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ABSTRACT. The natural radioactivity content of the Ignimbrite campana stone, as well
as its radon exhalation and mineralogical composition, were assessed and reported as a
case study in the present paper. In particular, the High Purity Germanium (HPGe) gamma
spectrometry and the Closed Chamber Method (CCM) with the Durridge Rad7 setup
were employed to quantify the specific activities of 226Ra, 232Th and 40K, and the radon
exhalation rate, respectively. In addition, several indexes were calculated to evaluate the
radiological health risk related to radiation exposure from the analyzed natural stone, i.e. the
absorbed gamma dose rate (D), the annual effective dose equivalent (AEDE), the activity
concentration index (I), 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 the investigated natural stone with its
natural radioactivity content and radon exhalation rate.

1. Introduction

Natural background radiation accounts for the majority of the global population’s external
dose (United Nations Scientific Committee on the Effects of Atomic Radiation 2000).
Natural sources of 238U, 232Th, and 40K include soil, sand, and rocks. The abundance and
distribution of these radionuclides depend on the local geology of each region of the world
(Navas, Soto, and Machín 2002). Natural materials used in dwellings can emit gamma
radiation in both indoor and outdoor environments, and the prolonged exposure to low
amounts of radiation can harm human health (Caridi et al. 2021). Thus, evaluating the
concentration of radiation emitters in natural building materials (BM) used in dwellings is
important as people spend the majority of their time indoors (Torrisi et al. 2008; Omar-Nazir
et al. 2018).

The European Union (EU) has established a series of regulations and directives since
1989 with the objective of regulating the radiation emitted from building materials, taking
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into account the potential health effects of radiation exposure in indoor environments. In
particular, in 1999, the European Commission (EC) announced the ALARA (As Low As
Reasonably Achievable) principle and established the limitation of radiation exposure from
substances with high levels of naturally occurring radionuclides as the ultimate goal of
radiation control in building materials (EC Radiation Protection 1999). In order to achieve
this objective, the EC initially introduced the radiation activity concentration index (I),
which is typically employed as a screening tool to restrict gamma radiation exposure of
construction materials (Righi and Bruzzi 2006). Furthermore, several additional indexes
have been devised over time for the purpose of evaluating the radiological risk associated
with radiation exposure from such samples (Caridi, Messina, and D’Agostino 2017; Caridi et
al. 2023). In more recent times, the radiological concerns regarding public health have been
subjected to careful consideration by the EU in the European Directive 2013/59 EURATOM,
which has been translated into the Italian legislation as D. Lgs. 101/2020. In particular,
the directive emphasises the importance of investigating all potential sources of indoor
radon, including soil, building materials, water and natural gas provided by domestic plants.
This is to achieve increasingly biocompatible housing from a radiological perspective. In
light of these considerations, it is unsurprising that public concern about radon exhalation
from building materials and its contribution to indoor radon levels is on the rise. This is
particularly so in the context of radiation protection from radon gas exposure (Mancini
et al. 2017). In this context, the PRIN 2022 PNRR ATHENA (A novel approach towards
the management of building materials of particular historical-artistic interest: assessment
of the radon exhalation and the radiological risk due to natural radioactivity content)
project, funded by the European Union - Next Generation EU, provides the context for
the development of this paper. The project is focused on the systematic implementation
of novel operative strategies for the evaluation of the radon exhalation rate in building
materials. This rate, defined as the rate of radon escaping into the atmosphere, is crucial
for the comprehensive evaluation of the radiological health risk associated with radon
exposure in indoor environments. It is noteworthy that studies aimed at assessing the natural
radioactivity content in building materials, as well as monitoring the radon concentration in
indoor environments, are widely documented in the literature (Stoulos, Manolopoulou, and
Papastefanou 2003; Chen, Moir, and Whyte 2012). Nevertheless, only a limited amount of
data is currently available concerning the natural radioactivity content of stone materials
employed in the construction of buildings of historical and artistic significance, including
churches, monuments, and other edifices. Additionally, there is a lack of information
regarding the natural radioactivity content of stone materials used in structural applications,
such as paving stones, columns, and flooring. Indeed, in this particular context of unique and
highly vulnerable masterpieces, the identification and investigation of sources of radiation
exhalation is more challenging than in more modern conventional buildings. It thus follows
that the development of appropriate techniques and protocols for the quantitative evaluation
of the activity concentrations of 226Ra, 232Th and 40K, together with the radon release in
construction materials, can play a fundamental role in the field of cultural heritage. This
is particularly relevant given that materials potentially enriched with naturally occurring
radionuclides (and thus with radon) have been used in the past to build historical-artistic
monuments. Therefore, this could represent a significant health concern for inhabitants,
visitors and workers, particularly in the context of underground archaeological sites, crypts
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and catacombs. Such knowledge is of particular importance in Italy, which has the most
numerous and fascinating archaeological sites in the world, according to the United Nations
Educational, Scientific and Cultural Organization (UNESCO) World Heritage Sites.

In this paper, we assess and report the radon exhalation from the Ignimbrite campana
(CI) building material, as well as its natural radioactivity content and the radiological
health risk for humans through the calculation of the absorbed gamma dose rate (D), the
annual effective dose equivalent (AEDE), the activity concentration index (I), and the
alpha index (Iα ), as a case study. In addition, X-ray diffraction (XRD) and micro-Raman
scattering (MRS) investigations were conducted to establish a correlation between the
chemical composition and mineralogical characteristics of the investigated natural stone
and its natural radioactivity content and radon exhalation rate.

2. Geological framework

Caldera-forming eruptions are one of the most hazardous natural events on Earth. Ign-
imbrite campana represents a classical example of such events, producing a voluminous
pyroclastic sequence of trachytic to phonolitic magma that covered several thousands of
squared kilometers in the Campanian Plain, (Campania, south-central Italy), around 39 ka
ago (Forni et al. 2016). The structure of the Campanian Plain is characterized by upper
Miocene thrusts of the southern Apennines displaced by numerous Quaternary fault sys-
tems associated with the final stages of the opening of the Tyrrhenian Sea. Analyses of
the structural highs and downthrown zones of the Campanian margin show that NW-SE
normal faults of lower Pleistocene age predate NE-SW faults of post-700 ka age. The Late
Quaternary fault pattern of the Bay of Naples is characterized by E-W trending left-lateral
faults, NE trending normal faults and NW trending transtensional faults, probably as the
result of block rotation associated with a transtensional regime along an E-W left-lateral
fault zone.

In the last 600 ka, the Campanian volcanic zone (CVZ) has been affected by uplift
and intense volcanism, alternating with periods of subsidence and marine sedimentation.
Volcanological studies indicate that at least five ignimbrites were emplaced over the CVZ
in the last 300 ka, and no caldera structure has been recognized associated with this
ignimbrite volcanism. The trachytic ignimbrites are dated at 290 ka and 240 ka (Seiano
Ignimbrites), 157 ka (Taurano Ignimbrite), 116 ka (Durazzano Ignimbrite), and 39 ka (CI
units). Approximately 36000 years ago the area presently occupied by the Phlegraean Fields
was the site of one of the world’s of trachytic magma was explosively erupted as pumice
and ash, resulting in the deposition of subaerial plinian fallout deposit and ash-flow tuff
over a large part of southern Italy, and volcanigenic marine sediments (ash fallout deposits
and turbidites). The principal deposit is a welded to sintered ignimbrite formerly designated
the Campanian Grey Tuff, but presently called Ignimbrite campana. The eruption products
that have shaped the current morphology of the Campanian Plain are those of the last two
major eruptions, the 39 ka CI unit-1 and the 15 ka (Neapolitan Yellow Tuff). The volcano
that erupted the NYT, forming the Campi Flegrei caldera, is well preserved in the northern
sector. It juts into Campanian Plain covering both the ignimbritic units of 39 ka with a layer
of loose pyroclastic products (Pozzolana) (Deino et al. 2004). The CI is a voluminous and
widespread pyroclastic sequence composed of a basal fallout deposit and distinct pyroclastic
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flow units. The lithology and depositional characteristics (lithofacies) of the CI change both
laterally and vertically, especially due to variations in emplacement mechanisms, degree of
welding and post-depositional processes.

This gives origin to the superposition of different units, with different areal distribution
and large variability from proximal to distal sites. Along and close to the caldera rims,
the CI deposits occur in scattered outcrops mainly representing the proximal facies of
this formation. Some authors have called these deposits the “Breccia Museo sequence”
identifying six stratigraphic units, which also include the usually distal lapilli fall basal layers.
From the bottom to the top, this sequence is composed of: 1) plinian pumice fall deposit
(PPF); 2) unconsolidated stratified ash flow (USAF); 3) welded grey ignimbrite (WGI); 4)
lower pumice flow unit (LPFU); 5) coarse lithic breccia (BU) sometimes interlayered with
welded spatter beds (SU); 6) upper pumice flow unit (UPFU) (Forni et al. 2016).

The sample of this study came from (Quarto) Napoli and, from a geological point of
view belong to CI (Forni et al. 2016). The facies of CI are exposed at the northern and
southern foot of Camaldoli Hill, at Pianura and Soccavo (Torre Franco and Verdolino). The
only documented quarries are located in the above-cited areas of Campi Flegrei and are
formed by tunnels branching under the hill. The formation seems to gently dip northward,
but its base is not exposed; however, whenever visible, thickness is about 20 m (Calcaterra
et al. 2004).

3. Materials and methods

Five aliquots of the investigated Ignimbrite campana natural 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.

3.1. HPGe gamma spectrometry analysis. Prior to analysis by HPGe gamma spectrom-
etry, each aliquot of the investigated sample was first pulverised and then subjected to a
24-hour drying process at 105 °C in an oven, with the objective of completely removing
moisture. Subsequently, each aliquot was sieved in order to obtain a particle size of less
than 2 mm and was then placed in Marinelli sealed containers of 1 L capacity. Subsequently,
the sample was left for 30 days to allow for secular equilibrium between 226Ra and its
daughter products to be reached. Furthermore, to reduce the statistical uncertainty, a total
acquisition time of 70000 seconds was employed, and the spectra were analysed in order to
quantify the activity concentration of 226Ra, 232Th, and 40K. Specifically, the 351.92 keV
214Pb and 1120.29 keV 214Bi gamma-ray lines were employed to quantify the 226Ra activity
concentration; the 911.21 keV 228Ac gamma-ray line was used to assess the 232Th specific
activity; the 1460.8 keV gamma-ray line was used to evaluate the activity concentration
of 40K. The experimental setup comprises a negative-biased detector (GMX) Ortec HPGe
detector and integrated digital electronics. The detector is cooled by the Ortec recycler
condensing liquid nitrogen cooling Mobius system, and it is characterized by a full width
at half maximum (FWHM) of 1.94 keV, a peak to Compton ratio of 65:1 and a relative
efficiency of 37.5% at 1.33 MeV (60Co). The Eckert and Zigler Nuclitec GmgH traceable
multinuclide radioactive standard, number AK-5901, with an energy range 59.54 keV-1836
keV, was employed to perform efficiency and energy calibrations. This standard reproduces
the exact samples geometries in a water-equivalent epoxy resin matrix. The data acquisition
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and subsequent analysis were conducted using the Gamma Vision software, developed by
Ortec. The specific activity (Bq kg-1 dry weight, d.w.) of the investigated radioisotopes was
calculated using the following formula (Caridi et al. 2017b):

C (Bqkg−1 dry weight) =
NE

εE t γd M
(1)

where NE , εE and γd account for the net area, the efficiency and yield of a photopeak at
energy E, respectively; M is the dry mass of the sample (kg) and t is the acquisition time (s).
The measurement error, given at the 95% confidence level, was determined by considering
the following components: uncertainty of the counting estimation, of the calibration source,
of the efficiency calibration, of the background subtraction and of the γ-branching ratio
(Caridi et al. 2019). The quality of the HPGe gamma spectrometry results was certified by
the Italian Accreditation Body (ACCREDIA) on the basis of the quality controls performed
in accordance with the UNI 11665:2017 standard.

3.2. Evaluatuion of the radiological health risk.

3.2.1. Absorbed gamma dose rate (D). The absorbed gamma dose rate, D (nGy h−1), was
initially employed to quantify the radiological health risk associated with indoor external
exposure. The aforementioned rate was calculated using the standard room model, as
previously stated by Caridi et al. (2017a):

D = 0.92CRa +1.1CTh +0.08CK (2)

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 sample, respectively.

3.2.2. Annual Effective Dose Equivalent. In the event of an 80% employment factor for
indoor exposure, the annual effective dose equivalent (AEDE) (mSv y−1) of an individual
may be calculated as follows (Dattola et al. 2024):

AEDE = (D−50)× 8760h×0.7SvGy−1 ×0.8×10−6 (3)

where the average dose rate value of 50 nGy h−1 for the background was discounted. In
order for a radiological danger to be considered minimal, AEDE must be less than 1 mSv
y−1 (Caridi et al. 2016).

3.2.3. Activity Concentration Index. In order to ascertain whether the dose criterion is
satisfied, the European Commission has established an activity concentration index (I)
(Caridi et al. 2023):

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

This is in reference to the established limit of 1 mSv y−1, which applies to exposure to
gamma radiation emitted by building materials (AEDE), in addition to outdoor exposure
(Alghamdi, Aleissa, and Al-Hamarneh 2019). Consequently, the purpose of this index
would be to serve as a screening tool for identifying materials that may pose a risk when
used in buildings. It is advisable to refrain from those with I > 1, as these values indicate
exposure rates more than 1 mSv y−1.
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3.2.4. Alpha Index. The alpha index was calculated as follows (Dattola et al. 2024):

Iα =
CRa

200
(5)

It provides an indication of the alpha radiation exposure resulting from the indoor radon
exhaled from building materials. In order to prevent exposure to indoor radon specific
activity in excess of the threshold value of 200 Bq m−3, the activity concentration of 226Ra
must be less than 200 Bq kg−1. Furthermore, in order to ensure a minimal risk of exposure
to radiation, Iα must be less than 1 (Caridi et al. 2023).

3.3. Radon exhalation rate measurements. The radon exhalation rate of each aliquot of
the investigated natural stone was determined by employing the Closed Chamber Method
(CCM) (Tuccimei et al. 2015). In particular, the experimental apparatus comprises a small
cylindrical steel vessel (volume 2.75 L) connected to the Durridge Rad7 instrument, a
desiccant (CaSO4) and some vinyl tubes forming a closed circuit (Alhamdi and Abdullah
2021).

The air within the chamber, following its passage through the drying unit and inlet filter,
is drawn into the instrument, reaching its measuring chamber, and subsequently returned to
the stainless-steel chamber through the outlet filter (output), thus forming a closed loop. As
the filtered air decays within the chamber, it produces alpha-emitting progeny, particularly
polonium isotopes, which can be detected. A high voltage of 2500 V is applied to the
chamber walls. The Rad7 solid-state silicon detector converts alpha radiation directly to
an electrical signal, differentiating between the electrical pulses generated by α-particles
and those generated by 218Po, 216Po, 214Po and 212Po, with energies of 6 MeV, 6.7 MeV,
7.7 MeV and 8.8 MeV, respectively. This approach allows the use of the 218Po peak for
222Rn, facilitating rapid equilibrium between polonium and radon nuclei. This is because
equilibrium between 218Po and 222Rn is achieved in approximately 15 minutes, which is
approximately five times the half-life of 218Po (Tuccimei, Moroni, and Norcia 2006). The
radon growth curve to equilibrium was monitored over a period of 10 days, and the 222Rn
specific exhalation rate (E, in Bq h−1 kg−1) was calculated according to the following
equation (Tuccimei, Moroni, and Norcia 2006):

E =
(C−C0e−λT )/m

1− e−λT λV (6)

In this context, C represents the equilibrium concentration (Bqm−3), C0 denotes the initial
radon concentration (Bq m−3), λ (h−1) indicates the sum of the radon decay constant, the
bound exhalation constant and the leakage constant, V stands for the total volume of the
analytical system (m3), T is the time of exposure (h) and m is the mass of the sample (kg).
In order to minimise the leakage from the chamber, an insulating rubber was utilised.

3.4. X-Ray Diffraction (XRD) setup. X-ray diffraction analyses were conducted using a
Panalytical Empyrean Diffractometer, equipped with Cu Kα radiation and a Bragg–Brentano
theta–theta goniometer, utilising a solid-state PIXcel detector. Approximately 1 g of the
finely powdered sample of natural stone 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
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70◦, employing a step size of 0.007◦ and a counting time of 20 seconds. To eliminate the
Cu Kα2 component, the initial data were processed using software correction, while the
background was corrected using a digital filter. The observed peak positions were then
compared against the ICDD JCPDS database in order to identify the crystalline mineral
components present in the analysed natural stone (Morelli et al. 2012).

3.5. Micro-Raman scattering (MRS) measurements. Micro-Raman scattering (MRS)
measurements were conducted on the stone under investigation using a portable spectrom-
eter, the BTR111MiniRaTM, manufactured by BW&TEK Inc. The instrument employs a
785 nm (diode laser) excitation wavelength and a thermoelectric cooled charge-coupled
device (CCD) detector. The system was equipped with a BAC151B Raman microscope.
The laser beam was focused on the surface through a 40× /80× objective, ensuring a
working distance of 3.98 mm and a laser beam spot size of 50/25 µ m. In this instance, the
maximum laser power applied to the samples was approximately 90 mW. The spectra were
recorded within a wavenumber range of 60 to 3150 cm−1, with an acquisition time of 10
seconds and a resolution of 8 cm−1. In order to enhance the signal-to-noise ratio, 18 scans
were accumulated. Prior to each measurement, a calibration procedure was conducted to
ensure the optimal performance of the instrument, utilising the peak at 520.6 cm−1 of a
silicon chip as a reference point (Caridi et al. 2022).

4. Results and discussion

4.1. Activity concentration and radon exhalation rate. The average 226Ra, 232Th and
40K activity concentrations and 222Rn exhalation rate (the mean value of the five analyzed
aliquots), for the analyzed natural stone, are reported in Table 1.

TABLE 1. The average 226Ra, 232Th and 40K activity concentrations and 222Rn
exhalation rate for the Ignimbrite campana stone.

Sample

Specific activity
222Rn exhalation rateCRa CTh CK

(Bq kg−1 d.w.) (Bq kg−1 d.w.) (Bq kg−1 d.w.) (Bq h−1 kg−1)

Ignimbrite campana 104±16 121±18 1879±214 0.080±0.010

First of all, it is worth remarking that these findings are consistent with the natural
radioactive levels observed in similar building materials used in Italy (Sabbarese et al.
2021; Ambrosino et al. 2024). In particular, as far as the natural radioactivity content is
concerned, it is important to point out that the specific activities of 226Ra, 232Th and 40K, as
well as 222Rn exhalation rate, are significantly higher than the average world values (United
Nations Scientific Committee on the Effects of Atomic Radiation 2000). Published research
indicates that the chemical composition and mineralogical characteristics of natural stones
exert a considerable influence on the values of the 222Rn exhalation rate, as well as those of
CRa, CTh, and CK (Avwiri, Egieya, and Ononugbo 2013). In light of these findings, further
investigations were conducted to ascertain the chemical and mineralogical composition of
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the Ignimbrite campana stone. These investigations employed micro-Raman scattering and
X-ray diffraction techniques, the results of which are detailed in the following. Moreover,
as far as the radon exhalation rate from the analyzed natural stone is concerned, it is worth
noting that the obtained value aligned well with worldwide measurements (Girault et al.
2011; Gruber et al. 2013).

4.2. Radiological health risk assessment. The absorbed gamma dose rate (D), the annual
effective dose equivalent (AEDE), the activity concentration index (I) and the alpha index
(Iα ), as calculated using the equations provided in (2-5), are presented in Table 2.

TABLE 2. The absorbed gamma dose rate (D), the annual effective dose equiva-
lent (AEDE), the activity concentration index (I) and the alpha index (Iα ) for the
investigated sample.

Sample
D

(nGy h−1)
AEDE

(mSv y−1)
I Iα

Ignimbrite campana 379 1.6 1.6 0.5

In particular, the D value of 379 nGy h−1 can be attributed to the lithological component
of the sample under investigation (Pietrzak and McPhail 2004) and was used to calculate
AEDE through Eq. (3). Noteworthy, in the extremely precautionary scenario assumed (8760
hours of exposure, i.e. 24 hours a day for 365 days), the latter was found to be 1.6 mSv
y−1, which is higher than the action level of 1 mSv y−1 reported by the Italian legislation
for members of the population (Legislation 2020). Furthermore, the I index was found
to be 1.6, higher than the threshold value of 1. These results impose, for the purposes of
using this natural stone for civil engineering buildings, such as dwellings and buildings
with a high occupancy factor, a more accurate assessment of the dose in accordance with
Article 29, Paragraph 5, of D. Lgs. 101/20, applying dose estimation methods provided by
national and international standards that take into account other factors, including density,
material thickness, as well as factors relating to the type of building and the intended use
of the material (structural or surface) (European Commission and Directorate-General for
Environment 2000). Finally, Iα was found to be 0.5, which is below the threshold value,
thus rationally ruling out any significant health impact from exposure to radon gas exhaled
by the investigated natural stone.

4.3. XRD analysis. The most representative XRD spectrum for the Ignimbrite campana
stone is shown in Fig. 1. It reveals multiple crystalline phases: biotite (Bt), diopside (Dps),
analcime (Anc) and albite (Alb) (Deer, Howie, and Zussman 2013). Biotite is identified
by peaks around 2θ = 8◦, 13◦, 23◦, 28◦, while diopside peaks are present at approximately
2θ = 10◦, 23◦, 32◦, 36◦, 50◦, 54◦, 58◦, 62◦. Analcime shows peaks around 2θ = 18◦, 22◦

and albite at 2θ = 27◦, 30◦, 38◦, 44◦, 48◦ (Bish and Plötze 2010). The sharpness of these
peaks indicates a well-crystallized structure, suggesting minimal alteration or weathering
of the minerals. The identification of these phases is consistent with the mineralogical
composition typical of ignimbrites, which are volcanic rocks formed from pyroclastic flows
(Jenkins and Snyder 1996).
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FIGURE 1. XRD pattern of Ignimbrite campana specimen.

The combination of biotite, diopside, analcime and albite points to a complex formation
history involving high-temperature conditions and subsequent hydrothermal alterations
(Rollog et al. 2019). Biotite and diopside indicate the presence of potassium and trace
amounts of uranium and thorium, contributing to the natural radionuclide content. Anal-
cime suggests secondary processes involving zeolite formation, while albite reflects the
feldspathic nature of the Ignimbrite campana (Rodrigues e Silva and Monteiro de Oliveira
2023). The presence of these minerals plays a key role in understanding the petrogenesis
of the Ignimbrite campana and its thermal history. Biotite, in particular, is a source of
40K (Carvalho et al. 2021). Diopside and albite can contain trace amounts of uranium and
thorium, further contributing to the radioactivity levels (Sabol and Weng 1995).

The XRD analysis of the Ignimbrite campana confirms a heterogeneous mineralogical
composition, with biotite, diopside, analcime and albite being the primary phases. The
well-crystallized nature of these minerals suggests high purity, with significant implications
for the natural radionuclide content. This composition provides insights into the geological
history and formation processes of this natural stone.

4.4. MRS analysis. Figure 2 shows the obtained micro-Raman spectra collected on dif-
ferent spots of the Ignimbrite campana stone, which furnished evidence of a complex
molecular composition characterized by the co-existence of different chemical species.

Concerning spot S1 (Fig. 2a), related to a black area of the analyzed surface, the detected
µ-Raman profile revealed a composition based on diopside, with bands at ∼ 323 cm−1 (m),
∼ 386 cm−1 (m), ∼ 559 cm−1 (w), ∼ 666 cm−1 (m-s), and ∼ 1002 cm−1 (s).
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FIGURE 2. Representative micro-Raman spectra recorded on three different spots
of the Ignimbrite campana stone.

The µ-Raman spectrum collected on a light grey area (Fig. 2b) holds all the main
vibrational features associated to albite, with features falling at ∼ 107 cm−1 (m), ∼ 161cm−1

(w), ∼ 289 cm−1 (m), ∼ 471 cm−1 (m-s), ∼ 507 cm−1 (s), ∼ 764 cm−1 (br) and ∼ 805cm−1

(br).
Finally, the observation of three contributions centered at ∼ 289 cm−1, ∼ 507 cm−1

and ∼ 603 cm−1 (see Fig. 2c) in the µ-Raman spectrum collected from a dark orange spot
(spot 3) of the surface can be ascribed to the presence of analcime mineral in the investigated
stone. The observed molecular composition is in agreement with the mineralogical phases
attained through XRD.

5. Conclusions

Natural radioactivity content, radon exhalation rate and mineralogy of a natural stone of
particular historical and artistic interest employed as building material, i.e. the Ignimbrite
campana stone, were investigated through a multidisciplinary approach, by using the High
Purity Germanium (HPGe) gamma-ray spectrometry, the Closed Chamber Method (CCM)
with the Durridge Rad7 apparatus for short-lived radon progeny alpha spectrometry, the
X-ray diffraction (XRD) and the Micro-Raman Scattering (MRS) spectroscopy.

In particular, the activity concentrations of 226Ra, 232Th and 40K, as well as 222Rn
exhalation rate, were found to be higher than the average global values. Furthermore, in
order to evaluate the potential radiological risks associated with radiation exposure from
the analysed specimen, the absorbed gamma dose rate, the annual effective dose equivalent,
the activity concentration index, and the alpha index were estimated. In particular, in the
extremely precautionary scenario assumed, the AEDE value was found to be higher than the
action threshold specified by Italian legislation for the public, namely 1mSvy−1. Moreover,
the I index was found to be higher than the threshold value of 1. These results impose, for
the purposes of using this natural stone for civil engineering buildings, such as dwellings
and buildings with a high occupancy factor, a more accurate assessment of the dose in
accordance with Article 29, Paragraph 5, of D. Lgs. 101/20. Furthermore, it was verified
that Iα was less than unity, indicating that the radiological risks associated with exposure to
indoor radon concentrations exceeding 200Bqm−3 is extremely low.

Ultimately, the presence of biotite, diopside, analcime and albite as main predominant
minerals was confirmed through the utilisation of XRD and micro-Raman spectroscopy. In
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detail, biotite is a source of 40K, while diopside and albite can contain trace amounts of
uranium and thorium, further contributing to the radioactivity levels.
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