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ABSTRACT. This article reports a case study on the natural radioactivity content of beach
sands from the Gulf of Squillace, Ionian coast of Calabria, Southern Italy, including
the assessment of the natural activity concentration and the resulting estimation of the
radiological health risk, related to their mineralogical phase composition. The analysis of
the natural radioisotopes content was performed by using High Purity Germanium (HPGe)
gamma-ray spectrometry, with the aim of quantifying the mean activity concentration of
226Ra, 232Th, and 40K. Radiological hazard indices were thus estimated, in order to evaluate
any possible radiological risk for the population that uses to spend summer holidays
on this renowned tourist destination. Moreover, the identification of the source of the
aforementioned naturally occurring radionuclides was attempted by X-Ray Fluorescence
(XRF) spectroscopy and Micro-Raman Scattering (MRS), thereby recognizing the main
radioisotope-bearing minerals present in the studied beach sands. The obtained results can
also be used as a baseline for future investigations regarding background radioactivity levels
of the studied area.

1. Introduction

Natural radioactivity, mainly due to the presence of primordial radionuclides in the
Earth’s crust (Rosell et al. 1991; Ghrefat and Yusuf 2006), provides the greatest contribution
to the ionizing radiations dose received by the human beings (Papadopoulos et al. 2014;
Paiva et al. 2015). In particular, radioisotopes belonging to 238U, 232Th, 235U radioactive
chains, together with the primordial 40K (Ravisankar et al. 2012), are commonly found,
together with their products of decay (Caridi et al. 2016a, 2017a), in environmental matrices,
such as water, rocks and soils. Moreover, natural radioactivity widely varies according
to the geomorphological, mineralogical and geographical features of the investigated site
(Caridi et al. 2017c). Beach sands, in particular, are the result of erosion and weathering of
metamorphic and igneous rocks, characterized by the highest levels of natural radionuclides
(Caridi et al. 2016b,c). Thus, an investigation focused on the evaluation of the activity
concentration of natural radioisotopes in beach sands allows to evaluate the radiological
risk due to the external gamma radiation exposure for individuals who spend their holidays
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on these beaches. Moreover, geochemical studies of these soils can be helpful in order to
understand the elements distribution patterns and to evaluate the environmental conditions
existing in a specific area, as well as to trace the provenance of the main radioisotope-bearing
minerals, according to the information of the surrounding geological setting (Caridi et al.
2021b; Shahrokhi and Kovacs 2021). In addition, the assessment of their mineralogical-
compositional properties can provide information regarding the geological history of the
transport and sorting process (Caridi et al. 2016d; Sabatino et al. 2019).

In this article, a multi-technique approach, including the use of several analytical methods
such as High Purity Germanium (HPGe) gamma-ray spectrometry, X-Ray Fluorescence
(XRF) spectroscopy and Micro-Raman Scattering (MRS), was employed on a variety of
beach sands, coming from three different sites in the area of the Gulf of Squillace, Ionian
coast of Calabria1, Southern Italy. The study was aimed at finding a correlation between
the natural radioactivity content and the mineralogical-geochemical composition of the
investigated area, that constitutes a popular touristic destination, especially in summer. In
this regard, calculations of radiological health risk indices were also performed, to assess
any possible radiological hazard for tourists or the inhabitant population.

2. Materials and methods

2.1. Geological notes and sampling. The geological map of the Gulf of Squillace is
shown in Fig. 1, with the sampling sites, labelled as ID# (# = 1, 2, 3) indicated. Their
GPS coordinates are reported in Table 1, together with the number of sand samples taken
from each site. The area under study belongs to the Calabrian Arc segment, extending to

FIGURE 1. The geological map of the Gulf of Squillace (modified from Pirrotta
et al. 2021), with the sampling sites, labelled as ID# (# = 1, 2, 3) indicated.

1https://www.regione.calabria.it/website/organizzazione/dipartimento10/
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TABLE 1. The GPS coordinates of the sampling sites, together with the number
of sand samples taken from each one.

Sampling site
ID Latitude Longitude Number of samples
1 38° 43’ 19” N 16° 32’ 20” E 5
2 38° 45’ 51” N 16° 34’ 03” E 5
3 38° 46’ 38” N 16° 34’ 33” E 5

the Southern portion of the Coastal Chain (Fiannacca et al. 2015; Vitale et al. 2019) and
consisting in a series of Palaeozoic plutonic-metamorphic nappes, locally overlain by a
Mesozoic-Cenozoic sedimentary cover (Calcaterra and Parise 2010). The area is mainly
composed by heterogeneous crystalline-metamorphic rocks and their related weathering
products and is characterized by two distinct time- and, partly, space-related granitoid
associations: (i) a calc-alkaline suite, compositionally expanded (SiO2 = 48-70%) and
biotite-dominated, which represents the 70% of the exposed plutonites and (ii) a strongly
peraluminous suite, compositionally restricted (SiO2 = 67-76%) and containing two-micas
and Al-silicates (Rottura et al. 1990). The peraluminous typologies contain xenoliths
of migmatitic metapelites and abundant large crystals of almandine-rich garnet. Garnets
typically exhibit multiple corona-like rims, suggestive of a protracted melt-rock interaction
(Rottura et al. 1990).

2.2. HPGe gamma spectrometry analysis. For the gamma spectrometry measurements,
the samples, collected at a depth of 0-15 cm, were dried at 105 °C in an oven, sieved
to obtain a particle size less than 2 mm, then inserted in Marinelli hermetically sealed
containers of 1 L capacity and left for a period of 40 days in order to reach the secular
radioactive equilibrium between 226Ra and its daughter products. After that, the specific
activity of 226Ra was quantified. An acquisition time of 70000 s was used. The 295.21 and
351.92 keV 214Pb and 1120.29 keV 214Bi gamma-ray lines were used to quantify the 226Ra
specific activity. The 232Th activity concentration was determined by using the 911.21 and
968.97 keV 228Ac gamma-ray lines; it can be assumed that 228Ra, 228Ac and 228Th were in
secular equilibrium with the parent nuclide 232Th (Caridi et al. 2017b). Regarding 40K, the
evaluation was performed from its γ-line at 1460.8 keV.

The experimental set-up was composed by a positive biased Ortec HPGe detector (GMX),
whose operating parameters are reported in Table 2. It was placed inside lead wells to shield
the background radiation environment. Efficiency and energy calibrations were performed
using a multipeak Marinelli geometry gamma source (AK 5901) of 1 L capacity, covering
the 59.54 keV-1836 keV energy range, customized to reproduce the exact geometries of
samples in a water-equivalent epoxy resin matrix. The Gamma Vision (Ortec) software was
used for data acquisition and analysis (Caridi et al. 2019a). The activity concentration (Bq
kg−1) of the investigated radionuclide was calculated using the following formula (Caridi
et al. 2021a):

C =
NE

εEtγdV
(1)
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TABLE 2. The Ortec HPGe detector (GMX) operating parameters.

HPGe GMX detector
Parameter Value
Full Width at Half Maximum 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

where NE indicates the net area of the radioisotope photopeak, εE and γd are the efficiency
and yield of the photopeak, respectively, V is the volume of the sample (L) and t the live
time (s).

2.3. Radiological hazard indices assessment.

2.3.1. Radium equivalent activity. In order to represent the 226Ra, 232Th and 40K activity
concentrations by a single quantity, which takes into account the radiation hazards associated
with them, a radiological index called Radium equivalent activity (Raeq) was introduced,
used to ensure the uniformity of the distribution of natural radionuclides 226Ra, 232Th and
40K and given by (Beretka and Matthew 1985):

Raeq(Bq kg−1) =CRa +1.43CTh +0.077CK (2)

where CRa, CTh and CK are the specific activities of 226Ra, 232Th, and 40K, respectively. In
the above formula, the numerical coefficients are evaluated assuming that 370 Bq kg−1 of
226Ra, 259 Bq kg−1 of 232Th and 4810 Bq kg−1 of 40K produce the same gamma-ray dose
rate. The maximum Raeq must be less than 370 Bq kg−1 to exclude radiological hazard
effects for the local population (Ramasamy et al. 2011).

2.3.2. Excess lifetime cancer risk (ELCR). The excess lifetime cancer risk (ELCR) index
expresses the probability of developing cancer over a lifetime at a given exposure level. It
represents the number of extra cancers expected in a given population as a consequence of
the exposure to a carcinogen at a given dose, and is given by (Avwiri and Egieya 2013):

ELCR = AEDE ×DL ×RF (3)

where AEDE is the annual effective dose equivalent, DL the average duration of life
(estimated to be 70 years) and RF the risk factor (Sv−1), i.e., fatal cancer risk per Sievert
(Taskin et al. 2009). For stochastic effects, International Commission on Radiological
Protection (ICRP) recommends, for this last parameter, a value of 0.05 for the public
(Taskin et al. 2009).

2.4. X-Ray Fluorescence. XRF measurements were carried out using a portable XRF
Alpha 4000 (Innov-X systems, Inc., Woburn, MA, USA) analyzer, which allows the detec-
tion of chemical elements with an atomic number (Z) between phosphorus and lead. It is
equipped with a Ta anode X-Ray tube as source and a Si PIN diode (active area ∼170 mm2)
as detector. For each point, two sequential tests were performed, the first one with operating
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conditions of 40 kV and 7 µA, and the second one with 15 kV and 5 µA, for a total spectrum
collection time of 120 s. The instrument was controlled by a Hewlett-Packard iPAQ Pocket
PC, which was also used for the data storage. The calibration was performed using a soil
light element analysis program (LEAP) II and was verified using alloy certified reference
materials produced by Analytical Reference Materials International. When detected, peaks
at ∼8.15 keV and ∼9.34 keV have to be ascribed to Lα and Lβ transitions of Ta anode.
When Cu is present, the Lα line of Ta is superimposed to the Kα line of Cu.

2.5. Micro-Raman Scattering. Micro-Raman Scattering (MRS) measurements were per-
formed by using a portable "BTR 111 Mini-RamTM" (B&W Tek, Inc., Newark, NJ, USA)
spectrometer with an excitation wavelength of 785 nm (diode laser), a maximum laser power
of 280 mW at the excitation port, and a charge coupled device (CCD) detector (thermoelec-
tric cooled, TE). It was possible to continuously adjust the laser output power in order to
obtain the best signal-to-noise ratio in the minimum integration time. The 62-3153 cm−1

spectral range was investigated, with a resolution of 10 cm−1, and an acquisition time of 10
s × 32 scans. The optimal performance of the instrument was guaranteed by a calibration
procedure before each measurement using the peak at 520.6 cm−1 of a silicon chip. The
system was equipped with a BAC151B Raman microscope. An 80×/40× objective was
used, with a working distance of 1.25 mm/3.98 mm and laser beam spot size 26 µm/50
µm. The maximum power at the samples was ∼15 mW. Punctual analyses were performed
on small samples quantities (about 2 mg). Due to the micrometric size of the grains, a
microscopic approach was mandatory in order to select by visual inspection the grains of
suspected interest and to that guarantee a good S/N ratio. For each sample, we collected
15-20 spectra from different grains.

For a reliable assignment of the bands, spectra were compared with literature (Caridi
et al. 2019b). The abbreviations of minerals reported in the present study follow the
list approved by the International Mineralogical Association (IMA) Commission on New
Minerals, Nomenclature and Classification (CNMNC) (Warr 2021).

3. Results and discussion

3.1. Radioactivity analysis. For all the investigated samples, the mean activity concen-
tration of 226Ra, 232Th, and 40K, calculated according to Eq. 1, is reported in Table 3.
Worldwide average specific activity of 226Ra, 232Th and 40K are 35, 30 and 400 Bq kg−1,

TABLE 3. The mean activity concentration of 226Ra, 232Th, and 40K for all the
investigated samples.

Activity concentration
(Bq kg−1)

Site ID 226Ra 232Th 40K
1 7.7 ±0.7 25.8 ± 3.1 751 ± 95
2 15.1 ± 1.3 275 ± 34 498 ± 95
3 59.9 ± 6.1 521 ± 69 152 ± 22
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respectively (UNSCEAR 2000). In the light of this, experimental results here reported show
that, in our samples, the specific activity of 226Ra is higher than the average worldwide value
only for ID3 site; for 232Th, it is higher than the worldwide one for ID2 and ID3 sites. The
activity concentration of 40K is higher than the average worldwide value for ID1 and ID2
sites. These anomalous behaviours deserve a more critical interpretation, that will be given
in the following in terms of the mineralogical composition of the beach sands themselves.

3.2. Radiological hazard effects assessment. Table 4 reports the radiological hazard
indices, Raeq and ELCR, evaluated according to Eqs. 2 and 3, respectively. In particular, the

TABLE 4. The radiological hazard indices, Raeq and ELCR.

Site ID
Raeq

(Bq kg−1)
ELCR

(×10−3)
1 50 0.05
2 194 0.21
3 349 0.37

Raeq turned out to be equal to 50 Bq kg−1, 194 Bq kg−1, and 349 Bq kg−1 for ID1, ID2 and
ID3 sites, respectively. All values are lower than the maximum recommended one of 370
Bq kg−1, thus reasonably excluding hazard effects for the population, from the radiological
point of view. The ELCR values, obtained by using in Eq. 3 AEDE values reported in
literature for similar investigations in the studied area (Caridi et al. 2021c), are 0.05 ×
10−3, 0.21 × 10−3 and 0.37 × 10−3 for ID1, ID2 and ID3 sites, respectively. Worth of note,
a linear relationship between ELCR and the annual effective dose equivalent is found, as
shown in Fig. 2, in good agreement with the literature (Qureshi et al. 2014). It is important

FIGURE 2. The linear relationship between ELCR and the annual effective dose
equivalent.

to underline that the evaluation of the radiological health hazards for the population, only
on the basis of the calculated excess lifetime cancer risk, is not possible, since reliable and
standardized mortality and morbidity statistics are not accessible.
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3.3. Mineralogical composition. Figure 3a reports the XRF spectrum collected on a
representative sample coming from ID1 site, showing the presence of K along with Fe, Ca,
Ti, and Mn as major elements. Figure 3(b-c) shows the Raman spectra collected on different
grains of the same sample. For several grains, α-quartz (SiO2) was detected (Fig. 3b), as

FIGURE 3. The XRF spectrum collected on a representative sample coming from
ID1 site (a). The α-quartz Raman spectrum, being the average of 7 measurements
exhibiting similar profiles (b), and the feldspar Raman spectrum, being the average
of 10 measurements exhibiting similar profiles (c), collected on different grains
of the same sample.

identified by the well-known characteristic Raman active modes (Krishnamurti 1958). In
other areas, feldspars (Fig. 3c) are revealed, as recognized according to (Chopelas 1999;
Freeman et al. 2008). In the spectrum, the two strongest Raman peaks in the 450-520 cm−1

region are ascribed to the ring-breathing modes of the four-membered rings of tetrahedra
(Mckeown 2005). A comparison with literature (Freeman et al. 2008) put in evidence that
the investigated feldspars are present as a solid solution of a K-feldspar (orthoclase and/or
microcline), as main component, and minor components of albite (NaAlSi3O8) and anorthite
(CaAl2Si2O8). The obtained result is supported by the detection of potassium from XRF
data, and allows us to hypothesize K-feldspar (KAlSi3O8) as the main radioisotope-bearing
mineral present in the analyzed beach sands, thus explaining the highest specific activity of
the radionuclide 40K in this site with respect to the surrounding area (see Table 3).
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As far as samples from ID2 site are concerned, XRF results, as evidenced in a representa-
tive spectrum reported in Fig. 4a, show an elemental qualitative composition quite similar to
that of samples from ID1 site. MRS analysis revealed a first group of grains characterized by
an abundance of α-quartz (spectrum not reported), a second group composed by feldspars
(spectrum not reported), and a third group whose average spectrum is reported in Fig. 4b. In

FIGURE 4. The XRF spectrum collected on a representative sample coming from
ID2 site (a). The almandine-rich garnet Raman spectrum, being the average of
7 measurements exhibiting similar profiles, collected on different grains of the
same sample (b).

the spectrum, the two Raman bands at ∼161 cm−1 and ∼218 cm−1 are respectively assigned
to Fe2+ (Kos et al. 2020) and SiO4 (Kolesov and Geiger 1998) translation motions, the
band at ∼347 cm−1 comes from rotation motions of SiO4 (“RUFF Library” 2021), the three
bands at ∼504 cm−1, ∼559 cm−1 and ∼635 cm−1, are ascribed to Si–O bending modes,
and, finally, the three peaks in the 850-1100 cm−1 range are assigned to Si–O stretching,
either symmetric or asymmetric (Kos et al. 2020). From a comparison with literature
(Mingsheng et al. 1994; Kos et al. 2020), almandine-rich garnets (Fe2+

3Al2Si3O12) were
recognized. Also in this case, the presence of K-feldspars and almandine-rich garnets, as
revealed by MRS, other than resulting in a good agreement with the observation, by XRF,
of K, Ti and Fe as major elements, can explain the measured high activity concentration of
40K and 232Th in ID2 site (see Table 3).

Finally, regarding samples from ID3 site, the XRF results (Fig. 5a) evidenced an
elemental composition mainly Fe- and Ti-based. MRS data gave evidence of grains rich
in α-quartz (spectrum not reported), almandine-rich garnet (spectrum not reported), and
ilmenite (Fe2+TiO3) (Fig. 5b), characterized according to (Wang et al. 2004; Smyth et al.
2014; Vennari and Williams 2021). Based on these papers, the highest Raman peak in the
spectrum, centered at ∼680 cm−1, can be attributed to the Ag mode, i.e., the symmetric
stretching vibration of Ti4+O6 octahedra, it is accompanied by a shoulder at ∼610 cm−1,
representing octahedral breathing motions of Eg symmetry. Going on, the peak at ∼162
cm−1 describes the Ag mode associated with translations of Fe2+ against the oxygen
framework, the peak at ∼232 cm−1 arises from Ag mode predominantly due to translations
of the Ti4+O6 octahedra against the Fe2+ ions. The features observed at ∼331 cm−1, ∼369
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FIGURE 5. The XRF spectrum collected on a representative sample coming from
ID3 site (a). The ilmenite Raman spectrum, being the average of 8 measurements
exhibiting similar profiles, collected on different grains of the same sample (b).

cm−1 and ∼443 cm−1 are associated with O-Ti-O bends, of Eg (the first one) and Ag (the
last two) symmetry, respectively. Worth of note, the simultaneous presence, in samples
from ID3 site, of ilmenites and almandine-rich garnets, also in this case in accordance with
the elemental analysis carried out by XRF, can furnish a reasonable explanation for the high
abundance of 226Ra and 232Th detected in this site (see Table 3).

4. Conclusions

The natural radioactivity of beach sands from the Gulf of Squillace, Ionian coast of
Calabria, Southern Italy, was investigated through High Purity Germanium (HPGe) gamma-
ray spectrometry. Calculations of the radium equivalent activity (Raeq) and of the excess
lifetime cancer risk (ELCR) were performed to assess any possible radiological hazard for
the population that spends holidays on this popular tourist destination, especially in summer.
In particular, values of Raeq were found to be lower than the maximum recommended one
for the population members, thus reasonably excluding radiological hazard effects.

In addition, X-Ray Fluorescence (XRF) and Micro-Raman Scattering (MRS) tech-
niques were applied in order to correlate the radioactivity emission to the mineralogi-
cal/geochemical composition of the investigated sands. From the results, we can conclude
that: (i) in the case of ID1 site, the anomalous high value of the 40K specific activity can
be mainly due to the abundant presence of K-feldspar in the beach sands; (ii) as far as ID2
site is concerned, the anomalous high value of the 40K and 232Th specific activity can be
explained taking into account, in the mineralogical composition of samples from this site,
the abundant presence of K-feldspar and almandine-rich garnets respectively; (iii) in ID3
site, the anomalous high values of 226Ra and 232Th specific activity can be mainly due to
ilmenites and almandine-rich garnets, respectively, as significant mineralogical phases of
the investigated samples.
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