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Abstract: In this paper, an investigation focused on assessing the radon exhalation, the natural
radioactivity level, and the mineralogy of natural stones of particular historical–artistic interest em-
ployed as building materials was carried out. The Closed Chamber Method (CCM) with the Durridge
Rad7 apparatus for short-lived radon progeny alpha spectrometry and High Purity Germanium
(HPGe) gamma spectrometry were used to determine the radon exhalation rate and specific activities
of 226Ra, 232Th, and 40K, respectively. Furthermore, several indices were evaluated to determine the
radiological risk due to radiation exposure from the investigated natural stones, i.e., the absorbed
gamma dose rate (D), the activity concentration index (ACI), and the alpha index (Iα). Finally, X-ray
diffraction (XRD) and Micro-Raman Scattering (MRS) investigations were performed to correlate
the chemical composition and mineralogical characteristics of natural stones with the radon exhala-
tion rate and the natural radioactivity content. It is worth noting that the findings from this study
can be used to guide future research into the background levels of radioactivity in stones used as
construction materials.

Keywords: building materials; radioactivity; radiological risk; radon exhalation; mineralogy

1. Introduction

In light of the presence of cosmogenic radionuclides and primordial radioisotopes in
the Earth’s crust, environmental natural radioactivity is the main cause of the population’s
exposure to ionizing radiations [1]. Nuclides from the radioactive chains of 238U, 232Th,
235U, and primordial 40K are noteworthy from the viewpoint of natural radioactivity [2].
Common environmental matrices holding these naturally occurring radioisotopes include
water, soil, and rocks [3,4], the last of which can be used as materials for construction.
Thus, investigations on the amount of naturally occurring radioactivity in rocks offer
crucial instruments for assessing the radiological risk that humans face from ionizing
radiation exposure [5]. This endeavor becomes critical because, as the literature states [6],

Appl. Sci. 2024, 14, 11359. https://doi.org/10.3390/app142311359 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app142311359
https://doi.org/10.3390/app142311359
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3562-6244
https://orcid.org/0000-0003-2097-1229
https://orcid.org/0000-0002-4069-4006
https://orcid.org/0000-0002-2512-8372
https://orcid.org/0000-0002-1108-5391
https://orcid.org/0000-0002-4367-1395
https://orcid.org/0000-0002-7424-2665
https://orcid.org/0000-0002-2934-2587
https://orcid.org/0000-0003-2907-9165
https://doi.org/10.3390/app142311359
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app142311359?type=check_update&version=1


Appl. Sci. 2024, 14, 11359 2 of 16

prolonged exposure to uranium and radium can result in various health effects, such as
acute leucopoenia, anemia, oral necrosis, and chronic lung diseases; on the other hand,
exposure to thorium can lead to leukemia and cancers of the pancreas, liver, kidney, lung,
and brain [7]. Additionally, chronic exposure to radon gas (222Rn) may increase the risk
of lung cancer [8]. Indeed, only smoking in the general population is a greater risk factor
for lung cancer than radon and its daughters, according to the World Health Organization
(WHO) [9,10]. Therefore, it is crucial to continue keeping surveillance on the amounts
of radon and its progeny in the environment in order to assess the threats to human
health associated with the radiological risks [11]. Although construction materials with
large activities of 226Ra may represent another important source of natural radiation [12],
given that 226Ra decays to 222Rn in the 238U decay chain, the pressure-driven influx from
subterranean soil is the primary source of indoor radon. Radium and/or uranium traces
range from 2 to 4 parts per million (background) to 1000 parts per million (black shales)
in various types of rocks [13]. Within the category of igneous rocks, crystalline rocks
with a higher probability of containing uranium include granites, granitic pegmatites, and
syenites [14]. In these rocks, trace minerals such as zircon, monazite, and allanite contain
most of the uranium/radium content [15]. The exhalation of 222Rn from a particular rock
surface is significantly influenced by the petrographic and petrophysical properties of the
rock itself, even if studies of U/Ra activity might provide useful information on radon
release potential [16]. Therefore, to determine the actual risk associated with a particular
natural stone, real-time measurements of 222Rn emission rates are required [17]. Lastly,
geochemical analyses of rocks can shed light on elemental distribution patterns, which are
then connected to the current environmental state of a particular region [18].

In this framework, a multidisciplinary approach was used in this work to determine
the activity concentration of natural radionuclides in stone samples of particular historical–
artistic interest from Noto, Comiso, and Mendicino, Southern Italy, presented as a case study.
The results were then correlated with the mineralogy and geochemistry of the samples.
In the study locations, they were mostly employed as building materials [19]. Several
analytical techniques were used in the multidisciplinary approach, including the Closed
Chamber Method (CCM) [20] with the Durridge Rad7 apparatus for short-lived radon
progeny alpha spectrometry, High Purity Germanium detector (HPGe), X-ray diffraction
(XRD), and Micro-Raman Scattering (MRS) spectroscopy. To calculate the possible danger
to radiological health associated with radiation exposure from the investigated rocks,
further calculations were made to evaluate the absorbed gamma dose rate (D), activity
concentration index (ACI), and alpha index (Iα).

2. Geological Framework of the Investigated Samples

The Palazzolo Formation limestone, also called “Noto stone” was widely used in
Sicilian Baroque monuments. It is locally called “carving stone”, because it is easy to
carve and, once exposed, it changes from a pale yellow color to a golden appearance [21].
The Palazzolo Formation has extensive outcrops in the Hyblean Plateau, in Southeastern
Sicily, that represents a forebulge, a result from the bending of the African continental
foreland lithosphere underneath the advancing Maghrebian thrust-fold belt. Moreover,
belonging to the eastern Oligocene–Miocene palaeogeographic domain of the Cretaceous–
Quaternary succession of the Hyblean plateau, it consists of shallow-water algal-bryozoan
thick-bedded calcarenites overlying Cretaceous reefal to lagoonal rudist limestones with
intercalated pyroclastic rocks in the northeast [21]. The Palazzolo Formation, which is
in transitional contact with the marls of the Tellaro Formation, can be divided into two
members: the Gaetanì and Buscemi members, the lower and upper part, respectively.
They are characterized by heteroplastic relations, especially towards the east, where the
Buscemi Formation is most represented. The recognized lithofacies are: (i) one consists
of fine-grained gray limestones and soft marly limestones alternating in 20–40 cm thick
beds and (ii) the other is characterized by yellowish-white limestones exposed in large
bank levels.
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Comiso stone belongs to the lower Leonardo Member (upper Oligocene) of the Ragusa
Formation (upper Oligocene–Miocene) in the Hyblean area, which is formed of alternating
calcareous and marly layers. This stone, mainly made of calcite, well lithified, white-
cream and fine-grained calcarenite, with tenacious consistency and homogeneous structure
is collected in Eastern Sicily and was largely used in the monuments of the Baroque
cities of the “Val di Noto” (i.e., Catania, Siracusa, Noto, Ragusa, and Modica) included
in the UNESCO’s World Heritage List, which were completely destroyed following the
earthquake of 1693 [22].

The Comiso stone’s outcropping can be found near the Comiso Chiaramonte System
that stretches all the way to the Monterosso Almo hamlet and divides a raised area to the
southeast where Oligo–Miocene limestones are found. The three main SW-NE trending, left-
stepping en-echelon, dextral strike-slip faults—the Comiso, Chiaramonte, and Monterosso
faults—form the SSW-NNE oriented shear zone that characterizes the structural setting.
Pliocene volcanics and lower Pleistocene calcarenites predate the Comiso–Chiaramonte–
Monterosso fault zone’s period of deformation, while middle Pleistocene alluvial deposits
postdate it. In response to the same stress field that caused the partial reactivation of
Neogene normal faults with right-lateral strike-slip displacements and the neoformation of
associated structures, characterized by the over-stepping geometry of the main faults, the
fault system developed concurrently with the well-known Sicily–Ragusa dextral wrench
zone, also oriented SSW-NNE, according to the simple shear model. Because of this,
the Comiso–Chiaramonte–Monterosso fault zone and the Sicily–Ragusa system can be
viewed as the onshore extension of the SSW-NNE directed transform zone that allowed the
Pantelleria Rift to extend during the Plio-Pleistocene in the Strait of Sicily [23].

The “Calcare di Mendicino” is a part of the Tortonian–Messinian sedimentary succes-
sion that represents the infilling of the basins opened during the lower Tortonian in the
western area of the Calabrian Arc. It is characterized by a clastic marine sequence that
unconformably overlies the Paleozoic bedrock, dipping outward concerning the massif [24].
These deposits are further overlain in an unconformable manner by transgressive marine
deposits from the upper Pliocene to the lower Pleistocene. In the western region of the
Calabrian Arc, the forearc belt associated with the active subduction of the Ionian Basin,
the filling of the basins formed during the lower Tortonian is described. Within half-graben
structures like the Crati Valley and along the western slope of the Coastal Range (Catena
Costiera), the Tortonian–Messinian succession manifests as sporadic relics that are periodi-
cally displaced to altitudes of up to 900 m above sea level [25]. The age of the “Calcare di
Mendicino” was established using the planktonic foramniferal faunal assemblage of the
underlying and overlying clayey strata. Four main lithostratigraphic units that are laterally
correlated over a large area can be distinguished within the succession [25].

3. Materials and Methods

Five aliquots for each one of the investigated “Noto”, “Comiso”, and “Mendicino”
natural stones 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.

3.1. Radon Exhalation Rate Measurements

The radon exhalation rate of each aliquot of the analyzed natural stones was assessed
by using the Closed Chamber Method (CCM) [26]. In particular, the experimental set-up
consists of a small cylindric steel vessel (volume 2.75 L) connected with the Durridge Rad7
instrument [27], a drying unit filled with desiccant (CaSO4), and some vinyl tubes making
a closed air circuit (see Figure 1).
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rectly converting alpha radiation to an electrical output. 
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Figure 1. A photo of the experimental set-up for the radon exhalation assessment.

The radon-rich air enters the stainless-steel measuring chamber after passing through
the drying unit and the inlet filter (which avoids the entrance of dust and the electrically
charged radon progeny), is aspired by the internal pump, and then is expelled outside the
chamber through the output (outlet), forming a closed air loop. Inside the chamber, the
filtered air decays and releases detectable alpha-emitting progeny, including polonium
isotopes. The chamber walls are subjected to a high voltage of 2500 V. The Rad7 solid-state
silicon detector (Rad7 (Durridge, Billerica, MA, USA)) distinguishes between the electrical
pulses produced by α-particles coming from 218Po, 216Po, 214Po, and 212Po (progeny of
222Rn and 220Rn), with energies of 6 MeV, 6.7 MeV, 7.7 MeV, and 8.8 MeV, respectively, by
directly converting alpha radiation to an electrical output.

Since the equilibrium between 218Po and 222Rn is reached in roughly 15 min (almost
five times the half-life of 218Po), it is possible to employ solely the 218Po activity concentra-
tion for 222Rn, achieving a rapid equilibrium between polonium and radon nuclei [28].

The radon growth curve to equilibrium was monitored over a period of 10 days
and the 222Rn specific exhalation rate, E (Bq h−1 kg−1), was calculated according to the
following equation [26]:

E =
(C − C0e−λT)/m

1 − e−λT λV (1)

where C is the equilibrium concentration (Bq m−3); C0 is the initial radon concentration
(Bq m−3); λ (h−1) is the effective decay constant and is defined as a sum of radon decay
constant, back diffusion, and the leakage constant [29]; V is the total volume of the analytical
system (m3); T is time of exposure (240 h); and m is the mass of the sample (kg). In order to
reduce the leakage from the chamber, an insulating rubber was employed [30].

3.2. HPGE γ-Spectrometry Set-Up

For the HPGe γ-spectrometry analysis, each aliquot of the investigated samples was
first powdered then dried at 105 ◦C in an oven for 24 h to completely remove moisture
and finally inserted in a Marinelli container of 1 L capacity. After 40 days, the secular
radioactive equilibrium between 226Ra and its daughter radionuclides was reached, and
samples were ready for γ-spectrometry counting [31].

In addition, samples were counted for 70,000 s to reduce the statistical uncertainty, and
spectra were analyzed to assess the specific activity of 226Ra, 232Th, and 40K. In particular,
the 226Ra-specific activity was quantified through the 295.21 keV and 351.92 keV 214Pb and
1120.29 keV 214Bi γ-ray lines, respectively, and the 232Th-specific activity was determined
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by using the 911.21 keV and 968.97 keV 228Ac γ-ray lines. For 40K, the evaluation was
performed from its γ-line at 1460.8 keV [32].

The true coincidence summing corrections (TCC) was not carried out for the photopeak
of 214Bi nor for the 911.21 keV 228Ac γ-ray line because it fell within the counting uncertainty.
Moreover, the correction due to the interference of 228Ac in the photopeak of 40K was not
performed because the concentration of the 232Th series was very low and such influence
was not produced.

Table 1 reports the operating parameters of the employed detector.

Table 1. The negative biased Ortec HPGe detector operating parameters.

Negative Biased Ortec HPGe Detector

FWHM 1.94 keV

Peak to Compton ratio 65:1

Relative efficiency 37.5% (at the 1.33 MeV 60Co γ-line)

Bias voltage −4800 V

Energy range 5 keV–2 MeV

The sample was installed into lead sumps to screen off background ambient radiation.
It is worthy to note that efficiency and energy calibrations were carried out for the 1 L sample
holder shape using Eckert and Zigler Nuclitec GmgH traceable multinuclide radioactive
standard, number AK-5901 [33]. The Gamma Vision (Ortec) software version 8 was used
for data acquisition and analysis [34].

The activity concentration (Bq kg−1 dry weight, d.w.) of the investigated radioisotopes
was given by [35] as follows:

C(Bqkg−1d.w.) =
NE

εEtγdM
(2)

where NE indicates the net area of a peak at energy E; εE and γd are the efficiency and yield
of the photopeak at energy E, respectively; M is the mass of the sample (kg); and t is the
live time (s) [36].

The quality of the HPGe gamma spectrometry results was certified by the Italian
Accreditation Body (ACCREDIA) on the basis of the quality controls performed according
to the UNI 11665:2017 [37].

3.3. Evaluation of Radiological Hazard Effects
3.3.1. Absorbed Gamma Dose Rate

The absorbed gamma dose rate, D (nGy h−1), for the indoor external exposure was first
used to quantify the radiological health risk. This rate was computed using the standard
room model, as stated in [38].

D = 0.92CRa + 1.1CTh + 0.08CK (3)

where CRa, CTh, and CK are the average activity concentrations (the mean value of the five
analyzed aliquots) of 226Ra, 232Th, and 40K in the analyzed samples, respectively.

3.3.2. Activity Concentration Index

The European Commission established the following activity concentration index
(ACI) to determine if the dose criterion is satisfied [39]:

ACI = (CRa/300 + CTh/200 + CK/3000) (4)

It relates to the reference limit of 1 mSv y−1 that applies to both the external and indoor
exposure to gamma radiation emitted by building materials, in addition to the outdoor
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exposure [40]. Therefore, the only application for this index would be as a screening tool
to identify materials that might be dangerous when used in buildings. Refrain from those
with I > 1, as these values indicate exposure rates greater than 1 mSv y−1.

3.3.3. Alpha Index

The alpha index was given by [41] as follows:

Iα = CRa/200 (5)

It assesses the alpha radiation exposure to the indoor radon emitted by building
materials. To avoid exposure to the indoor radon activity over the threshold of 200 Bq m−3,
the activity concentration of 226Ra must be less than 200 Bq kg−1. Thus, Iα must be less
than 1 to minimize radiation exposure risk [42].

3.4. X-Ray Diffraction (XRD) Set-Up

X-ray diffraction analyses were conducted by using a Panalytical Empyrean Diffrac-
tometer equipped with Cu Kα radiation and a Bragg–Brentano theta–theta goniometer,
utilizing a solid-state PIXcel detector [43]. Approximately 1 g of a finely powdered sample
of natural stones was employed for each analysis. The acquisition settings were 40 kV and
40 mA, with XRD patterns recorded over a 2θ range from 2◦ to 70◦, employing a step size
of 0.007◦ and a counting time of 20 s. To remove the Cu Kα2 component, the raw data were
processed using software correction, while the background was corrected using a digital
filter. The observed peak positions were compared against the ICDD JCPDS database to
identify the crystalline mineral components present in the analyzed natural stones [44].

3.5. Micro-Raman Scattering (MRS) Measurements

Micro-Raman Scattering (MRS) measurements were collected on the investigated
stones using a portable “BTR111MiniRam™” (BW&TEK Inc., Newark, NJ, USA) spec-
trometer. The instrument works with a 785 nm (diode laser) excitation wavelength and a
thermoelectric cooled charge-coupled device (CCD) detector. The system was supplied
with a BAC151B Raman microscope [45]. The laser spot was focused on the surface through
a 40×/80× objective, which assured a working distance of 3.98 mm and a laser beam spot
size of 50/25 µm. In our case, a maximum laser power at the samples of ~90 mW was de-
livered. The spectra were registered in a wavenumber range between 60 and 3150 cm–1 by
using an acquisition time of 10 s and a resolution of 8 cm–1. To increase the signal–to–noise
ratio, 18 scans were accumulated. Prior to each measurement, the device was calibrated
using a silicon chip’s peak at 520.6 cm−1 to ensure optimal performance [46].

4. Results and Discussion
4.1. Radon Exhalation and Radioactivity Analysis

The most representative radon growth curves to equilibrium are shown in Figure 2 for
the “Noto” (a), “Comiso” (b), and “Mendicino” (c) natural stones, respectively.

The fitted effective decay constant is reported in the graphs. A comparison between
its values, i.e., (0.020 ± 0.003) h−1, (0.050 ± 0.003) h−1, and (0.081 ± 0.011) h−1, for the
Noto, Comiso, and Mendicino natural stones, respectively, and the radon decay constant,
i.e., 0.008 h−1, demonstrate that the bound exhalation and the leakage cannot be neglected
as their contribution is equal to about 0.012 h−1, 0.042 h−1, and 0.073 h−1, for the Noto,
Comiso, and Mendicino samples, respectively.

Table 2 reports the average 222Rn-specific exhalation rate (the mean value for the five
aliquots of the investigated rocks) for all the analyzed natural stones.
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Figure 2. The most representative radon growth curves to equilibrium for the “Noto” (a), “Comiso” (b),
and “Mendicino” (c) natural stones.

Table 2. The average 222Rn-specific exhalation rate for the analyzed natural stones.

Sample
222Rn Exhalation Rate

(Bq h−1 kg−1)

Noto stone 0.013 ± 0.003

Comiso stone 0.040 ± 0.006

Mendicino stone 0.030 ± 0.010

It is worth noting that, by making the requisite schematic assumptions and utilizing
the findings of the radon exhalation measurements, it is feasible to calculate the impact of a
specific stone, hypothesized to be employed in the confinement of a defined volume on
the accumulation of radon within an indoor environment. The indoor radon concentration
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resulting from the confining walls can be readily estimated as reported in [47], and it was
found to be lower than 10 Bq m−3 for all investigated natural stones. The air exchange rate
of 0.2 h−1 was assumed [47].

Moreover, the 226Ra, 232Th, and 40K mean activity concentrations (the average value
across the five aliquots of the rocks under study) for the investigated samples are reported
in Table 3.

Table 3. 226Ra, 232Th, and 40K average activity concentrations for analyzed natural stones.

Sample
Activity Concentration

CRa
(Bq kg−1)

CTh
(Bq kg−1)

CK
(Bq kg−1)

Noto stone 14.5 ± 1.6 0.99 ± 0.16 6.2 ± 0.8

Comiso stone 21.9 ± 1.9 1.8 ± 0.3 3.2 ± 0.4

Mendicino stone 8.6 ± 0.7 9.4 ± 0.8 169 ± 23

It is important to point out that, in all cases, the activity concentrations of 226Ra,
232Th, and 40K are significantly lower than the average world values, i.e., 35 Bq kg−1,
30 Bq kg−1, and 400 Bq kg−1, respectively [48]. According to published research, the
chemical composition and mineralogical characteristics of natural stones have a significant
impact on the values of the 222Rn exhalation rate, as well as CRa, CTh, and CK [49,50]. For
this reason, further investigations about the chemical and mineralogical composition of the
investigated “Noto”, “Comiso”, and “Mendicino” stones through Micro-Raman Scattering
and X-ray diffraction were carried out, as detailed in the following section.

4.2. Evaluation of Radiological Health Risks

Table 4 reports D, ACI, and Iα, as calculated by using Equations (3)–(5).

Table 4. The absorbed gamma dose rate (D), the activity concentration index (ACI), and the alpha
index (Iα) for the investigated samples.

Sample D
(nGy h−1) ACI Iα

Noto stone 14.9 0.06 0.07

Comiso stone 22.4 0.08 0.11

Mendicino stone 31.8 0.13 0.04

It is worthy to note that the absorbed gamma dose rate for the examined samples can be
attributed to the lithologic component of the sampling location, as widely documented in the
literature [51]. It was found to be lower than the natural background value of 59 nGy h−1 in
all cases [52].

Moreover, the investigated natural stones’ potential as building materials was then
assessed by calculating their activity concentration index. It turned out to be 0.06, 0.08,
and 0.13 for the “Noto”, “Comiso”, and “Mendicino” rocks, respectively, which are much
lower than 1, showing insignificant radiological risks connected to the gamma radiation
exposure. Finally, the alpha index value was determined to be 0.07, 0.11, and 0.04 for the
“Noto”, “Comiso”, and “Mendicino” stones, respectively, preventing exposure to indoor
radon activity concentrations exceeding 200 Bq m−3.

4.3. XRD Analysis

The most representative XRD spectrum for the “Noto” stone is shown in Figure 3.
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Figure 3. XRD pattern of Noto specimen. Prominent peaks attributed to calcite mineral.

The crystalline mineral phases were determined by correlating the measured diffrac-
tion peak positions with the ICDD JCPDS database.

The XRD spectrum reveals clear evidence of a dominant crystalline phase. The labeled
peaks, all identified as calcite (Clt), highlight the presence of this mineral as the primary
component in the sample. The most intense peak at approximately 29.5◦ 2θ, corresponding
to the main reflection plane of calcite, indicates its high abundance. This condition is
typical for calcite-dominated materials, as this peak is associated with the (104) plane,
which produces the strongest reflection in calcite due to its crystallographic orientation.
In addition, smaller but well-defined peaks are also observed between 20◦ and 70◦ 2θ,
with characteristic positions confirming calcite as the only significant crystalline phase.
These additional peaks further reinforce the conclusion that calcite is the principal mineral,
and the uniform intensity and sharpness of these reflections suggest a highly ordered,
well-crystallized structure. The lack of any notable peaks or secondary phases suggests
that this sample is largely free from impurities, reinforcing the high purity of the calcite
in the “Noto” natural stone. The uniformity of the diffraction peaks, coupled with the
absence of significant noise, indicates that the sample likely has a homogenous structure
without significant mineralogical variation. Thus, the XRD analysis strongly confirms that
calcite is the only crystalline mineral present in the sample. The presence of sharp, well-
defined peaks and the high intensity of the main calcite reflection identified a high-quality,
well-crystallized stone with minimal impurities. The structural uniformity of the “Noto”
stone make it more appreciated in architectural and ornamental applications, owing to its
mechanical strength and visual appeal [53].

Moreover, Figure 4 reports the most representative XRD spectrum for the “Comiso” stone.
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The XRD pattern reveals two primary crystalline phases: calcite (Clt) and quartz
(Qtz). Calcite is the predominant mineral, with its strongest diffraction peak occurring
around 29.5◦ 2θ, corresponding to the (104) plane, indicating a high concentration of calcite.
Multiple additional calcite peaks between 20◦ and 70◦ further confirm its dominance in
the sample. The smaller peaks identified at 2θ values around 20.8◦, 26.6◦, and 68◦ and
the intensity of these reflections indicates that quartz is a secondary phase; however, its
identification contributes to the mineralogical composition of the “Comiso” stone. The
sharpness of the calcite and quartz peaks indicates a well-crystallized structure, suggesting
that the minerals within the sample have undergone minimal weathering or alteration,
preserving their crystalline integrity. The combination of calcite and quartz in the sample is
coherent with the typical mineralogical composition of limestones, particularly those from
the Comiso area, which are often characterized by high calcite content with minor siliceous
impurities. This composition enhances the stone’s workability and esthetic appeal, making
it highly desirable for architectural uses [54]. The purity of the specimen is notable, as no
other significant crystalline phases were detected. This supports the conclusion that the
“Comiso” stone is primarily composed of calcite with a small but notable quartz content.
Such a composition has been documented in studies focusing on the properties of Comiso
limestone, confirming its suitability for both structural and decorative purposes [54]. The
XRD analysis confirms that the mineralogical composition of this sample is mainly calcitic,
with quartz identified as a secondary phase. The well-crystallized structure and the lack
of other mineral phases indicate its high purity, which makes it suitable for a variety
of construction and ornamentation applications due to its beneficial mineralogical and
mechanical properties [53].

Finally, the most representative XRD spectrum for the “Mendicino” stone is shown in
Figure 5.
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The XRD analysis reveals a complex mineral composition with several distinct crys-
talline phases. The most prominent peaks correspond to dolomite, calcite, quartz, and
aragonite. Dolomite is one of the most significant components, as indicated by the high-
intensity peaks near 30◦ and 65◦ 2θ. This suggests that dolomite is the most abundant
mineral in the stone, contributing to its structural characteristics. The presence of calcite
is also notable, with peaks around 23◦, 29◦, and 47◦, signifying its role as a key carbonate
mineral in the sample. Calcite often coexists with dolomite in sedimentary rocks, further
confirming the geological origin of the stone. The diffraction peaks of quartz, a silicate min-
eral, are shown at 26.7◦ and 50◦, with minor intensity compared to the carbonate minerals.
Quartz’s presence can be attributed to its durability and widespread occurrence in natural
stone formations, where it provides hardness and resilience. Aragonite, a polymorph of
calcium carbonate, is identified with lower intensity peaks around 26◦ and 45◦, suggesting
it is present in smaller quantities. Its formation could be related to diagenetic processes
that occurred during the stone’s geological history, possibly impacted by regional climatic
factors including pressure and temperature. The combination of these minerals points to a
sedimentary origin for the Mendicino stone, likely formed through processes of compaction
and the recrystallization of carbonate-rich sediments [25]. The prevalence of dolomite
and calcite, both common in limestones and dolostones, further supports this hypothesis.
Additionally, the presence of quartz suggests that siliciclastic material was incorporated
during the stone’s formation, enhancing its mechanical properties. These results are con-
sistent with findings from similar studies on carbonate stones [55]. The coexistence of
dolomite and calcite in natural stones is a common feature of many geological formations,
particularly those originating from marine environments where carbonate deposition is
prevalent. Additionally, as reported in [56], the aragonite can form under certain conditions
of supersaturation in marine environments, further supporting the sedimentary origin of
the “Mendicino” stone.

It is worthy to note that the observed discrepancy in activity levels between uranium
and thorium in the investigated samples can be directly attributed to the geochemical
behavior and compatibility of these elements with the calcite crystalline structure. Uranium,
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predominantly present as the uranyl ion (UO2
2+) under oxidizing conditions, exhibits high

compatibility with calcite, where it can substitute calcium (Ca2+) through ionic substitution
mechanisms. This incorporation is facilitated by the similarity in ionic radii and charge
between UO2

2+ and Ca2+. In contrast, thorium, which predominantly exists as Th4+, has
significantly lower solubility in aqueous environments and reduced compatibility with
calcite, limiting its incorporation.

These observations align with prior studies. In particular, Finch and Murakami
detailed the mechanisms of uranium incorporation into carbonates, highlighting the pref-
erential affinity of uranyl ions for carbonate minerals under near-surface conditions [57].
Similarly, Langmuir [58] and Ivanovich and Harmon [59] demonstrated the role of geo-
chemical speciation and mineral-matrix compatibility in explaining the disparity between
uranium and thorium uptake. Therefore, our findings confirm that the higher uranium
activity in calcite reflects these established geochemical principles.

4.4. MRS Analysis

The micro-Raman spectra reported in Figures 6–8 for the “Noto”, “Comiso”, and
“Mendicino” stones, respectively, are representative of 15 different measurements collected
on different spots of the surface exhibiting similar profiles, in the wavenumber range
between 100 cm−1 and 2000 cm−1.
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Furthermore, for the “Noto” stone, the detected micro-Raman profile shown in Figure 6
revealed the typical vibrational peaks of calcite (CaCO3), from the observation of a fierce
peak at ~1084 cm−1 along with tiny features at ~158 cm−1, ~273 cm−1, and ~713 cm−1,
which is related to the normal modes of the most stable polymorph of the calcium carbonate
structure. Indeed, the strongest band of the spectrum, centered at ~1084 cm−1, corresponds
to the symmetric stretching of the CO3 group, while the Raman peak at ~713 cm−1 can be
ascribed to symmetric CO3 deformation and the asymmetric stretching of the carbonate
unit, respectively. Moreover, bands at ~158 cm−1 and ~273 cm−1 can be attributed to
lattice vibrations involving translations and rotations of the carbonate groups within the
crystal [60].
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In addition, the micro-Raman spectrum for the “Comiso” stone as reported in Figure 7,
again revealed a composition mainly based on calcite, from the observation of the peak at
~1084 cm−1, along with a tiny feature at ~277 cm−1 [61].

Lastly, the micro-Raman profile of the “Mendicino” stone, shown in Figure 8, sug-
gested a composition also mostly made of calcite, from the observation of a fierce peak at
~1084 cm−1, along with tiny features at ~158 cm−1, ~280 cm−1, and ~710 cm−1 [62].

The MRS results are in very good agreement with the XRD ones. Both methods clearly
identify the presence of calcite, whereas the MRS does not detect any significant amount
of other mineralogical phases, probably due to the small laser spot size (25 µm), together
with the intrinsic limitations of the MRS technique, which can only provide surface-level
information.

5. Conclusions

The radon exhalation rate, the natural radioactivity content, and the mineralogy of
natural stones of particular historical–artistic interest employed as building materials, i.e.,
the “Noto”, “Comiso”, and “Mendicino” samples, were investigated through a multi-
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disciplinary approach by using the Closed Chamber Method (CCM) with the Durridge
Rad7 apparatus for short-lived radon progeny alpha spectrometry, the HPGe gamma-ray
spectrometry, XRD, and the MRS spectroscopy.

In particular, the activity concentrations of 226Ra, 232Th, and 40K are significantly
lower than the average world values for all the investigated stones. Moreover, in order to
assess potential radiological hazards associated with radiation exposure from the analyzed
specimens, D, ACI, and Iα were estimated. Specifically, D was found to be lower than the
natural background value of 59 nGy h−1 in all cases. Furthermore, it was verified that
ACI and Iα were less than unity, suggesting that there are negligible radiological risks
connected to gamma radiation exposure and very little chance of exposure to indoor radon
concentrations greater than 200 Bq m−3.

Finally, the presence of calcite as the main mineral was identified in all stones by using
XRD and micro-Raman spectroscopy. In addition, it is worth noting that the significant
presence of any radioisotope-bearing minerals can be excluded by XRD and MRS analysis,
in very good agreement with the very low level of natural radioactivity content measured
in the investigated samples.
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