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ABSTRACT. In this paper, the assessment of the radon exhalation rate of the Modica
stone building material, untreated and accelerated aged through salt crystallization test,
is reported as a case study. Noteworthy, this construction material was largely employed
for the construction of historical monuments of interest in the field of cultural heritage,
especially in the historic city center of the Modica town, Sicily, Southern Italy, included in
the UNESCO World Heritage list known as “Late Baroque Towns of the Val di Noto”. In
detail, the Closed Chamber Method (CCM) with the Durridge Rad7 equipment for short-
lived radon progeny alpha spectroscopy was employed to evaluate the radon exhalation rate
of the investigated natural stone, and the Markkanen room model was used to calculate the
potential indoor radon concentration based on the assessed rate value. Notably, the findings
of this study can be employed to direct future research concerning the development of a
systematic strategy for the radon content assessment in building materials, that turns out to
be crucial for decision-makers, since it could be possible to identify vulnerable buildings
requiring the use of well-defined protection measures.

1. Introduction

Human exposure to ionizing radiations is attributable to both natural and man-made
sources. The UNSCEAR 2000 report estimates an annual average radiation dosage of 2.4
mSv from natural sources and 0.6 mSv from anthropogenic ones (United Nations Scientific
Committee on the Effects of Atomic Radiation 2000; Hendry et al. 2009; Caridi et al. 2018).
Natural sources encompass external exposure from cosmic radiation and terrestrial radionu-
clides embedded in soil and building materials, along with internal exposure from inhaling
and ingesting radionuclides occurring naturally in the air, water, and food. These sources
collectively contribute significantly to the total radiation dose absorbed by humans, with
natural background radiation accounting for the preponderance of annual exposure (Jaafar
et al. 2013; Caridi et al. 2019, 2021; Estokova et al. 2022). On the other hand, human expo-
sure to artificial sources is mostly caused by using ionizing radiation in medical applications
for diagnostic and therapeutic purposes, such as imaging operations and radiotherapy (Mez-
zasalma et al. 2009; Caridi et al. 2010; Stark et al. 2017). Nuclear disasters like Chernobyl
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and Fukushima can also leak artificial radiation into the environment (Grabham et al. 2013;
Pacheco et al. 2013). These disasters resulted in the discharge of a variety of radionuclides
(including iodine-131, cesium-137, cesium-134, and strontium-90) (Margarone et al. 2008;
Torrisi et al. 2008; Kamiya et al. 2015; Omar-Nazir et al. 2018).

Among natural sources of ionizing radiation, radon (hence referred to as radon-222,
which has the highest isotopic abundance) is the single most significant contributor to human
internal exposure. It is a colorless, odorless and chemically inert noble gas that is produced
by the decay of uranium-238. It can travel across various environmental matrices, such as
soil, water and rocks. The principal source of radon is the soil and underlying geological
formations, accounting for over 69% of total radon emissions (Righi ez al. 2006; Al-Azmi
et al. 2018; Liu et al. 2022). The geological history and weathering processes significantly
influence the geogenic radon potential (GRP) (Aghdam et al. 2021; Coletti et al. 2022).
Understanding these factors is essential for predicting radon emissions, supporting effective
land-use planning and implement construction strategies aimed at mitigating indoor radon
accumulation, thereby enhancing the safety and quality of buildings (Da Pelo et al. 2024).
Furthermore, quarrying activities must consider that extracted materials can release radon,
potentially impacting both workers and the built environment. Moreover, radon has been
identified as a carcinogen to humans, with long-term exposure to the gas being associated
with an increased risk of lung cancer, as recognized by the International Agency for Research
on Cancer (IARC), which classifies radon and its decay products in Group 1. In detail,
prolonged exposure to elevated radon levels poses a serious health risk since its principal
decay products, polonium-218 and polonium-214, are alpha emitters. Unlike radon, which
is chemically inert, these positively charged metal ions can attach to airborne dust particles,
allowing for inhalation and subsequent deposition in the pulmonary alveoli. Once trapped
in lung tissue, these particles can induce cellular damage, which has been demonstrated to
dramatically raise the risk of lung cancer (Reisz et al. 2014; Wang et al. 2018). It is therefore
essential that effective radon monitoring and mitigation solutions form critical components
of radiation protective measures, given the serious consequences for public health. In
response to these findings, the European Union (EU) has issued a comprehensive directive
(Council Directive 2013/59/Euratom laying down basic safety standards for protection
against the dangers arising from exposure to ionising radiation 2013), which has been
translated into national legislation as D.Lgs. 101/2020 (Italian Legislative Decree 101/2020
on radiation protection 2020). This directive acknowledges the complexity and significance
of investigating the various potential contributors to indoor radon, including potential
sources in building materials. The assessment of radon release from building materials is of
particular significance in the context of cultural heritage, given the potential presence of
radon precursors in natural stones utilized in historical Italian architecture. In this regard,
the development of a systematic methodology for evaluating the radon content of building
materials assumes paramount importance for decision-makers. This approach facilitates
the identification of vulnerable structures, thus enabling the implementation of targeted
protective measures.

In this article, we report the radon exhalation rate estimated for both untreated and
accelerated aged through salt crystallization Modica stone building material, in order to
assess the impact of material alteration on radon emission. The Closed Chamber Method
(CCM) with the Durridge Rad7 equipment for short-lived radon progeny alpha spectroscopy
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was employed to assess the radon exhalation of the investigated natural stone, and the
Markkanen room model was used to determine the possible indoor radon concentration
based on the evaluated exhalation value.

Previous studies have shown that the durability of Modica stone is strongly influenced
by salt crystallization processes, which represent one of the most aggressive weathering
mechanisms affecting calcarenitic stones used in historical buildings (Aloise et al. 2017,
Ruffolo er al. 2017). Experimental investigations have demonstrated that repeated salt
crystallization cycles can significantly modify the pore structure and petrophysical properties
of this stone, potentially influencing gas transport phenomena, including radon migration.
On this basis, salt crystallization tests were adopted in this study as an accelerated aging
procedure to evaluate the possible impact of material alteration on radon exhalation behavior.

2. Materials and methods

2.1. Geological framework and sample collection. The town of Modica was included in
the UNESCO World Heritage list known as “Late Baroque Towns of the Val di Noto”, in
which the main building stones of monuments are calcarenites, mainly made of calcite and
quarried in the city itself or in its surroundings (La Russa et al. 2015). The monuments in
Modica’s historic city center have Baroque facades made of stone, typically creamy yellow
in color, called Modica stone. The latter shows slight variations due to the use of pigments
such as clay and gypseous earths.

Modica stone outcrops in Hyblean Plateau, Southeastern Sicily, that represents a fore-
bulge, result from bending the African continental foreland lithosphere below the advancing
Maghrebian thrust-fold belt. The Hyblean Plateau was generated by a complex interplay
of tectonic and sedimentary processes over a long period of time. The progressive down-
faulting of the Hyblean foreland by a system of Cenozoic NE-SW trending faults led to the
formation of an asymmetric trough, the Caltanissetta Trough, characterized by a thick fill of
Miocene to Quaternary sediments which give rise to marked negative gravity values. The
Cretaceous-Eocene tectonic phase, that was responsible for the palacogeographic pattern
which existed during most of the Cenozoic, led to the formation of carbonate reefs and
volcanic seamounts developed in the Upper Cretaceous, forming platforms fault-bounded
to the west and southwest, from which derived the detrital sediments found in the basin.
The present pattern of the Hyblean Plateau is the result of three main tectonic phases
following the regional Upper Miocene uplift, of Upper-Middle Pliocene, Plio-Pleistocene,
and Middle Pleistocene-recent age which influenced the tectonic evolution of the present
Ionian coast and the Malta-Syracuse Escarpment (Pyle 1997). The Modica stone belongs
to Ragusa Formation of Burdigalian age, that represents the western paleogeographic do-
main of the Cretaceous-Quaternary succession of the Hyblean plateau. It is characterized
by well-exposed upper Oligocene—Miocene pelagic sediments, in particularly limestone
and marl deposited on a carbonate ramp under neritic to pelagic conditions. The Ragusa
Formation (upper Oligocene—Miocene) consists of two members: (a) the lower Leonardo
Member (Upper Oligocene), formed of alternating calcareous and marly layers, and (b)
the upper Irminio Member (Lower Miocene), consisting of three different levels: (i) a
calcarenitic basal level; (ii) an intermediate marly-calcarenitic alternance; (iii) an upper
marly-calcarenitic alternance (La Russa et al. 2015).
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Today there are no quarries, and there have never been, but there is an important region
in the Modica area, particularly in the Hyblean mountains, where this type of stone is found
in the form of blocks called “balate”, which are visible on the ground. The boulders that
protrude from the ground have dimensions of approximately 1-1.5 m in width, 2-3 m in
length, and 0.3-0.6 m in thickness. Before the use of mechanical shovels, to lift and move
the “balate” outcropping on the ground, the stonemasons worked directly on them in the
open country, squaring the different pieces with V-shaped grooves according to the required
measurements; then, inserting wedges into them, they would break the rock to the desired
size with blows of their mallets. The extraction of the “balate” from the ground level made
it possible not only to obtain material for building, but also to reclaim agricultural land,
making it cultivable (Forestieri ef al. 2021). Nowadays they are extracted using mechanical
shovels and transported by truck to the processing plant. The main processing plants are in
the Modica area, particularly around the hamlet of Frigintini and near the Rodosta Tower. In
particular, the investigated sample came from hyblean mountains that belong to the middle
Cenozoic carbonates and marl of the Ragusa Formation.
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FIGURE 1. Geographic position of the area (obtained using Google Earth Pro) in
which actually Modica stone is carved and the geological sketch that shows the
geological formation.

Five aliquots of the Modica stone were obtained by cutting at the laboratory larger pieces
of stones by means of a circular saw. Each aliquot was a cube of approximately 5 cm as
side. For each experimental condition (untreated and salt-aged), five independent stone
aliquots were analyzed in order to obtain statistically representative results.
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2.2. Radon exhalation rate measurements. The radon exhalation rate of each stone
aliquot was determined using the Closed Chamber Method (CCM) (Chao et al. 1997,
Tuccimei et al. 2009). The experimental setup consisted of a stainless-steel cylindrical
accumulation chamber (volume 2.75 L) connected in a closed loop to a Durridge RAD7
alpha spectrometer, equipped with a desiccant unit (CaSO4) and inlet and outlet filters
(Alhamdi et al. 2021). A schematic representation of the setup, adapted from materials
available on the Durridge website and modified for this study, is shown in Fig. 2.

Closed Chamber Method (CCM)

—_—

-

=

Inlet Filter

Bulk Emission Chamber DURRIDGE RAD7 Laboratory
Drying Unit

FIGURE 2. Scheme of the experimental set up. Adapted from materials available
at: https://durridge.com/products/emission-chambers.

During the measurements, air was continuously circulated between the accumulation cham-
ber and the RAD7 detection chamber. Alpha particles emitted by short-lived radon progeny
deposited on the silicon detector were recorded, and the >'8Po peak was used for the deter-
mination of 2>Rn activity concentration, allowing rapid equilibration between radon and its
progeny. Radon accumulation was monitored for approximately 10 days. The mass-specific
radon exhalation rate £ (Bq h™! kg™!) was calculated using Eq. (1) (Tuccimei et al. 2006):

C—Coe T
FE=—1——— 1
m(lfe—lT) AV M

In this equation, C represents the equilibrium concentration (Bq m™), whilst Cy denotes
the initial radon concentration (Bq m™). The total volume of the analytical system (m3) is
indicated by V, T is the time of exposure (h), and m is the sample mass (kg). Moreover, the
parameter A (h'!) represents an effective loss constant that accounts not only for radioactive
decay but also for additional radon removal processes such as leakage and back-diffusion.
The value of A was experimentally determined from the slope of the radon growth curve,
following established accumulation-chamber methodologies.

Laboratory temperature was maintained at 20 = 2C throughout the measurements. The
relative humidity measured by the RAD7 detector was always kept below 10%, ensuring
optimal detector efficiency and minimizing humidity-related measurement bias. To further
reduce leakage effects, an insulating rubber gasket was applied at the chamber sealing
points.
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Furthermore, a Markkanen room model simulation was conducted (Markkanen 1995),
utilizing the radon exhalation rate experimentally determined to assess the potential health
hazards associated with exposure in indoor environments. The theoretical model was
created to predict the equilibrium level of radon activity concentration in a room. To
obtain a reasonable estimation, the model considers two crucial criteria. Firstly, it evaluates
how inhaled radon from building materials used to construct the room accumulates in the
indoor environment. Secondly, it assesses the effect of ventilation mechanisms on radon
concentrations. The following parameters are specifically considered: i) the volume and
area of the superficies coated with building materials analyzed (walls, floor, and ceiling);
ii) the ventilation rate, which is defined as the amount of outdoor air that enters (or is
exchanged) with indoor air in one hour.

It should be noted that the parameter A appearing in Eq. (1) represents an effective loss
constant that includes not only the radioactive decay constant of 2*?Rn but also additional
radon-loss processes occurring within the accumulation chamber, such as leakage and
back-diffusion. Therefore, the experimentally derived radon exhalation rate may represent a
slightly conservative estimate. When the obtained exhalation rate is used in the Markkanen
room model, the radon removal processes in the indoor environment are instead described
separately through the radioactive decay constant Ay, and the ventilation rate. Therefore,
the indoor radon concentrations predicted in this study should be regarded as conservative
estimates.

The temporal fluctuation in radon activity concentration C(¢) is characterized by a
mass balance differential equation that considers the radon exhalation rate from analyzed
materials, as well as the effects of radioactive decay and ventilation (Markkanen 1995):

dC(t) Es-A 1
= — A — | C(t 2
7 v m+ (1) 2
where C(t) denotes the radon concentration (Bq m>) at the time 7, E, is the specific
exhalation rate from materials (Bq m™ h'!), A is the total area of materials exhaling radon
(m?), V is the volume of the room (m?), Ay is the radon decay constant, and 7 is the air
exchange time (h). The solution of Eq. (2) is given by:

C(t) =Co (I—CXP [— (Mzz-l—i)t}) 3

The equilibrium concentration of radon, C., is obtained when the rate of exhalation from
materials is matched by the rates of ventilation and natural decay:

 EA
V(A +1)

=

“4)

The ratio A/V is 1.6, for a standard room of 4 x 5 x 2.8 m?3, while the ventilation rate is
assumed to be between 0.2 and 2 h™! (Righi ez al. 2006).

For the application of the Markkanen room model, the surface-specific exhalation rate
(Bq m? h™") required in Eqgs. (2) and (4) was obtained by converting the experimentally
determined mass-specific exhalation rate, taking into account the exposed surface area
and mass of each stone aliquot. In the Markkanen model, A,y refers exclusively to the
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radioactive decay constant of *Rn, while ventilation is treated separately, and therefore
differs from the effective loss constant used in Eq. (1).

2.3. Salt crystallization test. Salt crystallization test (or salt weathering test) was carried
out on the investigated specimens. The procedure followed is described in the recommen-
dation EN 12370:2001 (EN 12370:2001 Natural stone test methods — Determination of
resistance to salt crystallization 2001). Specifically, each aliquot underwent 15 crystalliza-
tion cycles consisting of: i) 2 hours of immersion in a supersaturated solution of sodium
sulphate (14 % w/w at 20° C); ii) 16 hours of drying in an oven at 105° C and iii) 6 hours of
cooling at room temperature. Figure 3 shows the investigated natural stone, (a) before and
(b) after salt weathering.

[Before sa‘lt weathering (a)

FIGURE 3. Modica stone before (a) and after (b) salt weathering.

3. Results and discussion

Examples of radon growth curves to equilibrium for untreated (a) and salt-aged (b)
Modica stone, respectively, are shown in Fig. 4.

Table 1 reports the average 22?Rn specific exhalation rate (the mean value for the five
aliquots of the investigated rocks) for untreated and accelerated aged Modica stone. The
reported uncertainties correspond to the standard deviation calculated over the five measured
aliquots for each experimental condition.

TABLE 1. The average 222Rn specific exhalation rate for untreated and acceler-
ated aged Modica stone. The reported uncertainties correspond to the standard
deviation calculated over the five measured aliquots for each experimental condi-

tion.
Sample 222Rn exhalation rate 222Rn exhalation rate
(Bqh~! kg™!) untreated (Bqh~! kg~!) accelerated aged
Modica stone 0.040+0.006 0.035+0.015
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FIGURE 4. Radon growth curves to equilibrium for untreated (a) and accelerated
aged (b) Modica stone.

The measured radon exhalation rates are consistent with values reported in the literature
for carbonate and calcarenitic building stones, which typically exhibit low to moderate
radon release due to their mineralogical composition and relatively low uranium content
(see, for example, Scharfenberg ef al. 2019). Similar exhalation ranges have been reported
for limestones and calcarenites used in historical buildings in Italy (Caridi ef al. 2024,
2025a,b), confirming that Modica stone does not represent a significant radon source in
indoor environments. As indicated by the existing literature, the value of 222Rp exhalation
rate is significantly influenced by the chemical composition and mineralogical characteristics
of the material under investigation (Scharfenberg et al. 2019). However, further research
into the chemical and mineralogical composition of the examined natural stone, utilizing
analytical techniques such as X-Ray Fluorescence spectroscopy, Micro-Raman Scattering,
and X-ray Diffraction, will be carried out in the next future. Furthermore, assuming the
lowest ventilation rate (0.2 h'!), the equilibrium radon concentration attributable solely to
Modica stone was estimated to be approximately 7.0 Bq m™ for untreated samples and
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6.1 Bq m™ for salt-aged samples, values that are far below the reference limits established
by current European and Italian legislation.

TABLE 2. The equilibrium concentration of radon, C.., for untreated and acceler-
ated aged Modica stone.

Sample C.(Bqm™3) C.(Bgqm™3)
untreated accelerated aged

Modica stone 7.0 6.1

Noteworthy, the Directive 2013/59/Euratom - transposed in Italy by Legislative Decree
10172020, in force since 27 August 2020, has introduced new provisions on radon control
in workplaces, starting with the introduction of a new reference level of 300 Bq m~, as
the annual average concentration of radon activity indoor in workplaces and homes built
before 31 December 2024. For dwellings built after this date, the reference level is set at
200 Bq m™. Therefore, in light of all the above, and considering the most precautionary
scenario, i.e. the value of 200 Bq m as threshold limit, the contribution to indoor radon
activity concentration only due to the investigated building material was found to be much
lower than 5% of the threshold value, both for untreated and accelerated aged samples, thus
excluding any radiological hazard for human beings related to the indoor radon exposure.

4. Conclusions

The radon exhalation rate of the Modica stone building material, untreated and acceler-
ated aged through salt crystallization test, was investigated through the Closed Chamber
Method (CCM) with the Durridge Rad7 setup and reported as a case study. Furthermore,
the contribution of the analyzed natural stone to indoor radon accumulation was estimated
starting from the results of the radon exhalation measurements. It was found to be much
lower than 5% of the threshold value reported by the Italian Legislative Decree 101/2020,
i.e. 200 Bq m, both for untreated and accelerated aged samples, thus excluding any
radiological hazard for human beings related to the radon exposure.

It is worth mentioning that the aforementioned approach may, in principle, be utilized
to evaluate the radiological hazard posed by the presence of radon gas in a wide range
of construction materials, thereby serving as a guideline for research into environmental
quality monitoring.
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