ministry of the Environment and
Energy Security is available at https://sim.mase.
gov.it/portalediaccesso/mappe/#/viewer/new

e The digital elevation model, derived from TINI-
TALY 1.1, 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 avail-
able at  http://sgi2.isprambiente.it/ithacaweb/
viewer/

e The Digital Bathymetry EMODNET (DTM 2022) is
available at https://emodnet.ec.europa.eu/
geonetwork/emodnet/eng/catalog.search#/
metadata/ff3aff8a-cff1-44a3-a2c8-1910bf109{85

o https://doi.org/10.12770/fF3aff8a-cff1-44a3-a2c8-
1910bf109£85http://doi.org/Land use, derived from
the Corine Land Cover 2018 — Level 3, is available at
https://land.copernicus.eu/en/products/corine-
land-cover/clc2018

o ARSSA data is available at http://93.51.147.138:900/
intro/carta_dei_suoli.html

e ASP-RC, 2026, Cancer Register, https://www.asprc.
it/registro-tumori/

Geolocation information

Calabria, southern Italy.
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