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Editorial

Special Issue on Advances in Environmental Applied Physics

Francesco Caridi

Dipartimento di Scienze Matematiche e Informatiche, Scienze Fisiche e Scienze della Terra, Università degli Studi
di Messina, Viale F. Stagno D’Alcontres 31, 98166 Messina, Italy; fcaridi@unime.it

This Special Issue, “Advances in Environmental Applied Physics”, is dedicated to
collecting original papers from eminent researchers in the field of environmental pollutants,
which constitute a health risk to the population, increasing the likelihood of incurring
cancer. It is noteworthy that, among the various analytical techniques for the assessment of
physical and chemical pollutants in the environment, alpha as well as gamma spectrometry
are employed to obtain the specific activity of alpha and gamma radionuclides, respectively;
ICP-MS can be used to investigate metal concentrations; liquid scintillation counting (LSC)
is employed to quantify the activity concentration of tritium, radon, and gross alpha as
well as beta; total alpha/beta counting, with the thick-source method, can be used for gross
alpha- and beta-specific activity evaluation; and emanometry, in a H2O setup configuration,
can be employed to estimate the gas radon activity concentration.

Furthermore, the main topic of the article titled “Evaluation of Radioactivity and
Heavy Metals Content in a Basalt Aggregate for Concrete from Sicily, Southern Italy:
A Case Study” is an investigation on the natural and anthropic radioactivity of as well
as heavy metals content in a basalt aggregate for concrete from Sicily, Southern Italy,
performed as a case study. In particular, the evaluation of the specific activity of radium-
226, thorium-232, potassium-40, and caesium-137 radionuclides was performed by using
high-purity germanium (HPGe) γ-ray spectrometry, together with the estimation of several
indices developed to evaluate the radiological risk for the population related to radiation
exposure, i.e., the alpha index (Iα), the radium equivalent activity (Raeq), the absorbed
γ-dose rate (D), and the annual effective dose equivalent outdoors (AEDEout) as well as
indoors (AEDEin). Moreover, measurements of the average heavy metals (arsenic, cadmium,
copper, mercury, nickel, lead, antimony, thallium, and zinc) concentrations in the analyzed
sample were performed by using inductively coupled plasma mass spectrometry (ICP-MS).
Furthermore, with the aim to investigate any possible chemical pollution, the enrichment
factor (EF), the geo-accumulation index (Igeo), the contamination factor (CF), and the
pollution load index (PLI) were assessed. Finally, the identification of the source of the
aforementioned radioisotopes of natural origin was carried out by X-ray diffraction (XRD),
thus identifying the major mineralogical phases present in the investigated basalt aggregate
for concrete [1–3].

The article titled “Verification of Estimated Cosmic Neutron Intensities Using a
Portable Neutron Monitoring System in Antarctica” has the following featured application:
a portable neutron-monitoring system that can be effectively applied to the verification of
models used for estimating cosmic radiation intensities over a wide range of altitudes in a
harsh environment, such as in Antarctica. Moreover, many ongoing studies for predicting
the production rates of cosmogenic nuclides, forecasting changes in atmospheric composi-
tions and climate, assessing the cosmic radiation exposure of aircraft crew and the effects on
precise electronic devices, use numerical models that estimate cosmic radiation intensities
in the atmosphere. Periodic verifications of these models are desirable to be performed for
assuring the reliability of the study outcomes. Here, authors investigated an application
of a portable neutron-monitoring system composed of an extended energy range neutron
monitor and a small data logger for the monitoring of cosmic neutron intensities in a polar
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region. As a result of measurements in the East Antarctica region covering a wide range
of altitudes (from 30 m to 3762 m), as well as comparisons with the model calculations
performed with an analytical model based on comprehensive Monte Carlo simulations
(PARMA), it was demonstrated that the portable neutron-monitoring system could be
effectively applied to the periodic verification of cosmic neutron intensities that would
improve the reliability of related studies [4,5].

In the research paper titled “Multivariate Statistical Analyses and Potentially Toxic
Elements Pollution Assessment of Pyroclastic Products from Mt. Etna, Sicily, Southern
Italy”, potentially toxic element contamination, which represents a universal problem of
major concern, due to several adverse health effects on human beings when permissible
concentration levels are overcome, was investigated. In this sense, the assessment of po-
tentially risky elements’ contents in different environmental matrices plays a key role in
the safeguarding of the quality of the environment, and thus of strictly correlated public
health. In this article, measurements of the average potentially toxic element concentrations
in pyroclastic products from Mt. Etna, Eastern Sicily, and Southern Italy were performed
together with a comparison with the allowable levels set by Italian legislation, with the aim
of evaluating the level of toxicity imposed on the ecosystem. For this purpose, inductively
coupled plasma mass spectrometry (ICP-MS) measurements were performed to investi-
gate any possible chemical pollution by potentially risky elements, via the application
of different indices such as the enrichment factor (EF), the geo-accumulation index (Igeo),
the contamination factor (CF), and the pollution load index (PLI). Finally, a multivariate
statistical analysis was performed by processing potentially toxic element contents and
pollution indices. It is worth noting that the approach used could be applied, in principle,
to the evaluation of chemical risk due to the presence of potentially toxic elements in a
large variety of samples of particular environmental interest, and can constitute a guideline
for investigations focused on the monitoring of environmental quality [6–8].

In the article “Estimation of Cosmic-Ray-Induced Atmospheric Ionization and Ra-
diation at Commercial Aviation Flight Altitudes”, the main source of the ionization of
the Earth’s atmosphere, i.e., the cosmic radiation that depends on solar activity as well
as geomagnetic activity, was investigated. Galactic cosmic rays constitute a permanent
radiation background and contribute significantly to the radiation exposure inside the
atmosphere. In this work, the cosmic-ray-induced ionization of the Earth’s atmosphere,
due to both solar and galactic cosmic radiation during the recent solar cycles, 23 (1996–2008)
and 24 (2008–2019), was studied globally. Estimations of the ionization were based on the
CRAC:CRII model produced by the University of Oulu. The use of this model allowed
for extensive calculations from the Earth’s surface (atmospheric depth of 1033 g/cm2) to
the upper limit of the atmosphere (atmospheric depth of 0 g/cm2). Monte Carlo simu-
lations were performed for the estimation quantities of radiobiological interest with the
validated software DYASTIMA/DYASTIMA-R. This study was focused on specific altitudes
of interest, such as the common flight levels used in commercial aviation [9,10].

The main topic of the article titled “Natural and Anthropogenic Radioactivity Content
and Radiation Hazard Assessment of Baby Food Consumption in Italy” is the natural
(40K) and anthropogenic (137Cs) radioactivity concentration in four different typologies of
early childhood (up to two years old) foods, i.e., homogenized fruit, homogenized meat,
childhood biscuits, and baby pasta, produced in Italy and sold in Italian large retailers,
investigated via high-purity germanium (HPGe) gamma spectrometry. The present study
was carried out with the aim of (i) evaluating the background levels of the investigated
radionuclides in the analyzed early childhood foods, (ii) identifying whether the twenty
analyzed samples were appropriate for infant consumption, and (iii) contributing to the
construction of a database on the radioactivity of early childhood foods sold in Italy [11,12].

The paper “A New Methodological Approach for the Assessment of the 238U Content
in Drinking Water” deals with the radiological quality of drinking water, directly associated
with the health of the population. Indeed, it is well known that the presence of radionuclides
in drinking water constitutes a health risk for humans because the consumption of such
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water increases the likelihood of incurring cancer. For this reason, all of the studies aimed
at developing new methodologies for the qualitative and quantitative analysis of the
radioisotopic composition of drinking water are absolutely desired by the international
scientific community, as well as by the institutes that deal with the protection of public
health. In this paper, a new methodological approach was developed for the evaluation of
238U content in drinking water. A sample from Paola, Calabria region, Southern Italy, was
taken as a case study. The assessment was performed by using high-purity germanium
(HPGe) gamma ray spectrometry, with the aim of quantifying the specific activity of the
234mPa radioisotope after a preconcentration procedure, and thus to assess the activity
concentration of 238U, in a hypothesis of the secular radioactive equilibrium between it
and its daughter. The obtained results were validated via a comparison with the 238U
(μg/L) concentration as measured through inductively coupled plasma mass spectrometry
(ICP-MS) [13,14].

In the paper “Monte Carlo Simulation-Based Calculations of Complex DNA Damage
for Incidents of Environmental Ionizing Radiation Exposure”, the authors present a useful
Monte Carlo (MC)-based methodology that can be utilized to calculate the absorbed dose
and the initial levels of complex DNA damage (such as double-strand breaks—DSBs) in
cases of an environmental ionizing radiation (IR) exposure incident (REI), i.e., a nuclear
accident. The objective was to assess the doses and complex DNA damage by isolating
only one component of the total radiation released in the environment after an REI that
will affect the health of an exposed individual; more specifically, the radiation emitted
by radionuclide 137Cs in the ground (under an individual’s feet). The authors used a
merging of the Monte Carlo N-particle transport (MCNP) code with the Monte Carlo
damage simulation (MCDS) code. The DNA lesions were estimated through simulations
for different surface activities of a 137Cs ground-based γ radiation source. The energy
spectrum of the emitted secondary electrons and the absorbed dose in typical mammalian
cells were calculated via the use of the MCNP code, and these data are then used as an input
in the MCDS code for the estimation of critical DNA damage levels and types. As a realistic
application, the calculated dose was also used to assess the excess lifetime cancer risk
(ELCR) for eight hypothetical individuals, living in different zones around the Chernobyl
Nuclear Power Plant, exposed to different time periods on the days of the accident in 1986.
The authors concluded that any exposition of an individual in the near zone of Chernobyl
increases the risk of cancer at a moderate to high grade, also connected with the induction
of complex DNA damage via radiation. Generally, this methodology has been proven to be
useful for assessing γ-ray-induced complex DNA damage levels of the exposed population
in the case of an REI, and for better understanding the long-term health effects of the
exposure of the population to IR [15,16].

The article titled “Natural Radioactivity and Radon Exhalation from Building Materials
in Underground Parking Lots” is focused on the change in natural ionizing radiation and
the radon exhalation rates from typical building materials in underground parking lots.
The activity concentration of natural radionuclides 232Th, 226Ra, and 40K in six important
types of construction materials, which are mostly used in Lithuania, were analyzed via the
use of high-resolution gamma spectroscopy. The highest values were found in concrete
and ferroconcrete samples, and a strong positive correlation (0.88) was observed between
radium activity concentration and radon concentration. The activity indices (Iα and Iγ)
and radium equivalent activity (Raeq), evaluating the suitability of materials for such
constructions from the view of radiation safety, were determined. The average values of
the calculated absorbed dose rate in samples ranged from 18.24 nGy h−1 in the sand to
87.26 nGy h−1 in ferroconcrete. The calculated annual effective dose was below the limit of
1.0 mSv y−1. The values of the external and internal hazard indices (Hex and Hin) were all
below unity, and the values of Iγ and Iα were below the recommended levels of 0.5 and 1.
A dosimetric analysis of underground parking lots was carried out. It was determined that
the external equivalent dose rate caused by 222Rn progeny radiation in the underground
car parking lots varied from 17 to 30% of the total equivalent dose rate [17,18].
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The main topic of the paper “Evaluation of the Radiological and Chemical Risk for
Public Health from Flour Sample Investigation” is an investigation on flour, in terms of
physical and chemical pollutants as well as mineral content; these are of great interest, in
view of flour’s high consumption for nutritional purposes. In this study, eleven types of
flour (five samples for each one), from large retailers and employed by people for different
food cooking purposes, were investigated through high-purity germanium (HPGe) gamma
spectrometry in order to estimate natural (40K)- and anthropogenic (137Cs)-radioisotope-
specific activity and, thus, to assess radiological risk due to flour ingestion. Inductively
coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma emission
spectroscopy (ICP-OES) were also employed to evaluate any possible heavy metal contami-
nation and the mineral composition, as well as to perform a multivariate statistical analysis
to deduce the flour authenticity. The evaluation of dose levels due to flour ingestion was
performed for the age category higher than 17 years, taking into account the average yearly
consumption in Italy and assuming this need to be satisfied from a single type of flour
as a precaution. All of the obtained results are under the allowable level set by Italian
legislation (1 mSv y−1), thus excluding the risk of ionizing radiation effects on humans. As
far as heavy metal contamination is concerned, Cd and Pb concentrations were seen to be
lower than the threshold values, thus excluding their presence as pollutants. Finally, the
multivariate statistical analysis allowed the unambiguous correlation of flour samples with
their botanical origins, according to their elemental concentrations [19–21].

Finally, the research paper “Assessment of Natural Radioactivity and Radiological
Risks in River Sediments from Calabria (Southern Italy)” was developed to carry out a
comprehensive radiological assessment of natural radioactivity for river sediment samples
from Calabria, Southern Italy, and to define a baseline background for the area on a radiation
map. In the studied area, elevated levels of natural radionuclides were expected due to the
outcropping acidic intrusive and metamorphic rocks from which the radioactive elements
derive. To identify and quantify the natural radioisotopes, ninety river sediment samples
from nine selected coastal sampling points (ten samples for each point) were collected
as representative of the Ionian and the Tyrrhenian coastline of Calabria. The samples
were analyzed via the use of a gamma ray spectrometer equipped with a high-purity
germanium (HPGe) detector. The values of mean activity concentrations of 226Ra, 232Th,
and 40K measured for the studied samples are (21.3 ± 6.3) Bq kg−1, (30.3 ± 4.5) Bq kg−1,
and (849 ± 79) Bq kg−1, respectively. The calculated radiological hazard indices showed
average values of 63 nGy h−1 (absorbed dose rate), 0.078 mSv y−1 (effective dose outdoors),
0.111 mSv y−1 (effective dose indoors), 63 Bq kg−1 (radium equivalent), 0.35 (Hex), 0.41
(Hin), 0.50 (activity concentration index), and 458 μSv y−1 (annual gonadal equivalent
dose, AGED). In order to delineate the spatial distribution of natural radionuclides on
the radiological map and to identify the areas with low, medium, and high radioactivity
values, Surfer 10 software was employed. Finally, a multivariate statistical analysis was
performed to deduce the interdependency and any existing relationships between the
radiological indices and the concentrations of the radionuclides. The results of this study,
also compared with values of other locations of the Italian Peninsula characterized by
similar local geological conditions, can be used as a baseline for future investigations of the
radioactivity backgrounds of investigated areas [22–24].

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: In the present paper, an investigation on the natural and anthropic radioactivity and
heavy metals content in a basalt aggregate for concrete from Sicily, Southern Italy, was performed
as a case study. In particular, the evaluation of the specific activity of radium-226, thorium-232,
potassium-40 and caesium-137 radionuclides was performed by using High-Purity Germanium
(HPGe) γ-ray spectrometry, together with the estimation of several indexes developed to evaluate the
radiological risk for the population related to radiation exposure, i.e., the alpha index (Iα), the radium
equivalent activity (Raeq), the absorbed γ-dose rate (D) and the annual effective dose equivalent
outdoor (AEDEout) and indoor (AEDEin). Moreover, measurements of the average heavy metals
(arsenic, cadmium, copper, mercury, nickel, lead, antimony, thallium and zinc) concentrations in the
analyzed sample were performed by using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
Furthermore, with the aim to investigate any possible chemical pollution, the Enrichment Factor
(EF), Geo-accumulation Index (Igeo), Contamination Factor (CF) and Pollution Load Index (PLI) were
assessed. Finally, the identification of the source of the aforementioned radioisotopes of natural origin
was carried out by X-ray diffraction (XRD), thus identifying the major mineralogical phases present
in the investigated basalt aggregate for concrete.

Keywords: basalt aggregate for concrete; radioactivity; radiological risk; mineralogy; HPGe γ-ray
spectrometry; heavy metals; pollution; inductively coupled plasma mass spectrometry; X-ray
diffraction

1. Introduction

Basalt is the most widespread magmatic or igneous effusive rock. With andesite,
another type of volcanic rock, it makes up almost all, about 98%, of the rocks made
up of the lava that erupted on the Earth’s surface and was then subjected to a process of
crystallization. Generally, when not greatly weathered, basalt has colorations that from dark
gray can tend to black [1]. For several years, it has been employed in casting procedures
to produce ceramic plates and panels for architectural purposes [2]. In addition, fused
basalt coatings for iron pipes show an extremely high abrasion strength in manufacturing
operations [3]. Basalt is also used in many countries in the construction of highway and
airport pavements [4], and it also finds application in organic farming, in the form of
micronized rock flour, to revitalize and nourish soils and plants that have lost fertility, such
as intensive and extensive farming that deplete soils of natural elements [5].

Furthermore, fragmented basalt aggregates, which are compact, finely grained, very
dark green or black rocks produced when melted lava from the depths of the Earth’s crust
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ascends and crystallizes, are also recognized as a natural resource for the manufacturing
of cheap and eco-friendly construction materials with acceptable strength and durability
features, well suited to the framework of sustainable development [6,7]. In detail, the
partial replacement of Portland cement with basalt aggregates in concrete, when available,
can lead to a more cost-efficient solution [8].

Basaltic rock in Italy can be found close to the Mt. Etna volcano (eastern Sicily, Southern
Italy) [9], the edifice of which grew on a sedimentary substrate more than 1.5 km thick [10].
The origin of Mt. Etna’s magmatism is probably related to extensive melting of the mantle,
according to what is reported in [11].

In the present paper, a multi-technique approach including the use of High-Purity
Germanium (HPGe) γ-ray spectrometry, Inductively Coupled Plasma Mass Spectrome-
try (ICP-MS) and X-ray diffraction (XRD) was employed with the aim to evaluate the
radioactivity (radium-226, thorium-232, potassium-40 and caesium-137) and the heavy
metals (arsenic, cadmium, copper, mercury, nickel, lead, antimony, thallium and zinc)
content of the investigated basalt aggregate for concrete, picked up in a surrounding area
of the Mt. Etna volcano [12], and to relate the natural radionuclides’ specific activity to its
mineralogical composition.

Furthermore, in order to assess any possible radiological hazard for the population,
the calculation of the alpha index (Iα), the radium equivalent activity (Raeq), the absorbed
γ-dose rate (D) and the annual effective dose equivalent outdoor (AEDEout) and indoor
(AEDEin) was performed [13–15]. Of note, in Italy, the current legislation states that
building materials or additives of natural igneous origin are subject to radiometric checking
before being placed on the commercial market [16].

Finally, with the aim to estimate the level of environmental chemical pollution by the
heavy metals, the Enrichment Factor (EF), Geo-accumulation Index (Igeo), Contamination
Factor (CF) and Pollution Load Index (PLI) were assessed [17,18].

2. Materials and Methods

2.1. Sample Collection

The GPS coordinates of the specimen location are 37.53247 (latitude) and 15.037817
(longitude) (Figure 1).

Figure 1. The sampling area (a), with the specimen location indicated (b).
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Five aliquots of the basalt aggregate for concrete were collected in February 2022,
from basalt outcrops, at depths of a few centimeters, and reduced to a coarse grain size by
mechanical procedures. The sampling was performed from a relatively flat, clean, dry, hard
surface, avoiding locations where surface dust or salts are likely to have accumulated.

After the collection, they were stored in labeled plastic containers, with proper precau-
tions taken to avoid contamination [19], and subsequently transported to the laboratory.

2.2. HPGE γ-ray Spectrometry Measurements

Each aliquot of the basalt aggregate for concrete was first dried, in order to completely
remove the moisture and to obtain constant mass. After, it was inserted into a Marinelli
hermetically sealed container of 250 mL capacity. After 40 days, the secular radioactive
equilibrium between 226Ra and its daughter products was reached, and then the sample
was ready for gamma spectrometry measurement with a live time of 70,000 s. Spectra
were analyzed with the aim to assess the activity concentration of 226Ra, 232Th, 40K and
137Cs. In detail, the 226Ra activity concentration was calculated by using the 295.21 keV and
351.92 keV 214Pb and 1120.29 keV 214Bi gamma-ray lines, and the 232Th-specific activity
was determined by using the 911.21 keV and 968.97 keV 228Ac γ-ray lines. In particular,
for the 214Bi radionuclide, the TCS coincidence summation correction was applied [20]
by using the MEFFTRAN code [21]. Continuing, for 40K, the evaluation was performed
from its γ-line at 1460.8 keV and, finally, in order to investigate the anthropic radioactivity
content, the 137Cs-specific activity was evaluated through its γ-line at 661.66 keV.

The experimental set-up was composed of a positive biased Ortec HPGe detector
(GEM), whose operating parameters are reported in Table 1 [22].

Table 1. The HPGe GEM operating parameters.

HPGe GEM

Parameter Value

Full Width at Half Maximum 1.85 keV
Peak-to-Compton ratio 64:1

Relative Efficiency 40% (at the 1.33 MeV 60Co γ-line)
Bias Voltage 4500 V

Energy Range 50 keV–2 MeV

The detector was located inside lead wells to screen the environmental background
radioactivity and, for efficiency and energy settings, a multi-peak Marinelli γ-source (BC-
4464) of 250 mL capacity, energy range 60–1836 keV, custom made to replicate the exact
designs of the specimens in a water-equivalent epoxy–resin matrix, was employed.

The Gamma Vision (Ortec) software was used for data acquisition and analysis [22].
The specific activity (Bq kg−1 dry weight, d.w.) of the investigated radioisotopes was

calculated as follows [23]:

C =
NE

εEtγdM
(1)

where NE is 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) [24]. Moreover, with the density of the basalt aggregate for concrete being higher
than 1.1, the self-absorption correction on the activity concentration value was performed
according to [25,26].

The Italian Accreditation Body (ACCREDIA) certified the quality of the γ-ray spectrom-
etry experimental results [27], thus ensuring continuous verification that the performance
properties of the method are preserved [28].
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2.3. Evaluation of the Radiological Health Risk

Several indexes developed over the years to evaluate the radiological risk for the
human beings related to radiation exposure, i.e., the alpha index (Iα), the radium equivalent
activity (Raeq), the absorbed γ-dose rate (D) and the annual effective dose equivalent
outdoor (AEDEout) and indoor (AEDEin), were calculated to estimate the potential radiation
risk to humans.

2.3.1. Alpha Index

The alpha index was calculated with the following formula [29]:

Iα = CRa/200 (2)

where CRa is the mean activity concentrations of radium-226 in the basalt aggregate for
concrete.

The alpha index allows to assess the alpha radiation exposure to the indoor radon
exhaled from construction materials. The activity concentration of radium-226 must be
lower than 200 Bq kg−1, to prevent exposure to indoor radon-specific activity higher than
the threshold value of 200 Bq m−3 [16], and then Iα must be less than unity for the risk of
exposure to radiation to be minimal.

2.3.2. Radium Equivalent Activity

The radium equivalent activity is an index that describes the specific activities of
radium-226, thorium-232 and potassium-40 in a single term [30,31]:

Raeq (Bq kg−1) = CRa + 1.43CTh + 0.077CK (3)

where CRa, CTh and CK are the mean activity concentrations of radium-226, thorium-232
and potassium-40 in the basalt aggregate for concrete, respectively.

This index must be lower than 370 Bq kg−1 for the safe utilization of the basalt
aggregate for concrete as building material [32].

2.3.3. Absorbed γ-Dose Rate

This parameter was calculated with the following formula [33]:

D (nGy h−1) = 0.462CRa + 0.604CTh + 0.0417CK (4)

2.3.4. Annual Effective Dose Equivalent Outdoor and Indoor

The annual effective dose equivalent for an individual was calculated using the equa-
tions below, with occupation factors of 20% and 80% for outdoor and indoor environments,
respectively [34]:

AEDEout (mSv y−1) = D (nGy h−1) × 8760 h × 0.7 Sv Gy−1 × 0.2 × 10−6 (5)

AEDEin (mSv y−1) = D (nGy h−1) × 8760 h × 0.7 Sv Gy−1 × 0.8 × 10−6 (6)

Both must be lower than 1 mSv y−1 for the radiological health risk to be negligible [16].

2.4. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Measurements

For the ICP-MS analysis, approximately 0.5–1.0 g of sample, together with 3 mL of
ultrapure (for trace analysis) HNO3 (67–69%) and 9 mL of ultrapure (for trace analysis)
HCl (32–35%) (aqua regia), was directly introduced into a 100 mL TFM vessel. A Milestone
microwave system, Ethos 1, was used for the acid digestion, as follows: (i) 15 min at 1500 W
and 180 ◦C; (ii) 10 min at 1500 W and 180 ◦C; (iii) 10 min at 1000 W and 120 ◦C, with 20 min
cooling [35]. The mixture was filtered and filled to 50 mL with distilled H2O and diluted
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10 times. Opportune dilutions of two certified materials were employed in order to prepare
calibration solutions for the analytes in 0.5 % (v/v) HNO3 and 0.5 % (v/v) HCl [18].

For the measurements, a Thermo Scientific iCAP Qc ICP-MS was used [36]. The
instrument was operated in a single collision cell mode, with kinetic energy discrimination
(KED), using pure He as the collision gas. All samples were presented for analysis using a
Cetac ASX-520.

2.5. Evaluation of the Level of Heavy Metals Contamination

In order to assess the level of heavy metals contamination in the basalt aggregate for
concrete, the pollution indices reported in the following were calculated.

2.5.1. The Enrichment Factor

This index was evaluated as follows [37]:

EF =
{Cx/CFe}sample
{Cx/CFe}reference

(7)

where Cx is the concentration of the potential enrichment element and CFe is the concentra-
tion of the normalizing element, usually iron [37].

2.5.2. The Geo-Accumulation Index

This pollution index is [38]:

Igeo = Log2[Cn/(kBn)] (8)

where Cn is the concentration of the potential harmful element in the sample, Bn is the
geochemical background value in the average shale of element n and k is the correction
factor of the background matrix [38].

2.5.3. The Contamination Factor

This index is given by [39]

CF = Cmetal/Cbackground (9)

where Cmetal and Cbackground are the heavy metals concentration and background values,
respectively [38].

2.5.4. The Pollution Load Index

The n-th root of the product of the Contamination Factor of heavy metals is the
Pollution Load Index [40]:

PLI = (CF1 × CF2 × CF3 × . . . . × CFn)
1/n (10)

where n is the number of metals [40].

2.6. XRD Analysis

X-ray diffraction analyses were performed by using a Panalytical Empyrean Diffrac-
tometer with Cu Kα radiation on a Bragg–Brentano theta-theta goniometer, equipped with
a solid-state detector, PIXcel [41].

The generator settings were 40 kV and 40 mA. The measurements were performed in
glass slide holders ensuring a uniform dispersion of properly compressed specimens. The
continuous scan mode was employed in order to span the 2Θ incidence angle from 5◦ to
60◦ with a scan velocity of 1.2◦ per minute. The total runtime for each analysis was about
45 min.

11
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The observed peak positions were then compared with reference spectra from RRUFF
database, with the aim to identify the crystalline mineralogical constituents of the analyzed
basalt aggregate for concrete [42].

3. Results and Discussion

3.1. The Specific Activity of the Radioisotopes

The average specific activity (the mean value of the 5 analyzed aliquots) of radium-
226, thorium-232, potassium-40 and caesium-137, in the investigated basalt aggregate for
concrete, was found to be (58.6 ± 6.6) Bq kg−1 dry weight (d.w.), (40.7 ± 5.3) Bq kg−1 d.w.,
(498 ± 57) Bq kg−1 d.w. and lower than the minimum detectable activity (0.24 Bq kg−1 d.w.),
respectively. Table 2 reports the radium-226-, thorium-232-, potassium-40- and caesium-
137-specific activity in the five analyzed aliquots, together with the average values.

Table 2. The specific activity CRa, CTh, CK and CCs of, respectively, 226Ra, 232Th, 40K and 137Cs, in the
five analyzed aliquots, together with the average values.

Aliquot ID
CRa

(Bq kg−1 d.w.)
CTh

(Bq kg−1 d.w.)
CK

(Bq kg−1 d.w.)
CCs

(Bq kg−1 d.w.)

1 53.6 ± 6.1 36.4 ± 4.9 498 ± 57 <0.18
2 63.6 ± 7.1 44.9 ± 5.7 510 ± 66 <0.24
3 58.6 ± 6.6 35.7 ± 5.1 491 ± 50 <0.21
4 61.9 ± 6.8 45.7 ± 5.5 505 ± 64 <0.27
5 55.3 ± 6.4 40.7 ± 5.3 486 ± 48 <0.30

Average 58.6 ± 6.6 40.7 ± 5.3 498 ± 57 <0.24

The worldwide average specific activity of radium-226, thorium-232 and potassium-
40 is 35, 30 and 400 Bq kg−1, respectively [32]. In light of this, the experimental results
here reported show that, in our case, the average specific activity of all the detected
radioisotopes is higher than the average worldwide value. These results need a more
critical interpretation, which will be provided further below in terms of the mineralogical
composition of the basalt aggregate for concrete itself.

Regarding caesium-137, the mean specific activity turned out to be lower than the
minimum detectable activity, ruling out an anthropic contamination.

3.2. Radiological Hazard Effects Assessment

With reference to the values of the radiological hazard indices, the alpha index, ob-
tained by using Equation (2), was found to be 0.29, less than unity and thus avoiding
exposure to the indoor radon concentration of more than 200 Bq m−3. The radium equiva-
lent activity was calculated through Equation (3) with the aim to ascertain the suitability of
the investigated basalt aggregate for concrete for use as a structural material component.
The obtained value was 155 Bq kg−1, lower than 370 Bq kg−1, set as the threshold limit for
building materials, thus ensuring again that the analyzed sample may not be harmful if
employed for civil construction.

The absorbed γ-dose rate, as obtained through Equation (4), was found to be equal to
65.3 nGy h−1, a value attributable to the lithologic component of the sampling site [43], and
it was used to evaluate, through Equations (5) and (6), the annual effective dose equivalent
outdoor and indoor due to the activities of the radium-226, thorium-232 and potassium-
40 in the investigated sample. The obtained values were 88.8 μSv y−1 and 355 μSv y−1,
respectively, lower than the threshold value of 1 mSv y−1 [16].

3.3. Heavy Metals Content

Table 3 reports the heavy metals content (mg kg−1 d.w.) for the analyzed basalt
aggregate for concrete.
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Table 3. Heavy metals content (mg kg−1 d.w.) for the analyzed basalt aggregate for concrete.

ICP-MS Analysis

Threshold limit

CAs 0.87 20

CCd 0.03 2

CCu 70.8 120

CHg 0.04 1

CNi 9.09 120

CPb 8.90 100

CSb 0.06 10

CTl 0.02 1

CZn 50.1 150

Of note, the obtained results are lower than the threshold limits [44]; hence, they can
be regarded as no pollutants and do not compromise the well-being of the environment.

3.4. Evaluation of the Heavy Metals Contamination Level
3.4.1. EF

In agreement with [45], an EF < 2 indicates minimal enrichment. In particular,
0.5 < EF < 1.5 shows a natural-origin metal, while EF > 1.5 suggests a more likely an-
thropic one [45]. Moreover, the values between 2 and 5 indicate moderate enrichment;
between 5 and 20, significant enrichment; between 20 and 40, high enrichment; and an EF
higher than 40, extremely high enrichment.

The obtained EF values, reported in Table 4, were found to be <2 in all cases, indicating
no or minimal enrichment.

Table 4. Calculated values of EF, Igeo, CF and PLI for the investigated sample.

Metal
Index of Contamination

EF Igeo CF PLI

As 0.07 −4.49 0.07

0.14

Cd 0.10 −3.91 0.10
Cu 1.58 0.07 1.57
Hg 0.10 −3.91 0.10
Ni 0.13 −3.49 0.13
Pb 0.45 −1.75 0.45
Sb 0.04 −5.23 0.04
Tl 0.01 −6.71 0.01
Zn 0.53 −1.51 0.53

3.4.2. Igeo

The Igeo values must be interpreted as follows [46]:

Igeo ≤ 0 denotes no contamination;
For 0 < Igeo ≤ 1, no/a medium degree of contamination;
For 1 < Igeo ≤ 2, a medium degree of contamination;
For 2 < Igeo ≤ 3, a medium/high degree of contamination;
For 3 < Igeo ≤ 4, a high degree of contamination;
For 4 < Igeo ≤ 5, a high/very high degree of contamination;
Igeo > 5, a very high degree of contamination.
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The obtained Igeo values, reported in Table 4, were found to be <0 with the only
exception being copper, probably because it is often used as a soil defense product, as well
as the soil texture and its high pH [46,47].

3.4.3. CF

According to [47], a CF ≤ 1 indicates no contamination; 1 < CF ≤ 3, a low or medium
degree of contamination; 3 < CF ≤ 6, a high degree of contamination; and CF > 6, a very
high degree of contamination.

The obtained CF values, reported in Table 4, are <1 in all cases except copper, showing
again a very moderate degree of contamination for this metal.

3.4.4. PLI

According to [48], a PLI value higher than 1 indicates chemical pollution.
In our case, the PLI was found to be <1, thus revealing no pollution by the investigated

heavy metals.

3.5. XRD Analysis

The X-ray diffraction analysis result is shown in Figure 2.

Figure 2. The X-ray diffraction analysis of the investigated basalt aggregate for concrete.

Minerals recognition was performed by comparing the measured diffraction peak
positions to the RRUFF database. An XRD analysis put in evidence the presence of Al-
taite (PbTe, RRUFF ID: R060939), Anorthite (Ca(Al2Si2O8), RRUFF ID: R040059), Augite
((Ca,Mg,Fe)2Si2O6, RRUFF ID: R061108), Pyrochlore ((Na,Ca)2Nb2O6(OH,F), RRUFF ID:
R060151) and Hematite (Fe2O3, RRUFF ID: R040024), superimposed to a glassy groundmass,
in the investigated basalt aggregate for concrete.

Of note, we can reliably hold the detected mineralogical phases to account for the
radionuclides content previously discussed. In particular, the high specific activity of
radium-226, thorium-232 and potassium-40 radioisotopes, if compared with the average
worldwide value, can be explained taking into account that, from the diffractogram, it is
possible to evince in particular the presence of pyrochlore, in the composition of which
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Niobium appears. This REE represents an element that, from a geochemical point of
view, is a marker of occurrence of crustal contamination, i.e., a migration of isotopes of
various elements from the Earth’s crust to the magma, which then solidified and became
basalt [49,50]. Therefore, in light of this, it is possible to justify the specific activity values
of the detected natural radioisotopes, which are higher than the average worldwide value
in all cases [51].

4. Conclusions

The natural and anthropic radioactivity content of a basalt aggregate for concrete
from Sicily, Southern Italy, was analyzed through High-Purity Germanium (HPGe) γ-ray
spectrometry. Moreover, calculations of the alpha index (Iα), the radium equivalent activity
(Raeq), the absorbed γ-dose rate (D) and the annual effective dose equivalent outdoor
(AEDEout) and indoor (AEDEin) were performed in order to estimate the radiological
hazard for human beings. Of note, the obtained values turned out to be lower than the
maximum recommended ones for humans, thereby rationally excluding any significant
health impact related to exposure to ionizing radiation. Additionally, the mean specific
activity of caesium-137 turned out to be lower than the minimum detectable activity.

Next, the concentration levels of the heavy metals in the analyzed basalt aggregate
for concrete were investigated through Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). The resulting values were found to be below the threshold levels established
by Italian legislation and thus do not reasonably represent a health risk to humans. In
addition, the calculation of various pollution indices was carried out in order to assess the
ecological risk from heavy metals imposed on the ecology of the ecosystem. The obtained
results show a very minimal enrichment only for copper, probably due to the use of this
metal as a soil defense product, as well as the soil texture and its high pH, and in general
no pollution by the assessed heavy metals.

Finally, X-ray diffraction (XRD) was applied to recognize the mineralogical/geochemical
composition of the investigated sample and to relate it to the natural radioactivity con-
tent. From the results, we can conclude that the analyzed basalt aggregate for concrete
was characterized by the presence of Altaite, Anorthite, Augite, Pyrochlore and Hematite,
superimposed to a glassy groundmass. Moreover, the natural radionuclides’ specific ac-
tivity reported in the present study underlined a high value of the activity concentration
of radium-226, thorium-232 and potassium-40 radionuclides with respect to the average
worldwide value. This can be explained by the occurrence of crustal contamination, put in
evidence by the presence, in the diffractogram, of pyrochlore, in the composition of which
Niobium appears.
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Featured Application: A portable neutron-monitoring system can be effectively applied to veri-

fication of the models used for estimating cosmic radiation intensities over a wide range of alti-

tudes in a harsh environment such as in Antarctica.

Abstract: Many ongoing studies for predicting the production rates of cosmogenic nuclides, fore-
casting changes of atmospheric compositions and climate, assessing the cosmic-radiation exposure
of aircraft crew, and the effects on precise electronic devices use numerical models that estimate
cosmic-radiation intensities in the atmosphere. Periodic verifications of those models are desirable to
be performed for assuring the reliability of the study outcomes. Here, we investigated an application
of a portable neutron-monitoring system composed of an extended-energy-range neutron monitor
and a small data logger for monitoring of cosmic-neutron intensities in a polar region. As a result
of measurements in the east Antarctica region covering a wide range of altitudes (from 30 m to
3762 m) and comparisons with the model calculations performed with an analytical model based on
comprehensive Monte Carlo simulations (PARMA), it was demonstrated that the portable neutron-
monitoring system could be effectively applied for periodic verification of cosmic-neutron intensities
that would improve the reliability of related studies.

Keywords: Antarctica; cosmic rays; atmosphere; radiation detector; neutron measurement; portable
monitoring system

1. Introduction

Primary cosmic radiations or cosmic rays are composed of highly energetic particles,
mainly protons. Those particles can be classified by origin to two main components:
galactic cosmic rays (GCRs) that come from outside our solar system and solar energetic
particles (SEPs) that originate from an eruptive process on the sun. The high-energy cosmic-
ray particles that enter the Earth’s atmosphere cause nuclear spallation reactions with
atmospheric atoms, mainly oxygen or nitrogen atoms, in the stratosphere and the upper
troposphere. The electromagnetic cascades produce various secondary radiations such as
electrons, pions, neutrons, etc.

These nuclear reactions also produce many cosmogenic nuclides such as 3H, 7Be, 10Be,
14C, and 36Cl that fall out onto the ground with almost constant rates. Those nuclides
provide useful information related to geoscience, and much research has actively been
performed in the relevant field [1–5]. Particularly, cosmogenic nuclides in snow and ice
in polar regions at high geomagnetic latitudes can tell us about the long history of solar
activities, including extreme solar particle events that affect cosmic radiation intensities
and resultant cosmogenic production rates [6–8]. Production rates of cosmogenic nuclides
in the earth’s atmosphere have been estimated by model calculations, and many models
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have been developed for this purpose over the past 70 years. The first models [9–11] were
based on simplified functions expressing the cosmic-ray-induced cascade process. Since
the 1980s, Monte Carlo simulation codes were developed to describe the stochastic process
of the spallation reactions in more detail [12–17]. In addition, an analytical model based on
comprehensive Monte Carlo simulations has been lately developed [18,19].

Cosmic radiation can change the physical–chemical properties of the atmosphere,
such as ion balance and temperature, and may subsequently affect regional climate vari-
ability [20–23]. It has been considered that ionizations induced by cosmic radiation in
the atmosphere contribute to the production of many ions that are followed by various
reaction processes that may cause different climate parameters. More accurate prediction
of long-term climate change needs a more reliable model that can precisely describe the
atmospheric ionization processes in the atmosphere, especially in the polar regions.

Aside from the effects on the atmospheric compositions, direct exposure of humans to
cosmic radiation at high altitude has become a subject in view of health [24]. According
to the fact that the dose level of the cosmic radiation is elevated with altitude and reaches
a level about 100 times higher at the cruising altitude of a commercial jet aircraft than
that on the ground, the International Commission on Radiological Protection (ICRP) has
recommended that exposure to cosmic radiation of aircraft crew should be managed as an
occupational exposure [25,26]. ICRP recommended in a recent publication [27] that frequent
flyers also be informed of their dose levels in aviation. Following these recommendations,
the individual doses received from cosmic radiation onboard aircraft have been assessed by
using numerical models. Several easy-to-use program tools for aviation-dose calculations
were developed based on those models and have been provided by different groups. Those
are CARI [28], PCAIRE [29], SIEVERT [30], AVIDOS [31], EPCARD [32], JISCARD EX [33],
and other models [34]. Periodic verification of the accuracies of those programs including
intercomparisons [35,36] is crucially important for reliable dose assessments of aircraft crew
and frequent flyers.

Furthermore, there are concerns about possible errors by many avionic electronic
systems during a flight due to the hits by cosmic radiation, particularly high-energy neu-
trons [37,38]. A secondary high-energy neutron collides with an atom of the semiconductor,
which produces an ionization charge that can cause an unfavorable reaction of a semicon-
ductor device. To prepare adequately for such errors, a reliable, well-verified model that
can predict the probabilities of the hits is needed.

Regarding observations of cosmic radiation intensities related to the fields above,
ground-based neutron monitors have played an important role for up to 70 years. The
ground-based neutron monitors detect secondary particles produced in the atmosphere as
a product of spallation reactions caused by primary cosmic-ray particles. While two types
of standardized detectors (IGY and NM64) are generally operated, both types consist of gas-
filled proportional counters surrounded by a moderator, lead producer, and reflector [39].
The incident cosmic protons and neutrons cause nuclear reactions in the lead, and the
secondary neutrons slow down by the moderator, and thermal-energy neutrons are detected
by the proportional counter tubes. Many stations of the ground-based neutron monitors
were built worldwide since the 1950s and have been operated for space sciences and space
weather applications [40]. The monitoring data acquired at these stations are publicly
available in some repositories and data sources to observe the cosmic-ray variations and
incident energetic solar particles, and also to estimate the global-scale change of cut-off
rigidity, i.e., the minimum magnetic rigidity that a vertically incident particle can have and
still reach a given location above the Earth [18].

While the ground-based neutron monitors have provided accurate and stable data,
these large-scale instruments can hardly be carried and thus have been employed for
fixed-point observations. It should be noted that, in addition to the solar activities and
global geomagnetic field condition, local meteorological factors as well as the atmospheric
pressure, such as clouds and snowfall, could affect the cosmic-radiation intensities at a
specific site. Moreover, a notable change in the Earth’s geomagnetic field originating
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from the core has lately been observed [41,42]. According to the awareness on the spatial
variation of cosmic-radiation intensity, we have investigated the application of a portable
neutron-monitoring system composed of an extended-energy-range neutron monitor and a
small data logger for model verifications, with the on-site measurements covering a wide
area of interest. The designed monitoring system is preferably to be tested in a polar region
where the cosmic-radiation intensities are the highest on the Earth.

2. Materials and Methods

2.1. Locations of Measurements

Measurements of cosmic neutrons were performed from a coastal to a plateau region
in East Antarctica where the Japanese crew usually conducts their activities. A snow vehicle
with the instruments for neutron measurement left Syowa Station (69.0◦ S, 39.6◦ E) in the
coastal area in November 2018, moved to Dome Fuji Station (77.5◦ S, 37.5◦ E) at 3765 m
in altitude in the inland area, and then back to the Syowa Station in January 2019. This
period was in the solar minimum. The neutron measurements along the inward (coast to
inland) route were performed at 16 locations from 17 November 2018 to 7 December 2018,
and those along the outward route were performed at 17 locations from 31 December 2018
to 19 January 2019. The time for monitoring at each location ranged from 7.2 h to 88 h. The
locations of these measurements are shown with circle points in Figure 1.

Figure 1. Locations in the Antarctica Continent where the measurements of cosmic neutrons were
performed with a portable neutron monitor (WENDI-II) from November 2018 to January 2019. The
points on the inward route are indicated with blue, those on the outward with white. The time for
monitoring at each location was more than 7 h. Long-term stays were made at three points shown in
red; among them, a continuous neutron monitoring for about 20 days was performed at the end of
the inward route near Dome Fuji Station (location A).

In addition to the repetitive measurements along the inward and outward routes, long-
term monitoring for about 20 days was performed at the end point of the route (location
A in Figure 1); the measured data were recorded with 12 h intervals at these fixed-point
measurements.
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2.2. Methods of Measurements

For cosmic-neutron measurements, we employed an extended energy-range rem
meter coupled with a tungsten-powder-mixed moderator (FHT762 Wendi-2, Thermo Fisher
Scientific K.K., Franklin, MA, USA). WENDI-II has functions of continuously counting
the pulses generated from the 3He(n, α)Li reaction with moderated thermal neutrons and
calculating the hourly rate of 1 cm ambient dose equivalent, H*(10), multiplying the one-
hour integrated pulse counts and a constant conversion coefficient. Selected properties of
WENDI-II are indicated in Table 1. More details on the dosimetric properties of WENDI-II
were presented by Olsher et al. [43,44].

Table 1. Selected properties of the portable neutron monitor WENDI-II.

Detector φ2.5 cm 3He Proportional Counter

Moderator Polyethylene with tungsten powder shell
Applicable neutron energy 0.025 eV to 5 GeV

Applicable temperature range −30 ◦C to 50 ◦C
Applicable atmospheric pressure 500 hPa to 1500 hPa

Dimensions φ23 cm × H32 cm
Weight 13.5 kg

WENDI-II has been employed by the authors for measurements of cosmic neutrons
on high mountains and onboard aircraft [45–49] and was carefully calibrated with the
monitoring data acquired through the repeated neutron measurements at the high-altitude
station at Mt. Fuji (altitude: 3776 m) in Japan [46,48]. It was confirmed that WENDI-II had
negligibly low sensitivity to photons from 60Co and 137Cs sources and thus its threshold
for n/γ discrimination was set as a default value. In addition, its negligible response to
energetic protons (~230 MeV) was roughly confirmed at the Heavy Ion Medical Accelerator
in Chiba (HIMAC) in Japan.

WENDI-II was connected to a small, battery-powered data logger (NM10) with dimen-
sions of W21 cm × H6.6 cm × D16 cm and weight of 2.4 kg. NM10 was originally made by
the authors for long-term mobile use in recording the pulse counts from WENDI-II with
adjustable time intervals [45,49]. A set of WENDI-II and NM10 was placed on the desk
near a front window of the snow vehicle (Figure 2) over the whole monitoring period. The
signals of neutron-induced pulses from WENDI-II were automatically recorded by NM10
with 1 h intervals and converted to the hourly H*(10) rates. The temperature at the location
where the neutron-monitoring system was placed varied from −10 ◦C to 20 ◦C during the
measurement period (i.e., November 2018 to January 2019); this variation was within the
temperature-applicable range of WENDI-II (−30 ◦C to 50 ◦C) indicated in Table 1.

 

Figure 2. A photograph of the snow vehicle (left) and the portable neutron monitor (WENDI-II)
connected to an exclusive data logger (NM10) (right) originally made for mobile use. The neutron
monitor was placed near the front window inside the snow vehicle.
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2.3. Model Calculation

For discussion about the effectiveness of the portable neutron-monitoring system in
comparison with model estimates, we employed a recent model named “PHITS-based
Analytical Radiation Model in the Atmosphere (PARMA)” [18,19], which was originally
developed in Japan and has been incorporated into the program (JISCARD EX) for calculat-
ing the crew doses of selected Japanese airlines [33]. Those companies have responsibility
for calculations of individual doses of aircraft crew from cosmic radiation to keep their
annual doses below 5 mSv y−1 by voluntary efforts; they are also requested to prepare for
an additional dose increase due to a solar flare by utilizing possible prediction measures
such as space weather forecasts.

The PARMA comprises several theoretical or empirical functions with parameters
whose numerical values were fitted through the least square method to the results of
the comprehensive Monte Carlo air-shower simulations performed by using the Particle
and Heavy Ion Transport code System (PHITS) [50] coupled with the Japanese Evaluated
Nuclear Data Library/High Energy file (JENDL/HE), which contains differential cross-
sections of neutrons and protons over a wide range of energy up to 3 GeV [51]. In the
air-shower simulation, cosmic rays were assumed to be incident from the top of the Earth’s
atmosphere, i.e., from the altitude of 86 km. Though the atmospheric atoms slightly exist
over 86 km actually, it was judged that the effects of such a high-altitude atmosphere had
little influence on the spallation reactions. As incident particles, the protons and heavy ions
of galactic cosmic rays (GCRs) with energies up to 1 TeV per nucleon and charges up to
28 (nickel) were considered. The GCR fluxes at 1 astronomical unit (1 AU, around the Earth)
were obtained from their local interstellar (LIS) fluxes considering the modulation due to
the solar-wind magnetic field, so-called solar modulation. Effects of the solar modulation
were evaluated from the count rates of several neutron monitors located all over the world,
using the force-field formalism.

According to its analytical calculation procedures, PARMA can instantaneously es-
timate terrestrial cosmic-ray fluxes of neutrons, protons, and ions with charge up to
28 (nickel), muons, electrons, positrons, and photons anywhere in the Earth’s atmosphere;
the covered energy ranges are from 0.01 eV to 100 GeV for neutrons and from 1 keV to
100 GeV for other major particles such as protons, helium ions (per nucleon), muons,
electrons, positrons, and photons. While the first version of PARMA was applicable to
20 km or lower in altitude [18], the lately updated version can deal with a wider altitude of
nearly the top of the atmosphere [19].

3. Results and Discussions

3.1. Time Change of Neutron Dose Rates

Figure 3 shows the time change of atmospheric pressure measured with a barome-
ter and neutron-dose rates measured with WENDI-II near Dome Fuji Station (77.735◦ S,
39.114◦ E, 3762 m in altitude; location A in Figure 1). Each plot was obtained as an average
of continuous measurements at the same location for 12 h. Total counts of neutron pulses at
each location were around 7000, and thus the standard deviation of each value was derived
as less than 2%. A clear, inverse correlation was observed between the neutron-dose rate
and atmospheric pressure, which was considered to result from the nuclear spallation reac-
tions with atmospheric atoms such as nitrogen and oxygen. The fact that this relationship
was confirmed even for a small fluctuation (~10 hPa) of atmospheric pressure indicates
that the employed portable system (WENDI-II and NM10) can be appropriately used for
on-site monitoring of cosmic neutrons in Antarctica.

23



Appl. Sci. 2023, 13, 3297

Figure 3. Time course of the neutron dose rate measured with WENDI-II (circle marker/solid line)
and atmospheric pressure (square marker/dotted line) measured with a barometer near Dome Fuji
Station (location A in Figure 1) at 3762 m in altitude in December 2018. The standard deviation of
each dose-rate plot was less than 2%.

3.2. Neutron Dose Rates as a Function of Atmospheric Pressure

Figure 4 shows the relationships of the measured neutron dose rates versus the baro-
metric atmospheric pressures along the inward and outward routes between the areas
near Syowa Station and near Dome Fuji Station in the period from 18 November 2018 to
23 January 2019. The counts of neutron signals obtained at each plot ranged from 1300 (for
7.2 h) to 25,000 (for 35 h), and thus the standard deviation of each point was calculated to
be less than 3%.

Figure 4. Relationship of the measured neutron-dose rates and barometric atmospheric pressures
along the routes between the coastal and inland areas (shown in Figure 1) in the period from
November 2018 to January 2019. The standard deviation of each dose-rate plot was less than 3%.
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As seen in the figure, the quite reproducible relationships were obtained between
the cosmic-neutron intensities and atmospheric pressures, regardless of the measurement
timings; as mentioned above, there was a time interval of about 20 days between the end of
the inward route measurements and the start of the outward route ones. These results imply
that the employed portable system can stably work for measuring the cosmic- neutron
intensities with good accuracy even in a harsh environment such as Antarctica.

3.3. Comparison with Model Calculation

The relationships between the neutron-dose rates calculated by using the analytical
model (PARMA) and those measured with the portable neutron-monitoring system are
plotted in Figure 5. Overall good agreements of the calculated and measured neutron-dose
rates were produced for both routes covering a wide range of altitudes. Since the model
calculations did not consider the shielding effects of the structure of the snow vehicle and
onboard equipment, it was assumed that the slightly smaller measured values in the range
of low dose rates (i.e., at lower altitudes) were due to the attenuation of the lower-energy
secondary cosmic radiation inside the vehicle.

Figure 5. Relationship between the calculated neutron-dose rates (X-axis) using PARMA [18,19] and
the measured neutron-dose rates (Y-axis) along the routes shown in Figure 1 for the period from
November 2018 to January 2019. The standard deviation of each plot was less than 3%.

On the other hand, some discrepancies (~10%) were seen at the high dose rates, i.e., at
high-altitude areas. Since no major space weather events were reported in the respective
period (i.e., from late December 2018 to January 2019) [52], this discrepancy is attributable
to short-term changes of environmental factors such as atmospheric parameters (other than
barometric pressure), heliospheric modulation by the solar wind, and geomagnetic cutoff
rigidity at the monitoring location.

It can be pointed out that the chronological variations of meteorological conditions
such as clouds and snowfall affected the energy spectra of the cosmic neutrons, and those
changes altered the responses of the neutron detector as the efficiency of WENDI-II varied
depending on the neutron energy [44,45]. However, this possibility is low since it is
known that the shapes of cosmic-neutron-energy spectra in the atmosphere do not notably
change with altitude. In a previous monitoring performed at Mt. Fuji, Japan, covering
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similar altitudes (40 to 3700 m) [53], the energy spectra of cosmic neutrons measured by
using a Bonner multi-sphere neutron spectrometer were quite identical in their shapes,
irrelevant to the altitude. This finding has been well-reflected in our model calculations.
For example, the neutron-energy spectra calculated by PARMA at three locations along
the routes (indicated with red points in Figure 1) are shown in Figure 6. It is seen that the
shapes of neutron-energy spectra are nearly the same while the overall level of neutron flux
decreases with increasing atmospheric pressure, i.e., decreasing altitude. Thus, the relative
response of WENDI-II would be stable, regardless of the atmospheric pressure.

Figure 6. The neutron-energy spectra calculated by the model PARMA [18,19] at three locations along
the route (indicated with red points in Figure 1) in the period from December 2018 to January 2019.

Regarding the effect of geomagnetic-field variation surrounding the Earth, it was
confirmed that the count rates of the ground-based neutron monitors (South Pole: SOPO
and South Pole Bare: SOPB) placed at 90.0◦ S reduced by a few percent during the respective
period [52]. As PARMA simply described the azimuth and zenith dependences of the cut-
off rigidities assuming a dipole magnet [19], it can be assumed that, as a result of such
simplification of the model structure, the observed count reductions of ground-based
neutron monitors were overly reflected in evaluation of solar activities expressed as the
values of heliocentric or force field potential, i.e., they caused the smaller cosmic-neutron
intensities at the high-latitude and high-altitude area. This possibility should thoroughly
be investigated with more comprehensive data in further research.

These findings indicate the need for further studies for improving the reliability of
model calculations of cosmic-radiation intensities in the atmosphere and imply that the
portable neutron-monitoring system employed in the present study would be useful for
achieving this task.

4. Conclusions

In the present study, we confirmed that cosmic-neutron intensities could be measured
over a wide range of altitude (from 30 m to 3762 m) in Antarctica by using a portable
neutron-monitoring system composed of an extended-energy neutron detector and an
originally made data logger. While the cosmic-neutron intensities measured for more than
two months agreed well with those calculated with one of the most recent models overall,
some discrepancy (~10%) was observed at a high-altitude area, which implies further need
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for improving the reliability of the model calculations of cosmic-radiation intensities in the
atmosphere.

In view of technological application, it is considered that the employed portable
system for neutron monitoring will be effectively applied to verifications of the models
that describe the nuclear spallation reactions in the atmosphere. It is expected that the
data from such on-site measurements covering a wide area at different altitudes in harsh
environments will improve the soundness of many ongoing studies on various subjects,
such as the production of cosmogenic nuclides, changes in atmospheric properties/climate,
the cosmic-radiation exposure of aircraft crew, and the stability of precise electronic devices,
that rely on models for calculating the complex nuclear reactions in the atmosphere. More
investigations to explain the reasons of observed discrepancies between the measurements
and the model calculations are to be conducted in future studies.
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Abstract: Potentially toxic elements contamination represents a universal problem of major concern,
due to several adverse health effects on human beings when permissible concentration levels are
overcome. In this sense, the assessment of potentially risky elements content in different environ-
mental matrices plays a key role in the safeguarding of the quality of the environment, and thus of
the strictly correlated public health. In this article, measurements of the average potentially toxic
elements concentrations in pyroclastic products from Mt. Etna, Eastern Sicily and Southern Italy were
performed together with a comparison with the allowable levels set by Italian legislation, with the
aim to evaluate the level of toxicity imposed on the ecosystem. For this purpose, Inductively-Coupled
Plasma Mass Spectrometry (ICP-MS) measurements were performed to investigate any possible
chemical pollution by potentially risky elements, by applying different indices such as Enrichment
Factor (EF), Geo-accumulation Index (Igeo), Contamination Factor (CF) and Pollution Load Index
(PLI). Finally, the multivariate statistical analysis was performed by processing potentially toxic
elements content and pollution indices. It is worth noting that the used approach could be applied, in
principle, for the evaluation of the chemical risk due to the presence of potentially toxic elements
in a large variety of samples of particular environmental interest, and can constitute a guideline for
investigations focused on the monitoring of the environmental quality.

Keywords: pyroclastic products; potentially toxic elements; pollution; inductively-coupled plasma
mass spectrometry; multivariate statistics

1. Introduction

The rapid industrialization and the uncontrolled urbanization in many cities and
coastal areas led to an alarming level of chemical contaminants around these environ-
ments [1,2]. Among these pollutants, heavy metals are of major concern, being character-
ized by a persistent and bio-accumulative character [3,4]. In order to address the extent of
contamination, the knowledge of the potentially risky elements’ sources is of particular
importance, together with the contamination mechanisms of systems where toxicity levels
of concentration are reached [5–7].

The environmental pollution by potentially toxic elements (including heavy metals)
is by now a universal problem, especially for the toxic effects on living organisms when
permissible concentration levels are exceeded [4]. In fact, under such circumstances, a
decline in the mental, cognitive and physical health of the individual could appear [8,9].

Moreover, the potentially toxic elements abundance in soils, waters and biota can
be indicative of the presence of natural/anthropogenic sources, as reported in the lit-
erature [10,11]. In this sense, geochemical and mineralogical studies of soils can be, in
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particular, helpful in order to understand, on one side, the elemental distribution patterns
and the environmental conditions existing in a specific area [12], and on the other side, the
geological history of the transport and sorting process [13].

In the view of a sustainable development, pyroclastic products are considered as
natural resources for the production of building materials [14,15]. In addition, in countries
where active volcanoes exist, pyroclastic products could be employed to supply nutrients
and reduce CO2 from the atmosphere [16].

In the present study, Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) was
employed to measure the potentially toxic elements content, i.e., arsenic (As), cadmium
(Cd), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), antimony (Sb), thallium (Tl), and
zinc (Zn), of pyroclastic products sampled in a surrounding area of the Mt. Etna (Eastern
Sicily, Southern Italy) [17–19]. With the aim of estimating the level of toxicity imposed
on the ecosystem by the potentially risky elements, different pollution indices, such as
Enrichment Factor (EF), Geo-accumulation Index (Igeo), Contamination Factor (CF) and
Pollution Load Index (PLI) were also calculated. Finally, with the aim to analyze the
chemical pollution, Pearson correlation, Principal Component Analysis (PCA), Hierarchical
Cluster Analysis (HCA), and Multidimensional Data Analysis (MDA), were conducted
with the aim of finding out any possible relationship among the variables [20,21].

2. Materials and Methods

2.1. Samples Collection

Table 1 reports the Identification (IDs) and the Global Positioning System (GPS) coordinates
of the sampling sites (fifty samples of pyroclastic products in total, five for each site).

Table 1. The Identification (IDs) and the Global Positioning System (GPS) latitude and longitude
coordinates of the investigated pyroclastic products sampling sites.

Site ID
GPS Coordinates

Latitude Longitude

1 37.68864 15.09499
2 37.64975 15.05663
3 37.71456 15.11615
4 37.68809 15.13123
5 37.61574 15.09846
6 37.57984 15.09326
7 37.61873 15.05600
8 37.69899 15.00120
9 37.65249 15.09540
10 37.69900 15.05389

Figure 1 shows the map of the sampling area, with the site IDs (1–10) indicated.
Pyroclastic products were collected according to [22]. In particular, in the ID 1, 4,

5, 7 and 9 sites, freshly erupted air-fall pyroclastic products were sampled, while in the
remaining ID 2, 3, 6, 8 and 10 sites, samples from heaps of pyroclastic wastes from previous
volcanic activities were collected [22]. The samples were stored into labeled plastic vials,
with adequate caution taken in order to prevent their contamination.
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Figure 1. The map of the sampling area (a), with the site IDs (1–10) indicated (b).

2.2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Measurements

For the ICP-MS analysis, approximately 0.5–1.0 g of sample, together with 3 mL of
ultrapure (for trace analysis) HNO3 (67–69%) and 9 mL of ultrapure (for trace analysis) HCl
(32–35%) (aqua regia), were directly introduced into a 100 mL TFM vessel, according to [23].

For the measurements a Thermo Scientific (Waltham, MA, USA) iCAP Qc ICP-MS was
used [24,25], according to [26]. The sample introduction system consisted of a Peltier cooled
(3 ◦C), baffled cyclonic spray chamber, PFA nebulizer and quartz torch with a 2.5 mm i.e.,
removable quartz injector. The instrument was operated in a single collision cell mode, with
kinetic energy discrimination (KED), using pure Helium as the collision gas. All samples
were presented for analysis using a Cetac ASX-520 (Teledyne Cetac Technologies, Omaha,
NE, USA) and for each one, data were recorded in duplicate.

The quality of the ICP-MS experimental results was certified by the Italian Accred-
itation Body (ACCREDIA) [27]. This implies the continued verification (with annual
periodicity) of the maintenance of the ICP-MS method performance characteristics.

2.3. Level of Potentially Toxic Elements Pollution Assessment

The level of potentially toxic elements pollution was evaluated by calculating the
pollution indices reported in the following.

2.3.1. The Enrichment Factor

The Enrichment Factor is

EF =
{Cx/CFe}sample
{Cx/CFe}reference

(1)

where Cx is the concentration of the potentially enrichment element and CFe is the con-
centration of the normalizing element, usually Fe [28]. Considering that the regional
geochemical background values for these elements are not available, the world average
elemental concentrations reported by [28] in the Earth’s crust were used as reference.
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2.3.2. The Geo-Accumulation Index

The Geo-accumulation Index is

Igeo = Log2[Cn/(kBn)] (2)

where Cn is the concentration of the potentially hazardous trace element in the sample,
Bn is the geochemical background value in average shale of the element n, and k is the
background matrix correction factor [28,29].

2.3.3. The Contamination Factor

The Contamination Factor is

CF = Cmetal/Cbackground (3)

where Cmetal and Cbackground are the concentration and the background values for each
heavy metal, respectively [30].

2.3.4. The Pollution Load Index

The Pollution Load Index is defined as the n-th root of the product of the Contamina-
tion Factor of potentially risky elements

PLI = (CF1 × CF2 × CF3 × . . . × CFn)
1/n (4)

where n is the number of metals [31,32].

2.4. Statistical Analysis

The XLSTAT statistical software for Windows was used for all statistical calculations [33].
With the aim to individuate the presence of the relationships among the original vari-

ables (Pearson correlation analysis), an exploratory method (PCA) was performed. The PCA
elaboration ensures the reduction of the data dimensionality, whereas the combinations of
variables identified by the Principal Components (PCs) provide the greatest contribution
to sample variability [34]. Moreover, in order to add a further degree of detail to the
implemented statistical approaches, the Hierarchical Clusters Analysis (HCA) [35] and a
new innovative statistical technique called Multidimensional Data Analysis (MDA) [36],
which merges the calculation algorithms of PCA with those of HCA, were also employed.

3. Results and Discussion

3.1. Potentially Toxic Elements Analysis

Table 2 reports the potentially toxic elements content (mg kg−1 dry weight, d.w.) for
the analyzed pyroclastic products, as obtained through ICP-MS analysis.

Table 2. Potentially toxic elements content (mg kg−1 dry weight, d.w.), as obtained through ICP-MS
analysis for the analyzed samples.

ICP-MS Analysis

Site ID

1 2 3 4 5 6 7 8 9 10 Threshold Limit

CAs 1.73 1.74 1.72 2.09 1.85 2.11 1.98 2.32 1.97 2.14 20
CCd 0.10 0.15 0.10 0.11 0.10 0.13 0.10 0.11 0.12 0.12 2
CCu 76.91 76.83 76.04 74.02 82.61 87.23 82.45 85.23 85.08 92.91 120
CHg 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 1
CNi 16.61 14.95 14.32 15.06 15.91 17.45 17.81 21.95 18.82 18.32 120
CPb 4.93 5.02 4.67 5.17 5.18 5.55 5.23 5.16 5.02 5.46 100
CSb 0.08 0.08 0.08 0.15 0.09 0.12 0.09 0.11 0.35 0.10 10
CTl 0.11 0.09 0.08 0.07 0.08 0.09 0.09 0.08 0.09 0.09 1
CZn 62.15 58.45 56.56 58.41 62.32 69.32 63.39 80.23 68.65 69.05 150
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Worth noting is that the obtained concentrations are lower than the threshold lim-
its [37], also reported in Table 2, for all detected metals. Therefore, they cannot be considered
as pollutants, and thus do not compromise the welfare of the environment. For this reason,
they do not constitute a risk to human health.

3.2. Estimation of the Level of Potentially Toxic Elements Pollution
3.2.1. EF

Table 3 reports the calculated EF values.

Table 3. Calculated values of the Enrichment Factor (EF), Geo-accumulation Index (Igeo), Contami-
nation Factor (CF) and Pollution Load Index (PLI) for all the investigated sites.

Site
ID

Metal
Index of contamination Site

ID
Metal

Index of contamination Site
ID

Metal
Index of contamination

EF Igeo CF PLI EF Igeo CF PLI EF Igeo CF PLI

1

As 0.14 −3.49 0.13

0.21 2

As 0.15 −3.49 0.13

0.22 3

As 0.15 −3.50 0.13

0.20

Cd 0.34 −2.19 0.33 Cd 0.54 −1.58 0.50 Cd 0.37 −2.17 0.33
Cu 1.80 0.19 1.71 Cu 1.85 0.19 1.71 Cu 1.89 0.17 1.69
Hg 0.07 −4.48 0.07 Hg 0.07 −4.48 0.07 Hg 0.08 −4.48 0.07
Ni 0.26 −2.62 0.24 Ni 0.24 −2.78 0.22 Ni 0.24 −2.83 0.21
Pb 0.26 −2.61 0.25 Pb 0.27 −2.58 0.25 Pb 0.26 −2.68 0.23
Sb 0.06 −4.79 0.05 Sb 0.06 −4.81 0.05 Sb 0.06 −4.81 0.05
Tl 0.08 −4.25 0.08 Tl 0.07 −4.54 0.06 Tl 0.06 −4.71 0.06
Zn 0.69 −1.20 0.65 Zn 0.67 −1.29 0.61 Zn 0.67 −1.33 0.59

Site
ID

Metal
Index of contamination Site

ID
Metal

Index of contamination Site
ID

Metal
Index of contamination

EF Igeo CF PLI EF Igeo CF PLI EF Igeo CF PLI

4

As 0.19 −3.22 0.16

0.22 5

As 0.15 −3.40 0.14

0.21 6

As 0.16 −3.21 0.16

0.24

Cd 0.42 −2.03 0.37 Cd 0.36 −2.17 0.33 Cd 0.43 −1.79 0.43
Cu 1.89 0.13 1.64 Cu 1.97 0.29 1.84 Cu 1.90 0.37 1.94
Hg 0.08 −4.48 0.07 Hg 0.07 −4.48 0.07 Hg 0.07 −4.48 0.07
Ni 0.25 −2.77 0.22 Ni 0.25 −2.68 0.23 Ni 0.25 −2.55 0.26
Pb 0.30 −2.54 0.26 Pb 0.28 −2.53 0.26 Pb 0.27 −2.43 0.28
Sb 0.12 −3.91 0.10 Sb 0.06 −4.64 0.06 Sb 0.08 −4.23 0.08
Tl 0.06 −4.91 0.05 Tl 0.06 −4.71 0.06 Tl 0.06 −4.54 0.06
Zn 0.71 −1.29 0.61 Zn 0.70 −1.19 0.66 Zn 0.72 −1.04 0.73

Site
ID

Metal
Index of contamination Site

ID
Metal

Index of contamination Site
ID

Metal
Index of contamination

EF Igeo CF PLI EF Igeo CF PLI EF Igeo CF PLI

7

As 0.16 −3.30 0.15

0.22 8

As 0.18 −3.07 0.18

0.24 9

As 0.16 −3.31 0.15

0.28

Cd 0.35 −2.17 0.33 Cd 0.36 −2.03 0.37 Cd 0.42 −1.91 0.40
Cu 1.94 0.29 1.83 Cu 1.86 0.34 1.89 Cu 1.98 0.33 1.89
Hg 0.07 −4.48 0.07 Hg 0.07 −4.48 0.07 Hg 0.11 −3.91 0.10
Ni 0.28 −2.52 0.26 Ni 0.32 −2.22 0.32 Ni 0.29 −2.44 0.28
Pb 0.28 −2.52 0.26 Pb 0.25 −2.54 0.26 Pb 0.27 −2.58 0.25
Sb 0.06 −4.64 0.06 Sb 0.07 −4.35 0.07 Sb 0.25 −2.68 0.23
Tl 0.07 −4.54 0.06 Tl 0.06 −4.71 0.06 Tl 0.07 −4.54 0.06
Zn 0.71 −1.17 0.67 Zn 0.83 −0.83 0.84 Zn 0.76 −1.05 0.72

Site
ID

Metal
Index of contamination

EF Igeo CF PLI

10

As 0.17 −3.19 0.16

0.25

Cd 0.40 −1.91 0.40
Cu 2.00 0.46 2.06
Hg 0.10 −3.91 0.10
Ni 0.27 −2.48 0.27
Pb 0.27 −2.46 0.27
Sb 0.07 −4.49 0.07
Tl 0.06 −4.54 0.06
Zn 0.73 −1.05 0.73

According to the literature [38], EF values < 2 indicate deficient to minimal enrichment.
In particular, values between 0.5 and 1.5 indicate an entirely crustal material/natural origin
metal, while EF > 1.5 suggests a more likely anthropogenic one [39]. Moreover, 2 ≤ EF < 5
means moderate enrichment; 5 ≤ EF < 20 significant enrichment; 20 ≤ EF ≤ 40 high
enrichment and EF > 40 extremely high enrichment.
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In our case, the obtained EF values are lower than 2 for all investigated sites, indicating
no or minimal enrichment.

3.2.2. Igeo

Obtained Igeo values are presented in Table 3.
According to previous literature [40], the Igeo values were interpreted as follows:
Igeo ≤ 0 indicates no contamination; 0 < Igeo ≤ 1 no/moderate contamination;

1 < Igeo ≤ 2 moderate contamination; 2 < Igeo ≤ 3 moderate/strong contamination;
3 < Igeo ≤ 4 strong contamination; 4 < Igeo ≤ 5 strong/extreme contamination; and Igeo > 5
extreme contamination.

In our case, all values were found to be lower than 0, with the only exception of copper
(Cu), indicating a very moderate contamination by Cu for all the investigated samples in
all sampling sites. This occurrence can be justified, in agreement with [41,42], considering
that this metal is typically employed as a soil defense product, the soil texture and high
pH—all factors that can contribute to Cu accumulation.

3.2.3. CF

Table 3 reports the assessed CF values.
According to [43], CF ≤ 1 implies no contamination, 1 < CF ≤ 3 low or moderate

contamination, 3 < CF ≤ 6 high contamination and CF > 6 very high contamination.
In our case, all values are <1 in all cases except of Cu, once again indicating a moderate

contamination in all the sampling sites.

3.2.4. PLI

PLI values are presented in Table 3.
According to [44], the PLI value > 1 indicates the presence of pollution, whereas

PLI value < 1 indicates no pollution. PLI turned out to be lower than 1 in all cases, thus
revealing no pollution by the assessed potentially risky elements.

3.3. Statistical Features

The sphericity (or Bartlett) test was preliminarily conducted with the aim of making
multivariate treatments more reliable and statistically significant, furnishing a p-value
equal to 0.04. Thus, considering that a high statistical significance of the data is ensured
for p-values < 0.05, it follows that starting from reliable data, the results of the calculation
algorithms will also be trustworthy [45]. Furthermore, in order to understand any possible
relationship between the different variables, expressed as concentrations of the detected
potentially toxic elements, the Pearson correlation matrix was calculated.

The results of the Pearson’s correlation coefficients are presented in Table 4.

Table 4. Pearson correlation matrix among the considered variables. Values in bold are different from
0 at the significance level α = 0.05.

Variables CAs CCd CCu CHg CNi CPb CSb CTl CZn

CAs 1.00 0.03 0.61 0.43 0.76 0.67 0.19 −0.15 0.80
CCd 0.03 1.00 0.15 0.13 −0.05 0.24 0.16 −0.04 0.04
CCu 0.61 0.15 1.00 0.68 0.68 0.71 0.18 0.27 0.72
CHg 0.43 0.13 0.68 1.00 0.44 0.30 0.55 0.01 0.45
CNi 0.76 −0.05 0.68 0.44 1.00 0.39 0.28 0.23 0.97
CPb 0.67 0.24 0.71 0.30 0.39 1.00 −0.03 0.16 0.48
CSb 0.19 0.16 0.18 0.55 0.28 −0.03 1.00 −0.08 0.22
CTl −0.15 −0.04 0.27 0.01 0.23 0.16 −0.08 1.00 0.18
CZn 0.80 0.04 0.72 0.45 0.97 0.48 0.22 0.18 1.00

All positive correlations were detected, with the exception of CSb-CTl (−0.08), CCd-CNi
(−0.05), CCd-CTl (−0.04), CPb-CSb (−0.03).
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As far as the PCA algorithm is concerned, ten variables (Site IDs, CAs, Ccd, CCu, CHg,
CNi, CPb, CSb, CTl and CZn) were processed, also performing the Varimax rotation [46]. The
obtained results are reported in Figure 2.

Figure 2. 2D plots of the first two PCs obtained through PCA elaboration after the Varimax rotation.

As can be seen from a first inspection of the figure, the PCA and Pearson matrix results
appear to be coherent with each other. In particular, PCA elaboration allowed us to clearly
discriminate three groups of samples. The first is formed by pyroclastic products from ID 6,
8 and 10 sites (yellow area in Figure 2), and it is clearly separated from the others on the
first main component (PC1). The second group contains pyroclastic products from ID 1, 4,
5, 7 and 9 sites (salmon area in Figure 2) whose variance is more justified by the PC2. The
last ideal group seems to be formed by pyroclastic wastes from ID 2 and 3 sites (light-blue
area in Figure 2).

It is worth noting that the difference in the behavior of samples of the same type, i.e.,
pyroclastic wastes from previous volcanic activities, may depend on the different residence
time of the pyroclastic products in the soil, and on the possible differential pollution that
the pyroclastic waste samples have undergone [47].

Figure 3 shows the outcome dendrogram of the HCA. The dotted line represents
the cut automatically made by the calculation algorithm, which allows us to identify the
formation of three clusters (C1, C2 and C3).
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Figure 3. Results, before (a) and after (b) the automatic cut.

The C1 cluster (green color in Figure 3) is made up of 60% of the samples (ID 1, 2, 3, 4,
5 and 7 sites), while 30% of the pyroclastic products fall within the C2 cluster (blue color in
Figure 3) and come from the ID 6, 9 and 10 sites. The last cluster (C3) is instead formed by
samples from the ID 8 site.

Noteworthy, the similar behavior of samples collected as “fresh eruption” and “pyro-
clastic wastes” could be probably due to the fact that pyroclastic wastes have not—or have
negligibly—undergone contamination processes.

With reference to the MDA, the outcome graph is shown in Figure 4. The graphical
interface consists of the results previously obtained from the PCA, with the superimposition
of a contour map comprising different colors in relation to the degree of similarity that the
analyzed samples highlight. The interpretation of the results is made clearer by the presence
of circular, elliptical or square vectors capable of explaining the differences observed in
multidimensional space. Obviously, a greater degree of difference observed between the
considered samples will correspond to a lower degree of similarity [48].

Figure 4. MDA contour plot as obtained by combining PCA and HCA results. Different colors
account for the degree of similarity between the analyzed samples.
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The results of the MDA approach confirm what was suggested by the previous analyses
(PCA and HCA). In fact, it is possible to identify three groups, which respectively include:

1. Samples from the ID 8 and 10 sites, with a degree of similarity equal to 100%, and
samples from the ID 6 and 9 sites, with a degree of similarity equal to 78%. These
pyroclastic products can be ideally grouped within the same cluster. However, while
samples from the ID 6, 8 and 10 sites are pyroclastic wastes, those from the ID 9 site
were collected as a fresh eruption sample;

2. All other samples are placed in the quadrants on the left side of the MDA graph. In
particular, samples from ID 7 site have a degree of similarity of 56% (green color), and
belong to the category of freshly erupted air-fall pyroclastic products;

3. The remaining samples show heterogeneous degrees of similarity, but commonly
less than 40% for all of them. This last hypothetical cluster seems to consist of the
remaining fresh eruption samples (ID 1, 4 and 5 sites) and the pyroclastic waste
samples (ID 2 and 3 sites), which probably have undergone pollution phenomena
capable of determining potentially toxic elements concentrations similar to those
shown by the fresh eruption pyroclastic samples.

4. Conclusions

The concentration levels of potentially toxic elements in pyroclastic products from Mt.
Etna, Sicily, Southern Italy, were investigated through ICP-MS. The obtained values were
found to be lower than the threshold limits set by the Italian legislation, and for this reason
they do not constitute a risk to human health.

Moreover, the calculation of different pollution indices was performed to evaluate
the ecological risk imposed on the ecosystem by potentially risky elements. In particular,
EF values indicate no or minimal enrichment in all cases, suggesting an anthropogenic
origin for Cu only. Furthermore, the obtained Igeo and CF data indicate a moderate Cu
contamination for all the investigated samples, probably due to the use of this metal as a
soil defense product, to the soil texture and high pH. Finally, the PLI values indicated no
pollution by the assessed potentially risky elements.

Statistical analyses, i.e., Pearson correlation, PCA, HCA and MDA, were also per-
formed by processing measured potentially toxic elements contents with the aim to deter-
mine their correlation with the sampling locations. In detail, the calculated PCA biplot
identifies three different clusters, into which the analyzed pyroclastic products can be
grouped. Furthermore, results of HCA and MDA turned out to be in good agreement with
those produced by the PCA with a high degree of accuracy, validating the use of such
statical approaches for the analysis of the relationship between chemical contaminants and
sampling sites.

Finally, the approach reported in this paper could be applied, in principle, for the
evaluation of the chemical risk due to the presence of potentially toxic elements in a large
variety of environmental samples, by constituting a guideline for investigations focused on
the monitoring of the environmental quality.
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Abstract: The main source of the ionization of the Earth’s atmosphere is the cosmic radiation that
depends on solar activity as well as geomagnetic activity. Galactic cosmic rays constitute a permanent
radiation background and contribute significantly to the radiation exposure inside the atmosphere.
In this work, the cosmic-ray-induced ionization of the Earth’s atmosphere, due to both solar and
galactic cosmic radiation during the recent solar cycles 23 (1996–2008) and 24 (2008–2019), was studied
globally. Estimations of the ionization were based on the CRAC:CRII model by the University of
Oulu. The use of this model allowed for extensive calculations from the Earth’s surface (atmospheric
depth 1033 g/cm2) to the upper limit of the atmosphere (atmospheric depth 0 g/cm2). Monte Carlo
simulations were performed for the estimation quantities of radiobiological interest with the validated
software DYASTIMA/DYASTIMA-R. This study was focused on specific altitudes of interest, such as
the common flight levels used by commercial aviation.

Keywords: cosmic rays; ionization; radiation; atmosphere; solar cycle; flight level; aviation

1. Introduction

Cosmic rays are highly energetic particles of extraterrestrial origin. There are two main
components of cosmic rays: galactic cosmic rays (GCRs), which originate from outside of
our Solar System and Solar Energetic Particles (SEPs), which are accelerated during eruptive
processes on the Sun [1]. As cosmic rays travel through the interplanetary space and reach
the terrestrial atmosphere, (these rays are named primary cosmic rays), they penetrate by
colliding with nuclei of atoms and ions of the atmosphere, thus creating nucleonic, muonic
and electromagnetic cascades named secondary cosmic rays, as the primary particles are
absorbed inside the atmosphere due to ionization losses. In this way, cosmic rays affect
the physical–chemical properties of the atmosphere, i.e., its ion balance, [2,3] and may
even affect the regional climate’s variability [4]. The Earth’s magnetic field acts as a charge
discriminator and modulates the cosmic ray flux that reaches each location on the Earth.

Since cosmic rays are always present as a natural radiation background, they constitute
a major factor in the ionization of the atmosphere. This process is called cosmic-ray-induced
ionization (CRII). The GCRs affect the CRII by following an 11-year modulation oppositely
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correlated to the solar activity, i.e., the greater the solar activity, the lower the intensity of
the CRII is. On the other hand, strong fluxes of the unpredictable SEPs produced in solar
flares or coronal mass ejections (CMEs) most likely occur during periods of intense solar
activity and mostly affect the polar regions and high altitudes, where the magnetic field
lines are open and the energetic particles may deposit their energy, even at 20 km a.s.l. It is
noteworthy that GCRs are referred to as the continuous flux of the charged particles which
originate from different sources within the intergalactic space, while SEPs make up the
solar component of cosmic rays, associated with an increase in particle fluxes released in
the interplanetary space after great solar activity. SEPs also create hazards for satellites,
spacecraft, high-altitude aircraft, as well as for the health of air crews and space crews, due
to the enhanced radiation environment SEPs create [5,6].

As cosmic rays contribute to the production of ion pairs, which are involved in several
atmospheric processes, numerous studies indicate that ionization induced by CRs may
affect different climate parameters [7,8] and so the computation of CRII is considered
necessary. Specifically, the atmospheric ionization may alter the physical and chemical
properties of the atmosphere and affect several processes, such as aerosol and cloud
formation, atmospheric transparency, cloud cover, cyclogenesis and precipitation, especially
in regions of middle and high geographic latitudes. Therefore, several numerical models
were created and validated via comparison with direct observations and measurements of
the CRII, e.g., the Sofia model [8,9], the Bern model, also called ATMOCOSMIC [10,11] and
the Oulu model, also called CRAC:CRII [12,13]. Results from the latter model [14] are used
in this work.

Aside from cosmic rays affecting the composition of the atmosphere and contributing
to climate configuration, they may also affect human health [15,16]. The way that CRII is
modulated and distributed inside the atmosphere affects human exposure to radiation, sug-
gesting that air crew members and frequent flyers of commercial flights should be treated
in a specific way and extra safety measures and necessary regulations should be applied
during their flights. Other than ones referring to the general public, specific regulations and
safety measures do not yet exist for frequent flyers. However, the European Commission,
as well as other entities such as the International Commission on Radiation Units and
Measurements (ICRU) and the International Committee on Radiological Protection (ICRP),
have adopted a series of recommendations and frameworks regarding the determination
of the occupational exposure of aviation crews to cosmic radiation, as well as the most
efficient measures and counteractions to ensure radiation protection [17–19]. For this rea-
son, several studies on the problem have been performed [20–27], while various models
and tools have also been developed by the scientific community in cooperation with the
aviation industry. Some of these well-known models are the following: SIEVERT [28],
AVIDOS [29], NAIRAS [30], CARI [31], CALVADOS [32] SPENVIS [33], CRAC:DOSE [23]
and PLANETOCOSMICS [10].

Furthermore, ionization also affects the avionic electronic systems during a flight, with
single event effects (SEEs) being a main factor in this [34,35]. To expand, a single secondary
high-energy atmospheric neutron can collide with a nucleus of the semiconductor, causing
an ionization charge that can affect a semiconductor device. The most common effects of
SEEs are soft errors, firm errors and hard errors that decrease the performance and the
availability of electronic systems. Furthermore, radiation can also affect optical components
(i.e., LEDs, lasers and optical fibers), by changing their optical properties and causing
displacement damage. Usually, the electronic and optoelectronic devices anneal after the
irradiation has stopped but, in some cases, radiation can cause permanent damage [36–38].
Therefore, it is crucial to estimate the ionization and radiation levels during a flight in order
to be able to maintain reliability standards.

In this work, the CRII was calculated for three different flight levels (FLs): FL310
(9.45 km a.s.l. or 31,000 ft), FL350 (10.67 km a.s.l. or 35,000 ft) and FL390 (11.89 km a.s.l. or
39,000 ft). The model used for the aforementioned calculations was the CRAC:CRII model
in its extended version [12,13]. The CRII for these typical FLs is depicted in ionization
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maps (Figure 1), showing the distribution of CRII globally for specific phases of solar cycles
23 and 24 (i.e., solar maxima and minima). More to that, time profiles of the monthly
distribution of CRII for selected magnetic cut-off rigidities for the same FLs during solar
cycles 23 and 24 will be presented.

In addition, a similar study concerning the radiation assessment of occupational
exposure to cosmic rays, specifically the estimation of the ambient equivalent dose rate for
the typical FLs, was performed. For these calculations, the software application Dynamic
Atmospheric Shower Tracking Interactive Model Application (DYASTIMA) [39,40] of the
Athens Cosmic Ray Group was used. Finally, regarding the investigation in this work, a
combined study was performed and a correlation between these two physical parameters
is shown.

2. Technical Analysis and Data Selection

For the ionization induced by cosmic rays, the CRAC:CRII model of the Oulu Uni-
versity was used—a numerical model that computes the CRII from the sea level to up to
40 km in the atmosphere, for every location on Earth. This model uses the Monte Carlo
CORSIKA tool (v.6.617 August 2007) [41], which provides a full development simulation
of an electromagnetic–muon–nucleonic cascade in the atmosphere, as well as the FLUKA
package for the low-energy interactions (v.2006.3b March 2007) [42] and is fully described
in [12,13].

Moreover, concerning calculations of the CRII for specific latitudes, altitudes and
time periods, considering both solar and galactic cosmic rays, the “Cosmic Ray Induced
Ionization: Do-it-yourself kit” (http://cosmicrays.oulu.fi/CRII/CRII.html) (accessed on
5 May 2022) of the Oulu Cosmic Ray Station was used, and the monthly and annual values
of the modulation parameter Phi (in MV), reconstructed from the ground-based cosmic ray
data, are provided [43,44]. The modulation parameter corresponds to the local interstellar
spectrum (LIS) of cosmic rays, as provided by [45].

In order to calculate the ambient dose equivalent rate dH*(10)/dt, DYASTIMA was
used [39]. Monte Carlo simulations of the secondary cascades taking place in the different
atmospheric layers were performed with this independent GEANT4 software tool [46–48],
which allowed for the determination of several characteristics of the cascade, such as
the energy of the particles and the energy deposits at the different atmospheric layers.
The FTFP_BERT_HP GEANT4 physics list was used, as it adequately describes all pro-
cesses taking place due to secondary cascades. Then, several radiobiological quantities
were calculated with the DYASTIMA-R extension. Specifically, the operational quantity
dH*(10)/dt was estimated by taking into consideration the different radiation weight-
ing factors that corresponded to the different types of secondary cosmic ray particles [9].
DYASTIMA/DYASTIMA-R is a validated tool [40,49,50], as it meets the criteria provided
by the ICRU and ICRP documents [18,19] regarding radiation protection in the aviation
sector. DYASTIMA software was provided through the portal of the Athens Neutron
Monitor Station (A.Ne.Mo.S.) (http://cosray.phys.uoa.gr/index.php/dyastima) (accessed
on 6 April 2022), while a database of selected simulated scenarios is available as a federated
product on the ESA SWE Portal (https://swe.ssa.esa.int/dyastima-federated) (accessed on
6 April 2022).

The required input parameters for performing a simulation with DYASTIMA concern
the characteristics of the planet and its atmosphere, as well as the differential spectrum
of the incoming primary cosmic ray particles at the top of the atmosphere. As far as the
simulations presented in this work are concerned, the atmospheric profile was based on the
International Standard Atmosphere (ISA) model [51], while the ISO15390 model was used
for the determination of the primary cosmic ray spectra [52]. To take into account the effect
of the geomagnetic field, maps of the cut-off rigidity threshold values as a function of the
geographic coordinates were used, based on the International Geomagnetic Reference Field
(IGRF) [53–56]. The magnetic field components were obtained via the National Oceanic and
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Atmospheric Administration portal (https://www.ngdc.noaa.gov/geomag/) (accessed on
24 March 2022).

3. Results

In this work, a study of cosmic-ray-induced ionization, computed via the CRAC:CRII
model [12,13], along with the estimated ambient dose equivalent rate computed via the
validated software DYASTIMA/DYASTIMA-R [39,40], was performed globally during the
last two solar cycles (23 and 24) and focused on specific altitudes that corresponded to the
most common commercial flight levels: FL310 (9.45 km a.s.l.), FL350 (10.67 km a.s.l.) and
FL390 (11.89 km a.s.l.).

More specifically, the CRII at FL390 during the solar minima and solar maxima of solar
cycles 23 and 24 is presented in Figure 1, globally, via ionization maps. Figure 1a depicts the
CRII map that corresponds to the minimum of solar cycle 23 (in the year 1996), Figure 1b
depicts the CRII map that corresponds to the maximum of solar cycle 23 (in the year 2001),
Figure 1c depicts the CRII map that corresponds to the minimum of solar cycle 24 (in the
year 2009) and Figure 1d depicts the CRII map that corresponds to the maximum of solar
cycle 24 (in the year 2014). Comparing these four maps, it is clear that the ionization rate
during the solar minima was greater than the ionization rate during the solar maxima of
both cycles. This is due to the fact that the CRII followed the behavior of the cosmic ray
intensity and was positively correlated with them, while it negatively correlated with the
solar activity. In other words, the greater the solar activity, the lower the intensity of the
CRII is [57–59].

Moreover, when comparing the solar minima and maxima of solar cycles 23 and 24, it
is obvious that the CRII had greater values during solar cycle 24 than that of solar cycle 23,
which was well expected, since solar cycle 24 is characterized as a relatively quiet solar cycle,
unlike solar cycle 23, where the solar activity was greater. The minimum and maximum
values for CRII and dH*(10)/dt obtained during this work for these specific time periods
are presented in Table 1. Regarding the geographic coordinates, it was observed that,
globally, the maximum ionization rate was found in polar regions while, at lower latitudes,
the ionization rate reached minimum. This was due to the magnetic field of the Earth and
the geomagnetic cut-off rigidity (Rc) that corresponded to each location, from 0 GV in polar
regions to up to 17 GV in equatorial regions. The lower the geomagnetic cut-off rigidity
(Rc), the more cosmic rays penetrated the magnetosphere and the atmosphere of the Earth;
the CRs then ionized the atmosphere and created various effects [51]. Both the CRII and
estimated ambient dose equivalent rate maps were generated based on the rigidity map
of [53–56].

Figure 1. Cont.
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Figure 1. Maps of the CRII rate (ion pairs/(g*s)) at FL390: (a) during the minimum of solar cycle 23;
(b) during the maximum of solar cycle 23; (c) during the minimum of solar cycle 24; (d) during the
maximum of solar cycle 24.
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Table 1. Minimum and maximum values of CRII and the estimated ambient dose equivalent rate
during the minimum and maximum of solar cycles 23 and 24 at FL390.

YEARS

CRII (Ion Pairs/(g*s)) dH*(10)/dt (μSv/h)

Minimum
Values
×104

Maximum
Values
×104

Minimum
Values

Maximum
Values

1996 (SC23 min) 3.6 12.0 1.22 6.83
2009 (SC24 min) 3.7 13.6 1.24 7.05
2001 (SC23 max) 3.4 9.1 1.18 5.49
2014 (SC24 max) 3.5 11.0 1.19 5.50

With regard to the radiation exposure, the ambient dose equivalent rate at FL390
during the solar minima and solar maxima of solar cycles 23 and 24 is presented in
Figure 2. A behavior similar to that of CRII was noticed. Greater values of the dH*(10)/dt
were observed in the polar regions (Rc = 0–2 GV) and lower values near the equator
(Rc = 15–17 GV), for both solar minima and maxima conditions. This was due to the depen-
dence of the radiation levels at the atmospheric layers on the cosmic ray intensity [40,60].
As expected, the radiation exposure was greater during the solar minima compared to the
solar maxima, due to the negative correlation between the solar activity and the intensity of
the incoming cosmic ray particles. Greater values of dH*(10)/dt were also observed during
the extended solar minimum in 2009 for both polar and equatorial regions, as compared to
those observed during 1996. The observed differences can be characterized as relatively
small, since the primary spectrum model used as input for the respective computations
provided the estimation of the galactic component and did not take into account any SEPs
which took place during this time period.

Figure 2. Cont.
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Figure 2. Maps of the estimated ambient dose equivalent rate (μSv/h) at FL390: (a) during the
minimum of solar cycle 23; (b) during the maximum of solar cycle 23; (c) during the minimum of
solar cycle 24; (d) during the maximum of solar cycle 24.

Time profiles of the yearly values of the CRII and the ambient dose equivalent rate
from the year 1996 to the year 2019 (covering the last two solar cycles) are presented in
Figures 3 and 4. Four different geomagnetic cut-off rigidity values were selected: 0.1 GV
for the polar region (Figure 3a), 3.1 GV (Figure 3b), 8.5 GV, which corresponded to the
middle geographic latitudes and specifically Athens, Greece (Figure 4a) and 14.9 GV for the
equatorial region (Figure 4b). The results are provided for the three different atmospheric
altitudes which corresponded to the usual flight levels of the commercial aircraft: FL310
(9.45 km a.s.l.), FL350 (10.67 km a.s.l.) and FL390 (11.89 km a.s.l.).

The CRII and dH*(10)/dt values for this time period and for all flight levels can be
found in the Supplementary Material. It is interesting that both the CRII (left axis, blue lines)
and ambient dose equivalent rate (right axis, red lines) followed a long-term modulation,
specifically an 11-year one, at all the aforementioned locations, the same way the GCR
intensity did [59–61], since the radiation exposure of aircraft crews was directly linked to
the intensity of the cosmic radiation. Furthermore, comparing the time profiles of the three
different FLs, it is obvious that the higher the aircraft flew, the higher the CRII and the
estimated ambient dose equivalent rates were, since the shielding effect of the atmosphere
was reduced and thus the radiation exposure of the aircrew and frequent flyers was higher.
It was also observed that the difference among the values at the three FLs was greater as
one reached lower rigidities, e.g., polar regions, and became smaller as one reached higher
rigidities, e.g., equatorial regions. Since the magnetic field was weaker and more permeable
in the polar regions, it allowed even primary cosmic ray particles of lower energies to reach
the surface of the Earth, resulting in higher levels of cosmic radiation, unlike in the lower
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geographic latitudes where the magnetic lines were almost parallel to the Earth’s surface,
and therefore provided effective shielding.

Figure 3. Yearly distribution of CRII rate (left axis, blue lines) and ambient dose equivalent rate (right
axis, red lines) at three different flight levels (FL310, FL350, FL390), for the time period 1996–2019:
(a) at a polar region with cut-off rigidity 0.1 GV; (b) a region with cut-off rigidity 3.1 GV.

Concerning the CRII, once again, it is noted that during all phases of solar cycle 24,
which was a less active solar cycle, the values were greater than those of the respective
phases of solar cycle 23, when the solar activity was intense. However, this difference
became very small as we moved towards the equatorial regions, which showed that the
solar activity mostly affected low-rigidity regions.

More precisely, the CRII decreased by 5.6% near the poles and 24.2% near the equator
during SC23 and by 5.4% and 19.1% during SC24, respectively. Similarly, the dependence
of the dH*(10)/dt on the solar cycle was most evident near the poles (Rc = 0.1 GV) and,
to a lesser extent, near the equator (Rc = 14.9 GV), due to the geomagnetic field shielding,
which reflected particles of lower energies. In addition, the dH*(10)/dt decreased by 3.3%
near the poles and 19.6% near the equator during SC23 and by 4.1% and 22% during
SC24, respectively.

Finally, the correlation between the yearly distribution of the CRII and the estimated
ambient dose equivalent rate for all four rigidities mentioned above (0.1 GV, 3.1 GV, 8.5 GV
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and 14.9 GV), for all three FLs (FL310, FL350 and FL390), from 1996 to 2019, is illustrated
in Figure 5. It is of great importance that a positive correlation between the two physical
quantities was observed, with the correlation coefficient being R2 = 0.97. This confirms
that the cosmic-ray-induced ionization of the Earth’s magnetosphere contributed to the
radiation deposited at different locations and altitudes. The data of Figures 3 and 4 are
given as Supplementary Material.

Figure 4. Yearly distribution of CRII rate (left axis, blue lines) and ambient dose equivalent rate (right
axis, red lines) at three different flight levels (FL310, FL350, FL390), for the time period 1996–2019:
(a) at a region with cut-off rigidity 8.5 GV; (b) an equatorial region with cut-off rigidity 14.9 GV.
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Figure 5. Scatter plot of the yearly distribution of the CRII and the ambient dose equivalent rate for
the time period 1996–2019 for FL310, FL350, FL390.

4. Discussion and Conclusions

In this study, the estimated CRII rate and ambient dose equivalent rate distribu-
tions all over the globe were presented for the most common commercial flight levels
(FL310, FL350 and FL390) during the recent two solar cycles 23 and 24 (1996–2019). For
the calculation of the CRII and the dH*(10)/dt, the CRAC:CRII model of Oulu Univer-
sity [12,13] and the DYASTIMA/DYASTIMA-R software [39,40] were used, respectively.
The distribution of both physical quantities was initially depicted in the maps, where the
values during the minima and maxima of solar cycles 23 and 24 (for FL390) were illus-
trated for the entire Earth and all the cut-off rigidities (0–17 GV). The maximum values
were observed during the solar minima and at polar regions (approximately 7 μSv/h
at FL390), while the minimum values during the solar maxima and at the equatorial re-
gions were approximately 1.2 μSv/h at FL390, due to the anticipated anticorrelation of
the cosmic ray intensity with the solar activity, as well as due to the shielding of the ge-
omagnetic field. Furthermore, a comparison between solar activity and ionization can
be presented. Using the average sunspot number (ASN) as a measure of solar activity
(8 for 1996, 180.3 for 2001, 8.4 for 2009 and 114 for 2014), we can get the following ratios:
ASN2001/ASN2014 = 1.58 and ASN1996/ASN2009 = 0.95. By calculating the corresponding
rations for the maximum values of CRII at FL390 for the same timestamps, we get the fol-
lowing results: CRII2001/CRII2014 = 0.83 and CRII1996/CRII2009 = 0.88. According to these
results, it is clear that as the solar activity increased, the ionization decreased as expected.

Additionally, different dynamics were observed between solar cycles 23 and 24, due
to the difference in solar activity during these two solar cycles which is indicated in Table 1.
Concerning the different FLs, it can be concluded that the higher the FL, the higher the CRII
and the radiation exposure of aircrews and frequent flyers, since the provided shielding
of the atmosphere was reduced in higher atmospheric altitudes. Comparing the CRII and
dH*(10)/dt calculations for the four different rigidities/latitudes (0.1 GV, 3.1 GV, 8.5 GV
and 14.9 GV), for all three FLs during the entire period 1996–2019, it was noted that the
correlation was positive, with the correlation coefficient R2 = 0.97.

From the above analysis, we conclude that both tools gave significant results and can
be used in order to study the effect of the ionization and radiation induced by cosmic rays
on the environment, space weather, climate change [62,63] and human health [15,22].

Specifically, advances in technology during the last few decades have made air travel-
ing more accessible to everyone. This has led to an increase in the number of flights as well
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as an increase in flight altitude, since commercial aircraft are obliged to travel at higher
altitudes due to elevated air traffic. The tools mentioned above are of great importance
for the assessment of the health effects of the occupational exposure of aviation crews to
radiation due to the permanent galactic radiation background. They are also useful for
assessing the health effects of potential additional exposure due to sporadic events which
cause elevated radiation (such as SEPs and GLEs) [24,64] and radiation clouds (which are
regional radiation enhancements possibly due to photons, GCR and outer-belt relativistic
electrons), where the ambient dose equivalent rates are significantly increased [65].

Furthermore, all the extracted results have a great impact on ensuring properly
shielded avionic electronic systems, which depends on the levels of ionization and ra-
diation. High ionization levels may cause severe malfunctions in semiconductor parts,
decreasing the performance and the reliability of the electronic systems. An accurate
estimation of such levels would help prevent hardware failures and software errors.

A detailed study of extreme events may contribute to the updating of safety measures
and regulations, as well as to the updating of air traffic flow and capacity management, by
taking into consideration the respective occupational exposure conditions. An extension
of this work is planned in order to include more scenarios, i.e., different input parameters
regarding the spectrum of incoming particles based on experimental data (such as the ones
provided in [5,6]), more FLs, actual flight plans and extreme events such as SEPs and GLEs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12115297/s1. Table S1. CRII and dH*(10)/dt values for
cut-off rigidities 0.1GV, 3.1GV, 8.5GV and 14.9GV over the years 1996–2019.
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Abstract: The natural (40K) and anthropogenic (137Cs) radioactivity concentration in four different
typologies of early childhood (up to two years old) foods, i.e., homogenized fruit, homogenized meat,
childhood biscuits and baby pasta, produced in Italy and sold in Italian large retailers, was investigated
through High Purity Germanium (HPGe) gamma spectrometry. The present study is carried out
with the aim to: (i) evaluate the background levels of the investigated radionuclides in the analyzed
early childhood foods, (ii) identify whether the twenty analyzed samples were appropriate for infant
consumption and (iii) contribute to construct a database on the radioactivity of early childhood foods
sold in Italy.

Keywords: baby food; radioactivity; gamma spectrometry; activity concentration; radiological hazard

1. Introduction

The main source of exposure to ionizing radiations for individuals of the population
is natural radioactivity [1–4]. In particular, with reference to internal exposure, it is worth
noting that radionuclides can enter the human body by the inhalation of gas in the air, by
feed ingestion or through the skin (transcutaneous absorption) [5,6]. As widely reported in
the literature, the major contribution to the average worldwide annual effective dose per
capita (2.4 mSv) [7] is from the ingestion of food and water [8–10].

In light of this, it can be easily understood that the consumption of food that con-
tains radionuclides can constitute a serious health threat for human beings [11,12] and,
in particular, for infants, since they are at a high risk for foodborne illness and related
health complications because they are under developing immune systems and cannot fight
off infections such as adults [13].

Thus, in order to fill the knowledge gap related to the radioactivity content of baby
food produced in Italy and sold in the Italian large retailers, four different typologies
of early childhood (up to two years old) foods, i.e., homogenized fruit, homogenized meat,
childhood biscuits and baby pasta, were analyzed in the present study in terms of natural
(40K) and anthropogenic (137Cs) radioactivity concentration. In particular, regarding the
first, we investigated only 40K since natural radioactivity in food mainly comes from this
radioisotope [14–17]. Potassium assumes a fundamental role in regulating many body
functions [18,19]. Natural potassium contains 0.012% by weight of 40K, and its content in
the body is therefore also constant. Typically, adults and children receive annual doses of
165 μSv and 185 μSv, respectively, from 40K naturally present in their bodies [1]. The higher
dose received by children is due to a higher potassium concentration in their diet in relation
to body mass [20].
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The assessment of the ingestion dose levels was also performed in order to identify
whether the twenty analyzed early childhood foods were appropriate for infant consump-
tion, by comparing them with the internationally recommended level [16].

2. Materials and Methods

2.1. Sample Description

The investigated samples, collected during the year 2020, were divided into four
groups (G#, # = 1, 2, 3, 4), according to what is reported in Table 1. The five samples in each
group belong to Italian brands and different batches.

Table 1. Group identification code (ID), typology and number of samples for each group.

Group ID Typology Number of Samples

G1 Homogenized fruit 5
G2 Homogenized meat 5
G3 Childhood biscuits 5
G4 Baby pasta 5

Homogenized fruit and meat are early childhood foods with a mixed consistency be-
tween solid and liquid, frequently used for infant weaning. They do not require chewing,
and therefore they are very useful in the case of an incomplete dental structure and rep-
resent transition foods between the liquid feeding of the infant and the solid one of the
weaned infant [21]. The nutritional composition of homogenized foods varies significantly
depending on their typology. In theory, they should be produced from raw materials and
water alone, without adding anything else; however, several simple sugars are added to
various fruit ones [22]. Those based on meat, on the other hand, are rich in proteins with a
high biological value.

As for the non-energetic nutrients, the homogenized foods fully satisfy the needs
of mineral salts and vitamins. In addition, they also show low levels of cholesterol and
saturated fat, and provide a few grams of dietary fiber [23].

Childhood biscuits, commonly used for weaning children under one year of life, are not
much different from a common dry biscuit in terms of nutritional composition, neither in
sugar content nor in saturated fat content. They are a source of complex carbohydrates,
which provide slow-release energy that can therefore be used over time, and of simple
carbohydrates, which immediately enter into the circulation and are burned [24]. They are
also enriched with protein, both of animal and vegetable origin, which are fundamental
elements for the growth of the cells and tissues of the child’s body [25]. Childhood biscuits
are also integrated with vitamins, i.e., those of group B, essential for calcium absorption and
cell renewal, and vitamin C, which stimulates the body’s natural defenses and promotes
iron absorption. In addition, they also contain minerals, such as calcium and phosphorus
(for the development of the skeletal system and teeth), copper (for the nervous system),
iron (for the formation of red blood cells) and zinc (to strengthen bones and muscles in
addition to the immune system) [26].

Baby pasta should be given to the children at the beginning of weaning, taking into
account that it has very specific characteristics [27]. First of all, it is gluten-free, so it can be
given even before six months of age. Then, it is prepared with soft wheat, more digestible
and easily chewable than that used for pasta commonly consumed by adults. Finally, it is
obtained with diastased flour, which is subjected to a specific procedure following which
the starch is broken down into simpler elements making it easier for the early children to
digest, while still maintaining the right nutritional values [28]. After one year of age, durum
wheat pasta in a larger format can be given to children, even combined with legumes in
order to constitute a complete meal from the point of view of protein [29].
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2.2. Radioactivity Measurements

For High Purity Germanium (HPGe) gamma spectrometry measurements, early child-
hood food samples were inserted in Marinelli containers of 1 L capacity and counted for
70,000 s [30]. The obtained spectra were then analyzed with the aim to assess the 137Cs and
40K specific activity [30].

A positive biased Ortec HPGe detector (GEM) was employed for the analysis [31].
In order to perform efficiency and energy calibrations, a Eckert and Ziegler Nuclitec GmbH
traceable multinuclide radioactive standard (AK-5901), energy range 59.54 keV–1836 keV,
reproducing the exact samples geometries in a water-equivalent epoxy resin matrix, was
employed [31].

The specific activity (Bq kg−1) of the investigated radionuclides was calculated as
follows, by using the Gamma Vision (Ortec) software [32,33]:

C =
NE

εEtγd M
(1)

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

The quality of the results was certified by the Italian Accreditation Body (ACCRE-
DIA) [34,35].

2.3. Evaluation of the Radiological Hazard

The radiological health risk was estimated as follows [36]:

Ding

(
Sv y−1

)
= hing,K−40 × Jing, K−40 (2)

where hing,K−40 accounts for the coefficient of effective dose for insertion unit for ingestion
of 40K (5.2 × 10−8 Sv Bq−1 and 4.2 × 10−8 Sv Bq−1 for the age categories of 0–1 and
1–2 years old, respectively), as reported in [1], while Jing,K−40 is the annual intake of 40K
(Bq year−1), calculated by multiplying the early childhood food consumption (kg) for the
specific activity of the investigated radionuclide (Bq kg−1).

3. Results and Discussion

3.1. Activity Concentration

Table 2 reports the massic activities of 40K and 137Cs for all the analyzed early child-
hood food samples. For each group, the mean value (±standard deviation) is also reported.

First of all, a good agreement between the results shown in Table 2 and those reported
in the food radioactivity database of the “Italian Institute for the Environmental Protection
and Research” (ISPRA) [37] was found.

In the case of the 137Cs specific activity, the obtained results revealed no residual
contamination from artificial radioactivity, with the radiocaesium activity concentration
being lower than the minimum detectable activity in all cases.

Finally, the activity concentration of 40K, measured for each sample, does not allow a
proper assessment of the radiological hazard for early children, and hence, to evaluate it,
additional factors have to be taken into account [38], as reported in the following section.
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Table 2. Massic activities (Bq kg−1) of 40K and 137Cs in the analyzed early childhood food samples.

Group ID

Specific Activity

40K
(Bq kg−1)

137Cs
(Bq kg−1)

G1

111 ± 13 <0.11
95 ± 11 <0.12
68 ± 9 <0.10

160 ± 19 <0.09
51 ± 6 <0.11

Mean value 97 ± 12 <0.11

G2

171 ± 19 <0.09
202 ± 23 <0.11
182 ± 19 <0.12
188 ± 20 <0.08
142 ±16 <0.13

Mean value 177 ± 19 <0.10

G3

120 ± 14 <0.11
72 ± 9 <0.12

130 ± 14 <0.10
75 ± 9 <0.13
55 ± 7 <0.09

Mean value 90 ± 11 <0.11

G4

106 ± 12 <0.19
83 ± 9 <0.18

96 ± 11 <0.13
79 ± 9 <0.14
78 ± 9 <0.17

Mean value 88 ± 7 <0.10

3.2. The Annual Effective Dose for Early Childhood Food Ingestion

The dose estimation due to the ingestion of radionuclides through food consumption
was performed for infants up to two years old. In order to evaluate the radiological
health risks for early children, we estimated the annual effective dose due to the ingestion,
Ding. Table 3 reports the obtained results, which take into account the annual average
consumption of homogenized fruit (three 80 g jars per day), homogenized meat (one 80 g jar
per day), childhood biscuits (four per day) and baby pasta (about 100 g per day), per infant in
Italy [39,40].

Table 3. The annual effective dose for early childhood food ingestion.

Effective Dose for Ingestion, Ding (mSv y−1)

Group ID 0–1 Year Old 1–2 Years Old

G1 0.23 0.19
G2 0.27 0.22
G3 0.02 0.01
G4 0.17 0.13

The ingestion dose for the selected age categories, due to the intake of 40K, thus ranges
from 0.02 mSv y−1 (for G3) to 0.27 mSv y−1 (for G2) for the age category of 0–1 year old,
and from 0.01 mSv y−1 (for G3) to 0.22 mSv y−1 (for G2) for the age category of 1–2 years
old, respectively. Noteworthily, the obtained values were found to be always lower than
the ICRP recommended limit of 1 mSv y−1 for all ages [16]. Moreover, such dose values
account for 0.8–11.2% (age category of 0–1 year old) and 0.4–9.1% (age category of 1–2 years
old) of the average annual effective dose to the world population (2.4 mSv y−1) [41].
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These results show the importance of determining the radioactivity level in early
childhood foods in order to ensure their safety and suitability, considering that they are
typically consumed during a vulnerable period of human life.

4. Conclusions

In this work, the activity concentration of natural and anthropogenic radionuclides (40K
and 137Cs, respectively) was evaluated for early childhood food samples of four different
typologies (homogenized fruit, homogenized meat, childhood biscuits and baby pasta), produced
in Italy and collected from Italian large retailers.

The HPGe gamma spectrometry results indicate that the 137Cs specific activity was
lower than the minimum detectable activity in all cases, thus excluding anthropogenic
radioactive contamination. Moreover, the 40K activity concentration was employed in order
to evaluate the radiological health risk for the selected age category, by assessing the effec-
tive dose for food ingestion. The calculated values turned out to be lower than the ICRP
recommended limit for all ages. They were also compared with the total natural radioactiv-
ity value for humans, resulting to be equal to the 0.8–11.2% (age category of 0–1 year old)
and 0.4–9.1% (age category of 1–2 years old) of the average annual effective dose.

Finally, the results reported in this article can be used to develop a database on the
radioactivity in early childhood foods sold in Italy.
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Abstract: The radiological quality of drinking water is directly associated with the health of the
population. Indeed, it is well known that the presence of radionuclides in drinking water constitutes
a health risk for humans because the consumption of such water increases the likelihood of incurring
cancer. For this reason, all the studies aimed at developing new methodologies for the qualitative and
quantitative analysis of the radioisotopic composition of drinking water are absolutely desired by the
international scientific community, as well as by the institutes that deal with the protection of public
health. In this paper, a new methodological approach was developed for the evaluation of the 238U
content in drinking water. A sample coming from Paola, Calabria region, southern Italy, was taken as
a case study. The assessment was performed by using High Purity Germanium (HPGe) gamma-ray
spectrometry, with the aim of quantifying the specific activity of the 234mPa radioisotope after a
preconcentration procedure, and thus to assess the activity concentration of 238U, in the hypothesis of
the secular radioactive equilibrium between it and its daughter. The obtained results were validated
through the comparison with the 238U (μg/L) concentration as measured with Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS).

Keywords: drinking water; radioactivity; uranium; High Purity Germanium (HPGe) gamma-ray
spectrometry; Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

1. Introduction

As is well known, the study of natural radioactivity, due to the presence of primordial
radionuclides in the Earth’s crust and to cosmogenics [1,2], provides information on the
radiological risk for the population and on the variations in background radiation due
to nuclear activities, industries, power plants, etc. [3,4]. In this context, environmental
monitoring of natural radionuclides and their progeny has received considerable attention
around the world [5,6]. Although the environmental aspects of natural radioactivity
have been discussed in numerous scientific publications [7–10], the presence of natural
radioisotopes in drinking water as a hazard factor for the public has not yet been addressed
in sufficient detail [11,12]. It is well known that water is very important for our life, since
it constitutes from 50% to 60% of the weight of our body, playing an active role in all
its vital processes [13]. For this reason, water must be free from pollutants that could
pose a risk to human health [14]. Water quality assurance is therefore one of the most
important issues in environmental programs to protect public health [15,16]. The Italian
Legislative Decree 28/2016 constitutes the current national legislative reference for the
quality of water intended for human consumption as regards radioactivity. It regulates the
modalities of control of radionuclides by means of indicator parameters [17]. Among the
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natural radioisotopes to be controlled, 238U is certainly one of the most significant, given the
predominant role assumed in the determination of the gross alpha activity concentration,
and therefore of the total Indicative Dose (ID) [18].

As a matter of fact, the concentration of uranium in water depends on many factors,
including the type of rock of the host aquifer, the presence of oxygen and complexing
agents, the chemicals present in the aquifer, the chemical reactions with the ions in solution
and the natural contact between uranium ores and water [19]. For example, if the bedrock
consists mainly of uranium-rich granitoids and granites and contains soft and slightly
alkaline bicarbonate waters, uranium is highly soluble under oxidizing conditions over a
wide pH range [20]. Generally, the uranium content of natural water can range from trace
levels to 600 μg/L or more [21].

This article reports a new methodological approach, developed in order to evaluate the
238U content in a drinking water sample from Paola, Calabria region, southern Italy, taken
as a case study. The evaluation was carried out through High Purity Germanium (HPGe)
gamma-ray spectrometry measurements, with the aim of quantifying the specific activity
of the natural radionuclide 234mPa after preconcentration and therefore of evaluating
the activity concentration of 238U, in secular radioactive equilibrium with its daughter.
Generally, such a condition occurs when the half-life of the child radionuclide is much
shorter than that of the parent radionuclide. In our case, as the half-life of 234mPa (child)
and 238U (parent) are equal to 69.5 s and 141 × 1015 s, respectively, their secular radioactive
equilibrium can be reasonably hypothesized [22,23]. Although the 238U is a pure alpha-
emitter radionuclide, the choice of using HPGe gamma spectrometry with respect to
other alpha-based techniques, i.e., alpha spectrometry or liquid scintillation, is due to a
more simplified overall analytical activity. The obtained results were then validated by
a comparison with the concentration of 238U (μg/L) determined by Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) analysis.

2. Materials and Methods

2.1. Geological Notes, Sampling and Treatment

A representative sample of drinking water was collected, in three different aliquots, in
a water tank at Paola, a selected location of the Calabria region, southern Italy. The GPS
coordinates of the sampling point, indicated in the map reported in Figure 1, are 39.351132
(latitude) and 16.038091 (longitude).

The geology of the area around Paola (Figure 2) is mainly composed of heterogeneous
crystalline–metamorphic rocks and their related weathering products [24]. Crystalline–
metamorphic rocks are indeed affected by weathering processes, which are responsible for
their chemical and mechanical transformation when interacting with the atmosphere, the
hydrosphere and the biosphere [25].

As reported in the published cartography [24] and several research studies [24,25],
marble, phyllarenites, muscovite-biotite gneiss, garnet and epidote micaschists, foliated
and laminated granites, conglomerates, arenites and alluvial sediments crop out in the area
surrounding the city of Paola. The high uranium concentration in the local drinking water
can be explained according to the mineralogical composition of the surrounding area. In
particular, with biotite having a relevant role in the sorption of radionuclides in granitic
rocks, the high content of biotite can cause uranium enrichment [26]. Moreover, epidote
minerals, with their structure composed of endless chains of edge-sharing octahedra that
are crosslinked by isolated SiO4 tetrahedra and Si2O7 groups, can incorporate significant
amounts of geochemically important trace elements such as uranium [27].

66



Appl. Sci. 2022, 12, 3380

 

Figure 1. The map of the Calabria region, southern Italy, with the sampling point indicated.

 

Figure 2. The geological map of the area around Paola, Calabria region, southern Italy.

Each aliquot of drinking water was collected into a 750 mL acidified polyethylene bin,
in order to avoid radionuclide precipitation and adsorption on the container walls, and
then stored in the laboratory for the sample preparation and analysis. Before use, each
beaker was first soaked with diluted nitric acid, then washed, rinsed with distilled water
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and finally left to dry in the oven to prevent contamination [28]. In the laboratory, the first
aliquot was taken as it was, while the other two were evaporated on a plate in order to
reach: (i) a final volume of 250 mL, i.e., factor of preconcentration equal to 3, for the second
aliquot and (ii) a final volume of 20 mL, i.e., factor of preconcentration equal to 37.5, for
the third aliquot. The volumes of 250 mL and 20 mL correspond to the two sample holder
geometries available for the gamma spectrometry analyses [29].

2.2. Diagnostics Techniques and Samples Measurements
2.2.1. High Purity Germanium (HPGe) Gamma-Ray Spectrometry

For the gamma spectrometry analysis, the first aliquot, as it was, and the second one,
preconcentrated, were inserted in a Marinelli container with a volume of 250 mL, while the
third one, preconcentrated, was stored in a 20 mL vial. After that, they were counted for
70,000 s and spectra were analyzed in order to obtain the activity concentration of 238U by
means of that of its daughter 234mPa, with which uranium is in secular equilibrium. The
1001.03 keV gamma-ray line was used to determine 234mPa specific activity.

The experimental set-up was composed of a positive biased Ortec HPGe detector
(GMX), whose operating parameters are reported in Table 1.

Table 1. The HPGe 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

It was placed inside lead wells to shield the background radiation environment. It
is worth noting that, for the sample holder geometry of 250 mL, efficiency and energy
calibrations were performed using a multipeak Marinelli geometry gamma source (BC-
4464) of 250 mL capacity, covering the energy range 60–1836 keV, customized to reproduce
the exact geometries of samples in a water-equivalent epoxy resin matrix. Moreover, the
ANGLE 4 code was employed for the efficiency transfer factors calculations to the 20 mL
vial sample holder geometry [30]. The Gamma Vision (Ortec) software was used for data
acquisition and analysis [31].

The activity concentration of the investigated radioisotope was calculated using the
following formula [32,33]

C =
NE

εEtγdV
(1)

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 is the live
time (s).

The measurement result uncertainty, coverage factor k = 2, was calculated taking
into account 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 [34].

The quality of the gamma spectrometry experimental results was certified by the
Italian Accreditation Body (ACCREDIA) [35].

2.2.2. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

The concentration of 238U was obtained through ICP-MS analysis with a Thermo
Scientific iCAP Qc ICP-MS. The sample introduction system consisted of a Peltier cooled
(3 ◦C), baffled cyclonic spray chamber, PFA nebulizer and quartz torch with a 2.5 mm
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i.d. removable quartz injector. The instrument operated in a single collision cell mode,
with kinetic energy discrimination (KED), using pure He as collision gas. All samples
were presented for analysis using a Cetac ASX-520. The iCAP Qc ICP-MS operated in a
single KED mode using the parameters reported in Table 2 [36]. For the “direct analysis” of
analytes in drinking water where sample turbidity is <1 NTU, the sample was prepared by
the appropriate addition of nitric acid (1%).

Table 2. The iCAP Qc ICP-MS operating parameters.

iCAP Qc Detector

Parameter Value

Nebulizer gas 0.98 L/min
Auxiliary gas 0.8 L/min

Collision cell gas He 4.5 mL/min
Point per peak One
Forward power 1550 W
Cool gas flow 14.0 L/min

Optimized dwell time for analyte 0.01 s
Repeat per sample Three

Sample uptake/wash time 45 s each

Sample material in solution was introduced by pneumatic nebulization into a ra-
diofrequency plasma where energy transfer processes cause desolvation, atomization and
ionization. Ions were extracted from the plasma through a differentially pumped vacuum
interface and separated on the basis of their mass-to-charge ratio by a quadrupole mass
spectrometer having a minimum resolution capability of 1 amu peak width at 5% peak
height. Ions transmitted through the quadrupole were detected by an electron multiplier
or Faraday detector and the ion information processed by a data handling system. Interfer-
ences relating to the technique had to be identified and corrected. Such corrections included
compensation for isobaric elemental interferences and interferences from polyatomic ions
derived from the plasma gas, reagents or sample matrix. Instrumental drift as well as
suppressions or enhancements of instrument response caused by the sample matrix were
corrected for using internal standards [36].

The quality of the ICP-MS results was certified by the Italian Accreditation Body
(ACCREDIA) [35].

The massic elemental concentrations in μg/L for uranium was converted in 238U
activity concentration, according to the following formula [37]

C =
λNA f

MK
F (2)

where C is the measured specific activity (Bq/L) of the radionuclide under consideration, λ
the decay constant of the measured isotope of element (s−1), NA the Avogadro’s number, f
the fractional atomic abundance in nature, M the atomic mass (kg/mol), K a constant with
value of 106 for U and F the fraction of element in the sample.

2.3. Accuracy Assessment

In order to assess the accuracy of the experimental 238U specific activity obtained by
the new methodological approach here proposed, a comparison between HPGe gamma
spectrometry and ICP-MS results was performed through the z-score calculation, according
to [38]

z =
x − X√
u2

x + U2
x

(3)

where x is the 238U activity concentration obtained by HPGe gamma spectrometry, X the
238U concentration (in μg/L) obtained by ICP-MS and then converted into specific activity
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through Equation (2), ux the total uncertainty of the HPGe gamma spectrometry results (at
a coverage factor k = 1) and Ux the uncertainty of the ICP-MS results (for k = 1).

For environmental radioactivity measurements the criterion of acceptability of z ≤ 2 was
used [39].

3. Results and Discussion

Figure 3 reports the HPGe gamma spectra acquired, for the investigated drinking
water sample, with no preconcentration (a), factor of preconcentration equal to 3 (b) and to
37.5 (c).

Figure 3. The HPGe gamma spectra acquired, for the investigated drinking water sample, with no
preconcentration (a), factor of preconcentration equal to 3 (b) and 37.5 (c).

The 1001.03 keV gamma-ray line of 234mPa appears more and more evident in the
spectra, as the preconcentration of the analyzed sample increases. According to Equation (1),
the activity concentration of 238U, in the hypothesis of the secular radioactive equilibrium
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between it and its daughter, was found to be not quantifiable without preconcentration,
and equal to (0.76 ± 0.22) Bq/L and (0.31 ± 0.13) Bq/L for factors of preconcentration 3 and
37.5, respectively.

Moreover, these results were then compared with the concentration of 238U obtained
through ICP-MS measurement. The massic elemental concentration for uranium turned
out to be (5.6 ± 1.1) μg/L and, according to Equation (2), it was converted in 238U activity
concentration, giving rise to a specific activity of (69 ± 14) mBq/L. The comparison was
therefore performed by calculating the z-score parameter, as reported in Equation (3). It
was found to be not quantifiable without preconcentration, and equal to 3.13 and 1.85 for
factors of preconcentration 3 and 37.5, respectively.

On the basis of the obtained results, we can therefore affirm that the preconcentration
of a drinking water sample with a factor equal to 37.5, followed by a gamma spectrometry
analysis of the preconcentrated aliquot, allows us to quantify, with a high degree of accuracy
(z-score < 2), the specific activity of 238U.

As a matter of fact, it is widely reported in the literature that 238U in drinking water
is usually quantified by means of a gamma spectrometry, under the hypothesis of secular
equilibrium with its daughter 234Th, using the percolation through a mixed bed ion ex-
change resin as a preconcentration technique, with the reduction to a final volume of 1 L
starting from 80 L (preconcentration factor 80), or 2 L starting from 300 L (preconcentration
factor 150) [40,41]. In the light of this, it must be emphasized how the methodological
approach reported in this article is characterized by a relatively simple preconcentration
process that does not require the use of chemical procedures. In addition, it can be of great
utility in commonly performed drinking water monitoring activities, in which aliquots
with volumes of the order of a few liters are sampled.

Finally, from the point of view of the radiological health risk assessment, it is important
to point out that the activity concentration of 238U in the analyzed drinking water sample
taken as a case study is much lower than the reference value of 3 Bq/L, corresponding to an
Indicative Dose of 0.1 mSv/year [42]. This last parameter, calculated in the precautionary
hypothesis that the water sample contains only the radioisotope in question, that the age
class considered is only the one corresponding to adults, and that the water consumption is
equal to 730 L/year [43], is set as a threshold by the regulatory limit [42]. Therefore, it is
possible to exclude any radiological health risk for the population of the studied area, with
reference to the drinking water consumption.

4. Conclusions

In the present article, a new methodological approach to evaluate the 238U content
in drinking water was reported. A sample from Paola, a selected location of the Calabria
region, southern Italy, was taken as a case study.

HPGe gamma-ray spectrometry was employed, with the aim of quantifying the
specific activity of the 234mPa radioisotope after a preconcentration procedure and thus to
assess the activity concentration of 238U, under the hypothesis of the secular radioactive
equilibrium between it and its daughter. The accuracy of the obtained results was then
evaluated through the calculation of the z-score parameter, taking into account the 238U
(μg/L) concentration, as measured with ICP-MS as reference value.

From the results, i.e., z-score equal to 1.85 for a factor of preconcentration equal to 37.5,
the validity of the proposed methodological approach is assessed.

Moreover, with reference to the radiological health risk evaluation, the specific activity
of 238U in the analyzed drinking water sample was much lower than the reference value
of 3 Bq/L, set as a threshold by the regulatory limit. This result thus indicates that the
ingestion of drinking water might not pose any significant radiological health hazards for
the population of the studied area.
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Abstract: In this paper, we present a useful Monte Carlo (MC)-based methodology that can be
utilized to calculate the absorbed dose and the initial levels of complex DNA damage (such as double
strand breaks-DSBs) in the case of an environmental ionizing radiation (IR) exposure incident (REI)
i.e., a nuclear accident. Our objective is to assess the doses and complex DNA damage by isolating
only one component of the total radiation released in the environment after a REI that will affect the
health of the exposed individual. More specifically, the radiation emitted by radionuclide 137Cs in
the ground (under the individual’s feet). We use a merging of the Monte Carlo N-Particle Transport
code (MCNP) with the Monte Carlo Damage Simulation (MCDS) code. The DNA lesions have been
estimated through simulations for different surface activities of a 137Cs ground-based γ radiation
source. The energy spectrum of the emitted secondary electrons and the absorbed dose in typical
mammalian cells have been calculated using the MCNP code, and then these data are used as an
input in the MCDS code for the estimation of critical DNA damage levels and types. As a realistic
application, the calculated dose is also used to assess the Excess Lifetime Cancer Risk (ELCR) for
eight hypothetical individuals, living in different zones around the Chernobyl Nuclear Power Plant,
exposed to different time periods at the days of the accident in 1986. We conclude that any exposition
of an individual in the near zone of Chernobyl increases the risk of cancer at a moderate to high
grade, connected also with the induction of complex DNA damage by radiation. Generally, our
methodology has proven to be useful for assessing γ rays-induced complex DNA damage levels of
the exposed population, in the case of a REI and for better understanding the long-term health effects
of exposure of the population to IR.

Keywords: Monte Carlo simulation; complex DNA damage; double strand breaks; ionizing radiation;
radiological incident; radionuclide; absorbed dose; 137-caesium; surface activity

1. Introduction

Large-scale exposure to IR, in terms of both the amount of radiation and the number
of people exposed occurs rarely due to international safeguards that are currently in force.
All the nuclear accidents that have taken place have provided us with valuable information
and experience about the health consequences of the leaked radioactivity to the public and
the appropriate health management of such incidents. The nuclear accident of Chernobyl in
April 1986, as the first large-scale REI, has been a great challenge to the scientific community
that deals with the radiation protection, to revise much of its knowledge until that time and
to improve the relevant nuclear safeguard rules. The value of the experience gained from
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that nuclear accident found application [1] to other accidents that followed of a smaller
scale, such as in Brazil (the Goiânia 137Cs accident in 1987) and the two accidents that took
place in Tokaimura of Japan on 11 March 1997 and 30 September 1999 [2,3], as well as of a
larger scale, as with the accident that too place in Fukushima Daiichi on 11 March 2011 [4].
It is of note that environmental pollution due to man-made radionuclides began in the
period 1946–1980, during the process of nuclear materials testing, when approximately
400 nuclear tests were performed in the northern hemisphere [5].

Radionuclides released in the air from a radioactive source may be in a gaseous,
particulate, or multi-phase (i.e., simultaneously gaseous and particle) form [6]. These
particles are generally transported through the air by adhesion to aerosols, construction
particles or soil particles, as well as weather conditions such as the wind, rain and snow,
which play a crucial role in transporting particles from the place of their release to the
surrounding areas. Concerning the radionuclide spreading mechanism following an
REI (i.e., a nuclear power plant accident, a nuclear weapon detonation, a radiological
dispersal device, a transportation incident, sabotage or an improvised nuclear device), it is
suggested that part of these radioparticles are deposited on the surface soil, while others are
transported to the underground layers with rain, snow and watering, or they are transferred
to surrounding geographic areas by re-floating [7]. The migration of radionuclides across
the ground surface depends on the particle and surface characteristics. The transport of
contaminants may vary depending on their physiochemical characteristics; for example,
137Cs is characterized as highly mobile because of its high-water solubility [8].

Two main pathways leading to radiation exposure of the general public due to a
nuclear ‘fallout’ are the external exposure from radionuclides deposited on the ground, and
the internal exposure through contaminated air inhalation, ingestion of contaminated food
or water from the affected areas [9]. Radionuclide analysis of environmental samples is
very practical for the evaluation of the current environmental radioactivity level. However,
in the case of a nuclear accident, it is highly important to evaluate the environmental
contamination, as well as the external and internal exposure risks for radiation protection
and public health purposes. In the latter case, the risks of an internal exposure are extremely
low because of the corresponding international regulations which demand restrictions
in food and water intake (http://www.mhlw.go.jp/english/topics/2011eq/index.html
(accessed on 29 July 2021)). On the other hand, the risks of external exposure for the public
are enforced for safety reasons.

The Chernobyl Nuclear Power Plant (CNPP) accident, classified as Level 7 (‘major
accident’) on the International Nuclear and Radiological Event Scale of the International
Atomic Energy Agency (IAEA) [10], resulted in a massive release of radionuclides into the
atmosphere and caused an extensive contamination of the environment. Ten-day major
releases from the Unit 4 of the CNPP injected about 14 EBq of radioactive substances
into the atmosphere, including radioactive gases, condensed aerosols, and a large amount
of fuel particles. The total release of radioactive substances included the radionuclides:
132Te, 134Cs, 137Cs, 99Mo, 103Ru, 106Ru, 140Ba, 95Zr, 141Ce, 144Ce, 89Sr, and 90Sr. The noble
gases contributed about 50% of the total release [11]. A terrestrial surface of more than
200,000 square kilometres in Europe received 137Cs with levels above 37 kBq m−2 [12].
Over 70% of the contaminated area comprised Belarus, Russia and Ukraine of the former
USSR [13]. The radiation exposure of the population to these biologically dangerous
releases was classified into two main phases: the earlier phase included exposure to
rapidly decaying radionuclides, whose doses were delivered over a short period (no more
than three months after the accident), while the later one comprised of an exposure to
radionuclides of a long life that were deposited on the ground [14]. Most of the strontium
and plutonium isotopes were deposited within 100 km of the destroyed reactor due to
their larger particle sizes, while other important radionuclides decayed away. In the
early months after the accident, the radionuclide levels of agricultural plants and plant-
consuming animals were dominated by surface deposits [15]. The deposition of 131

53I caused
the most immediate concern, but the problem was confined to the first two-three months
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after the accident because of its decay. The radioiodine was rapidly absorbed into milk,
leading to significant thyroid doses in people consuming milk products, especially children
in Belarus, Russia and Ukraine. Increased levels of 131I in milk products were also detected
in some southern areas of Europe, while dairy animals were being fed outdoors [16].
Radioisotopes of Caesium (137Cs and 134Cs) were the nuclides which led to the largest
problems. The Cs hazard may be attributed to its incorporation into the human body
from food consumption (especially dairy products) and via γ-irradiation from the ground.
It is characterized by a relatively slow accumulation of doses, compared to radioiodine,
but also by a whole-body irradiation [17]. 131I also concentrates inside the human body
through dairy products and has a gamma-component, resulting in a significant whole-body
dose. Once inside the body, this radionuclide is absorbed mainly by the thyroid gland,
potentially increasing the risk for thyroid cancer, since this gland uses iodine to produce its
hormones and cannot distinguish between the radioactive particles and its stable natural
form. As 131I builds up in the thyroid gland, its emitted radiation can induce DNA damage,
removing normal limits to cell growth and division and, thus, causing unchecked growth
of thyroid tissue [18]. Additionally, the radionuclide 90Sr (half-life: ~28.79 years), due to
its chemical similarity to calcium, accumulates in bones and irradiates the bone marrow,
and therefore can also cause problems for human health. The latter was concentrated in a
more restricted area around the reactor, as its larger particle size and its deposition levels at
large distances were not radiologically significant. It is of note that gamma emitter nuclides
(such as caesium and iodine isotopes) have been studied more extensively than the beta
emitter strontium, since it is much simpler to measure gamma than beta emitters [19].
Therefore, 137Cs was chosen in our study for the mapping of the deposition because of its
radiological importance and its easiness for measurements.

Increased contamination levels remained within the atmosphere for years after the
accident, while radionuclide deposition values, depending on meteorological and envi-
ronmental conditions, as well as the particle size, showed a substantial reduction in their
transfer to vegetation and animals in agricultural systems during the first few years. The
137Cs activity concentrations still remain high in the surrounding areas of Chernobyl (in
Ukraine, Belarus and Russia), especially in natural ecosystems (forests, rivers and lakes),
while the surface contamination and the air dose rate have been reduced significantly due
to radioactive decay, rain, wind and human activities [20]. Caesium-137 levels are still
present, even in the southern areas of Europe, as monitored through plants such as lichens
and mushrooms [21], which have a high retention capacity of such radionuclides; through
the lichen Stereocaulon vasuvianum, Savino et al. [22] have accurately determined the
effective half-life of 137Cs.

In general, many significant radionuclides released by the CNPP accident have already
decayed away. Radioactive iodine isotopes caused great concern within the first few months
after the accident since they are short-lived. In the future, 137Cs will continue to be of
greater importance, with less attention paid to 90Sr. Over the longer term (hundreds of
years), the plutonium isotopes and 241Am will remain radioactive, although at levels that
are relatively low [9].

One recent “major” (according to IAEA 2008 criteria) nuclear accident occurred in
Fukushima Daiichi Nuclear Power Plant (FDNPP) in Japan, on 11 March 2011, as a result
of a tsunami (caused by a strong earthquake) that struck the east coast of the island. The
radioactive releases from this nuclear accident were not as large as those from Chernobyl
but were still considered substantial [23]. A radioactive plume derived from the Units 1, 2,
3 and 4 of the FDNPP was dispersed in the atmosphere, causing significant radioactive
pollution (mainly due to 134Cs, 137Cs and 131I release) of the environment within a radius
of 40 km from the damaged reactors. Immediately after the accident, the prevalent dose-
forming radionuclides collected from soil samples from the nearby areas around the
reactors were 131I, 134Cs, 137Cs, 129mTe, 95Nb and 136Cs, while, after several months, the
corresponding ones were 134Cs, 137Cs and 129mTe. It was also estimated (some months after
the accident) that the amount of radioactive materials released into the environment at that
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time was approximately 10% (1.6 × 1017 Bq for 131I and 1.5 × 1016 Bq for 137Cs) that of the
Chernobyl accident [24].

Up until now, a large area of a few thousand square kilometres around CNPP (the
‘Chernobyl Exclusion Zone’) remains evacuated, with restricted human access. 131I (half-
life: 8 days) has long decayed, and 134Cs (half-life: 2 years) has already been considered
depleted, therefore, the main existing problem is the radioactive hazard from contamination
by 137Cs (half-life: 30.17 years), although half of the initial release has now decayed. The
whole restricted zone gives the opportunity for the study of radiation transmission to the
animals of this area, since wildlife is flourishing in the absence of human activities [25].
In Fukushima, there are confined areas within a radius of 40 km around the FDNPP,
where the annual effective dose exceeds 20 mSv (the effective dose limit established by
the Japanese Government for the lifting of the human exclusion order) and other areas
where the corresponding value is up to 50 mSv. Although remediation measures through
the years have been taken for the maximum possible decrease in the radioactive nuclides
of the terrestrial area, the radio-contamination levels do not permit the return of evacuees
to their land. Gamma-radiation from the deposited 137Cs still remains a big problem for
authorities [26]. As referred to above, the 137Cs content in these areas is also investigated
through lichens and other plants [27]. As also occurred in Chernobyl, 90Sr dispersion over
the Fukushima territory was limited and the biggest part of this released radionuclide was
deposited in the proximity of the FDNPP [19].

One of the main pathways leading to human exposure after such a REI is the external
exposure from radionuclides deposited on the ground [28]. Gamma-radiation from these
radionuclides has been a major contributor to the external exposure of the public due
to a nuclear accident [29]. In our study, we focus on the 137Cs as the most prominent
radionuclide for ground contamination due to its substantial contribution to the lifetime
effective dose to humans, its long radioactive half-life, and its ease of measurement.

Exposure to IR induces a range of DNA lesions to living cells. IR photons especially
can target the nuclear DNA molecule in two ways: either by directly striking it, with the
induction of secondary electrons, causing breaks in the phosphodiester bond connecting
adjacent nucleotides on the same side of the DNA helix, or by water radiolysis, which can
result in the formation of reactive oxidative species (ROS) and additional oxidative DNA
damage. All the above can result in the formation of simple or complex lesions [30,31]. In
such a DNA lesion, a single nucleotide is characterized by an abnormal chemical alteration,
i.e., a missing or damaged base or a strand break. These lesions may comprise base damage
(BD), single-strand breaks (SSBs, i.e., a cluster of lesions that contains at least one strand
break and which has no other additional break within 10 bp on the opposed strand),
double-strand breaks (DSBs, i.e., this is a lesion that consists of two SSBs, which are located
on opposite strands within 10 bp of each other) and complex DNA damage (groups of
several lesions within 1 or 2 helical turns of the DNA molecule) [32]. Among them, DSBs
and non-DSB clustered damage (i.e., two or more lesions within one or two helical turns
of DNA induced by the passage of a single radiation track) [33] are considered to be the
primary cause of radiation-induced cell killing, mutagenesis and neoplastic transformation.
Through the process of breaking and re-joining, DSBs are converted into small- or large-
scale chromosomal exchanges with the ability to induce phenotypic tumor lesions and,
finally, cell death. Other types of non-DSB lesions, such as clustered oxidized bases, are
considered to be resistant to the repair process and more susceptible to DSB formation
through their repair processing [34].

Throughout the last decade, Monte Carlo (MC) codes have proved to be a useful tool
for assessing DNA lesions in a cell exposed to IR, since they have been constructed to
simulate damage induction at the DNA scale [35,36]. Radiation risks for an individual
exposed to IR depend on different factors. One factor of great importance is the overall
dose of radiation absorbed by the human body, while another equally important one is the
dose distribution within it.
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In our study, we have used a serial combination of two MC codes with different roles
in order to estimate the number of induced lesions (SSBs and DSBs) per cell of a person
exposed to IR from a radioactive source (137Cs) placed in the ground, as a remnant from a
hypothetical nuclear accident. These lesions were assessed for different values of surface
activities and exposure times of the radioactive material to make conclusions about the
health risk in such exposures. We have developed an efficient computational method with
the combination of a small-scale MC biophysical model (MCDS), with a larger-scale and
general-purpose MC transport code (MCNP) to reproduce the results induced in the cell
environment after such an exposure. Specifically, we have used the general-purpose MC
N-particle (MCNP) radiation transport code to estimate the absorbed dose and secondary
electron spectra of 137Cs irradiation in cell DNA. Subsequently, we combined the estimates
of the secondary electron spectrum and the absorbed dose acquired from MCNP with
MCDS simulations in order to calculate the initial DNA Damage.

In synopsis, we have developed a computational method to study the potential
biological effects on cell DNA after IR exposures. It is crucial to know the absorbed
dose after the radiation exposure because, based on the recording of this magnitude
and the analysis of the effects of radiation in living organisms (DNA damage), we can
estimate the severity of each exposure. Ultimately, this information may help medical
personnel to respond appropriately to such cases with individuals exposed to IR after a
radiological incident.

2. Materials and Methods

2.1. Monte Carlo (MC) Codes: MCNP and MCDS

Our calculations have been based on the Model Carlo simulation technique. MC codes
have been widely used to simulate damage induction to a cell exposed to any type of the IR
spectrum [37]. Theoretical studies, together with MC Track Structure codes (MCTS), have
contributed remarkably to the understanding of the DNA damage dynamics and to the
simulation of particle tracks in biological matter, leading scientific research to the estimation
of the radiation effect parameters and, therefore, providing important information applied
in radiation protection and radiotherapy [35,36]. In this way, MCTS simulations have
proved to be the most sophisticated tool for studying and understanding the interactions
of IR with biological matter and for determining the damage induced by it to the major
target of the cell: its DNA macromolecule [31].

In our study, we have used two different MC codes for obtaining our calculations.
The first one, MCNP, being one of the most accurate in its category, is a multipurpose code
used widely in nuclear and medical applications, utilizing a large spectrum of particles.
The simulation of particle interactions with living matter are based on databases that
are embedded in the software and include internationally recognized libraries of cross
sections [38]. The MCNP6.1 version of the code used by us, especially, has the ability to
accurately describe the electron transport down to 10 eV [39]. Via this code, we have esti-
mated the absorbed dose by our target and the spectrum of secondary electrons produced
in it. As aforementioned, one part of the damage induced to a cell is due to secondary
electrons ejected as a result of the ionizations in the medium.

The second MC code used in our study, in combination with MCNP, is the Monte
Carlo damage simulation (MCDS) algorithm, which has been selected among the other MC
codes of the bibliography because of its simplicity and its results production swiftness. It
does not have the accuracy of other codes in its category, but it can yield major trends in the
spectrum of DNA damage predicted by other detailed MCTS simulations. This code has
been developed in order to predict the initial yield and types of DNA damage formed by IR
and is much faster compared to conventional track structure simulations (it can give results
within seconds to minutes), in addition to its easy-to-use algorithm [34]. MCDS algorithm
is characterized as a quasi-phenomenological model, which can predict the full spectrum
of DNA damage induced by electrons, protons, α-particles and ions up to 56Fe. Although
this code does not possess the ability to directly simulate the damage in irradiated cells
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for photons or other neutral particles, secondary electron spectra for 137Cs in a monolayer
cell geometry were used to produce DNA damage yields [40]. The estimates of the code
parameters are based on the interpolated damage yields, derived mainly from the track
structure simulations of Nikjoo et al. [41–44] and Friedland et al. [45,46]. MCDS [47] uses
only four adjustable parameters, three of which are the same for electrons, protons and
α-particles. In brief, simulations are performed in two steps: (1) random distribution of the
expected number of lesions produced in a cell per Gy of radiation in a DNA segment and
(2) subdivision of the lesions in the former segment into clusters [34].

2.2. MCNP Setting for the Simulations of Our Study

Estimation of the absorbed dose to tissues of the human body, from radiations emitted
by an arbitrary distribution of a radionuclide in an environmental medium is an extremely
difficult computational task. By using the MCNP code, we create the geometry of the
experimental setup. In this case, we base our simulations on a “human phantom” (filled
with water as content), which appears as a cylinder with a radius of 25 cm and 180 cm in
height, simulating an average man standing on the soil at the air–ground interface. This
phantom is separated into layers of 10 μm thickness, which represents the typical average
size of a eukaryotic mammalian cell (Figure 1).

Figure 1. MC geometry model of the MCNP6.1 simulation including the source, the phantom and
all the patterns used in it. The whole setting is as follows: the human phantom (depicted as a blue
thin cylinder of 1.80 m height and 25 cm radius) stands in the middle of the outer azure cylinder
(radius 20 m) which is filled with air (surrounding environment). The grey base cylinder (radius
20 m) represents the source volume on which the “human” stands (i.e., the surrounding ground,
composed of soil and contaminated with the radionuclide 137Cs in different surface activity values).
There is no proportionality in the depicted dimensions of the patterns for the sake of simplicity.
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Additionally, an isotropically distributed cylindrical source of 137Cs has been placed
in the ground, at a depth of 20 cm; the latter value represents a mean typical depth of
radiocasium deposition in soil after its release as a consequence of a nuclear accident [48].
We have chosen to use this specific value for the deposition depth of 137Cs in all our
measurements, since many fundamental studies about the vertical distribution of this key
artificial radionuclide in the environment show its biggest concentrations in the topsoil
layers, especially above the depth of 20 cm [5,49,50]. The content of this radionuclide in soil
is influenced by vertical migration due to the physical processes of diffusion, convection
transfer with the soil moisture, and migration through the roots of plants. Generally,
the concentration of radiocaesium is decreased exponentially with depth, depending on
the landscape and mainly the soil type; the latter includes factors such as the mineral
and physical composition of the soil, its organic composition, cation exchange capacity,
acidity, and the presence of certain kinds of vegetation (e.g., coniferous trees and mosses
which play the role of a filter, engulfing radionuclides for long periods after the initial
fallout)[51–55]. In our study, we have considered an isotropic cylindrical source (the base
cylinder in Figure 1) and, therefore, in our simulations we have planned its surface area
(base of the cylinder) to be 1256 m2 (radius 20 m). Of course, a larger source area would
result in a higher effective dose to our phantom, but based on the results of a similar study
by Han et al., 2010 [56] where the effective dose proves to increase <2% when the source
area increases by 78%, we have assumed in all our simulations that a source area with the
aforementioned value is a reasonable one, representable of a contaminated area beneath
the ground. In our study, the material which is mixed with the source of gamma rays
(137Cs) includes all those elements contained in soil in the respective proportions (mass
percentage) (i.e., Si: 27.1183%, Fe: 5.6283%, Mg: 1.3303%, K: 1.4327%, Ca: 5.1167%, O:
51.3713%, Na: 0.614%, Al: 6.8563%, Ti: 0.4605% and Mn: 0.0716%), considering a typical
value of dry density ~1.52 g/cm3 [57]. The entire assembly is surrounded by air (i.e., the
external cylinder in which the human phantom stands). Varying the perpendicular distance
of the DNA cell that we study from the source (keeping its position stable in the other two
axes), we scanned the surface of the human body, i.e., the height between 5 cm and 180 cm
from the ground level and estimated the absorbed dose (in MeV/g per particle) and the
spectrum of secondary electrons produced in the DNA target for each different case. We
applied a series of simulations by MCNP6.1 for the various distances mentioned above,
having chosen various values of source activities of 137Cs for different specific values of
surface exposure (i.e., 37, 555, 1480 and 3700 kBq/m2—these specific values are defined
as the limit ones discerning areas of a different grade of 137Cs surface ground deposition,
according to UNSCEAR 2000 Report [58]), in order to simulate the conditions of a nuclear
accident. It is worth mentioning that the value of 37 kBq/m2 was taken as the lower limit
defining the boundaries of contaminated zones, while the value of 555 kBq/m2 designate
an area of strict control [58,59]. Likewise, for the exposure time we have chosen the typical
time periods of one day, one week and one month.

In order to get the results from the MCNP code (through the output file), we com-
pleted a corresponding input file providing certain information about the geometry of
our experiment, the definitions of the surfaces included, the materials contained (in the
appropriate proportions), the choice of the particles emitted by the radioactive source and
its dimensions. For each value of surface exposure and exposure time we have run the code
for 1010 histories (‘NPS’) in order to get better results by reducing the error in the doses
received to less than 5%. For the absorbed dose calculation, the energy pulse-height tally
(energy balance tally *F8: P, E) was exported. Notably, this code extended electron transport
down to 10 eV, adopting this value as the electron tracking and production threshold [60].

As one may notice, in our calculations via this code, we refer only to the secondary
electron’s spectrum produced by γ radiation. This does not mean that we omitted the
β radiation emitted by 137Cs [61], which is known to have a short range, a fact that
could play a crucial role in our final results. For this reason, before performing all our
calculations through MCNP6.1, we ran the same input files for the same geometry model
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in the MCNP-CP code [62], which has the ability to calculate the corresponding beta decay
spectrum. Through the latter calculation, we inferred that the range of the electrons emitted
by 137Cs during β decay in the soil towards the human phantom is only some μm; this
happens because we use an extended source (source diameter: 40 m) in comparison to
the dimensions of the phantom, and in a long distance from the standing “human”, in
comparison to the range of beta-radiation. In this way, we may neglect the β radiation
emitted from our source.

2.3. MCDS-Based Estimates of DNA Damage

The MCDS provides a simple algorithm that calculates the DNA damage yields for
a given absorbed dose of a chosen particle, and for a set of parameters such as cell size,
nucleus size, type of radiation, and other parameters related to cell environment (e.g.,
oxygen and water cell concentration). As a whole, MCDS calculates complex DNA damage
(DSBs, SSBs, non-DSB oxidative lesions) that are induced through both the direct ionization
and excitation of the DNA and the indirect action of hydroxyl, or other radicals formed in
close proximity to DNA. DNA damage by the bystander effect is neglected in this code. The
MCDS code “reads” data from particles and other necessary information for the simulation
from an input file (in which we set the calculated value of the absorbed dose by MCNP, as
well as the energy spectrum of the secondary electrons down to 10 eV) and yields its results
through an output file [63]. In our calculations, we have considered cells irradiated under
normoxic conditions (O2 concentration: 10% for tissues). Our simulations have been based
on the default parameter values: σSb = 217 Gy−1 Gbp−1, f = 3 and nmin = 9 bp, where
σSb is the number of individual strand breaks per unit dose per amount of DNA in the
cell, f is the ratio of base damage to strand breaks and nmin the minimum length (in bp) of
undamaged DNA between neighboring elementary damages, such that these elementary
damages are considered to belong to two different lesions [63]. We also assumed that the
DNA of each diploid cell has a length equal to 6.4 Gbp, which is the average value for a
diploid human cell with 46 chromosomes, as well as the diameter of the cell nucleus is
5 μm, and the cell diameter is 10 μm. All the simulations in our study have been performed
through the MCDS Version 3.10A [64].

3. Results

The results of this study comprise, firstly, the calculation of the absorbed dose through
the MCNP6 code for the radionuclide 137Cs. In particular, the absorbed dose has been
estimated as a function of height (distance from the ground) of a typical man (5–180 cm)
for the surface activity values of 37, 555, 1480 and 3700 kBq/m2, respectively and for the
exposure time of a week. These results are depicted in Figure 2.

As can be seen, when the height (distance from the source) is increased, an exponential
decrease in absorbed dose occurs. In addition, an initial sharp decrease in the slope of
the curve is observed at small heights on the water phantom; this happens because an
increase in the distance from the source is equivalent to the reduction in the number
of photons which penetrate a surface along the direction of the radiation. On the other
hand, the dose becomes quite constant after the first 80 cm from the ground, with surface
activity of 3700 kBq/m2, and after the first 30 cm for the corresponding values of 555 and
1480 kBq/m2, while it is constantly near zero for the value of 37 kBq/m2; this was expected,
since the aforementioned values of distance are within the range of gamma rays in the
air [65]. It is of note that the estimated doses for the deposition density of 37 kBq/m2, as the
limit of the high radiation control safe zone according to the UNSCEAR 2000 Report [58]
for the Chernobyl nuclear accident, are in the range of 1.1·× 10−4–1.99 × 10−2—mGy and
are considered as “low absorbed doses”.

Next, we present our results of the MCDS for the calculation of the DSB and SSB
damage (number of lesions per cell) (Figure 3a,b) for the same values of deposition densities
of 137Cs and for the exposure time of one week.
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Figure 2. Absorbed dose to the cell (target) as a function of height (on the water phantom used in our
simulations) induced by different 137Cs surface activities for the exposure time of one week, using
MCNP6.1 code.

The first thing to note is that the analogy between SSBs and DSBs seems to be in the
range reported in irradiated typical mammalian cells [66]. It can also be noted that, for the
higher value of surface activity, an exponential decrease is observed in both the numbers
of the expected DNA lesions (DSBs and SSBs per cell) of the cell target as a function of
distance (height) from the source of 137Cs. For the value of 1480 kBq·m−2 the corresponding
numbers show a small decrease at the first 30 cm, while for the other two (and lesser) values
of deposition density, the number of the lesions is quite stable as the distance from the
source is increased. This means that for the highest value of surface activity, i.e., for a man
standing on the ground, exposed to 137Cs radiation in the near zone (<100 km from the
place of the nuclear accident), the number of induced SSBs and DSBs in the cells of his
genitals and the rest of his body organs are quite the half of those induced to the cells of his
feet. For places in the far zone (100 km to approximately 2000 km), the number of the same
lesions is low and quite stable throughout his whole body. It is of note that as the distance
from the source increases (and consequently the absorbed dose is reduced), the number of
the expected SSBs per cell for the deposition density of 3700 kBq·m−2 decreases by a factor
of 2.5, reducing, in this way the biological effects of radiation; the corresponding decrease
in DSBs with distance is lesser, since this kind of lesion is more complex than SSBs and
occurs more scarcely. All our MCDS simulations have been performed with a standard
error of the mean better than 0.2%.

DSBs are considered to be the most biologically deleterious lesions, since one single
unrepaired DSB can lead a cell death or can cause chromosomal aberrations with sub-
sequent genomic instability, and possible malignant transformation [67]. Therefore, this
kind of damage was chosen to be analysed mainly in association with the aforementioned
results. As reported previously, the MCDS code does not involve the process of repair in
its results and thus, we take into account the existing literature in order to translate the
numbers of lesions shown in the above diagrams into cancer risk information.
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(a) 

(b) 

Figure 3. Estimation of the number of (a) DSBs and (b) SSBs per cell, respectively, induced by
different levels of 137Cs contamination in the ground, for the exposure time of one week, according
to our MCDS simulations.

In the dose range related to a REI, as in our study, the associated cancer risk cannot be
deduced from epidemiological data, due to a lack of sensitivity. Such estimates for persons
exposed to an environmental IR incident have been based on a linear extrapolation of high-
dose data obtained from the study of atomic bomb survivors of Hiroshima and Nagasaki
through the years; the linear-no-threshold (LNT) model assumes that the DNA damage
is proportional to the dose and that the response of the irradiated cell functions equal
efficiently from high to low doses [68]. However, the validity of such an extrapolation is
questioned by phenomena such as the low-dose hypersensitivity, the adaptive and hormetic
response, the bystander effects, and the threshold hypothesis [69–72]. In attempting to
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associate a low dose irradiation with cancer risk, it is important to make the distinction
between acute exposures over a very short period of time and protracted ones [73]. Clearly,
the atomic bomb survivor risks represent the average of all those exposed to an REI
population. Considering the existing data, the fact that individuals are at lower or greater
risk than the average, depends on genetic status, age, age of exposure and other factors [74].

Deep sequencing studies have confirmed that biomarkers (such as the micronucleus
assay and scoring of chromosome aberrations) are important tools for the detection of the
early stages of radiation-induced carcinogenesis. These validated techniques, however, do
not have the sensitivity to study the effects of IR on cells at doses below 100 mGy [75,76]. For
this reason, phosphorylated histone H2AX (γ-H2AX) foci immunodetection has become the
internationally accepted quantitative biomarker of human low-level IR exposure [77]. DSBs
activate histone H2AX right after their induction by phosphorylating a highly conserved
serine (Ser-139). The phosphorylated γ-H2AX forms foci in the cell nucleus. In this way, a
γ-H2AX focus represents a DSB [77,78].

Focused on the range of low doses (i.e., doses <0.05 Gy [79]), as this very low (≤1 mGy,
see Figure 2) in our study, Rothkamm and Löbrich have shown that in non-dividing primary
human fibroblasts cultured in vitro, irradiated by doses ~ 1 mGy of IR, the induced DSBs
remain unrepaired for many days and the cells with unrepaired DSBs are eventually
eliminated [80]. Similar results were observed by Osipov et al. in a study conducted
on human MSCs, isolated from oral mucosa, where for the lower doses, after the initial
rise in γH2AX foci number, there was no decrease observed [81]. It appears that, in
cellular responses at low compared to high doses, different pathways may be activated,
and non-linear responses prevail that are not compatible with the LNT model.

Unrepaired or mis-repaired DSBs may give rise to chromosomal aberrations and
alterations, micronuclei formation, gene amplification, sister chromatid exchange and
other genetic instability hallmarks. In vitro observations show the induction of unstable
chromosomal aberrations in cells irradiated in G1 phase and chromatid-type aberrations in
the ones exposed to IR at the G2 phase of the cell cycle [82]. Aberrations, such as a dicentric
chromosome, or a ring with an acentric fragment, or a reciprocal translocation, permit the
continuation of cell proliferation with the over expression of truncated oncogene which
leads to oncogenic transformation. For example, rearrangements of the RET (rearranged
during transfection) gene are observed in papillary thyroid carcinoma. Studies conducted
after the CNPP accident show a sharp increase in the incidence of pediatric thyroid papillary
cancer [83].

Examining the human breast tissue after its irradiation with very low doses (a few
mGy) of IR, one may detect, except for induced DSBs, changes in the transcription level
of genes [84]. Female breast tissue is proved to be very sensitive to radiation due to
the presence of reproductive hormones, including estrogens; the latter may function as
carcinogens since they energize the estrogen receptor-mediated cell proliferation [85].
Depuydt et al. investigated the irradiation of glandular epithelial cells of breast tissue
in the dose range representative for mammography screening, with results indicating
the existence of a hypersensitive response for DSB induction [86]. In a previous study,
they showed that the number of mammography-induced DSBs resulted in chromosomal
aberrations, which are a hallmark for cancer [87]. Other studies demonstrated that for very
low doses of IR, the γH2AX foci induction is much higher than at higher doses [88–90].

Another effect which plays a key role in the IR-induced carcinogenesis is the bystander
effect; this is more relevant to low-dose radiation [91]. At low doses of IR, the response
to radiation becomes important in regard to how dominant and extended the bystander
effect is in the vicinity of the irradiated cell, and the consequences this will have. Thus,
the IR-induced genomic instability and the consequences of the bystander effects indicate
a non-linear behavior in the low-dose area. The evidence arising from the published
data indicate that the cellular response to low-dose IR is a complex interaction of various
modulating factors [92].
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Shimure and Kojima recently attempted to identify the lowest IR dose causing molec-
ular changes in the human body [93]. They concluded that, although the extent of DSBs
formation differed depending on the irradiated cell species that were investigated, the
lowest limit at which these DNA lesions are formed is approximately 1 mGy. Halm et al.
indicated that blood doses ranging between 0.22 and 1.22 mGy may induce somatic DNA
lesions, one hour after C.T. examination [94]. Additionally, Vandervoorde et al. [95] showed
that a very low blood dose 0.15 mGy caused DSBs five minutes after the C.T. examination.
An increase in leukemia risk is suggested in children under five years old who were ex-
posed to radioactive fallout from nuclear weapons testing (estimated fallout marrow dose:
1.5 mGy) [96].

According to all the aforementioned data, exposure of an individual to the dose of
the underground caesium-137 in areas of such values of surface activity for a period not
more than a week, seems to be of very low risk for any future health problems. It would be
interesting to investigate the same cases but in a more extended exposure time to IR.

In order to study the absorbed dose as a function of the exposure time, we have
calculated its values for the deposition density of 3700 kBq·m−2 (in the near zone of the
nuclear accident) at the exposure times of one day, one week and one month through
MCNP code (Figure 4).

Figure 4. Cell–target absorbed dose of the water phantom at various values of height from the
ground surface, induced by the 137Cs ionizing radiation of 3700 kBq/m2 for the exposure time of one
day, one week and a month, using MCNP6.1 simulations.

It is of note that there is an exponential decrease (for the exposure time of one month)
in the absorbed dose with the increase in height from the ground (source), while in shorter
time periods the curve is converted to a nearly stable line and, simultaneously, a linear
increase in this dose with the increase in exposure time. As can be seen in Figure 5, the same
trends have the estimated DSBs and SSBs per cell as a function of height and exposure time,
correspondingly. This linear trend also holds for the relationship between the absorbed
dose and the number of inducted DSBs and SSBs. This trend could support, in part, the
LNT model. On the other hand, the estimated absorbed dose for the exposure time of
one month (see Figure 4) takes an average value ~3 mGy for the vital organs of a 1.80 m
tall man; this fact may pose a risk for the induction of unrepairable DSBs and unstable
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chromosomal formations, which in turn, may enter an organ of the exposed organism to
early potential stages of carcinogenesis. This would also mean that a man standing on the
radioactive ground of such an area for the time period of one month (in practice, this means
that the individual is exposed to a daily eight-hour-irradiation from such a source in the
ground for three consecutive months) has a real risk of being a cancer patient in the future.

(a) 

(b) 

Figure 5. Estimation of the number of (a) DSBs and (b) SSBs per cell, formed by dose induced by a
137Cs ionizing radiation of surface activity 3700 kBq·m−2 for an exposure time of a day, one week
and a month, using MCDS simulations.
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Since the exact details of the microscopic association between radiation and carcinogen-
esis is not yet known, it would be interesting to explain how the aforementioned calculated
numbers are connected with the risk of carcinogenesis in the organs of an exposed individ-
ual in a relatively macroscopic scale. For this reason, we have used the National Cancer
Institute NCI (USA) Radiation Risk Assessment Tool—Lifetime Cancer Risk from Ionizing
Radiation: https://radiationcalculators.cancer.gov/radrat/model/inputs/ (accessed on 29
July 2021).

With this tool, we evaluated the risk for various organs of different characteristic
adults exposed to such doses. In our following estimates, thyroid cancer has been excluded
since it is by far attributed to the intake of 131I; this radionuclide is the main contributor to
the thyroid doses received mainly through internal body irradiation (via milk consump-
tion) [97]. On the other hand, 137Cs is considered the main contributor to doses of the body
organs and tissues, other than the thyroid gland, from external and internal irradiation.
For this reason, we have considered presumably eight different individuals (two males
and six females) with different ages and different exposures to the nuclear accident of
Chernobyl in 1986. Through this online risk calculator, by filling the age (at the year of
the accident) of each individual (all considered about 1.80 m high) and the absorbed dose
(in mGy) as calculated before (see Figs 1 and 4), in which they were exposed for a certain
single exposure time (in days) and rate (acute or chronic), we estimate their Excess Lifetime
Cancer Risk (ELCR) for different body organs in a certain height from the ground. In
fact, the real exposure time of an individual is a longer one, since this person does not
keep standing on the ground for the total time of exposure, as referred above. Based on
these data, the possibility of a certain organ cancer development (chances expressed as
cases per 100,000) is evaluated. By the ELCR, we refer to the average probability of cancer
development to a certain organ of an individual exposed to IR higher than their unexposed
peers. Our selection of the specific organs for the evaluation of their ELCR was based on
the sensitivity of the human tissues to radiation [98], the availability of these organs in the
quoted list of the NCI tool, and the volume that they occupy in the human body; in the
latter criterion we selected such organs so that they are not extended (such as the bowel)
and correspond to a certain height from the ground (for the use of a certain value of dose,
according to Figures 2 and 4).

More analytically (see Table 1), the first calculation is about an adolescent, 16 years
old at the year of the Chernobyl nuclear accident, exposed to a 30-day irradiation because
his family—for various reasons—delayed to evacuate their homestead in the near zone
of 3700 kBq·m−2: assessing a total dose of 3.44 mGy for all those days of exposure, we
evaluate an ELCR for his prostate gland equal to 3.91 × 10−5, which is considered high
according to the World Health Organization [99], the Canadian Council of Ministers of the
Environment [100] and the New Zealand Ministry for the Environment [101]. In the same
way, the next examined case is that of a 60-year-old woman, living in the aforementioned
zone, who refused to evacuate her home; considering a chronic exposure of 3.02 mGy
for a period of 30 days, we assess an ELCR for her breast equal to 2.15 × 10−5, which is
also considered high (according to the aforementioned criteria). The third case is that of a
16-year-old lady, who received only an acute dose of 0.1 mGy for only 1 day of exposure in
the near zone before evacuating the contaminated area with her family; this dose yields an
ELCR equal to 0.58 × 10−5 for her breast, which is considered as moderate. If, for the same
young lady, we assess the ELCR for all her organs (in this case we considered an average
height of 130 cm from the ground for her vital organs), we calculate a value of 2.4 × 10−5

which is considered high, while the corresponding value for leukemia is 0.08 × 10−5,
considered low. Our next case is that of a 50-year-old cattleman who lived in the same area
and promptly evacuated his ranch under the first governmental recommendations for the
general public, but after some weeks returned to live again in his area at his own risk. This
man, exposed to a 30-day-irradiation after the first days of his reinstallation of 3.20 mGy
from the radiation under his feet, has an ELCR value for his pancreas equal to 0.66 × 10−5,
which is considered as a moderate one. We then consider a 16-year–old lady, living in an
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area of the outer contaminated zone of 37 kBq m−2, exposed to a 7-day-external irradiation
of 8 mGy (due to a delay in her family’s evacuation of their home) for whom we assess an
ELCR for her ovaries equal to 0.005 × 10−5; this value is a low one. Our last case is that of
a 30-year-old woman living those days in the contaminated zone of 555 kBq·m−2, who, for
a 7-day-delay of evacuation, has been exposed to an external dose of 0.068 mGy, equivalent
to a low ELCR value for her brain equal to 0.004 × 10−5.

Table 1. Data of hypothetical individuals exposed to the radiation from Chernobyl nuclear accident [sex (male, female),
birth year, exposure year, exposed organ, surface activity (kBq/m2), total exposure time (days), exposure rate, dose (mGy)]
for the assessment of ELCR and risk grade (High, Medium and Low).
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M 1970 1986 Prostate 3700 30 chronic 3.44 3.91 × 10−5 H

F 1926 1986 Breast 3700 30 chronic 3.02 2.15 × 10−5 H

F 1970 1986 Breast 3700 1 acute 0.1 0.58 × 10−5 M

F 1970 1986 all organs 3700 1 acute 0.1 2.4 × 10−5 H

F 1970 1986 leukemia 3700 1 acute 0.1 0.08 × 10−5 L

M 1936 1986 pancreas 3700 30 chronic 3.20 0.66 × 10−5 M

F 1970 1986 ovaries 37 7 acute 0.008 0.005 × 10−5 L

F 1956 1986 brain 555 7 acute 0.068 0.004 × 10−5 L

As a conclusion to all the previous calculations, it may be noticed that any exposition
of an individual in the near zone of 3700 kBq·m−2 increases the risk of cancer at a moderate
to high grade (only in the case of leukemia there is a low-risk grade estimation for exposed
individuals in this zone, and this happens due to the selected short time of exposure, i.e.,
1 day).

The objective of this study is the calculation of the absorbed dose and the estimation
of a critical marker for biological damage i.e. the one induced at the DNA of an individual
exposed to the radiation emitted by the 137Cs in the ground. In this way, we have isolated
only one component of the total radiation that can affect the health of a human exposed
to it after a nuclear accident and could lead to carcinogenesis. The latter, as we know,
is a multistage and multifactorial process and in order to assess any risk estimate with
the most accurate approach possible for cancer, one has to investigate at the same time
all the factors associated with this disease. For example, in the case of radiation-induced
leukemia, one should know not only the absorbed dose and the time of exposure, but also
diverse factors connected to genetic susceptibility to the disease. We should also know
other environmental factors and dietary habits referred to the specific agricultural cohort of
this area around the Chernobyl Nuclear Power Plant. Noshchenko et al. [102] estimated the
radiation-induced risk of acute leukemia that occurred from 1987–1997 among residents
0–5 years of age at the time of the Chernobyl accident, who lived in the most radioactively
contaminated territories of the Ukraine; this risk was significantly increased among those
who were exposed to doses higher than 10 mGy. If we compare our results (Figure 4:
lower doses in shorter exposure periods) to those above then we will have to extend
the exposure time to much longer periods (e.g., more than 2 months) in order to reach
similar doses. Some reports about an increase in infant leukemia due to the prenatal
irradiation after the Chernobyl accident in more remote countries, such as Greece [103] and

89



Appl. Sci. 2021, 11, 8985

Germany [104], quote an average of ~2 mSv and 0.49 mSv correspondingly, (for radiation
protection purposes, absorbed dose and effective dose are used, including a radiation-
dependent weighting factor: for X-rays and γ-rays, 1mSv = 1 mGy) for the added radiation
exposure during the first year after the accident, while others in neigboring countries such
as Belarus [105] quote multiple values of doses.

4. Discussion

Simulating the biological DNA damage effects in the human body in the case of REI,
utilizing MC methodologies, has proved to be a useful methodology to better understand
the effects of environmental radiation exposure. MC methods are computational algo-
rithms of high predictive accuracy and useful for modelling phenomena with significant
uncertainty inputs. Thus, this is a powerful approach for confirming that, given the charac-
teristics of the living matter and the medium, such as density, distance from the radiation
source, radiation energy and geometry, as well as the kind of particles, effectively affect
the photon transport path. The associated expected DNA damage levels (DSBs, SSBs)
are usually accompanied by 5–10 times more non-DSB lesions, increasing the mutational
potential even at low levels of radiation dose [31,106].

As expected, our results show that, for a given exposure time and 137Cs surface activity,
the absorbed dose decreases exponentially as a function of the height from the ground
surface of the gamma-ray source. In the same way, the number of initial complex damage
levels per cell decreased exponentially when the height increased and depended on the
duration of the exposure and the source activity. It is obvious that a higher surface activity
of 137Cs can induce a greater number of DSBs and SSBs. It is worth noting that according to
in vitro experiments on normal mammalian cells, 10–35 DSBs/cell and 200–1000 SSBs/cell
are expected to occur with doses of 0.2–1 Gy, respectively [80,107]. This means that if an
individual has received such a dose, they would have a 1–3% increased risk of cancer as
well [108]. Additionally, if the number of DSBs per cell is greater than 35 in any irradiated
cell, this cell will have a dramatic risk increase of mutations, probably leading to apoptosis
or cell death [109].

Although we know that many of the DSB lesions induced to a cell after IR exposure
can be repaired by endogenous mechanisms within 24 h, some of these lesions are difficult
to repair, leading possibly to mutation or cell death [110]. What we really need in order to
evaluate the damage induced to an individual after an IR exposure caused by a REI is a
correlation between the absorbed dose and the DNA damage.

This study has several limitations. In particular, in order to obtain a reliable cancer
risk estimate for a specific cohort of people affected by a REI, there are more factors that
have to be taken into consideration i.e., chemical factors (smoking, alcohol drinking, hete-
rocyclic amine intake by overcooked meat, occupational contact with pesticides, herbicides
and fertilizers), biological factors (medical history of hepatitis B, C and D) and genetic
ones (hereditary abnormalities in DNA repair and cell cycle genes), together with the IR
relevant magnitudes measured in the affected area [111]. Another issue is the fact that
it is difficult to isolate only one physical component of the total radiation relevant to a
REI that affects a certain geographic area, since there no specific non variable irradiation
limits in time and space, and the radionuclides released by such incidents affect public
health both individually and as a whole. The latter issue has been overcome in part, via
the use of MC techniques, which are useful tools utilized for modelling phenomena with
uncertainty inputs.

5. Conclusions

Using Monte Carlo simulations, we have calculated the absorbed dose and estimated
the induced complex DNA damage types in the cells of a hypothetical individual exposed
to IR after a nuclear accident, in order to show the association between this type of radiation
and the resulting damage yields. Specifically, in order to assess the potential biological
consequences of 137Cs source activity more efficiently, we have used the MCNP radiation
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transport code for an accurate estimation of the secondary electron spectrum, produced by
emitted photons in cells by using an irradiation geometry, similar to the conditions under
which a possible radiological incident may occur. We have combined the aforementioned
MCNP estimation with DNA damage yields assessed via the MCDS code. Based on the
great need for biodosimetry combined with physical dosimetry, our methodology can be
considered as an intermediate step between these, providing a useful estimate of the DNA
damage that has been induced in cells after radiation exposure; these damage levels and
types could be used by the scientific community for a better assessment of the long-term
health effects of IR. All these, in conjunction with simple experimental measurements of the
DSB lesions in the blood of exposed individuals in specific time periods after exposure, by
using, for example, the γ-H2AX assay [112,113], can provide a reliable basis for calculating
the level of initial DNA damage with very good approximation, and the expected radiation
exposure levels.
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Abstract: The change of natural ionizing radiation and the radon exhalation rates from typical
building materials in underground parking lots are presented in the article. The activity concentration
of natural radionuclides 232Th, 226Ra, and 40K in six important types of construction materials, which
are mostly used in Lithuania, were analyzed using high-resolution gamma spectroscopy. The highest
values were found in concrete and ferroconcrete samples: 226Ra 44 and 90 Bq kg−1; 232Th 29 and
34 Bq kg−1; 40K 581 and 603 Bq kg−1. A strong positive correlation (0.88) was observed between
radium activity concentration and radon concentration. The activity indexes (Iα and Iγ) and radium
equivalent activity (Req) evaluating the suitability of materials for such constructions from the view
of radiation safety were determined. The average values of the calculated absorbed dose rate in
samples ranged from 18.24 nGy h−1 in the sand to 87.26 nGy h−1 in ferroconcrete. The calculated
annual effective dose was below the limit of 1.0 mSv y−1. The values of the external and internal
hazards index (Hex and Hin) were all below unity, and the values of Iγ and Iα were below the
recommended levels of 0.5 and 1. Dosimetric analysis of underground parking lots was carried out.
It was determined that the external equivalent dose rate caused by the 222Rn progeny radiation in
the underground car parking lots varies from 17 to 30% of the total equivalent dose rate.

Keywords: natural radioactivity; radon exhalation; equivalent dose rate; car parking lots

1. Introduction

Ionizing radiation is one of the factors that can have a negative impact on human
health. Natural radiation such as cosmic radiation, radionuclides in the soil and construc-
tion materials, radon gas are the highest sources of human radiation exposure. Even low
doses of ionizing radiation can cause chronic diseases, cancer can also lead to various
negative health effects. Negative consequences can occur many years after exposure. It is
impossible to avoid the impact of radiation, but it can be reduced.

226Ra, 232Th, and 40K in construction materials is an important source of human ex-
posure [1,2]. Gamma radiation of these natural radionuclides causes external exposure.
Building materials can be radioactive for various reasons, mostly due to the raw materials
with a high activity concentration of natural radionuclides that are used for their produc-
tion. Therefore, it is important to control the activity concentration of radionuclides in
construction materials. One of the ways to reduce the external exposure dose is to select
building materials with the low-level activity of radionuclides. Calculation of doses due to
radionuclides in building materials is important from the point of radiation safety. High
activities of natural radionuclides in building materials may be the cause of higher dose
rates indoors, especially when products from various industries are used in the production
process [3].

Radon exhalation from building materials is also an important problem as this ra-
dioactive inert gas is the most important source of internal exposure. According to some
studies, radon and its decay products determine about 50% of the total dose from natural
radiation [4,5]. Although the main source of radon indoors is soil, in some cases, the main
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sources of indoor radon can be construction materials—contribution is estimated to be
up to 30% [6]. Radon is an alpha emitter; therefore, radon radiation is easily absorbed by
human skin. However, radon gas can be inhaled by humans, and radon decay products
(218Po, 214Pb, and 214Bi) can cause internal exposure [7]. The main risk posed by radon
and its progeny is that it can cause respiratory tract and lung cancer. Radon disperses
rapidly outdoors and is not a health issue. Most radon exposure occurs indoors where
radon can have high activity concentration. It has been evaluated that the equivalent dose
rate caused by ionizing radiation of radon progeny 214Pb and 214Bi can vary from 2 to
20% of the total equivalent dose rate [8,9]. The average annual effective dose from natural
sources is 2.4 mSv: 1.1 mSv of it is due to the basic background radiation, 1.3 mSv due to
exposure to radon [10]. According to Lithuanian Hygiene Norms and European Union
directives, the indoor radon concentration must not exceed 300 Bq m−3 [11,12].

The exposure of radon progeny concentration in underground parking lots is de-
termined by the ventilation intensity and radon exhalation from the soil and building
materials. To reduce the amount of radioactive inert gas in parking places, it is necessary
to study and use emanation blocking means in building materials; it is also important
to know and control the activity concentration of 226Ra in soil and building materials,
as the intensity of radon exhalation depends on it [13]. It has been evaluated that the
used quantity of building material and its particular place in a building determines the
exposure [14].

In order for the population to be exposed to less radiation from radionuclides in
construction materials, the activity concentration of radionuclides in building materials
used in the construction must not exceed predefined limit values. Indoor radon research is
carried out regularly. After assessing the exposure to ionizing radiation from radionuclides
in building materials and the change and formation of this exposure, it is possible to plan
measures that must be taken to optimally reduce the exposure.

Although the typical duration of stay for persons in underground parking lots is from a
few minutes to a few hours per day, there are exceptions. In Lithuania, car cleaning centers,
car wheel services, and various small repair workshops are found in the underground
shopping centers. The people who work in them and customers spend a lot of time.
Additionally, there are known cases when humans set up sports and training facilities and
creative workshops in underground garages under apartment buildings. Therefore, it must
be taken into account that some people can spend much more time in underground parking
places than others. This is important from the point of view of radiation protection.

Identification of radiation sources, determination of exposure, investigation of varia-
tion, and distribution principles of radiation doses is an important stage of radiation safety
optimization; therefore, it is important to analyze the human exposure sources and to
choose the most optimal protection against ionizing radiation.

2. Materials and Methods

The measurements were undertaken in typical parking lots, located one floor below
dwellings or shopping centers. Samples were taken in several ways. Some samples were
collected from manufacturers and suppliers. Other samples, if it was possible, were taken
at underground parking lots. For the statistical evaluation of the activity concentration
distribution of natural radionuclides, 20 to 50 samples of the same material were taken.

To identify gamma radionuclides 40K, 232Th, 226Ra and measure their activity concen-
tration the samples of the main building materials used for the construction of underground
parking lots (clay, cement, sand, gravel, concrete, and ferroconcrete) were prepared for
spectrometric analysis. The samples were dried at 105 ◦C in a laboratory oven, then crushed
and homogeneously put into measuring containers of 200 mL and left for four weeks to
reach secular equilibrium between 226Ra and its progeny. The samples were analyzed
with the gamma spectrometry system Canberra, USA, with the semiconductor Hyper Pure
germanium (HPGe) detector (model GC2520). HPGe detector has an energy resolution
full width at half-maximum (FWHM) of 1.9 keV at 1330 keV (60Co). The detector has a
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high peak to Compton ratio of 58:1 and relative efficiency of 30%. The samples of building
materials were measured spectrometrically for at least 90 000 s. 226Ra activity concentration
in the samples was defined based on its decay products 214Pb (352 keV) and 214Bi (609 keV),
while 232Th was defined based on 228Ac (911 keV) and 208Tl (583 keV). 40K was determined
directly according to the 1460 keV energy gamma-radiation peak.

The radon exhalation rate was measured by hermetically closing the sample in a
container and observing the radon activity growth as a time function [3,15,16]. The samples
were kept in cylindrical containers of 400 mL capacity. LR-115 track detector was used
in this study. The detector is exposed to the exhaled radon from the sample and fixes
α-particles resulting from the radon progeny in the volume of the container and 218Po and
214Po deposited on the inner walls of the container. Following the long-term exposure, the
LR-115 detector was chemically etched for developing the tracks registered in the films and
the concentrations of radon and its decay products were determined.

The equivalent dose rate (EDR, nSv h−1) caused by natural radionuclides in under-
ground parking lots building materials was measured. Dosimetric measurements were
performed using an InSpector 1000 a high-performance digital handheld multichannel
analyzer with a NaI detector (IPROS-3), energy range 50 keV to 3 MeV [17]. The analyzer
has computer interface software Genie 2000. The equivalent dose results are updated once
per second. The parking lot where the EDR was measured (no closer than 50 cm from the
wall) was split into imaginary squares with an edge length of 2 m. The average EDR value
of the five measurements was recorded at the center of each imaginary square with the
detector held at a height of 1 m. The number of measurement points depends on the size
of the parking lot.

At the same time, radon concentration was measured using radon and thoron mea-
surement system SARAD RTM2200. The monitor is based on α-spectrometry forming
222Rn progeny (218Po and 214Po) inside the high-quality silicon radiation detector chamber.
Radon progeny deposit on the surface of the semiconductor detector and alpha radiation
was registered. Measurement upper range of the radon concentration is 10 MBq m−3,
device sensitivity—3 or 7 cpm/(kBq·m−3) for fast or slow mode. Radon concentrations can
be registered at different time intervals.

3. Results and Discussion

3.1. Radon Exhalation Rate

Radon surface and mass exhalation rates were calculated using Equations (1) and (2),
respectively [15,18].

ES =
CVλ/A

T + (1/λ)
(
e−λT − 1

) (1)

and
EM =

CVλ/M
T + (1/λ)

(
e−λT − 1

) (2)

where ES is surface exhalation rate (Bq m−2 h−1); EM is mass exhalation rate (Bq kg−1 h−1);
C is integrated radon exposure (Bq m−3 h−1); V is the volume of air (m3); λ is radon decay
constant (h−1); T is the exposure time (h), A is the surface area (m2)m and M is the mass
(kg) of the sample, respectively.

Radon surface and mass exhalation rates and other parameters of the most commonly
used building materials are presented in Table 1.
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Table 1. Radon surface and mass exhalation rates and other parameters of studied building materials (M.V. ± σ).

Building Material
Rn Surface

Exhalation Rate
(mBq·m−2·h−1)

Rn Mass
Exhalation Rate
(mBq·kg−1·h−1)

Emanation Factor (%) Porosity (%)
Bulk Density

(kg·m−3)

Sand 10.2 ± 1.5 1.12 ± 0.16 5 ± 0.7 32 ± 3.5 1620

Clay bricks 18.3 ± 1.3 1.22 ± 0.15 3 ± 0.5 23 ± 3.2 1950

Cement 19.9 ± 1.6 1.19 ± 0.13 11 ± 1.9 12 ± 2.2 2020

Concrete 24.3 ± 1.2 2.93 ± 0.18 10 ± 1.3 16 ± 2.6 2200

Ferroconcrete 26.2 ± 1.4 2.95 ± 0.17 16 ± 2.1 18 ± 2.9 2400

Radon surface exhalation rates vary from 10.2 ± 0.5 to 26.2 ± 0.4 mBq m−2 h−1;
radon mass exhalation rates vary from 1.12 ± 0.06 to 2.95 ± 0.07 mBq m−2 h−1 (uncer-
tainties are given with coverage factor k = 2). The maximum rate of radon exhalation
was observed in the concrete and ferroconcrete samples. It is worth mentioning that the
radon exhalation rate changes with the age of the concrete. Various researchers [3,19–21]
estimated that the radon exhalation rate was decreased with the increasing age of concrete.
Additionally, it was estimated that the radon exhalation rate of concrete is reduced by low
humidity conditions. Therefore, the results show that radon exhalation from samples of
concrete measurements is dependent on the humidity and age of the sample and should
be standardized.

Radon surface exhalation and mass exhalation rates found for sand are the lowest
values and for concrete and ferroconcrete are found to be the maximum. The emanation
fraction varies from 5 to 16%. The results obtained in this work are within the values
measured in other countries [18,22–25]. Correlation analysis showed a strong positive
correlation (0.88) between radon concentration and radium activity concentration in various
samples, which may be due to the radium content and porosity in the samples (Figure 1).
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Figure 1. The correlation between radon concentration and radium activity concentration.

Research of radon activity concentrations in underground parking lots with work-
places has shown that people work in a safe environment in terms of radiation safety. The
radon activity concentration varied from 22 ± 3 to 270 ± 18 Bq m−3 (the average value
was 83 ± 7 Bq m−3). Indoor radon activity concentration did not exceed the level of the
Lithuanian hygiene standard [11]. However, several cases were close to the maximum
level. Such results may have been due to the fact that no mechanical ventilation systems
were installed that do not allow radon to accumulate on the lower floors of the building.
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3.2. Estimation of Radium, Thorium, and Potassium in Various Samples

The activity concentration (C, Bq kg−1) of potassium, thorium, and radium were
calculated using the following Equation (3) [26]:

C =
CPS × 100 × 100

B.I. × Ef f × m
± SDCPS × 100 × 100

B.I. × Ef f × m
(3)

where CPS is the net count rate per second, SDCPS is the standard deviation of net count
rate per second, B.I. is the branching intensity, Eff is the efficiency of the detector, and m is
sample mass in kg.

Table 2 shows the average activity concentrations of the radionuclides 40K, 232Th,
and 226Ra in structural materials used for building underground parking lots, as well as
the corresponding standard deviation in the materials under investigation. It has been
determined a wide range of activity concentrations of natural radionuclides contained in
building materials: 40K—13–1217 Bq kg−1, 226Ra—2–124 Bq kg−1, 232Th—1–72 Bq kg−1.
The lowest activity concentrations of natural radionuclides have been found in sand,
cement, and gravel, while their highest activity concentrations have been measured in
ferroconcrete, clay, and concrete. The commonly used building materials samples satisfy
the safety criterion of the recommended safety limit for the public [27]. Therefore, these
samples do not pose any health hazard for the human.

Table 2. Activity concentrations of 40K, 232Th, 226Ra in studied building materials and activity indexes.

Building Material

40K 232Th 226Ra

Iγ IαM.V. ± σ

(Range)
M.V. ± σ

(Range)
M.V. ± σ

(Range)

Clay 493 ± 16 8 ± 2 24 ± 2
0.28 0.12(108–734) (2–16) (10–41)

Cement
126 ± 17 5 ± 1 39 ± 4

0.20 0.20(13–362) (1–8) (7–66)

Sand
232 ± 21 5 ± 1 12 ± 1

0.14 0.06(137–460) (1–19) (5–17)

Gravel
301 ± 11 5 ± 1 18 ± 1

0.19 0.09(118–342) (1–9) (2–23)

Concrete
581 ± 27 29 ± 3 44 ± 3

0.48 0.22(18–1217) (2–47) (3–92)

Ferroconcrete
603 ± 21 34 ± 4 90 ± 4

0.67 0.45(47–1108) (1–72) (4–124)

The values of activity indexes Iγ and Iα are given in Table 2. These indexes are used
for the overall evaluation of building materials from the view of radiation protection.

The gamma activity index (Iγ) is calculated using the following Equation (4):

Iγ =
CRa

300
+

CTh
200

+
CK

3000
(4)

where CRa, CTh, CK are activity concentrations of 226Ra, 232Th, and 40K in Bq kg−1.
The gamma activity indexes of natural radionuclides in building materials varied

from 0.14 to 0.67. They did not exceed the values determined by the Lithuanian Hygiene
Norm [28] and regulated by the European Commission [29].

Alpha index (Iα) assesses internal hazards originating from the alpha activity of
building materials. This parameter evaluates the exposure level due to radon inhalation
originating from building materials. The Iα has been proposed by S. Righi [30].
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The alpha index calculated using Equation (5).

Iα =
CRa

200
(5)

The activities of radium must not exceed a value of 200 Bq kg−1, to avoid exposure to
the indoor radon concentration of more than 200 Bq m−3. In this work, the alpha index
ranged from 0.06 to 0.45 from building materials. The highest value of Iα 0.45 was found
in ferroconcrete samples as well as the highest value of Iγ 0.67.

The values of activity concentration index Iα and Iγ regulated by the European Com-
mission radiation protection principles shall not exceed 0.5 and 1, respectively [29].

It is known that the absorbed dose rate is not directly related to radionuclide con-
centrations in constructions materials. Other parameters that are important for dose rate
indoors are analyzed below.

3.3. Evaluation of Radiological Hazard Parameters in Building Materials
3.3.1. Radium Equivalent Activity

The natural radioactivity of construction materials is usually determined from the
content of natural radionuclides 40K, 232Th, and 226Ra. The distribution of these radionu-
clides in building materials samples under investigation is not uniform; therefore, a radium
equivalent activity index (Raeq) was introduced. Raeq is an index used to represent the
activity concentrations of 40K, 232Th, and 226Ra by a single quantity, which takes into
account the radiation hazards associated with them. Raeq is calculated according to the
following Equation (6):

Raeq = CRa + 1.43CTh + 0.077CK (6)

The calculated values of Raeq for all types of building materials ranged from 37.01 to
185.05 Bq kg−1, which is less than the limit of 370 Bq kg−1 [17,31–33]. This value is defined
by the Organization for Economic Cooperation and Development to keep the external
dose below 1.5 mSv y−1. The highest value of Raeq is estimated in ferroconcrete samples
(Table 3).

Table 3. The average values of absorbed dose rate, annual effective dose, and hazard parameters for building materials.

Building Material
Raeq

(Bq kg−1)

Average Absorbed
Dose Rate (nGy h−1)

Outdoor Annual
Effective Dose

(mSv)

Indoor Annual
Effective Dose

(mSv)
Hex Hin

Clay 73 36 0.045 0.18 0.20 0.26

Cement 56 26 0.032 0.13 0.15 0.26

Sand 37 18 0.022 0.09 0.10 0.13

Gravel 48 24 0.029 0.12 0.13 0.18

Concrete 130 62 0.076 0.31 0.35 0.47

Ferroconcrete 185 87 0.107 0.43 0.50 0.74

The results show that Raeq of different building materials can vary significantly. This is
important in choosing the appropriate materials for building constructions. Actually, Raeq
of the same type of building materials can have large variations. Therefore, it is important
to identify their radioactivity levels before using building materials.

3.3.2. Absorbed and Annual Effective Dose Rate

Gamma radiation hazards related to building materials can be evaluated by calculating
the different radiation hazard parameters [34]. One of the parameters to estimate radiation
risk to humans is absorbed dose rate (D). The absorbed dose rate can be calculated by the
concentrations of 40K, 226Ra, and 232Th by applying the conversion factors 0.0417, 0.462,
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and 0.604 for potassium, radium, and thorium, respectively [32]. These conversion factors
were used to calculate the total absorbed gamma dose rate in the air of underground car
parks at 1 m above the ground level. The absorbed dose rate has been calculated by using
the Monte Carlo method [35]:

D = 0.0417CK + 0.462CRa + 0.604CTh (7)

where D is the absorbed dose rate (nGy h−1).
To determine annual effective dose (AED) the conversion coefficient from absorbed

dose to effective dose and the indoor and outdoor occupancy factor must be taken into
account. The conversion coefficient from absorbed dose rate in the air to effective dose
is 0.7 Sv Gy−1, which is used to convert the absorbed dose rate to human effective dose
equivalent with an outdoor occupancy of 20% and 80% for indoors, proposed by [32].

The annual effective doses are calculated as follows:

AEDoutdoor = 0.2 × D × t × F × 10−6 (8)

AEDindoor = 0.8 × D × t × F × 10−6 (9)

where AED is the annual effective dose (mSv y−1); D is absorbed dose rate (nGy h−1); t is
the duration of the exposure (8760 h); F is the conversion factor of 0.7 Sv Gy−1.

Applying Equations (7)–(9), the absorbed and annual effective dose rates from the
samples were calculated, as given in Table 3. The average values of the calculated ab-
sorbed dose rate in samples ranged from 18.24 nGy h−1 in the sand to 87.26 nGy h−1

in ferroconcrete. The values of AEDindoor were found to vary from 0.09 to 0.43 mSv y−1.
AEDoutdoor varied from 0.022 to 0.107 mSv y−1. The annual effective dose from ferroconcrete
is higher than the other samples. The lowest annual effective dose was found in sand and
gravel. However, it was estimated that all these building materials samples satisfy the
safety criteria for radiation safety point of view, and hence, these samples do not pose any
environmental and health hazard problems. The calculated annual effective dose is below
the limit of 1.0 mSv y−1 recommended by the International Commission on Radiological
Protection for the general public.

3.3.3. External and Internal Hazard Index

The values of external (Hex) and internal (Hin) hazards are shown in Table 3.
External hazard index is calculated using Equation (10) [36,37].

Hex =
CRa

370
+

CTh
259

+
CK

4810
≤ 1. (10)

Internal hazard index is calculated using the following Equation (11) [36,37]:

Hin =
CRa

185
+

CTh
259

+
CK

4810
≤ 1 (11)

The values of these indices must be lower than 1, to ensure that the radiation hazard
is insignificant in the investigated area [32,38].

As can be seen, the maximum values of Hex and Hin are found in ferroconcrete samples,
0.50 and 0.74, respectively. The values of Hex and Hin are all below unity; therefore, the
materials analyzed in this study can be safely used for the construction of buildings.

3.4. Estimation of Equivalent Dose Rate Caused by Radon

Consistently registering the records of the dosimeter, information on the equivalent
dose rate of parking places was collected. The equivalent dose rate is influenced by ionizing
radiation of radionuclides in the ground surface and air as well as cosmic radiation [39].

External equivalent dose rate (EDR) values caused by radiation of natural radionu-
clides, respectively, 40K, 226Ra, and 232Th are presented in Figure 2. To evaluate the
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measured equivalent dose rate in the underground parking lots, the results were compared
with the measurement results in the aboveground parking lots. Figure 2 shows the equiv-
alent dose rate measured in artificial ventilated underground parking lots and natural
ventilated aboveground parking lots.
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Figure 2. Equivalent dose rate (EDR) in different types of parking lots.

Experiments show that the highest values of EDR are measured in underground
parking lots with artificial ventilation. About 2–20% of the radiation is radon progeny in
these parking places, and this is explained by the fact that the biggest amount of radon is
in the soil, and it tends to accumulate specifically in rooms and underground structures
that are in contact with the ground [40].

Figure 3 shows a variation of the equivalent dose rate caused by radon and the total
equivalent dose rate. EDR was measured and the 222Rn activity concentration in the air
was determined in the underground parking lots at the same time to estimate which part
of the total EDR is due to the 222Rn.
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Figure 3. Variations of the equivalent dose rate caused by 222Rn and total equivalent dose rate in the underground
parking lots.

It was evaluated that EDR caused by the 222Rn and its progeny varies from 17 to
30% of the total EDR in the underground parking lots. Radon activity concentration can
be reduced by using radon exhalation from the ground and building materials blocking
means: seal cracks, cover surfaces (e.g., paint), fill pores, and others. It is important to
ventilate underground parking lots more frequently. Additionally, building materials with
the lowest 226Ra activity concentration should reduce radon and its progeny concentration.
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4. Conclusions

Activity concentrations of 40K, 232Th, and 226Ra in the building materials used for
construction underground parking lots were determined. The highest values were found
in concrete and ferroconcrete samples: 40K 581 and 603 Bq kg−1, 232Th 29 and 34 Bq kg−1,
226Ra 44 and 90 Bq kg−1, respectively. A statistically significant positive correlation (i.e.,
0.88) between radium activity concentration in building materials and radon concentration
in underground parking lots has been found. The highest values of radon exhalation
were determined in ferroconcrete samples. The radon exhalation rates showed a good
correlation with radium concentration.

It was estimated that the values of external (Hex) and internal (Hin) hazard indexes
in the studied samples were lower than the recommended limits. The calculated values
of Hex and Hin, as well as the values of gamma (Iγ) and alpha (Iα) activity indexes, were
below the recommended level of 1. Therefore, it is safe to use the materials analyzed in this
study for the construction of underground parking lots.

Having assessed the possible additional exposure induced by the radioactivity of
the building materials contained in underground parking lots, it was established that the
absorbed dose rate (D) and annual effective dose (AED) increase up to 2.5 times; however,
they do not exceed the maximum permissible rates of natural exposure. The studied areas
may be considered safe from a radiological point of view. The calculated radium equivalent
activity (Raeq) was below the upper limit of 370 Bq kg−1 in all types of building materials.

The equivalent dose rate (EDR) in artificial ventilated underground and natural
ventilated aboveground parking lots was experimentally determined. It was estimated
that the highest values of EDR are measured in artificial ventilated underground parking
lots and EDR caused by the radon, and its progeny varies from 17 to 30% of the total EDR.
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Abstract: Flour investigation, in terms of physical and chemical pollutants and mineral content,
is of great interest, in view of its high consumption for nutritional purposes. In this study, eleven
types of flour (five samples for each one), coming from large retailers and employed by people for
different cooking food purposes, were investigated through high-purity germanium (HPGe) gamma
spectrometry, in order to estimate natural (40K) and anthropogenic (137Cs) radioisotope specific
activity and thus, to assess the radiological risk due to the flour ingestion. Inductively-coupled
plasma mass spectrometry (ICP-MS) and inductively-coupled plasma emission spectroscopy (ICP-
OES) were also employed to evaluate any possible heavy metal contamination and the mineral
composition, and to perform multivariate statistical analysis to deduce the flour authenticity. The
evaluation of dose levels due to flour ingestion was performed, for the age category higher than
17 years, taking into account the average yearly consumption in Italy and assuming this need to be
satisfied from a single type of flour as a precaution. All obtained results are under the allowable
level set by Italian legislation (1 mSv y−1), thus excluding the risk of ionizing radiation effects on
humans. As far as heavy metal contamination is concerned, Cd and Pb concentrations turned out
to be lower than the threshold values, thus excluding their presence as pollutants. Finally, the
multivariate statistical analysis allowed to unambiguously correlate flour samples to their botanical
origin, according to their elemental concentrations.

Keywords: flour; natural and anthropogenic radioactivity; heavy metals contamination; mineral
concentration; high-purity germanium gamma spectrometry; inductively-coupled plasma mass
spectrometry; inductively-coupled plasma emission spectroscopy; effective dose; ingestion

1. Introduction

Natural radioactivity occurs in the environment due to the presence of cosmogenic
and primordial radionuclides in the Earth’s crust [1]. The first radionuclides were pro-
duced by cosmic-rays’ interaction with atomic nuclei in the atmosphere, while primordial
radioisotopes were generated by the nucleo-synthesis process during the Earth’s forma-
tion [2]. Anthropogenic radioactivity is due to radionuclides, such as 137Cs, mainly derived
from nuclear accidents and global nuclear tests conducted between the mid-1940s and the
1980s [3].
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Human beings can be exposed to ionizing radiations through external gamma rays,
the inhalation of radon and other radioactive nuclides, and ingestion of radioisotopes
through food and water [4]. In particular, for the latter, the natural radioactivity in food
comes mainly from 40K; uranium and thorium daughter products are usually present in
traces [4–8].

The presence in food of anthropogenic radionuclides, as well as of heavy metals, is a
significant issue, involving contamination of the food chain and harm to public health [9].
The danger associated to heavy metals is especially severe, because they are not chemi-
cally or biologically degradable [7]. Once released into the environment, mainly due to
industrial or mining activities, they can remain for hundreds of years, polluting the soil
and accumulating in plants and organic tissues. Moreover, their concentration in living
beings increases as they move up the food chain [10].

Among all sources of the food chain contamination, pollution of the soil (from which
foods are produced) due to the radioactive fall-out, residual muds, chemical fertilizers,
and pesticides used in agriculture appear to be the most significant [11]. Having this
contamination in so many different sources, there is a wide range of foods potentially
contaminated by anthropic radionuclides and heavy metals, including products of plant
origin, such as cereals, rice, wheat, edible roots, mushrooms, etc., as well as animal origin
foods, such as fish, crustaceans, mollusks, etc. [6].

Flour is a plant origin foodstuff consumed daily by inhabitants of Italy [12]. The aver-
age annual consumption of flour is of about 85 kg per person, taking into consideration its
use to produce bread, pizza, and baked goods, so the analysis of flour in terms of chemical
and radioactive contamination is extremely important to safeguard human health [13]. The
consumption of contaminated food increases the amount of radioactivity and chemical
contamination inside an individual, and therefore increases the health risks associated with
radiation exposure and heavy metal pollution. The exact health effects depend on the type
and quantity of ingested radionuclides and metals [14].

Consumers have an increasing interest towards safe foodstuffs and protection [15,16].
For this reason, studies focused on food authenticity and traceability are in constant
increase to preserve costumers against fraud and commercial disputes [17]. In particular,
botanical and geographical origins of various foodstuffs have been verified by developing
quali-/quantitative methods with subsequent multivariate analysis [18,19].

In this article, eleven different types of flour (five samples for each one), i.e., wholemeal,
semolina, rice, coconut, almond, chestnut, Mallorcan wheat, oat, corn, rye, and pistachio,
coming from large retailers and employed by people for different alimentary purposes,
were analyzed. The analysis was to identify and quantify, on the one hand, natural (40K)
and artificial (137Cs) gamma-emitting radionuclides with HPGe gamma spectrometry, in
order to evaluate any possible radioactive contamination and estimate the effective dose
due to the flour ingestion. On the other hand, heavy metals and minerals were estimated
by ICP-MS and ICP-OES, in order to assess any possible chemical pollution, through
a comparison between experimental concentrations and threshold limits set by Italian
legislation [20], and to deduce the flour authenticity, correlating botanical origin, with
chemical composition.

The schematic block diagram of Figure 1 summarizes what was performed in the
present study.
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Figure 1. Schematic block diagram.

2. Materials and Methods

2.1. Sample Description

Five samples for each type of flour (wholemeal, semolina, rice, coconut, almond,
chestnut, Mallorcan wheat, oat, corn, rye, and pistachio) were analyzed in this study.

Wholemeal flour is a powdered substance, a basic food ingredient derived from the
stone grinding of the whole wheat grain. It has a dusty consistency and is aimed toward
mixing with liquid and/or fatty ingredients (water, oil or eggs) to give rise to many doughs
of typically Mediterranean origin, such as bread and pasta. The benefits for human health
deriving from the use of this flour mainly consist of the reduction of cardiovascular risk and
arteriosclerosis, overweightness and obesity, and diabetes risk, as well as anti-inflammatory
action [21].

Semolina flour is produced by grinding durum wheat. It is typical of the southern
regions of Italy, such as Puglia and Sicily, and other areas of the southern and eastern
Mediterranean. Semolina flour is mainly used for the production of bread and pasta, but
also for typical sweets. It can be used for biscuits and cakes, as well as pizzas and focaccias.
It is rich in fibers, vitamins, and minerals, and has a relatively low glycemic index, thanks to
the presence of complex carbohydrates. It also contains antioxidants, particularly beneficial
in counteracting cellular aging. It is gluten-rich, though, and therefore not suitable for the
diet of people with celiac disease [22,23].

Rice flour is obtained from the ground seeds of the Oryza sativa plant, i.e., rice. It is one
of the most-used alternative flours in gluten-free cuisine, being suitable for the preparation
of many recipes. As an example, it is excellent in the dough of biscuits, cakes, pies, pizzas,
bread, and home-made pasta, because despite having a poor aptitude for leavening, it
gives a pleasant crispness. This flour is recommended for cardiovascular health, due to its
very low fat and cholesterol content, and low sodium content as well. It can be part of the
diet of hypertensive patients. Rice flour also provides a high content of minerals, such as
calcium and iron compounds, and vitamins [24].

Coconut flour is the powder obtained by grinding dried coconut pulp. It is a fairly
versatile ingredient, so it can be used for different preparations, taking into account its
tendency to absorb a lot of liquids. This means that the dishes containing it are and remain
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more humid than those made with other flours. For this reason, coconut flour is highly
appreciated, especially in gluten-free cuisine, where the products tend to dry out very
quickly. This kind of flour has several health benefits, since it is a rich source of fiber and
protein, does not contain gluten, and has a low glycemic index [25].

Almond flour is a product easily obtained by grinding shelled and peeled almonds. It
is used, as is, for the preparation of baked goods, especially sweets, or in combination with
sugar for the preparation of the well-known almond and marzipan paste, rich ingredients
of granita or artisanal ice cream, as well as malleable pastes for the decoration of cakes or
biscuits. It is gluten-free, a source of vegetable protein, and contains magnesium and iron.
It is also source of good fats, helps to reduce cholesterol, is a source of energy for the body,
and has restorative properties [26].

Chestnut flour is the product of the drying and subsequent grinding of chestnuts. It
is a very versatile ingredient, which can be useful for the preparation of both sweet and
savory recipes. Beyond some traditional recipes, this flour is nowadays used quite rarely
in the kitchen, while in the past it represented a staple food, replacing the fine wheat flour
in poor cuisine. This flour is rich in proteins, fiber, and vitamins, and is useful for the
intestinal bacterial flora and against cholesterol [27].

Mallorcan flour is obtained by the stone-grinding of Mallorca wheat, a variety of
ancient Sicilian wheat produced from organic farming, and characterized by a low gluten
index and by being a source of fiber. The stone grinding is followed by a sieving, which
gives it its typical characteristics. This flour is used in the recipes of typical Sicilian sweets,
wafers, white breads, and breadsticks. It has a lot of protein, mineral salts, and vitamins
content, and excellent bread-making qualities. It is also an easily digestible food, with a
low gluten content [28].

Oat flour is a product obtained by grinding the seeds of oats, preceded by the sepa-
ration of the bran, which is rich in cellulose indigestible for the human body. With this
flour, it is possible to prepare various types of food products, from appetizers to desserts,
including bread, pizza, porridge, pasta, quiche, sweet cakes, and savory desserts. It is an
excellent source of carbohydrates, fiber, protein, and fats, and is also rich in micronutrients,
such as vitamins, minerals, and lecithin [29].

Corn flour is a dried cornmeal. It is a common staple food and is ground to coarse,
medium, and fine consistency. This flour, obtained by grinding the seeds of Zea mais, is
suitable for celiacs and used for the preparation of polenta and as a thickener. rich in
carotenoids and has an antioxidant action. It is suitable for celiacs and is used for the
preparation of polenta, and as a thickener. It is also used for the preparation of flans,
Mexican tortillas, crèpes, pasta, and desserts [30].

Rye flour is produced by grinding the seeds of Secale cereale. It is rich in soluble fibers,
but it tends to absorb large quantities of water, thus hindering baking. Rye-based dough is
not very elastic and almost devoid of resistance, because it contains little gluten. The bread
made from it is very dark, with a characteristic flavor. Rye flour can also be used for the
preparation of sweets, biscuits or cakes, pasta, buns, and fried foods. From a nutritional
point of view, it provides a high amount of energy [31].

Pistachio flour is obtained by chopping shelled pistachios until a not-too-fine grain is
obtained, with an irregular shape and intense color. It is deal as a base for the preparation
of cakes and desserts in general, sauces for pasta, and main courses of meat and fish. This
flour is rich in mineral salts, is a source of vegetable proteins, contains B vitamins and
carotenoids, is rich in antioxidants, protects eyesight, and prevents aging [32].

All the investigated types of flour are reported in Table 1, together with their identifi-
cation code (ID) and typology.
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Table 1. List of investigated types of flour, together with their identification code (ID) and typology.

Sample ID Sample Typology

S1 Wholemeal flour
S2 Semolina flour
S3 Rice flour
S4 Coconut flour
S5 Almond flour
S6 Chestnut flour
S7 Mallorcan wheat flour
S8 Oat flour
S9 Corn flour

S10 Rye flour
S11 Pistachio flour

2.2. Gamma Spectrometry Analysis and Radiological Hazard Effects Assessment

For the gamma spectrometry investigations, samples were packed in a 20 mL polyethy-
lene plastic vial to reach a geometry homogeneity around the detector; then, the respective
net weights were measured and recorded. After this preparation step, they were counted
for 70,000 s, and spectra were analyzed in order to obtain the activity concentration of 137Cs
and 40K, through the evaluation of their γ-lines at 661.66 keV and 1460.81 keV, respectively.
A positively-biased Ortec HPGe detector (GEM) (FWHM of 1.85 keV; peak-to-Compton
ratio of 64:1; relative efficiency of 40% at the 1.33 MeV 60Co γ-line), placed inside lead wells
to shield the background radiation environment, was employed for the analysis. A photo
of the experimental setup is reported in Figure 2.

 
 

 
 
 
 
 
 
 
 
 
 

HPGe GEM detector 

Figure 2. HPGe gamma spectrometry setup.

A multipeak Marinelli geometry gamma source (AK-5901) of 1 L capacity, covering the
energy range 59.54–1836 keV, customized to reproduce the exact geometries of samples in a
water-equivalent epoxy resin matrix, was employed for efficiency and energy calibrations.
The ANGLE 4 code was employed for the efficiency transfer factor calculations to the 20 mL
vial sample holder geometry [33]. For data acquisition and analysis, Gamma Vision (Ortec)
software was used [34].

The activity concentration (C) of each detected radionuclide was calculated according
to the following [35,36]:

C =
NE

εEtγd M
(1)
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where NE indicates the net area of the radioisotope photopeak; εE and γd are the efficiency
and yield of the photopeak, respectively; M is the mass sample (g); and t is the lifetime (s).

The resulting uncertainty of each measurement, with coverage factor k = 2, was
calculated, taking into account the uncertainty of the counting estimation, of the calibration
source, of the efficiency calibration, of the background subtraction, and of the γ-branching
ratio [37].

The quality of the gamma spectrometry experimental results was certified by the
Italian Accreditation Body (ACCREDIA) [38].

This implies the continued verification (with annual periodicity) of the maintenance
of the gamma spectrometry method performance characteristics.

The repeatability of the results, in particular, is verified over time with the double test
method. A certified reference material (also containing the radionuclides 40K and 137Cs)
is analyzed twice, with the active concentration of the radionuclide of interest defined
as x1 (first measurement) and x2 (second measurement). The probability level p = 0.95 is
considered. The following formula is applied:

|x1 − x2| ≤
√

2·sr·t

where t is the Student variable, and sr is the standard deviation of repeatability obtained in
the validation phase.

To evaluate radiological hazard effects, the effective dose for flour ingestion was
calculated [39]:

Ding

(
Sv
y

)
= hing,K−40 × Jing,K−40 (2)

where hing,K-40 is the coefficient of the effective dose for the insertion unit for ingestion of
40K (Sv Bq−1), and Jing,K-40 is the intake of 40K (Bq year−1) [40]. The latter value is obtained
by multiplying the yearly flour consumption for the mean activity concentration of the
investigated radionuclide experimentally measured.

2.3. ICP-MS and ICP-OES Analysis

For the analysis, approximately 0.5–1.0 g of sample, together with 5 mL of ultrapure
(for trace analysis) HNO3 (67–69%) and 1 mL of hydrogen peroxide (H2O2), as well as 5 mL
of ultrapure water, were directly introduced into a 100 mL TFM vessel. Acid digestion was
performed using a Milestone microwave system, Ethos 1, in four steps: 5 min at 1000 W
and 85 ◦C, 10 min at 1000 W and 145 ◦C, 4 min at 1000 W and 180 ◦C, 15 min at 1000 W,
and cooling [41]. The mixture was filtered and filled up to 100 mL with distilled H2O.

ICP-MS calibration solutions for the analytes measured at 1, 5, 10, 100, and 200 ppb
for As, Be, Cd, Cu, Pb, and Zn, as well as at 0.2, 0.5, 1.0, 2.0, and 3.0 ppb for Hg, were
prepared by opportune dilutions of two different reference materials (o2si Multi-element
aqueous RM 100 mL 20 μg mL−1, and o2si Single-element Mercury Hg aqueous RM 100 mL
1007 μg mL−1) in 0.5 % (v/v) HNO3 and 0.5% (v/v) HCl [42]. Internal standardization
was applied, with an internal standard at 20 ppb, added on-line via a T-piece before
the nebulizer. For the ICP-MS measurements a Thermo Scientific iCAP Qc ICP-MS was
used [43] (see Figure 3).

The sample introduction system consisted of a cooled (3 ◦C) Peltier, a baffled cyclonic
spray chamber, a PFA nebulizer, and a quartz torch with a 2.5 mm i.d. removable quartz
injector. The instrument operated in a single collision cell mode, with kinetic energy
discrimination (KED), using pure He as collision gas. All samples were presented for
analysis using a Cetac ASX-520. The iCAP Qc ICP-MS operated in a single KED mode
using 1550 W forward power, 0.98 L min−1 nebulizer gas, 0.8 L min−1 auxiliary gas,
14.0 L min−1 cool gas flow, 4.5 mL min−1 He collision cell gas, 45 s each for sample
uptake/wash time, optimized dwell times per analyte (0.1 s, except 0.5 s for As), one point
per peak, and three repeats per sample.
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Figure 3. ICP-MS experimental setup.

For the ICP-OES measurements, a Perkin Elmer Optima 2100 DV was employed [44]
(see Figure 4).

Figure 4. ICP-OES experimental setup.

The operating conditions were 1450 W RF power, 15 L min−1 plasma gas flow rate,
0.2 L min−1 auxiliary gas flow rate, 0.8 L min−1 nebulizer gas flow rate, 1.5 L min−1 sample
flow rate, 50 s read delay, CCD detector, and nitrogen purge gas, with 589.592 nm (Na),
285.213 nm (Mg), 317.933 nm (Ca) wavelengths.

2.4. Multivariate Statistical Analysis

The Microcal Origin software for Windows (Northampton, MA, United States, ver.
2018) was used for all statistical calculations [45]. A statistical analysis was conducted,
starting on a multivariate matrix, where variables were the average concentrations of
detected elements (P, Mg, Ca, Na, Fe, Zn, Mn, Cu, Ni), and the cases were the eleven
analyzed flour samples.

With the aim of unambiguously correlating flour samples to their botanical origin,
according to their elemental concentrations, an exploratory method (principal components
analysis, PCA) was performed. It ensures the reduction of the data dimensionality, whereas
the combinations of variables identified by the PCs provide the greatest contribution
to sample variability. Before the elaboration, the appropriateness of the data set was
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preliminarily checked by the Bartlett test (sphericity test), as already reported in a previous
work [46].

3. Results and Discussion

3.1. Radioactivity Analysis

The activity concentration of 40K in the investigated flour samples, as calculated by
Equation (1), is reported in Table 2 as mean value ± standard deviation for each type
of flour.

Table 2. The activity concentration (mean value ± standard deviation) of 40K and 137Cs in the
analyzed flour samples.

Activity Concentration (Bq kg−1)

Sample ID 40K 137Cs

S1 285 ± 46 <4.1
S2 144 ± 26 <3.9
S3 155 ± 30 <5.1
S4 345 ± 51 <9.8
S5 248 ± 40 <2.9
S6 443 ± 68 <2.6
S7 70 ± 15 <2.2
S8 152 ± 29 <6.7
S9 99 ± 19 <5.1

S10 300 ± 41 <6.4
S11 370 ± 56 <7.2

The highest value refers to chestnut flour. This may reasonably reflect the differ-
ent composition of the two investigated flours, reported to have 847 mg and 171 mg of
potassium per 100 g of sample [47,48], respectively.

Regarding 137Cs, its activity concentration in all analyzed samples, reported in Table 2,
turned out to be lower than the minimum detectable activity value, thus excluding an
anthropogenic radioactive contamination of the investigated samples.

3.2. The Annual Effective Dose for Food Ingestion

Table 3 reports the estimation of the annual effective dose due to the ingestion of
investigated samples, Ding, as calculated by Equation (2), for the age category higher than
17 years.

Table 3. Annual effective dose due to the ingestion of investigated samples, Ding, for the age category
higher than 17 years, together with its percentage with respect to worldwide average natural dose to
humans (2.4 mSv y−1).

Sample ID Ding (mSv y−1)
Percentage (%) with Respect to Worldwide Average

Natural dose to Humans (2.4 mSv y−1)

S1 0.15 6.2
S2 0.07 2.9
S3 0.08 3.3
S4 0.18 7.5
S5 0.13 5.4
S6 0.23 9.6
S7 0.04 1.6
S8 0.08 3.3
S9 0.05 2.1
S10 0.15 6.2
S11 0.19 7.9
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Reported values take into account the average yearly consumption of flour in Italy,
assumed to be of about 85 kg, taking into consideration its use to produce bread, pizza,
and baked goods [49,50], making the hypothesis that this need was satisfied from a single
type of flour. For each type of investigated flour, Table 3 also shows the percentage values
of the aforementioned doses with respect to the total (external + internal) natural radioac-
tivity value for humans, expressed in terms of effective dose, equal to 2.4 mSv y−1 [51].
Noteworthily, the calculated annual effective doses for all investigated flour types were
under the threshold level of 1 mSv y−1 imposed by the legislation [51] (see Figure 5).

Figure 5. Ding for all investigated samples, compared to the threshold level imposed by legislation.

Therefore, no risk to humans due to ionizing radiations can be associated with the
flour ingestion.

3.3. Heavy Metal Analysis

Table 4 reports Cd and Pb mean concentrations (mg kg−1) for each type of investigated
flour, as obtained through ICP-MS analysis.

Table 4. Cd and Pb mean concentrations in investigated flour samples.

Heavy Metal Concentration (mg kg−1)

Sample ID Cd Pb

S1 0.010 0.17
S2 0.010 0.08
S3 0.020 0.08
S4 0.020 0.11
S5 0.003 0.08
S6 0.070 0.10
S7 0.010 0.15
S8 0.030 0.17
S9 0.004 0.18

S10 0.010 0.07
S11 0.010 0.08

Contamination threshold
EU Reg. 1881/06 0.100–0.200 0.20

As can be seen from the table, the experimental values are lower than the contami-
nation thresholds established by the commission regulations [52]. Therefore, Cd and Pb
cannot be considered as pollutants, and are generally expected not to cause severe effects
on human health.
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3.4. Elemental and Chemometric Analysis

Table 5 reports the elemental composition of the analyzed flour samples.

Table 5. Average mineral content, determined by ICP-OES and ICP-MS, for each investigated flour
type.

Mineral Concentration
(mg kg−1)

Sample ID P Mg Ca Na Fe Zn Mn Cu Ni

S1 3652 1159 357 41 133 36 36 7 0.6
S2 1439 478 227 42 17 14 7 4 0.4
S3 1045 240 54 1 5 12 8 3 0.5
S4 2173 2976 8318 118 17 14 6 6 0.7
S5 2204 1105 1204 64 20 16 6 7 0.9
S6 1015 505 573 4607 19 8 28 6 1.4
S7 808 172 272 78 18 8 6 2 0.5
S8 2610 1140 864 40 44 24 38 6 2.5
S9 717 1106 353 97 10 6 1 1 0.2
S10 4497 1247 1161 132 29 26 9 11 0.9
S11 4413 722 827 51 29 26 9 11 1.0

In particular, macro- (P, Mg, Ca) and micro-inorganic minerals (Na, Fe, Zn, Mn, Cu,
Ni) determined by ICP-OES and ICP-MS were tabulated; their average concentrations were
in good agreement with values reported in literature [53].

As reported [48], the presence of inorganic minerals in flour samples is strictly corre-
lated with the plant or fruit of origin. In order to unambiguously establish this correlation,
PCA was conducted, considering nine variables and eleven cases. Preliminarily, the mea-
sure of sampling adequacy and Bartlett’s test of sphericity were carried out to verify the
suitability of the data for factor analysis. Test results suggest that the correlation matrix was
factored and appropriate for PCA. By using the Kaiser criterion, two principal components
(PC1 and PC2) with eigenvalues exceeding one were extracted, representing the 40.57%
and 23.72% of total variance, respectively.

PCA results reveal the presence of four different groups, reported in the bi-plot of
Figure 6.

 
Figure 6. Results of the PCA (bi-plot) for all analyzed samples.
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The groups appear to be comparable to each other in terms of macro- and micro-
element concentration. Specifically, four groups were recognized: group I (containing
samples S10 and S11, green points) and IV (containing samples S1 and S8, blue points)
refer to flours that turned out to be positively correlated, as far as PC1 is concerned, with
Ca, Mg, P, Cu, Zn, Fe, Ni, and Mn, and negatively correlated with Na. Regarding PC2,
flours in group I exhibited a positive correlation with values of Cu, P, Mg, and Ca contents,
and a negative correlation with other variables. The opposite occurred for flours in group
IV. Continuing on, group II (containing samples S4, S5, and S9, purple points) and III
(containing samples S2, S3, S6, and S7, black points) refers to flours that turned out to be
negatively correlated, as far as PC1 is concerned, with Ca, Mg, P, Cu, Zn, Fe, Ni, and Mn,
and positively correlated with Na. Regarding PC2, flours in group II exhibited a positive
correlation with the values of the Cu, P, Mg, and Ca contents, and a negative correlation
with other variables. The opposite occurs for flours in group III.

The differences in the average concentrations of P, Mg, Ca, Na, Fe, Zn, Mn, Cu, and
Ni revealed among the identified groups strictly depend on the compositional features of
the plant or fruit from which the analyzed flours derive. In the light of this, the obtained
results could potentially be helpful to the producers to warn against food fraud, ensure
flour quality, and inform the customers about sensitive parameters to be used potentially in
the traceability process, in order to build up several fingerprints able to ensure the healthy
effects of these products.

4. Conclusions

In this article, radiation levels, metals contamination, and inorganic mineral content
in flours were measured; this is extremely important, due to their high consumption by the
population for nutritional use.

The specific activity of the main natural radionuclide present in flour, 40K, was mea-
sured using HpGe gamma spectrometry, with the aim of estimating the health risk for
the age category higher than 17 years by the assessment of the effective dose due to flour
ingestion. The coefficient of the effective dose for ingestion reported by Italian Legislative
Decree 101/20 was employed. The estimation of the annual effective dose was found to
be in the range 0.04–0.23 mSv y−1, about 1.6–9.6% of the total natural radioactivity value
for humans (2.4 mSv y−1) and under the threshold level (1 mSv y−1), thus excluding the
risk of ionizing radiation effects on humans. The 137Cs activity concentration was lower
than the minimum detectable activity value for all analyzed samples, thus excluding its
presence as pollutant.

As far as the heavy metal (Cd and Pb) concentration is concerned, it was lower than
the contamination threshold value, thus excluding their presence as contaminants.

The PCA multivariate statistical analysis, performed starting from the inorganic
minerals content in the investigated samples, showed how it is possible to discriminate
among them, with a strict dependance on the compositional features of the plant or fruit
from which the analyzed flours derive, thus representing a powerful tool to guarantee the
product authenticity to the consumers.
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Abstract: This study was developed to carry out a comprehensive radiological assessment of natural
radioactivity for river sediment samples from Calabria, southern Italy, and to define a baseline
background for the area on a radiation map. In the studied area, elevated levels of natural radionu-
clides are expected, due to the outcropping acidic intrusive and metamorphic rocks from which the
radioactive elements derive. To identify and quantify the natural radioisotopes, ninety river sediment
samples from nine selected coastal sampling points (ten samples for each point) were collected as
representative of the Ionian and the Tyrrhenian coastline of Calabria. The samples were analyzed
using a gamma ray spectrometer equipped with a high-purity germanium (HPGe) detector. The
values of mean activity concentrations of 226Ra, 232Th and 40K measured for the studied samples
are (21.3 ± 6.3) Bq kg−1, (30.3 ± 4.5) Bq kg−1 and (849 ± 79) Bq kg−1, respectively. The calculated
radiological hazard indices showed average values of 63 nGy h−1 (absorbed dose rate), 0.078 mSv y−1

(effective dose outdoors), 0.111 mSv y−1 (effective dose indoors), 63 Bq kg−1 (radium equivalent),
0.35 (Hex), 0.41 (Hin), 0.50 (activity concentration index) and 458 μSv y−1 (Annual Gonadal Equiv-
alent Dose, AGED). In order to delineate the spatial distribution of natural radionuclides on the
radiological map and to identify the areas with low, medium and high radioactivity values, the
Surfer 10 software was employed. Finally, the multivariate statistical analysis was performed to
deduce the interdependency and any existing relationships between the radiological indices and the
concentrations of the radionuclides. The results of this study, also compared with values of other
locations of the Italian Peninsula characterized by similar local geological conditions, can be used as
a baseline for future investigations about radioactivity background in the investigated area.

Keywords: natural radioactivity; river sediments; gamma spectroscopy; radiological risks; back-
ground radioactivity; multivariate statistics

1. Introduction

Radioactivity naturally occurs in the environment. Aside from the cosmic radiation
which bombards the earth from the outside of the atmosphere, the predominant natural
source of human exposure to radiation doses is due to the terrestrial radiation which
includes radionuclides of 238U, 232Th, 235U series and 40K [1].

It is established that the abundance of these primordial radionuclides depends on
the local environment’s geology [2,3]. Moreover, natural and anthropogenic events such
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as flooding, radionuclide uptake by plants and the use of fertilizers, usually provoke an
alteration in the distribution of the abundance levels of the radionuclides in the environ-
ment [4–6].

Studies of natural radiation are needed to establish reference levels, especially in areas
where the hazard of radioactive exposure may be higher due to the lithological features of
the geological context.

In this framework, central and southern Calabria (Southern Italy) can be considered
as “risky” areas, since granitoids and metamorphic rocks that represent sources of ra-
dionuclides widely outcrop along the Serre and the Aspromonte Massifs. Moreover, recent
studies highlighted the presence of heavy minerals, such as monazite and zircons, in the
Calabrian rocks [7], which might contain high amounts of radioactive U and Th.

In this study, fluvial deposits from nine different selected sites from the Ionian and
Tyrrhenian coastline of Calabria were analyzed. River sediments, consisting of mineral
particles with different size and chemical composition, are considered reliable long-term
indicators of river pollution by radionuclides, because water pollution components are
deposited in the sediments [8]. Major sources of natural radionuclides in sediments have
different possible origins, like weathering and recycling by erosion of terrestrial minerals
and rocks (igneous or metamorphic) containing 40K and radionuclides of uranium and
thorium radioactive series, and also rainfall and other depositional phenomena such as
landslides and precipitations [9]. The main aim of this paper is to identify and quantify
natural gamma-emitting radionuclides and to evaluate the radiological hazard effects [10].
For this purpose, High-Purity Germanium (HPGe) gamma spectrometry was used to mea-
sure the 226Ra (in secular equilibrium with 238U), 232Th and 40K activity concentration [11].
Statistical and radiological maps were produced in order to detect the relationship among
values and to identify the most hazardous zone.

Moreover, since sandy natural materials were widely used in the field of civil con-
struction, a series of radiological indices were calculated to evaluate the potential hazard
connected with the building use of these materials.

2. Geological Setting

The investigated river sediments come from the Ionian and Tyrrhenian seaboard
of the Calabrian coastline (Figure 1), and they derive from the dismantling of the Serre
Massifs and Aspromonte due to erosion processes. These Massifs belong to the Calabria-
Peloritani Orogen (CPO), which is the peri-Mediterranean orogenic Alpine nappe system
that comprises the whole Calabria and the north-eastern sector of Sicily [12]. It includes the
Sila and Catena Costiera Massifs in northern Calabria, the Serre and Aspromonte Massifs
in central and southern Calabria and the Peloritani Mountains in Sicily [12].

The Serre Massif (Central Calabria) is characterized by outcrops of granitoids and
Variscan metamorphic rocks. A thin early Mesozoic sedimentary cover is present only
along the Ionian margin. According to recent studies [12–14], the Serre Massif represents
a nearly complete continental crust section, which is divided into lower, middle and
upper crustal portions. The lower one is composed of granulitic and migmatitic complexes,
whereas the middle one is made up by late-Variscan acidic granitoid rocks, such as tonalites,
granodiorites and granites. Conversely, the upper crustal portion consists of high- to low-
grade metapelites (Mammola and Stilo-Pazzano complexes) [13,14].

The Aspromonte Massif (Calabria), together with the Peloritani Mountains (Sicily),
constitutes the southern sector of the CPO (Calabria Peloritani Orogen). This Massif was
generated by the juxtaposition of three different tectonic units. The Madonna di Polsi Unit
is the lowermost unit and it is composed of greenschist to amphibolite facies metamorphic
rocks showing only Alpine metamorphism. The higher-most unit is represented by the
Stilo Unit, made up of phyllites, schists and paragneisses derived from the variscan meta-
morphism of Paleozoic sediments. The Aspromonte Unit, which is sandwiched between
the Stilo and Madonna di Polsi Unit, exhibits high-grade metamorphites and late-variscan
granitoids [12–14].
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Figure 1. Geological sketch map of central-southern Calabria; yellow stars: sampling sites.

Paleozoic and early Mesozoic rocks of both Serre and Aspromonte Massif are covered
by sedimentary deposits ranging in age from the Late Cretaceous to the Pleistocene.

3. Materials and Methods

3.1. Samples Collection and Preparation

Ninety samples of river sediments, around 1 kg each, were collected in nine selected
sites of the Ionian and Tyrrhenian coast of Calabria for subsequent laboratory gamma
spectrometric measurements. Locations, coordinates and labels of the collected samples
are indicated in Figure 1 and in Table 1.

Table 1. Labels and Global Positioning System (GPS) locations of the sampling sites.

Site ID Sampling Site
GPS Position

Latitude Longitude

1 Gioia Tauro–Budello river 38.43 15.9075

2 Gioia Tauro–Petrace river 38.4202778 15.8839

3 Reggio Cal.–Gallico river 38.1730556 15.6506

4 Reggio Cal.–Calopinace river 38.1005556 15.6897

5 Bova Marina–Amendolea river 37.928333 15.8878

6 Africo–Laverde river 38.9291667 16.8338

7 Bovalivo–Bonamico river 38.1275 16.1591

8 Siderno–Novito river 38.2505556 16.2794

9 Caulonia–Allaro river 38.3480556 16.4727

Samples were collected with a metal sampler and stored in labeled plastic boxes.
Adequate care was taken to prevent their contamination, particularly during transportation
to the laboratory. Samples were oven-dried for 24 h at 110 ◦C until moisture was completely
removed and constant mass was attained. They were grounded and further homogenized
by passing them through a 2 mm sieve using a sieve shaker. After, they were successfully
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inserted in Marinelli hermetically sealed containers of 1 L capacity. After 40 days, the
secular radioactive equilibrium between 226Ra and their daughter products was attained
and samples were ready for gamma spectrometry counting.

3.2. Gamma Spectrometry Measurements

Specific activity measurements of the investigated samples were performed by us-
ing a high-purity germanium (HPGe) detector (Ortec, Oak Ridge, TN, USA) for gamma
spectrometry analysis.

In order to reduce statistical uncertainty, samples were counted for 70,000 seconds
and spectra were analyzed in order to obtain the activity concentration of 226Ra, 232Th
and 40K. The 226Ra-specific activity was calculated through a weighted average of 214Pb
and 214Bi (in secular equilibrium) specific activities. The 232Th activity concentration was
determined by using the 911.21 and 968.97 keV 228Ac γ-ray lines; for 40K, the evaluation
was performed from its γ-line at 1460.8 keV. The experimental setup was composed by
a positive biased Ortec HPGe detector (GEM) (Full Width at Half Maximum, FWHM) of
1:85 keV, peak to Compton ratio of 64:1, relative efficiency of 40% at the 1:33 MeV 60Co-
line), 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 energy range, 59.54–1836 keV, customized to
reproduce the exact geometries of samples in a water-equivalent epoxy resin matrix [15].

The Gamma Vision (Ortec) software was used for data acquisition and analysis [16].
The activity concentration (Bq kg−1) of the investigated radionuclides was calculated

using the following formula [17]:

C =
NE

εEtγd M
(1)

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).

The measurement uncertainty is a combined standard one at coverage factor k = 2,
taking into account the following components: uncertainty counting statistics, uncertainty
in nuclear data library, uncertainty due to calibration efficiency and uncertainty about the
quantity of the sample [18].

The quality of the gamma spectrometry experimental results was certified by the
Italian Accreditation Body (ACCREDIA) [19]. This implies the continued verification (with
annual periodicity) of the maintenance of the gamma spectrometry method performance
characteristics.

In particular, with regard to the blanks, they are generally determined by acquiring
an empty lead well spectrum or an ultrapure water sample in the sample holder of the
desired geometry (for determination of natural-emitting gamma radionuclides) or, in the
case of samples requiring a material of support (e.g., atmospheric particulate aspirated on
filter), by acquiring the support of clean sampling, under the same geometric conditions as
the sample. The measurement of the blanks is performed on a quarterly basis.

Regarding the precision and accuracy assessment, we proceed as follows:
For the precision, with the double test method, the repeatability of the method is

verified over time. A certified reference material (also containing the radionuclides K-40,
Ra-226 and Th-232) is analyzed twice, with the activity concentration of the radionuclide of
interest defined as X1 (first measurement) and X2 (second measurement). The probability
level p = 0.95 is considered. The following formula is applied:

|x1 − x2| ≤
√

2·sr·t (2)

where t is the Student variable and sr is the standard deviation of repeatability obtained in
the validation phase.
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For the accuracy, it is evaluated by comparing the reference (certified sample) and the
measured values of the radionuclide of interest, taking into account the uncertainty. This is
done using the u-test, with the following acceptability criterion:

utest =
measured − reference√

u2
meas − u2

re f

≤ 2 (3)

where umeas
2 and uref

2 are the uncertainties of the measured and reference values, respec-
tively.

3.3. Radiological Indices
3.3.1. Absorbed Gamma Dose Rate

The absorbed gamma dose rate calculation is the first major step to evaluate the health
risk [20]. It was estimated as follows [21]:

D (nGy·h−1) = 0.462·CRa + 0.604·CTh + 0.0417·CK (4)

where CRa, CTh and CK are the mean activity concentrations (Bq kg−1) of 226Ra, 232Th and
40K in the river sediments, respectively.

3.3.2. The Annual Effective Dose Equivalent

Annual estimated average effective dose equivalent (AEDE) received by an individual
was calculated using the following equations with an outdoor occupancy of 20% and 80%
for indoors [22]:

AEDE (outdoor) (mSv·y−1) = absorbed dose (nGy·h−1) × 8760·h × 0.7·Sv·Gy−1 × 0.2 × 10−6 (5)

AEDE (indoor) (mSv·y−1) = absorbed dose (nGy·h−1) × 8760·h × 0.7·Sv·Gy−1 × 0.8 × 10−6 (6)

3.3.3. Radium Equivalent Activity

The activity concentrations of the radionuclides measured in the analyzed samples do
not give a direct measure of the γ-radiation dose incurred by the population. To estimate
the gamma radiation dose due to activity concentrations of 226Ra, 232Th and 40K in the
river samples, especially when used as components of building construction, the radium
equivalent activity is regularly utilized.

It is an index which describes the activities of 226Ra, 232Th and 40Kin a single activity
term. The gamma energy doses from these radionuclides in river sediments are different
even if they are present in the same amount. Radium equivalent activity (Raeq) estimated
in Bq kg−1 is evaluated with conditions that 1 Bq kg−1 of 226Ra or 1.43 Bq kg−1 of 232Th or
0.077 Bq kg−1 of 40K produce equal gamma dose rate.

The radium equivalent activity was calculated as [23]:

Raeq (Bq·kg−1) = CRa + 1.43 CTh + 0.077·CK (7)

3.3.4. Hazard Indices

External and internal radiation hazard indices were defined to limit the radiation dose
to 1 mSv y−1 [24].

The external hazard index (Hex) was calculated using the given equation:

Hex = (CRa/370 + CTh/259 + CK/4810) ≤ 1 (8)

It must be lower than the unity for the radiation hazard to be negligible.
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The internal hazard index (Hin) gives the internal exposure to carcinogenic radon and
its short-lived progeny and it is given by the following formula:

Hin = (CRa/185 + CTh/259 + CK/4810) ≤ 1 (9)

3.3.5. Activity Concentration Index

Another radiation hazard, called the activity concentration index (I), has been defined
by the European Commission [25] and it is given below:

I = (CRa/300 + CTh/200 + CK/3000) (10)

The activity concentration index is correlated with the annual dose rate due to the
excess external gamma radiation caused by superficial material. Values of I ≤ 1 correspond
to a criterion of 1 mSv y−1 [25]. Thus, this index should be used only as a screening tool to
identify materials that might be of concern to be used as construction materials [26].

3.3.6. Annual Gonadal Equivalent Dose (AGED)

Some organs exhibit high sensitivity to radiation as they are highly susceptible to
harmful effects of radiation. The gonads, the active bone marrow and the bone surface
cells are considered to be the organs of importance due to their high radiosensitivity. The
annual gonadal equivalent dose (AGED) due to the specific activities of 226Ra, 232Th and
40K is evaluated using the following formula [27]:

AGED (μSv·y−1) = 3.09·CRa + 4.18·CTh+ 0.314·CK (11)

where CRa, CTh and CK are the mean activity concentrations of 226Ra, 232Th and 40K,
respectively.

3.4. Delineation of Radiological Map

Surfer 10 software was employed to generate a radiological map for the study area [28].
The software uses the kriging interpolation method, used in geostatistics to predict the
value of a random variable over a spatial region. Using the values of radiological measure-
ments at all the sampling sites with different geographic coordinates, kriging allows the
prediction of the radiological values throughout the regions where there are no experimen-
tal observations in the entire study area.

This method is widely employed in hydrogeology and environmental science, among
others.

3.5. Statistical Analysis

The XLSTAT statistical software for Windows was used for all statistical calcula-
tions [29].

With the aim to individuate the presence of the relationships among the original
variables (Pearson correlation analysis), an exploratory method (Principal Component
Analysis, PCA) was performed. The PCA elaboration ensures the reduction of the data
dimensionality, whereas the combinations of variables identified by the PCs provide the
greatest contribution to sample variability. However, before the elaboration, the logarith-
mic transformation of the dataset was conducted and the appropriateness of the dataset
was preliminarily checked by the Kaiser–Meyer–Olkin (KMO) test and the Bartlett test
(sphericity test), as already reported in our previous work [30].
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4. Results and Discussion

4.1. 226. Ra, 232Th and 40K Activity Concentration in the River Sediments, Spatial Distribution
and Classification of Hazard Regions

The activity concentrations of the three naturally occurring 226Ra, 232Th and 40K
radionuclides in river sediments across the study area were determined for the sampling
points reported in Table 1.

The obtained results are reported in Table 2. As shown in the Table, the highest
average concentration, (31.3 ± 8.3) Bq kg−1, of 226Ra was obtained for samples from the
site ID8 (Siderno–Novito river), whereas the lowest mean value, (14.5 ± 4.9) Bq kg−1,
was detected for sediments from the site ID1 (Gioia Tauro–Budello river). Concerning
232Th, samples from the site ID8 are characterized by the highest average concentration,
(43.5 ± 4.9) Bq kg−1, while those from the site ID2 (Gioia Tauro–Petrace river) have
the lowest mean value, (20.3 ± 2.9) Bq kg−1. Sediments from the site ID1 show the
highest average concentration of 40K, with (1088 ± 98) Bq kg−1, while the lowest mean
concentration of (643 ± 53) Bq kg−1 was obtained for samples from the site ID 6 (Africo–
Laverde river).

Table 2. Activity concentrations of 226Ra, 232Th and 40K in the investigated sampling sites.

Scheme 226.
No. of

Samples

226Ra
(Bq kg−1)

232Th
(Bq kg−1)

40K
(Bq kg−1)

Range Mean Range Mean Range Mean

1 10 10.2–23.6 14.5 ± 4.9 16.5–48.6 22.7 ± 3.2 961–1450 1088 ± 98

2 10 13.6–22.9 18.2 ± 4.4 17.5–23.8 20.3 ± 2.9 949–1028 1009 ± 88

3 10 15.1–19.6 16.2 ± 4.3 37.2–41.5 39.5 ± 4.8 712–918 815 ± 77

4 10 15.1–18.8 16.5 ± 6.8 22.5–26.3 24.1 ± 2.9 591–811 722 ± 84

5 10 19.1–21.7 20.6 ± 2.3 20.3–46.8 27.8 ± 3.9 678–762 702 ± 66

6 10 19.3–29.4 26.2 ± 7.5 25.1–36.5 32.5 ± 9.2 528–691 643 ± 53

7 10 23.6–31.8 26.5 ± 9.5 28.2–43.5 34.5 ± 5.6 608–749 715 ± 60

8 10 26.6–33.9 31.3 ± 8.3 38.2–48.6 43.5 ± 4.9 871–942 917 ± 86

9 10 17.8–26.8 21.9 ± 8.5 25.3–33.8 27.7 ± 3.4 1002–1079 1030 ± 98

Overall 90 10.2–33.9 21.3 ± 6.3 16.5–48.6 30.3 ± 4.5 528–1450 849 ± 79

Across all sampling locations, the activity concentration values of 226Ra ranged be-
tween 10.2 and 33.9 Bq kg−1, with overall mean value of 21.3 ± 6.3 Bq kg−1, that of 232Th
varied from 16.5 to 48.6 Bq kg−1 and the overall average value is (30.3 ± 4.5) Bq kg−1.
The 40K ranged between 528 and 1450 Bq kg−1, with an overall average value of (849 ± 79)
Bq kg−1.

The average values of 226Ra, 232Th and 40K obtained in this study, for each sampling
site, were compared with the world average value reported in Reference [1]. All the average
values of 226Ra are lower than that of the world average (35 Bq kg−1). For 232Th, the mean
values are lower than that of the world average (30 Bq kg−1) except for samples from the
sites ID3 (39.5 ± 4.8 Bq kg−1), ID6 (32.5 ± 9.2 Bq kg−1), ID7 (34.5 ± 5.6 Bq kg−1) and
ID8 (43.5 ± 4.9 Bq kg−1). The average concentration of 40K is higher than the 420 Bq/kg
average concentration reported in Reference [1] for all the analyzed samples.

Contour maps, showing the spatial distributions of 226Ra, 232Th and 40K, are presented
in Figure 2.
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Figure 2. Contour maps showing the spatial distributions of (a) 226Ra, (b) 232Th and (c) 40K in the
investigated region.
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As can be seen in the 226Ra map (Figure 2a), there are four distinct regions. The activity
concentration of 226Ra in these regions was classified as low (CRa < 15 Bq kg−1), moderate
(15 Bq kg−1 < CRa < 20 Bq kg−1), high (20 Bq kg−1 < CRa < 25 Bq kg−1) and very high
(CRa > 25 Bq kg−1), which are deep blue, light blue, green and yellow (and red) areas
on the map. In the case of 232Th, two regions of very low and moderately low activity
concentrations were identified. As seen from Figure 2b, the southern part of the study area
as well as the mid-west and the northern part exhibit low activity concentrations of 232Th
with typical activities concentrations less than 33 Bq kg−1. Otherwise, the middle-east zone
of the study area exhibits high activity, higher than 35 Bq kg−1

. The delineated map of 40K
(Figure 2c) shows two distinct zones of concentration. The blue zone in the southern part
belongs to the low-concentration region (lower than 700 Bq kg−1). Whereas, other areas
are classified as high-concentration zones (higher than 700 Bq kg−1).

4.2. Dose Assessment and Hazard Indices

Table 3 reports the calculated average values of adsorbed and effective doses together
with the hazard indices. The absorbed gamma dose rate was estimated using Equation (4).
Measured values range from 52 to 79 nGy h−1, with an average value of 63 nGy h−1. This
average value is near the world mean value of 60 nGy/h [1], although 66% of the analyzed
samples showed values that are in excess than the world mean. The variability of the
adsorbed and effective doses is attributable to the different lithologic components of the
considered areas.

Table 3. Radiological indices in the investigated sampling sites.

Scheme 1.
Absorbed
Dose Rate
(nGyh−1)

Effective Dose
Outdoors
(mSv y−1)

Effective Dose
Indoors

(mSv y−1)

Raeq

(Bq kg−1)
Hex Hin I

Annual Gonadal
Equivalent Dose

(AGED) (μSvy−1)

1 66 0.081 0.323 66 0.35 0.39 0.52 481

2 63 0.077 0.084 63 0.33 0.39 0.50 457

3 66 0.080 0.088 65 0.36 0.41 0.52 471

4 52 0.064 0.070 52 0.28 0.33 0.42 378

5 56 0.068 0.075 55 0.30 0.36 0.44 400

6 58 0.072 0.079 58 0.33 0.40 0.46 418

7 63 0.077 0.085 63 0.35 0.43 0.50 450

8 79 0.097 0.106 79 0.44 0.53 0.63 566

9 70 0.086 0.094 69 0.38 0.44 0.55 506

Mean 63 0.078 0.111 63 0.35 0.41 0.50 458

Equation (5) was used to evaluate the annual outdoor effective dose due to the
activities of 226Ra, 232Th and 40K in the analyzed samples. The obtained values range
from 0.064 to 0.097 mSv y−1, with an average value of 0.078 mSv y−1. In a similar way,
the annual indoor effective dose (Equation (6)) ranges from 0.070 to 0.323 mSv y−1, with
a mean value of 0.111 mSv y−1. The total average annual effective dose is therefore of
0.189 mSv y−1. This value is lower than the worldwide average of annual effective dose
(0.48 mSv y−1 [1]). The mean value is also lower than 1 mSv y−1, which is set as the
maximum limit by Reference [31].

The radium equivalent activity (Raeq) was calculated using Equation (7) in order to
determine the suitability of the samples when they are used as components in building
materials. The obtained Raeq values vary from 52 to 79 Bq kg−1 with an average value of
63 Bq kg−1, which is lower than 370 Bq kg−1 set as the upper limit for building materi-
als [29]. This indicates that the investigated samples may not be hazardous if used in the
field of civil construction. The minimum value of radium equivalent activity was obtained
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for the river sediments come from the site ID4 (Reggio Cal.–Calopinace river), while the
maximum one characterizes the samples collected at the site ID8 (Siderno–Novito river).

The external and internal hazard indices, given by Equations (8) and (9), are lower
than the unity for all investigated samples, thus the radiological risks can be considered
negligible.

The activity concentration index, calculated with Equation (10), is again lower than
the unity for all analyzed samples. Thus, these river sediments are not be of concern to be
used as construction materials.

The obtained values of annual gonadal equivalent dose (AGED), calculated by Equa-
tion (11), range from 378 (site ID4) to 566 μSv y−1 (site ID8), with an average of 458 μSv y−1,
for the investigated samples. These values are higher than the world average value for
AGED, for sediments, which in the literature was found to be 300 μSv y−1 [32].

4.3. Statistical Features

The radiological parameters obtained from the measured activity concentrations of 40K,
226Ra and 232Th were subjected to Pearson’s correlation analysis, with the aim to deduce the
interdependency and identify any existing relationships between the radiological indices
and the concentrations of the radionuclides. This will help in making valid assessments
concerning the nature and distribution of these radionuclides in the study area. The results
of the Pearson’s correlation coefficients are presented in Table 4. Among the negative
correlations, the most interesting are those between 40K and 226Ra (−0.287) and between
40K and 232Th (−0.305), while a perfect positive correlation is found between absorbed
dose rate and effective dose outdoors (1.00), and between Raeq and absorbed dose rate
(1.00) and effective dose outdoors (1.00). The correlations of the three radionuclides are
positive and in agreement with all the radiological parameters considered in this study at
p < 0.01, except for correlations between 226Ra and Hin (0.739) and between 232Th and Hin
(0.719), obtained at p < 0.05.

Table 4. Pearson correlation matrix among the considered variables.

Pearson Correlation Matrix (n).

Variables 226Ra 232Th 40K
Absorbed
Dose Rate
(nGy h−1)

Effective
Dose

Outdoors
(mSv y−1)

Effective
Dose

Indoors
(mSv y−1)

Raeq

(Bq kg−1)
Hex Hin

Gamma
index I

AGED
μSv y−1

226Ra 1 0.649 −0.287 0.468 0.465 −0.378 0.468 0.559 0.739 0.464 0.417
232Th 0.649 1 −0.305 0.546 0.536 −0.281 0.546 0.666 0.719 0.553 0.494

40K −0.287 −0.305 1 0.595 0.603 0.607 0.596 0.465 0.301 0.591 0.647
Absorbed Dose
Rate (nGy/h) 0.468 0.546 0.595 1 1.000 0.236 1.000 0.988 0.936 0.999 0.998

Effective Dose
outdoors
(mSv/y)

0.465 0.536 0.603 1.000 1 0.245 1.000 0.986 0.933 0.998 0.998

Effective Dose
indoors (mSv/y) −0.378 −0.281 0.607 0.236 0.245 1 0.237 0.148 0.002 0.223 0.275

Raeq (Bq/kg) 0.468 0.546 0.596 1.000 1.000 0.237 1 0.988 0.936 0.999 0.998
Hex 0.559 0.666 0.465 0.988 0.986 0.148 0.988 1 0.970 0.988 0.976
Hin 0.739 0.719 0.301 0.936 0.933 0.002 0.936 0.970 1 0.935 0.912

Gamma index I 0.464 0.553 0.591 0.999 0.998 0.223 0.999 0.988 0.935 1 0.996
AGDE (μSv/y) 0.417 0.494 0.647 0.998 0.998 0.275 0.998 0.976 0.912 0.996 1

Bold values refer to p < 0.05.

Moreover, 226Ra and 232Th are negatively correlated with the annual effective dose
equivalent indoors (−0.378 and −0.281, respectively). The radiological parameters are
positively and significantly correlated with each other, showing direct relationships.

In order to better define the relationships among the specific activities of 226Ra, 232Th
and 40K, the PCA multivariate statistical method was carried out. The geological feature
of sediments is the most important variable, neglecting the others (erosive power of
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rivers, solid transport, selective erosion, weathering, etc.), which is useful to evaluate the
degree of relationship between the isotopic specific activities and the samples’ geolocation.
Results of the PCA allow to group the sampling sites in four clusters that seem to be
comparable to each other (Figure 3) in terms of activity concentration of 226Ra, 232Th and
40K. Specifically, sites ID1 and ID2 show positive correlations with 40K-specific activity
but negative linear relationships with 226Ra and 232Th ones, whereas sites IDs 3, 4 and 5
are negatively correlated to the activity concentrations of 226Ra, 232Th and 40K. The sites
ID6 and ID7 show instead a positive correlation with values of 226Ra- and 232Th-specific
activities, and exhibit a negative correlation with 40K. Finally, sites ID8 and ID9 show
positive correlations of the three investigated radionuclides’ activity concentrations. We
believe that the differences of 226Ra-, 232Th- and 40K-specific activities among the identified
clusters mainly depend on the compositional/mineralogical features of rocks from which
the analyzed river sediments derive. The sediments collected along the rivers located in
the Tyrrhenian side (ID1 and ID2) record the chemical fingerprint of the granitoid rocks
from the Serre Massif. On the contrary, the Ionian river sediments (ID6, ID7, ID8 and ID9)
reflect the chemical and mineralogical composition of the outcropping Late Cretaceous and
Cenozoic terrigeous sediments. Moreover, the ID6 and ID7 rivers are characterized by a
component provided by the erosion of the Aspromonte Unit, whereas clasts from the upper
crustal complexes (Stilo-Pazzano and Mammola) and from granitoids supply the ID8 and
ID9 rivers. Regarding the rivers on the western and southern margin of the Aspromonte
Massif (ID3, ID4 and ID5), the main lithologies occurring within the drainage basins come
from the Aspromonte and the Stilo Units.

Figure 3. Two-dimensional (2D) plots of the first two Principal Components (PCs) obtained through Principal Component
Analysis (PCA) elaboration starting from 40K, 232Th and 226Ra activity concentrations (a). Mean concentration three-
dimensional (3D) map of 40K, 232Th and 226Ra into the investigated sites (b).

5. Conclusions

The activity concentration and the distribution of natural terrestrial radionuclides
226Ra, 232Th and 40K for river sediments from selected locations of the Calabrian coastline
(Southern Italy) were measured using HPGe gamma spectrometry. The obtained average
values of the absorbed dose rate in air, AEDE (outdoor and indoor), Raeq, Hex and Hin,
I and AGDE are comparable with average worldwide ranges and they fell within the
maximum recommended values.

The background radiation maps for the study area evidence that the Tyrrhenian side
shows, in general, the lowest activity concentrations of 226Ra and 232Th, whereas the
Ionian zone is characterized by the highest ones. Concerning the 40K, an increasing of the
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specific activity was defined from south to north. Multivariate statistical analysis allowed
to assess the nature and distribution of natural radionuclides in the investigated area
and highlighted the relationships between chemical/mineralogical features of the local
outcropping lithologies.

Data provided in this study will serve to contribute as a reference database for future
researches in the area, and also as a pilot scheme to provide a comprehensive background
radiation map for Italy, which is not yet available.
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