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Abstract

Background: In this work a radon mapping method implemented in Piedmont, an Italian Region in the

Northern part of the country, is presented and discussed.

Methods: The method is based on a “mixed approach”, combining together an experimental approach, based on
a large set of experimental radon measurements performed with nuclear track detectors, and an empirical model,
based on the geo-lithological characteristics of soils and rocks. This approach was named as “radio-geo-litholog-
ical” because the identification of geo-lithological units was defined considering not only the usual geological
classification of the territory but also the radioactivity content of the most widespread rocks and soils of Piedmont.
Results and Conclusion: This method allowed to classification of all municipalities of Piedmont (1181), thus
permitting the identification of the Radon Priority Areas, a provision required by the new Italian law (Legislative
Decree 101/2020), implementing the European Basic Safety Standards (Euratom Directive 59/2013).
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Introduction

In spite of the well-known radon spatial and temporal vari-
ability, radon mapping is still a very useful tool for the
implementation of effective and efficient radon action
plans. Although a radon map cannot be used to predict the
radon level in a single dwelling, it can be, nevertheless, very
useful, in particular, for the prioritization of the measures to
be adopted in certain areas, in order to reduce the popula-
tion exposure. This fact was clearly recognized also in recent
laws and regulations. In particular, the Directive 59/2013
Euratom (1) mentions explicitly radon mapping as a techni-
cal instrument for the definition of the radon priority areas
(RPAs), the former radon prone areas, defined as the areas
of a given territory (State or Region) where the probability
of occurrence of high indoor radon concentrations is sig-
nificantly greater than other parts of the country.

The first indoor radon campaign in Piedmont (North-
West Italy) dates back to the nineties of the previous cen-
tury (1990-1991): it was a regional survey involving about
450 dwellings and started as part of the Italian National
Radon Survey (1989-1994) (2-6). This survey, principally
aimed to give an estimate of the average exposure to
radon of the Italian population, was carried out on a
regional basis, involving the 21 administrative districts
(Regions and Autonome Provinces) in which Italy is

subdivided (Fig. la). The experimental work was per-
formed by local laboratories, equipped with the
same instrumentation and following same measurement
protocols.

A stratified sampling scheme was used, considering all
the towns above 100,000 inhabitants (50) and 150 towns/
villages under 100,000 inhabitants randomly chosen, giv-
ing a total of 39 strata. In each stratum, the dwellings
were randomly sampled. The survey was, thus, also able to
give a first characterization of the indoor radon spatial
distribution pattern in Italy, although limited to a regional
level (Fig. 1b): the national mean value was found to be
70 Bg/m?, and the regional averages ranging from 25 to
125 Bg/m®. In Piedmont, the estimated mean value was
almost identical of the national one: 69 Bq/m?.

However, due to the intrinsic structural characteristics
of the survey, very important local details were obviously
completely missed. At the beginning of 2000, the knowl-
edge of the radon distribution in Piedmont either in
dwellings or workplaces was in fact very poor: after the
well-designed but limited National Survey, only very few
indoor radon measurements were performed, involving,
in particular, little villages and towns where radon was
supposed to be present in anomalous concentrations due
to geological characteristics (7).
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Fig. 1. (a) Italy’s regional administrative subdivision and (b) the corresponding indoor radon regional averages according to the

Italian National Survey (1989-1994).

For that reason, in 2007, the local government of
Piedmont promoted and financed a study, assigned to
ARPA Piemonte, aiming to produce a more detailed
regional map of indoor radon, in compliance with the
provisions established by the law. A new monitoring pro-
gram was then set up in order to obtain a quite detailed
picture of the distribution of the radon indoor activity
concentration through the Region (8, 9). More recently,
the Legislative Decree n°101/2020 (10) was implemented
in the Italian legislation the Directive 59/2013 Euratom,
further emphasizing the need of a regional radon map:
the article 11 of the Decree establishes that the Regions
have to identify the RPAs according to specific technical
criteria. In particular, the RPAs are defined as portions of
territory of a given Region where the percentage of build-
ing P_,,, in which the radon activity concentration is
greater than the Reference Level RL = 300 Bq/m?, exceeds
15% of the total. Therefore, in order to fulfill this task, the
ARPA Piemonte has promoted a comprehensive study,
aiming to map the Region allowing the estimation for all
of the 1,181 municipalities in which Piedmont is subdi-
vided, which has the following expression:

P, =100 inf (C)de (1)

2

(page number not for citation purpose)

in which the function f{C) is the probability density func-
tion of the radon activity concentrations, assumed to be
log-normal.

Thus, the mapping strategy should be designed to reach
this goal, that is, the evaluation of the function f{C) for
each municipality. However, as the m and s parameters
characterizing the log-normal distributions of the proba-
bility density functions of each sample unit should be esti-
mated from the available experimental data, the P_,,
values have to be evaluated by means of the correspond-
ing Beta distributions following the approach suggested
by Lieberman and Resnikoff (11) and Murphy and
Organo (12):

where U,, is the upper integration extreme for the variable
z corresponding to the given Reference Level.

Material and methods

As no common rules were defined at national level for the
mapping procedures, each Region has developed its own
approach, based on different assumptions and
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methodology. The mapping methodology in Piedmont
was not developed following an a priori theoretical frame-
work clearly established in advance: it was rather a process
of adaption to the conditions that were faced. Piedmont
Region is a quite large Italian region, with 25,400 km? wide
and about 4,500,000 inhabitants and 1,181 municipalities.
In Piedmont, the municipality, the smallest Italian admin-
istrative district, was chosen as the basic sampling unit.
However, this choice, very reasonable from the ‘political’
point of view, was in practice very challenging: the very
high number of municipalities, 1,181, actually prevented
from performing experimental surveys in each unit based
on direct radon measurements; too large would be the
number of required measurements and too complicated
and costly the management of such campaign. On the
other hand, a substantial reduction of the number of sam-
pling units would have brought to an unacceptable loss of
details, leading to an almost useless map. In the end, in
spite of their high number, the municipalities were taken as
basic sampling units by a ‘political’ reason: the municipal-
ity is the smaller administrative unit in Italy, where the pre-
vention policies can effectively be implemented.

While several different technical approaches for map-
ping are possible, they can be all grouped in two general
broad categories:

1. Experimental approach: direct radon measurements of
a representative sample of dwellings of the indoor radon
activity concentration in any given sampling units.

2. Calculation approach (based on geo-lithological
knowledge): evaluation of the ‘radon potential’ from
the geological characteristic of soils and rocks.

In principle, a pure experimental approach should be con-
sidered preferable, as the real predictability of the radon
activity concentration in buildings from geo-lithological
data alone is questionable. Although several different
geo-lithological methodologies were proposed (13-16), no
complete and generally accepted theories are available at
the moment. By contrast, the experimental approach
obviously requires a huge number of data, thus resulting
in a much more expensive and complicated endeavor.
Therefore, in order to reduce the number of the radon
experimental measurements to a more manageable
amount, a ‘mixed approach’ was proposed:

1. experimental local surveys in a limited number of
selected municipalities (annual measurements) and

2. development of a new radio-geo-lithological classifica-
tion with homogeneous radon exhalation characteris-
tics, allowing the estimation of the radon concentration
values in those municipalities where no experimental
measurements are available or their numbers are
insufficient.

Radon mapping in Piedmont (North-West Italy)

This approach, combining together two methodologies,
the direct radon experimental measurements in dwellings
and the considerations based on the underlying geo-litho-
logical characteristics of the sampling units, needs the
development of a new classification of the geo-lithologi-
cal units based on the measurements of the uranium
activity concentrations in the rocks by means of y spec-
trometry analyses.

We have called this mapping strategy a radio-geo-lith-
ological approach, as the geological units relevant for
radon mapping were defined considering not only the
official standard geological chart but also the radiomet-
ric information coming from a huge experimental work,
allowing the radiometric characterization of the most
important rocks (geo-lithological units) of Piedmont:
more than 440 y spectrometry measurements with
hyperpure germanium detectors (HPGe) were per-
formed (17, 18).

Different classes of lithologies, identified by congru-
ent radionuclide concentrations, are characterized not
only by homogeneity of broadly defined rock types but
also by common genetic processes. In the Western
Alpine region, Cenozoic intrusive rocks with upper
crustal contamination and late Paleozoic acid igneous
rocks show highest concentrations of natural radionu-
clides, while mafic and ultramafic rocks of oceanic ori-
gin and calcareous Mesozoic rocks show the lowest.
Radionuclides’ concentrations in detrital rocks and sed-
iments reflect their petrographic compositions, allowing
a differentiation of Quaternary glacial, fluvioglacial,
and fluvial sediments correlated with radionuclide con-
tent and grain size in source rocks within different ero-
sional catchments.

Being operated in this way, it was possible to reduce the
initial huge number of units of the geo-lithological map
of Piedmont (19) (1:250,000, with more than 200 units,
Fig. 2) to the more manageable size of 37 units.

The radon mapping strategy we followed are summa-
rized in five steps, which are as follows:

1. Selection from the database of all the available experi-
mental indoor radon measurements of the data suit-
able for radon mapping.

2. Normalization of the data and georeferencing.

Definition of 37 radio-geo-lithological units.

4. Evaluation of the corresponding radio-geo-lithologi-
cal indoor radon averages and distributions for each
radio-geo-lithological unit using the geo-referenced
experimental data.

5. Final model calculation: the average indoor radon
concentration in each municipality (considered as
the basic sampling unit) is evaluated by means of a
proper weighted mean of the radio-geo-lithological
means of the units occurring in the municipality. The

bl
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Fig 2. Piedmont geological map 1:250,000, characterized by more than 200 geo-lithological units.
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Fig 3. From left to right: the dosemeter with its radon permeable polyethylene bag, the conductive holder (white) with the CR-39

detectors, and the nuclear o tracks etched at the microscope.

corresponding log-normal distributions are defined
as well.

Selection of the experimental data
The measurement considered suitable to be used for the
radon mapping shall meet these requirements:

1. annual averaged measurements (usually obtained from
two semestral measurements) and

2. performed by means of dosemeters equipped with
nuclear track etch a detectors.

The device used in most of our surveys had the following
technical characteristics: it contains one or two CR-39
detectors, the holder was made with conductive plastic,
and the a detectors were put in thin radon-permeable
polyethylene bag (see Fig. 3) (20).

The database used for the radon mapping consisted of
4,389 measurements performed in different types of build-
ings: 62% dwellings, 31% schools, and 7% other workplaces.
All the measurement points were chosen randomly within
each sampling unit (municipality). In order to reduce the
heterogeneity of sample, the data need to be normalized.

Normalization

Data were subjected to different normalization processes.
The most important one was the ground floor normaliza-
tion. Ground floor indoor radon concentration is recog-
nized as a good indicator for radon mapping purposes
also by the law 1 as its value is usually strongly correlated
to the soil radon flux and entry rate. However, as a quite
high number of the measurements in our database, being
randomly chosen, were referred to different floors, in
order to put all data together, thus expanding the available
dataset, they need to be normalized to ground floor. The
ground floor normalization was performed according to
the following scheme.

I Article | | of the 101/2020 Legislative Decree.

The first assumption was the log-normality for the
activity concentration distributions f{C,) at any given X
floor:

1 67 (mm (Cy )= )

1 (C)= fe. © @

X

The second assumption was a linear relationship between
the values at any given floor X and ground floor ones:
C,=k,C_,. If this is the case, a robust evaluation of the
k ,proportional factors can be obtained by simply calcu-
lating the ratios of the corresponding geometric means,
which is as follows:

e

ky = 3)

!
elor

thatcan be putalsointheequivalentform: p, =1nk, + ..
If this holds, the Geometric Standard Deviation (GSD)
of all the distributions is equal, irrespectively from the
considered floor 6 =o,,.

This seemingly strong assumption is supported by
experimental evidence as it was tested on a randomly cho-
sen dwelling sample (more than 400 data) representative
of all the Piedmont housing stock (9). In Fig. 4, the results
of the normalization procedure are reported: the log-nor-
mal function was obtained normalizing to ground floor;
all the other data are represented by a solid line, which is
very close to the ‘true’ ground floor distribution (dashed
line).

Definition of the radio-geo-lithological units

This was the most difficult and challenging issue, being at
the inner core of our approach. We started from a very
complicated geological map with more than 200 geologi-
cal units that should be reduced to a more reasonable
number without losing meaningfulness and predictive
effectiveness. In the end, 37 units were individuated
(see Fig. 5), following geo-lithological considerations
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Fig. 4. Normalized data (solid line), ground floor data (dashed line), and not normalized data.

radio-geo-lithological unit
Po plain fluvial deposits; upper Fieistocens — present

Scrvia, Gurone and Sisfora fuvil deposits; Upper Pleistocene - prasent

Belbo-Bormids-Drba, lower-middle 18nsro snd Banna fluvial deposits; Upper Fleistocene — present

Upper Tanare, Slura & Demonte, Grana Mels, Varsia, upper Po. Pallice Chizone, Chisals fuvial
deposits; upper Fleistocens - present

Trce, WMilons, Sturs & Lanzo. Ceronds, Dors Ripanis, Sangone, Po (Turn sres) fuvial deposits. upper
Pleistooens - present

Dora Baltea fiuvial deposits

Sesia and Carve fluvial deposits; upper Piaistocens - prasent

Ticine, Toce, Agogna, Terdoppio sl deposits; upper Fleistocene - prasent

Cuneo basin fiuvial, Auvioglacial and glacial oepasits; lower-middie Pleistocens

Westem Po basin fluvial and fuvioglack its; lowar-middle

Rivol-Avighana = Z glacial deposits; Holocene

TWr=s morainic smphitesire and Cuargne giacial deposits, Pleistocens — Holocane

Verbano and Orts glacial deposits; Pleistocene — Holocene

Alezzandria Basin fuvisl deposits, lower-middle Pleistocens

Wiarine. tran=itional and continental deposits, Placens

Eveporitz and destic deposits: Nessinian

Fiedmont Tertisry Basin. Wonferrata, Tunin Hil 2nd epligunan cenozeic claste Units.

Sedimentary and metasedimentary cenozoic UNits of the Alpine foreland basin

Tarvo Valley, Brosse-Traversslla and Miagiana plutons; voicanic rocks and volcanodashics, Digocens

Fiy=ch units; upper Crefeceous — Paleocens.

Bianconnais and Dauphing S=dimeniary and melaseaimentary Mesozeis Units

Brianconnais and Dauphing valcans roohs Tocally o Pemmian

Argenters Wassi, Brianconnais crysialine basement, Accagho Zone; Ambin Nsssi, Gran San Bernardo
unit. Camughers-Moncucco unit
Wiesczoic sedimentary cover of the lower Pennicic Units; Valsis units

Ossola lower Pennidic units

Monte Rosa, Gran Paradiso, Dors-Maira end Valosio units: ortogneiss and metagranites

Monte Ross, Gran Paradiso, Dora-Mairs and Valosio units: ic rocks and

cover
Oceanic and confinentsl margin i and i rocks

DOcesnic metabesite 2nd metsulirabasie rocks

Sesiz-Lanzo unit

Canavese zone

Sudalpine mesozoi sedimentary rodhs

‘Sudalpine volcanic rocks and volcanodsstics; Fermian

Sudaipine Pemmian granies

“Sane oai laght’ metamarphic racks

Tvree-Verbano Zone

Fig. 5. The 37 different radio-geo-lithological units identified in Piedmont Region.
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combined with radiometric information obtained by
means of a comprehensive radioactive characterization of
the soils and lithologies of Piedmont: actually, more than
440 rock and soil samples gathered all over the Region
were measured by means of HPGe y spectrometry detec-
tors during an extensive campaign that lasted more than 2
years (18). A very similar approach was applied and
proved consistent also with the calculation of the terres-
trial gamma dose rate in a recent published work
(European Atlas of Natural Radiation, pag. 106 (21)).
The results of this campaign are summarized in Table 1,
where the typical U concentrations of the Piedmont’s
geo-lithologies are shown together with the correspond-
ing radon data. A scatter plot of the radon and the corre-
sponding #**U data are shown as well in Fig. 6.

Calculations of a radio-geo-lithological averages and log-normal
distributions

The next step was the calculation of the radio-geo-litho-
logical averages and the log-normal distributions for each
unit. To this purpose, all the georeferenced and normal-
ized experimental radon data were superimposed to the
radio-geo-lithological map (Fig. 7).

Although no sampling strategy was, of course, possible
in order to populate adequately all the radio-geo-litholog-
ical units because they were defined after the conclusion
of the measurement representative campaigns, it was,
however, possible to give a reasonable estimate of the
radio-geo-lithological means and of the corresponding
parameters x and o, characterizing the related log-normal
distributions for every generic k radio-geo-lithological
unit. In Table 1, the number of experimental data (indoor
radon activity concentration) available for each
radio-geo-lithological unit and the estimated statistical
parameters together with the corresponding »**U concen-
trations are shown.

Final model calculations

The model not only allows the estimation of the average
indoor radon concentration in each sampling unit
(municipality) but, taking advantage of the associated
log-normal distributions, also permits the evaluation of
other important indicators, such as, for example, the per-
centage of dwellings exceeding any given radon level.
The mean value of the radon activity concentration M o
in each sampling unit j is calculated by means of the fol-
lowing well-known formula: , where g, is the weighted
mean of the radio-geo-lithological x,, of the units occur-
ring in the built areas present in each municipality? as
follows:

2. In our work we have considered only the built areas rather than the total
municipality areas, in order to give a more realistic description. If no information
about the built areas were available the total municipality areas were considered as
a first approximation.

Radon mapping in Piedmont (North-West Italy)

, » AL C AC,

IT/Z =a k=1 AC anl(

J

AL 11 AC.
where the weights % are given by the intersection

of the radio-geo-lithologiéal area AL, with the municipality
area AC, over the ACjitself; the upper limit P in the sum-
mation represents the number of radio-geo-lithological
units occurring in the built areas of the municipality.

In this approach, a key factor is played by the o value,
that is by the GSD of the log-normal distributions
(GSD = ¢°). In principle, each unit should have its own
GSD, in order to assign to each municipality its own
log-normal distribution. However, due to the relatively
limited number of experimental data available at the
municipality level, we assumed an unique value for all the
GSDs of the municipalities of the Region (GSD = 1.74),
following a common approach firstly proposed by Price
et al. in 1997 in a very similar context (22): Price and
co-workers observed that the values of the GSDs experi-
mentally evaluated in different units strongly depend on
the sample size and seem to converge to an unique value
as the sample size increases. The assumed value was,
therefore, calculated considering the asymptotic value of
the GSDs, obtained for a great number of experimental
data (see Fig. 8).

Similar calculations were performed considering as
sampling units the 37 radio-geo-lithological units and
gave a slightly greater result (GSD = 1.85): this was the
value adopted for the calculation in those municipalities
for which the radon levels had to be estimated by means
of equation (5). The problem of the choice of the most
adequate GSD is still an open issue: in principle, it should
be better to assign its own values, experimentally evalu-
ated, to each municipality. However, the solution pro-
posed seems to be adequate as a first approximation,
allowing a comprehensive estimation of radon concentra-
tion in the whole Region at the municipality level.
Moreover, the adopted scheme makes it possible to update
the map in a quite simple way as new experimental data
become available.

The model was then validated comparing the experi-
mental average municipality values (when available) to
the estimated ones, avoiding any self-correlation bias.3
In order to increase the reliability, only those municipal-
ities where more than 10 experimental measurements
were available have been considered. The validation was,
thus, performed considering 120 couples of experimen-
tal-estimates data. An average value very close to 1 for
the ratio experimental/predicted values (0.96; R*> = 0.86)
was found.

3. Excluding the experimental data gathered in each municipality from the dataset
used for the calculation of radio-geo-lithological means
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Tuable 1. The radio-geo-lithological unit of Piedmont

28 (Bq/kg)

. . . . 222Rn 222Rn Bq/m3 222Rn Bq/m3 238U .
Leg. Radio-geo-lithological unit Data Mean Median c Data Mm—l"}ax—
Median

la Po plain fluvial deposits; upper Pleistocene — present 165 74 63 4.15 0.52 8 31-136-39

Ib Scr'lwa, Curone, and Staffora fluvial deposits; upper 49 8l 73 430 042 4 29-51-3]
Pleistocene — present

le Bell.)o-Borml.da-Orba, Iov~{er—m|dd|e Tanaro, and Banna 194 77 69 423 0.44 20 10-76-26
fluvial deposits; upper Pleistocene — present
Upper Tanaro, Stura di Demonte, Grana-Maira, Varaita,

Id upper Po, Pellice-Chisone, and Chisola fluvial deposits; 262 163 116 4.75 0.79 9 4-48-28
upper Pleistocene — present
Orco, Malone, Stura di Lanzo, Ceronda, Dora Riparia,

le Sangone, and Po (Turin area) fluvial deposits; upper 184 79 67 4.20 0.55 8 1-62-31
Pleistocene — present

If Dora Baltea fluvial deposits 58 73 63 4.15 0.55 | 41-41-41

lg Sesia fluvial deposits; upper Pleistocene — present 87 94 82 441 0.48 7 21-91-36

Ig3a  Cervo fluvial deposits 68 183 129 4.86 0.76 | 25-25-25

Ih T|C|no,ToFe,Agogna, and Terdoppio fluvial deposits; 174 s 93 454 0.62 2 45-59-52
upper Pleistocene — present

) Cuneo bfism quv!aI,quwogIauaI, and glacial deposits; 572 141 98 458 078 8 7-133-39
lower-middle Pleistocene

3a Western. Po ba5|r.1 fluvial and fluvioglacial deposits; 1,028 77 59 409 0.64 29 17-140-58
lower-middle Pleistocene

3b R|v9||-AV|gI|ana morainic amphiteatre glacial deposits; 28 97 85 4.44 0.54 | 27-27-27
Pleistocene — Holocene

3c Ivrea r'nora|n~|c amphiteatre and Cuorgné glacial 75 6 56 402 0.54 13 15-71-39
deposits; Pleistocene — Holocene

34 Verbano and Orta glacial deposits; Pleistocene 78 13 89 449 062 | 39-39-39
— Holocene

4 Ale'ssandrla Basin fluvial deposits; lower-middle 44 73 62 413 0.54 9 13-94-52
Pleistocene

5 Marine, transitional, and continental deposits; Pliocene 150 90 72 4.28 0.57 8 26-102-47

6 Evaporite and clastic deposits; Messinian 16 84 72 4.28 0.52 6 9-34-20

7 Pletc'imobntTertlary‘Bamn, r’lonf.errato,Turln Hill, and 129 78 68 422 048 47 12-81-29
epiligurian cenozoic clastic units

8 Sedlme.ntary and metasedlmentary cenozoic units of 45 97 78 436 071 | 24-24-24
the Alpine foreland basin

9 Cervo.VaIIey, Brosso-TraverseIIa., and l‘.’llagllano plutons; 17 537 337 5.82 1.07 10 40-501—139
volcanic rocks and volcanoclastics; Oligocene

10 Flysch units; upper Cretaceous — Paleocene 46 64 6l 4.11 0.42 8 19-60-39

0 Brlangon.nals and Dauphln‘e seqlmentary and 60 19 88 448 072 13 9-165-32
metasedimentary mesozoic units

12 Brlangonnals. and Dauphiné volcan!c rocks.and 62 122 90 450 078 8 6-58-37
volcanoclastics, locally metamorphic; Permian
Argentera Massif, Briangonnais crystalline basement,

13 Acceglio Zone,Ambin Massif, Gran San Bernardo unit, 26 121 95 455 0.69 8 3-97-26

and Camughera-Moncucco unit
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Table 1.(continued) The radio-geo-lithological unit of Piedmont.

Radon mapping in Piedmont (North-West Italy)

8 (Bg/kg)

. . ) ) MR 22Rp Bq/m’ 2R Bq/m3 238 ;
Leg. Radio-geo-lithological unit Data Mean Median v G Data Mln—Max—
Median
14 Met-sozom' sedl'mentary cover of the lower Pennidic 24 99 77 435 1.04 5 30-78-49
units;Valais units
15 Ossola lower Pennidic units 34 100 82 4.40 0.62 12 4-106—62
16 Mc.mte Rosa, (.Eran Paradiso, D?ra-Malra, and Valosio 6 187 127 485 082 16 4-96-58
units: ortogneiss and metagranites
Monte Rosa, Gran Paradiso, Dora-Maira, and Valosio
17 units: polymetamorphic rocks and metasedimentary 24 134 93 4.53 0.79 I 10-115-43
cover
I8 Oceanic and.contlnental margin mesozoic sedimentary 6l 87 75 432 0.54 2% 1-81-26
and metasedimentary rocks
19 Oceanic metabasite and metaultrabasite rocks 40 76 60 4.10 0.83 17 0-59-17
20 Sesia-Lanzo unit 126 84 66 4.19 0.65 14 2-76-42
21 Canavese zone 24 76 58 4.06 0.73 4 17-60—-49
22 Sudalpine mesozoic sedimentary rocks 25 126 112 471 0.52 | =111
23 Sudalpine volcanic rocks and volcanoclastics; Permian 17 83 80 4.39 0.32 5 43-141-73
24 Sudalpine Permian granites 45 116 100 4.60 0.52 3 22-69-53
25 ‘Serie dei laghi’ metamorphic rocks 113 134 9l 4.52 0.79 6 26-79-38
26 Ivrea-Verbano Zone 108 70 59 4.08 0.56 23 0-163-2
Median_U238 - >Median_Rn222
400 -
350 - .
300 -
cg 250 A
E_ 200 -
150
Rt 2 =
100 e .1!.._._,, .. R? = 0.665
50 {°  °...tTet e
0 f . . .

0 20 40 60 80 100 120 140 160
Ba/kg

Fig. 6. Rn/*®U scatter plot of the radio-geo-lithologies
(no fluvial deposits).

Results and discussion

In Figs. 9 and 10, the radon maps of Piedmont calculated
following the procedures described in previous section are
shown.

From these maps, some very interesting information
concerning the radon exposure in dwellings at regional
level and for each municipality as well can be obtained.
An average activity concentration of 74 Bq/m? was found
(weighted mean of all the available data), a value some-
what greater than that obtained about 30 years ago
(69 Bg/m?), in the first Italian National Campaign
(1990-1991). The observed difference could be explained
by two factors: a possible underestimation during the

Fig. 7. The radio-geo-lithological map of Piedmont with the
radon measurements superimposed (white dots).

National Campaign due to the under-sampling of some
of the most radon affected areas and an effect of the
implementation of the recent energy saving policies that,
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GSD in the municipality units

3 -
GSD asymptotic
... ® value = 1.74
L] L]
o 2 o o. ° % , °
8 el o0 1 ° ® oo e o °
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0 10 20 30 40 50 60

Number of radon measurements

Fig 8. The experimentally evaluated GSD tends to an asymp-
totic value as the number of measurements increases (22).
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Fig. 9. Map showing the radon mean values for all the
municipalities of Piedmont, the average regional value being
74 Bg/m?.

in many cases, lead to a substantial reduction of the
building ventilation rate.

The model allowed also the identification of the RPAs,
defined accordingly to the provisions established by the
Italian law (every municipality where the ground floor
activity concentration exceeds 300 Bg/m® in more than
15% of the buildings).

According to this criterion (see Fig. 10), about 10
municipalities, mainly located in the alpine and pre-alpine
area, should be classified as RPAs.
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Fig. 10. Percentage of dwellings exceeding 300 Bq/m? (the
Italian Reference Level) for both homes and workplaces
(Legislative Decree 101/2020 implementing the Euratom
Directive 59/2013) evaluated following the Andersen
approach (see Ref. 12).

Conclusions

A radio-geo-lithological model was developed, allowing a
comprehensive radon mapping of Piedmont, considering,
as basic sampling units, all 1,181 municipalities in which
Piedmont is subdivided. The proposed method, charac-
terizing each municipality by its own log-normal distribu-
tion, allows a quite detailed estimation of the exposure to
radon of the population of Piedmont, thus permitting the
implementation of effective policies supporting a medium
long-term reduction of the health impact of radon all
over the Region. The structure of the adopted model is
quite flexible, easily allowing a progressive update of the
maps as new experimental data become available.
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