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A large and feasible national
survey representative of
population exposure to outdoor
gamma radiation in urban areas

Carmela Carpentieri**', Andrea Maiorana®™!, Marco Ampollini?,
Sara Antignani?, Mario Caprio?, Vinicio Carelli?,
Carlo Cordedda?, Christian Di Carlo! and Francesco Bochicchio?

!ltalian National Institute of Health / National Center for Radiation Protection and Computational
Physics, Rome, Italy, *Telecom Italia SpA, Rome, Italy

Background: Although data on outdoor gamma radiation are available for many
countries, they have generally been obtained with measurements performed
in undisturbed environments instead of in urban areas where most of the
population lives. Only one large national survey, with on-site measurements in
urban areas, has been identified worldwide, probably due to high costs (e.g.,
personnel and instrumentation) and difficulties in selecting measuring points.

Methods: A campaign of outdoor gamma radiation measurements has been
carried out in the entire Italian territory. All measurement points were selected at
the infrastructures of an Italian telecommunications company as representatives
of all the possible situations of outdoor exposure to gamma radiation for
population in urban areas. Ten replicates of portable gamma (X) detectors
carried out all the measurements.

Results: Approximately 4,000 measurements have been performed. They are
distributed across 2,901 Italian municipalities, accounting for 75% of the Italian
population. The national population-weighted mean of the gamma ambient
dose equivalent rate (ADER) is 117 nSv h7, and it ranges from 62 to 208 nSv
h=* and from 40 to 227 nSv h! for 21 regions and 107 provinces, respectively.
The average variability at the municipal level, in terms of the coefficient of
variation (CV) is 21%, ranging from 3 to 84%. The impact of land coverage and
the distance from a building on the outdoor gamma radiation level was assessed
with complementary measurements, leading to differences ranging from —40
to 50% and to 50%, respectively.

Conclusion: A representative campaign of outdoor gamma dose rate
measurements has been performed in Italy, only in urban areas, to assess the
exposure effect due to outdoor gamma radiation on the population. It is the
largest national campaign in urban areas worldwide, with a total of 3,876 on-site
measurements. The land coverage and the distance from surrounding buildings
were recognized to strongly affect outdoor gamma radiation levels, leading to
high variability within small areas. The collaboration with a company that owns
a network of facilities on a national territory as dense as the residing population
made this survey feasible and affordable. Other countries might adopt this
methodology to conduct national surveys in urban environments.
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1 Introduction

Gamma radiation has been classified as a Group 1 carcinogen to
humans (1), meaning that “sufficient evidence” for carcinogenic effects
has been proven by epidemiological studies on humans. Moreover, no
threshold has been proven to exist that could consider an increase in
cancer risk due to exposure to ionizing radiation as negligible (2, 3).

People suffer external exposure mainly due to gamma rays of
terrestrial origin in Earth’s crust, released by the decay of naturally
occurring radionuclides (NOR) mostly belonging to K-40, U-238, and
Th-232 decay chains (usually referred to as “primordial radionuclides”).

The United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) reported a worldwide population-weighted
average of the absorbed dose rate in air of 58 nGy h-1, ranging from
45 to 140 nGy h-1, due to gamma rays of terrestrial origin, based on
measurements in 45 countries around the world in undisturbed
environments, i.e., open fields disturbed as little as possible by human
activities (4).

Measurements in urban environments are more suitable for
assessing the actual exposure of population to outdoor gamma
radiation since most people live in cities. As for undisturbed
environments, outdoor gamma radiation level in built-up areas is
mainly contributed by the gamma rays originating from natural
radionuclides in the upper soil layer (4), i.e., up to a maximum depth
of 50cm (5), the activity concentration of which is mainly controlled
by that in the underlying geological basement (6). At the same time,
urbanization structures, i.e., buildings and road pavements, affect
outdoor gamma radiation levels in urban areas (7, 8). In the case of
building materials and land coverages characterized by high NOR
activity concentrations, an increase in outdoor gamma radiation dose
rate values ranging from 4 to 50% [e.g., 9, 10] was reported (11, 12),
14) or
approaching the building perimeter (10). In contrast, when made of

especially in scenarios with high building density (13,

materials containing low NOR activity concentrations, land coverage
attenuates terrestrial gamma rays and reduces the outdoor gamma
dose rate (12, 15).

Most of the data on outdoor gamma radiation levels published in
the literature refer to undisturbed environments since they were
obtained mainly from national monitoring networks for radiological
emergencies [e.g., (16, 17)], which are typically placed outside cities
or by solving BecK’s equation (4) with natural radionuclide activity
concentrations in soils as the input (18).

In studies focused on assessing exposure due to outdoor gamma
radiation in populations, the measurements were typically conducted
by car-borne or air-borne surveys over portions of the country,
including areas both inside and outside cities [e.g., (7, 19-21)].

At the local level, some studies collected measurements of outdoor
gamma radiation in urban environments within limited areas (8,
22-27), while, at the national level, the UNSCEAR reported that less
than 10% of national surveys on outdoor gamma radiation exposure
have been conducted in urban environments (4). This significantly low
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percentage is justified by considering the difficulties associated with
the selection of measurement points, assuring high population and
territory coverage as well as easy access, the need for personnel to
carry out measurements at locations that are typically distant from
each other, the high costs for instrumentation, and the long duration
of the study. All these factors lead to only three national surveys, of
which only one has a high number of measurements, as found in
literature, based on on-site measurements in urban environments —
i.e., Clouvas, Xanthos (28), Clouvas, Xanthos (29) in Greece with
1,039 measurements, Svoukis and Tsertos (30) in Cyprus with 70
measurements, and Zerquera, Alonso (31) in Cuba with
142 measurements.

Only a few results have been published about outdoor gamma
radiation measurements in urban areas in Italy: few examples in
limited portions of Italian territory are available (12, 32, 33). The only
national survey carried out in Italy dates back to 1972, and it included
1,365 on-site outdoor gamma radiation measurements distributed
both in urban environments and outside inhabited centers, covering
19 of the 21 Italian regions (34).

The present study collected 3,876 on-site outdoor gamma
radiation measurements in urban areas, nearly three times those of the
previous national survey, covering all 21 Italian regions, all 107 Italian
provinces, and 2,901 Italian municipalities (approximately 40% of the
total), which accounts for approximately 75% of the Italian population.
The present study was conducted only in urban areas, where most
Italian population lives. Consequently, it assesses a more reliable
estimate of the actual exposure of the Italian population to outdoor
gamma radiation. This survey is currently the most extensive
collection of on-site outdoor gamma radiation measurements within
urban areas at the national level found in the literature.

Urban areas are typically characterized by different building
materials used for constructing roads and buildings and different
installation conditions (e.g., thickness), leading to an increase in the
spatial variability of outdoor gamma radiation levels within built-up
environments compared to undisturbed ones (14). The latter is
affected by spatial variability typically ranging from 2 to 10%,
considering the same geological baseline (12, 35), primarily due to the
inhomogeneities of the NOR activity concentration in soil (36, 37). In
contrast, some authors reported a variability ranging from 14 to 56%
in terms of the coefficient of variation (CV) on outdoor gamma
radiation measurements for nearly 300 cities worldwide (13). The
availability of more than four measurements for 74 Italian
municipalities within the same urban area enabled the estimation of
the range of spatial variability of outdoor gamma radiation levels in
urban areas. Furthermore, a small complementary campaign of
measurements in a limited and controlled area was carried out to
quantify the impact of the distance from a building made of materials
with high natural radionuclide activity concentrations and using
different land coverages on the outdoor gamma radiation level.

The methodology adopted, based on a collaboration with a
national telecommunications company for measurement point
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selection, is feasible and affordable. It leads to high population and
territory coverage, allowing the overcoming of many difficulties
associated with national surveys in urban areas. Other countries might
adopt it to carry out such a measurement campaign.

2 Methods
2.1 Sampling strategy

The outdoor gamma dose rate measurements have been included
in a national radon survey to measure the radon activity concentration
in a large sample of Italian telecommunication company workplaces
(38). The measurement points were chosen at the national
telecommunication company telephone exchanges—i.e., buildings
housing plant equipment and telephone switches and buildings with
offices and small underground inspection rooms commonly used for
These
infrastructures are located almost entirely in urban areas, with few

telecommunications network management (Table 1).

exceptions that were excluded a priori.

All these facilities belong to a network covering the national
territory as densely as the resident population, which is strictly
connected to a number of telephone lines. This connection made it
possible to avoid the phase of selecting measurement points in urban
areas on the national territory to guarantee high population coverage,
as the measurement points were already available with addresses.
Furthermore, access to all measurement points was simple with a
single authorization from the company, unlike what would have
happened in the case of points chosen a priori on a map. In total, 3,876
infrastructures in urban areas in all the Italian territory have been
chosen as measurement points, leading to the most extensive
collection of on-site outdoor gamma radiation measurements within
urban areas at the national level worldwide.

Moreover, an agreement with the company made their employees,
communication channels, and measurement instrumentation
available, leading to a streamlined organization in a short time

and economy.

2.2 Sample description and
representativeness

The Italian administrative situation considered in this study refers
to 2023: The Italian territory is divided into 7,901 municipalities, 107
provinces, and 21 regions (19 regions and 2 autonomous provinces).
Municipalities, the smallest territorial unit, are administratively
aggregated to form provinces, which are aggregated into regions. The
population of the municipalities, provinces, and regions is surveyed

TABLE 1 Distribution of measurement points over Italian
telecommunication company workplaces.

Measurement point typology Number

Inspection rooms 1,895
Telephone Exchanges 1,936
Buildings 45

Total 3,876
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by the Italian National Institute of Statistics (ISTAT) on the latest
National Census available (39).

The distribution of municipalities surveyed is not homogeneous
among the various regions (see Table 2), reflecting the density of the
infrastructure network connected to the residing population. The
telecommunications company’s network is less dense in areas with
fewer inhabitants, and the same facilities serve more municipalities.
In contrast, more inspection rooms, telephone exchanges, and office
buildings are concentrated in highly inhabited and urbanized areas,
with more measurement points available.

At the national level, the municipality coverage—i.e., the total
surveyed municipalities of the Italian ones—is 37%, corresponding to
a population coverage of 74% (Table 2). When the regional scale is
considered, the municipality coverage is, on average, 42%—obtained
as the mean of the municipality coverages of the 21 Italian regions—
ranging from 12 to 88%; the population coverage is, on average, 73%—
obtained as the mean of the population coverages of the 21 Italian
regions—ranging from 50 to 95% (Table 2). Even in regions with a low
percentage of municipality coverage, the population coverage is higher
than 50% (Table 2).

All Ttalian regions were surveyed: Puglia, Sicilia, and Basilicata
have the highest percentage of municipalities involved in the study; in
contrast, Lazio, Piemonte, and Liguria have the lowest percentage of
municipalities. Indeed, for Lazio and Piemonte, most of the
measurements were carried out in cities with a high population, Rome
and Torino, respectively.

At a provincial scale, in terms of municipalities, the coverage is,
on average, 43% with a first quartile of 24% and a third quartile of
60%, while in terms of population, the coverage is, on average, 70%
with a first quartile of 60% and a third quartile of 84%. The complete
table of the data is provided as Supplementary material. At the
national level, 37% of the Italian municipalities have been surveyed,
corresponding to 74% of the Italian population (Table 2).

According to the protocol used (described in the “Measuring
instruments and protocol” section), the measurement points were not
chosen a priori relative to the distance from the nearest building and
the type of road coverage. Therefore, the measurement points
represent all the possible situations of outdoor exposure to gamma
radiation by the population in urban areas.

At regional and national levels, as well as for most Italian
provinces, the sample selected is representative of Italian population’s
exposure to outdoor gamma radiation in urban areas, considering the
high number of measurements, the high population coverage, and the
distribution of the
telecommunication network on the territory. The Italian territory and

absence of selection bias due to the

population coverage—at national, regional, and provincial scales—is
much higher than that in the previous Italian national survey
conducted in 1972 (see §3).

2.3 Measuring instruments and protocol

The measurements of gamma dose rates were carried out by ten
replicates of the Automess 6,150 AD-b/H portable X-gamma detector
already provided by the radioprotection laboratory of the national
telecommunications company. The detector consists of a cylindrical
organic scintillator with a diameter of 3 in, height of 3 in, and density
of 1.032gem™. 'The dimensions are

overall instrument
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TABLE 2 Present study coverage of Italian municipalities and population by region (the administrative situation of Italy, regions, and municipalities,

refers to 2023).
Italian Total Municipalities with Total Percentage of Percentage of
region measurements measurements in municipalities in regional regional
the region the region municipalities population
coverage coverage
Abruzzo 130 99 305 32% 78%
Basilicata 102 81 131 62% 79%
Calabria 179 149 404 37% 67%
Campania 473 313 550 57% 80%
Emilia-Romagna 256 167 330 51% 80%
Friuli Venezia 70%
Giulia 109 84 215 39%
Lazio 159 74 378 20% 79%
Liguria 51 27 234 12% 54%
Lombardia 643 570 1,504 38% 71%
Marche 119 78 225 35% 72%
Molise 33 30 136 22% 65%
Piemonte 276 230 1,180 19% 69%
Puglia 254 202 257 79% 91%
Sardegna 109 92 377 24% 57%
Sicilia 331 242 391 62% 84%
Toscana 121 93 273 34% 66%
Umbria 83 43 92 47% 82%
Valle d’Aosta 18 18 74 24% 50%
Veneto 230 170 563 30% 56%
Aut. Prov. 100 73 104 70% 79%
Bolzano
Aut. Prov. Trento 86 51 58 88% 95%
Italy 3,876 2,901 7,901 37% 74%

353 x195x 96 mm’. The range of the instrument measurement energy
is from 20keV to 7MeV, and the instrumental background is
approximately 1 nSv h™".

All the gamma detectors employed were calibrated simultaneously
with a 333kBq + 10% calibration Cs-137 sealed source certified by the
Physikalisch-Technische Bundesanstalt (PTB). The instrument’s
output operational quantity is the ambient dose equivalent, H* (12).
The instrumental efficiency for a standard outdoor spectrum of
gamma radiation from natural sources is about the same as that of
Cs-137 (662keV) (40).

The measurements were performed by the employees of the
telecommunications company, following an agreed protocol. The
instrument, held in hand at nearly 1m from the ground (41) and
positioned in any direction, was kept in measure for 1 min, and then,
another 1-min measurement was performed by rotating the
instrument at 180° to the previous configuration, but keeping the
same position at the same height. Subsequently, the 2-min gamma
dose rate average returned by the instrument was reported (42). To
ensure the stability of the gamma detector calibration for quality
control, the team conducted an average dose rate measurement (for
2min) at a fixed point (e.g., their office) before starting outdoor
measurements every day. The measurement point was chosen at the
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center of the closest place for pedestrians to pass, nearest to the
external entrance of the telephone exchanges or buildings, and 10m
from the maintenance hole covering the underground inspection
room. No instructions were given about the distance from surrounding
buildings and land coverage: this made the measurement points
representative of all the possible outdoor gamma exposure situations
in urban areas.

2.4 Data analysis

In total, 3,876 outdoor ambient dose equivalent rate
measurements were collected on the Italian territory. The
measurements within the same municipality were averaged, and 2,901
values of municipality-specific outdoor gamma radiation dose rate
were obtained. Then, the municipality data were averaged on a
provincial basis using the municipality population on the total
provincial population as weight. A mean population-weighted
outdoor gamma radiation dose rate value was obtained for each of the
107 Italian provinces. The same scheme was applied for regions, and
21 mean population-weighted outdoor gamma radiation dose rate
values were obtained.
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FIGURE 1
Histogram that collects the mean outdoor ambient dose equivalent rate values of 2,901 Italian municipalities.

TABLE 3 Population-weighted average outdoor gamma dose rate per regions.

Italian Region Population-weighted Population-weighted Maximum municipal  Minimum municipal
mean standard deviation value value
(nSvh™) (nSvh™) (nSvh™) (nSvh™)

Abruzzo 72 7 148 48
Basilicata 94 9 218 60
Calabria 137 8 218 55
Campania 190 42 492 12
Emilia-Romagna 93 17 187 48
Friuli Venezia Giulia 66 2 159 47
Lazio 208 36 377 54
Liguria 70 15 120 35
Lombardia 103 16 340 10
Marche 62 10 285 42
Molise 74 3 148 51
Piemonte 134 12 297 60
Puglia 87 12 217 50
Sardegna 136 10 242 78
Sicilia 95 30 497 20
Toscana 75 10 169 35
Umbria 66 5 148 40
Valle d’Aosta 168 15 230 100
Veneto 89 18 167 42
Aut. Prov. Bolzano 188 9 492 12
Aut. Prov. Trento 139 8 497 61
Italy 117 45
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To evaluate the variability of outdoor gamma radiation within urban
environments, data obtained from 74 Italian municipalities have been
used. In these municipalities, more than four measurements were
collected within the same urban area, and the coefficient of variation
(CV) was computed. In each of these municipalities, the CV has been
calculated as the ratio between the standard deviation of the
measurements of the municipality and their average.

10.3389/fpubh.2024.1388783

3 Results

The statistical distribution of the outdoor gamma radiation results
in the 2,901 Italian municipalities is reported in Figure 1. Table 3
reports the 21 mean population-weighted outdoor gamma radiation
dose rate values. For each region, the maximum and minimum
municipality values are also reported in Table 3. The resulting national

FIGURE 2

Weighted mean outdoor gamma dose rate averages by province on a graduated scale.

Italian Provinces
Population-weighted Outdoor Gamma
Ambient Dose Equivalent Rate - H*(10)

nSvh'

[] 40-59
() 59-78
] 78-97
[ 97-116
B 116-135
B 135- 154
B 154-173
B 173-192
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FIGURE 3
Box plot with regional data on the outdoor gamma dose rate. The dotted line is the Italian national arithmetic mean, i.e., not population-weighted.

mean gamma population-weighted ambient dose equivalent is 117  geometry exposure (13) and the mean energy of natural gamma
nSv h™, ranging from 62 to 208 nSv h™' among regions. radiation was approximately 1 MeV (44).

The Italian regions with the highest outdoor gamma dose rate
values are Lazio and Campania—208 and 190 nSv h™", respectively. ] )

Figure 2 shows the population-weighted mean of the 4 Discussion
provincial gamma dose rate value on a graduated scale, ranging
from 40 to 227 nSv h™". The complete table of the data at the The activity concentration of natural radionuclides in the upper
provincial scale is provided as the Supplementary material,  soil layer, mostly controlled by geological baseline characteristics, was
reporting all the mean population-weighted values of the outdoor ~ recognized as the main influencing factor for outdoor gamma
gamma radiation dose rate, as well as the maximum and minimum  radiation. The areas affected by volcanic activity, past or present, show
values in each province. the highest outdoor gamma dose rate values since the geological

In Figure 3, the boxplot with the regional data is shown, reporting  baseline is made of magmatic rocks, referred to as “pyroclastic rocks,
the regional arithmetic mean (cross), the first quartile (box lower), the  lavas, and basalts” or “intrusive rocks” in the Italian geo-lithological
third quartile (box upper), and the median of outdoor gamma  map reported in Figure 4, characterized by high NOR activity
radiation measurements. Moreover, the national arithmetic mean,i.e,, ~ concentrations (45-47), e.g., Lazio and Campania, Eastern Sicily (48),
not weighted, was plotted (dot line), along with regional whisker plots, ~ Southern Calabria, Sardegna, as well as Northern Piemonte (49-51).
showing variations in measured outdoor gamma dose rates in regional ~ The Alps area in Northern Italy is also characterized by the presence
municipalities. For most Italian regions, the data are characterized by =~ of magmatic products of old volcanic bodies, referred to as

a skewed distribution, with a long tail toward high values (see  “metamorphic rocks” in Figure 4, with high potassium-40 activity

Discussion section). concentrations (51-53). Consequently, it is also associated with high
The resulting mean annual effective dose for the Italian population ~ outdoor gamma dose rate values.

living in urban areas is 0.13 mSv y-1, ranging from 0.07 to 0.22mSv The urban structures—land coverage and buildings—affect the

y~!. These values were obtained by assuming a mean outdoor outdoor gamma radiation level compared to the undisturbed
occupancy factor of 0.2 (i.e., about 1,800h y™') and a conversion factor ~ environments. The land coverage generally acts as a shield to gamma
of 0.61 (43) from the ambient dose equivalent to the effective dose.  rays produced in the upper soil layer, but both road pavement and
The conversion factor was obtained under the assumptions of isotropic ~ buildings may become significant gamma radiation sources when they
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Italian main lithologies classes

Pyroclastic rocks / Lavas and Basalts
High-grade metamorphic rocks
Low-grade metamorphic rocks
Medium-grade metamorphic rocks
Various-grade metamorphic rocks
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Alluvial and Marine deposits
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Carbonate rocks
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Geo-lithological map of Italy, only lithologies of interest were reported in the legend. The map was rearranged from the geo-lithological map of Italy

are made of materials with high NOR activity concentrations, e.g.,
volcanic materials. The influence of the land coverage typology, as well
as the distance from a building constructed of materials with high
NOR activity concentrations on the outdoor gamma dose rate, was
studied through a small complementary study performed in the
garden of the Italian National Institute of Health in Rome. It is a small
environment of nearly 5,000 sq. m characterized by different land
coverages, i.e., gravel, asphalt, and leucite blocks, and undisturbed
areas of lawn, which borders on one side with a building constructed
in Italian tuff, an Italian volcanic rock with high NOR activity
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concentrations. The authors of this study used one of the instruments
used for the national campaign to measure the ambient dose
equivalent rate. The results are displayed in Figure 5.

An increase in outdoor gamma dose rate value when approaching
the building is observed to be up to approximately 15m due to the
gamma rays emitted by the building. The results are consistent with
those published by other works [e.g., (10)]. Moreover, the measurements
show that different land coverages affect the outdoor gamma dose rate
value. The gravel coverage—as an example of a material containing low
radionuclide activity concentration—on undisturbed soil reduces the

frontiersin.org
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outdoor gamma dose rate value by approximately 40%, while the use of
leucite blocks—as an example of a material containing high radionuclide
activity concentration—increases the outdoor gamma dose rate value
by about 50%. The latter gamma dose rate value is reduced by nearly
20% by adding an asphalt layer on leucite blocks. Similar results were
found in the literature for covering materials with low (7, 15) and high
NOR activity concentrations (54, 55). This finding leads to high
uncertainties when assessing outdoor gamma radiation exposure in
urban areas from measurements in undisturbed environments.

The outdoor gamma radiation level may strongly vary within the
same urban area due to built-up inhomogeneities in terms of materials
employed and installation conditions (e.g., thickness and construction
typology) and distance of the measurement point from surrounding
buildings. The measurement points, i.e., the infrastructures of the
telecommunication company, are placed within urban centers in
“random” positions relative to land coverage and distance from
surrounding buildings (see §2.1), so the computed CV can be useful for
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estimating the variation of outdoor gamma radiation within urban
areas. The average CV was found to be 21%, ranging from 3 to 84%
(Figure 6). The first and the third quartiles are 12 and 29%, respectively.
These values align with those found in the literature by other authors
regarding the spatial variability of outdoor gamma radiation
measurements within urban areas (13). The built-up inhomogeneities
at the municipal level, the variability of the distance from the
surrounding buildings of measurement points, and the strong
differences in natural radionuclide content of the soils at the regional
level reflect a skewed data distribution for some Italian regions, as
shown in Figure 3.

The results of the present study were compared to those of the
earlier, and only, Italian national survey on outdoor gamma exposure
by Cardinale and Cortellesa (34). These data were critically reviewed
by the Italian Institute for Environmental Protection and Research (56).

The comparison concerned only terrestrial gamma dose rate
measurements since cosmic radiation is not detected by plastic
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TABLE 4 Comparison between 1972’s survey outdoor gamma dose rate
of terrestrial origin [Cardinale et al. (34)] and outdoor gamma dose rate of
the present study.

Italian Ambient dose equivalent = Difference (%)
Region rate H*(10) (uSvh-1)

Cardinale Present

etal. ( ) study
Abruzzo 0.06 0.07 20%
Basilicata 0.11 0.09 —20%
Calabria 0.08 0.14 75%
Campania 0.19 0.19 0%
Emilia- 0.06 0.09 50%
Romagna
Friuli Venezia 0.06 0.07 20%
Giulia
Lazio 0.16 0.21 30%
Liguria 0.06 0.07 20%
Lombardia 0.07 0.10 45%
Marche 0.07 0.06 —15%
Molise 0.05 0.07 40%
Piemonte 0.07 0.13 85%
Puglia 0.07 0.09 30%
Sardegna n/a 0.14 n/a
Sicilia n/a 0.09 n/a
Toscana 0.06 0.08 35%
Trentino-Alto 0.06 0.12 100%
Adige/Stdtirol
Umbria 0.07 0.07 0%
Valle dAosta 0.08 0.17 >100%
Veneto 0.06 0.09 50%
Italy 0.09 0.12 30%

scintillators, like the instrument adopted in the present study (see §2.3),
due to its energy spectrum characterized by high energies (57). The
absorbed dose rate values of the 1972 survey were converted into ambient
dose equivalent (pSvh™) by adopting 1.2 Sv Gy as the conversion factor
(40). To compare the results of the two surveys, ambient dose equivalent
rate values were expressed in pSv h™' and rounded to two decimal places,
being the sensitivity of the instrument used in the 1972 survey 1 prad h™
(34). The comparison is reported in Table 4.

As per the national average, the result of the present survey is 30%
higher than that of the 1972 survey. The differences in the regional
average gamma dose rate values might be determined by the different
sampling strategy of the measuring sites, either in the coverage of the
territory or the population. The present study’s measurements have been
performed only in urban areas covering all the regions and provinces.
In contrast, the measurement points chosen in the 1972 survey were
approximately 70% in urban centers and 30% in areas outside the cities,
and two regions were not surveyed (Sicilia and Sardegna). Finally, the
measurements collected in 1972 were 1,365 in total, which is nearly
one-third of those of the present survey. However, no information is
available about territory coverage at the provincial or municipal scale.
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5 Conclusion

A detailed assessment of the Italian population’s exposure to
outdoor gamma radiation has been evaluated through 3,876 on-site
measurements of the ambient dose equivalent rate within urban
areas, where most of the Italian population lives. Among the few
reported till date, it is the largest national campaign of on-site
outdoor gamma radiation measurements in urban areas carried
out worldwide.

The results are representative of the Italian population’s exposure
to outdoor gamma radiation in urban areas owing to the high number
of measurements and the high population and territory coverage at
national and regional levels as well as for most Italian provinces. The
measurement points have been chosen at the infrastructures of an
Italian telecommunication company distributed in the entire national
territory as dense as the residing population. They represent all the
possible situations of the population’s outdoor exposure to gamma
radiation in urban areas since they were not chosen a priori relative to
land coverage and distance from surrounding buildings.

The population-weighted national mean of gamma ambient dose
equivalent rate resulted in 117 nSv h™', ranging from 62 to 208 nSv
h™" at the regional level and from 40 to 227 nSv h™" at the provincial
one. Considering these values, the effective dose suffered by the
Italian population due to outdoor gamma radiation exposure in
urban areas is 0.13 mSv y™', ranging from 0.07 to 0.22mSv y' at the
regional level.

The spatial variability of outdoor gamma radiation dose rate
values increased in urban areas compared to undisturbed
environments. In this survey, the spatial variability is 21% on
average, ranging from 3 to 74% in terms of CV. The main reason
for this variability is the high inhomogeneities of built-up within
the cities, strongly affecting the outdoor gamma dose rate. A small
complementary study on a limited and controlled area showed (i)
an increase in the outdoor gamma radiation dose rate approaching
a building constructed of materials containing high NOR activity
concentrations, (ii) a decrease in the outdoor gamma radiation
dose rate, compared to the undisturbed environment, in case of
land coverage with low natural radioactivity content, such as
gravel, and (iii) an increase in the outdoor gamma radiation dose
rate, compared to the undisturbed environment, in case of land
coverage with high natural radioactivity content, such as
leucite blocks.

The strategy adopted in this survey, based on a collaboration
with a company that owns infrastructures as densely distributed on
the national territory as the resident population, was quite feasible,
affordable, and time-consuming. These factors allowed us to
overcome many difficulties associated with this kind of national
representative campaign in terms of logistics and measuring point
selection. Therefore, other countries could easily adopt this survey
strategy and methodology to conduct surveys on gamma levels in
urban environments to better evaluate population exposure.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1388783
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Carpentieri et al.

Author contributions

CaC: Conceptualization, Data curation, Formal analysis,
Methodology, Visualization, Writing - original draft, Writing -
review & editing. AM: Conceptualization, Data curation, Formal
analysis, Methodology, Visualization, Writing - original draft,
Writing - review & editing. MA: Data curation, Investigation,
Writing - review & editing. SA: Formal analysis, Writing - review &
editing. MC: Formal analysis, Writing - review & editing. VC: Data
curation, Funding acquisition, Resources, Writing - review & editing.
CCo: Data curation, Funding acquisition, Resources, Writing —
review & editing. ChC: Conceptualization, Visualization, Writing -
review & editing. FB: Conceptualization, Funding acquisition,
Methodology, Supervision, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

1. IARC. Ionizing radiation, part 1: X- and gamma (y)-radiation, and neutrons In:
TARC monographs on the evaluation of carcinogenic risks to humans (2000)

2. NRC. Health risks from exposure to low levels of ionizing radiation: BEIR VII Phase
2. Washington, DC: The National Academies Press (2006).

3. UNSCEAR. Biological mechanisms relevant for the inference of cancer risks from
low-dose and low-dose-rate radiation. United Nations Publication (2021).

4. Sources and Effects of Ionizing radiation. United Nations scientific committee on the
effects of atomic radiation (UNSCEAR) 2008 report: report to the general assembly, with
scientific annexes. United Nations Publication. (2008).

5. Gasser E, Nachab A, Nourreddine A, Roy C, Sellam A. Update of (40)K and (226)
Ra and (232)Th series gamma-to-dose conversion factors for soil. ] Environ Radioact.
(2014) 138:68-71. doi: 10.1016/j.jenvrad.2014.084002

6. Cinelli G, Brattich E, Coletti C, De Ingeniis V, Mazzoli C, Mostacci D, et al.
Terrestrial gamma dose rate mapping (Euganean Hills, Italy): comparison between field
measurements and HPGe gamma spectrometric data. Radiat Eff Defects Solids. (2020)
175:54-67. doi: 10.1080/10420150.2020.1718131

7. Inoue K, Fukushi M, Van Le T, Tsuruoka H, Kasahara S, Nimelan V. Distribution
of gamma radiation dose rate related with natural radionuclides in all of Vietnam and
radiological risk assessment of the built-up environment. Sci Rep. (2020) 10:12428. doi:
10.1038/541598-020-69003-0

8. Sanusi MSM, Ramli AT, Hassan W, Lee MH, Izham A, Said MN, et al. Assessment
of impact of urbanisation on background radiation exposure and human health risk
estimation in Kuala Lumpur, Malaysia. Environ Int. (2017) 104:91-101. doi: 10.1016/j.
envint.2017.01.009

9. Medeiros FH, Yoshimura EM. Influence of soil and buildings on outdoor gamma
dose rates in Sdo Paulo, Brazil. Health Phys. (2005) 88:65-70. doi: 10.1097/01.
HP.0000142499.92778.76

10. Yeboah E, Macdonald P, Yakovlev G. Investigation of the influence of buildings on
the total gamma background radiation. Bulletin KRASEC Phys Math Sci. (2021)
35:100-9. doi: 10.26117/2079-6641-2021-35-2-100-109

11. Cresswell AJ, Sanderson DC, Harrold M, Kirley B, Mitchell C, Weir A.
Demonstration of lightweight gamma spectrometry systems in urban environments. J
Environ Radioact. (2013) 124:22-8. doi: 10.1016/j.jenvrad.2013.03.006

12. Daniela G, Carloni S, Voltaggio M, Di Lisa GA. Pre-anthropic and present outdoor
gamma equivalent dose rate of the historic Center of Rome (Italy). Radiat Prot Dosim.
(2019) 187:518-34. doi: 10.1093/rpd/ncz247

13. Bossew P, Kuca P, Helebrant J. Mean ambient dose rate in various cities, inferred
from Safecast data. J Environ Radioact. (2020) 225:106363. doi: 10.1016/j.
jenvrad.2020.106363

14. Nowak K, Nowak K, Solecki A. Factors affecting background gamma radiation in
an urban space. ] Elem. (2015) 20:3. doi: 10.5601/jelem.2014.19.4.755

15.de Affonseca MS, Alves RN, Junior JT, de Almeida CE. The influence of
urbanization on natural radiation levels in anomalous areas. ] Environ Radioact. (2002)
63:65-75. doi: 10.1016/S0265-931X(02)00016-4

Frontiers in Public Health

11

10.3389/fpubh.2024.1388783

Conflict of interest

VC and CCo were employed by Telecom Italia SpA.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1388783/
full#supplementary-material

16. Sanada Y, Yoshimura K, Urabe Y, Iwai T, Katengeza EW. Distribution map of
natural gamma-ray dose rates for studies of the additional exposure dose after the
Fukushima Dai-ichi nuclear Power Station accident. | Environ Radioact. (2020)
223-224:106397. doi: 10.1016/j.jenvrad.2020.106397

17. Szegvary T, Conen F, Stohlker U, Dubois G, Bossew P, de Vries G. Mapping
terrestrial -dose rate in Europe based on routine monitoring data. Radiat Meas. (2007)
42:1561-72. doi: 10.1016/j.radmeas.2007.09.002

18. Coletti C, Ciotoli G, Bena E, Brattich E, Cinelli G, Galgaro A, et al. The assessment
of local geological factors for the construction of a Geogenic radon potential map using
regression kriging. A case study from the Euganean Hills volcanic district (Italy). Sci
Total Environ. (2022) 808:152064. doi: 10.1016/j.scitotenv.2021.152064

19. Cinelli G, Tondeur E, Dehandschutter B, Menneson F, Rincones J. Harmonization
and mapping of terrestrial gamma dose rate data in Belgium. ] Environ Radioact. (2022)
248:106885. doi: 10.1016/j.jenvrad.2022.106885

20. Pradana R, Nugraha ED, Wahyudi W, Untara U, Wiyono M, Devriany A, et al.
Car-borne survey and dose assessment from external radiation exposure in Bangka
Island. Environ Sci Pollut Res. (2023) 30:89280-92. doi: 10.1007/s11356-023-28640-4

21. Raptis KGC, Albéri M, Bisogno S, Callegari I, Chiarelli E, Cicala L, et al. External
effective dose from natural radiation for the Umbria region (Italy). J] Maps. (2022)
18:461-71. doi: 10.1080/17445647.2022.2093659

22. Batista-Rodriguez JA, Lopez-Saucedo FJ, Almaguer-Carmenates Y, Motas-Ortiz
JL, Nerio-Rocha J. Assessment by portable gamma spectrometry of the radiological
hazard associated with built environments in northeastern Mexico. Int ] Environ Sci
Technol. (2021) 19:8645-60. doi: 10.1007/s13762-021-03737-w

23. Dehimi FZ, Seghour A, Taieb-Errahmani D, Hammadi A. Assessment of the
outdoor gamma radiation levels in Algiers Province, Algeria. Radiat Prot Dosim. (2021)
194:144-52. doi: 10.1093/rpd/ncab090

24. Hazrati S, Baghi AN, Sadeghi H, Barak M, Zivari S, Rahimzadeh S. Investigation
of natural effective gamma dose rates case study: Ardebil Province in Iran. Iran | Environ
Health Sci Eng. (2012) 9:1. doi: 10.1186/1735-2746-9-1

25.Jindal MK, Sar SK. Statistical comparative study of the gamma dose rate and
associated risk assessment in rural and urban areas of Durg District, Chhattisgarh, India.
Radiochemistry. (2020) 62:275-87. doi: 10.1134/51066362220020186

26. Koperski J. Exposure of urban populations to natural gamma background in
Poland. Radiat Prot Dosim. (1984) 8:163-71. doi: 10.1093/oxfordjournals.rpd.a083051

27. Ugbede FO, Akpolile AF, Ibeh GF, Mokobia CE. In-situ assessment of background
gamma radiation dose levels in outdoor environment of Enugu urban areas, Enugu state,
Nigeria. Environ Forensic. (2020) 23:334-45. doi: 10.1080/15275922.2020.1850562

28. Clouvas A, Xanthos S, Antonopoulos-Domis M. Extended survey of indoor and
outdoor terrestrial gamma radiation in Greek urban areas by in situ gamma
spectrometry with a portable Ge detector. Radiat Prot Dosim. (2001) 94:233-45. doi:
10.1093/o0xfordjournals.rpd.a006495

29. Clouvas A, Xanthos S, Antonopoulos-Domis M. Radiological maps of outdoor and
indoor gamma dose rates in Greek urban areas obtained by in situ gamma spectrometry.
Radiat Prot Dosim. (2004) 112:267-75. doi: 10.1093/rpd/nch395

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1388783
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1388783/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1388783/full#supplementary-material
https://doi.org/10.1016/j.jenvrad.2014.08.002
https://doi.org/10.1080/10420150.2020.1718131
https://doi.org/10.1038/s41598-020-69003-0
https://doi.org/10.1016/j.envint.2017.01.009
https://doi.org/10.1016/j.envint.2017.01.009
https://doi.org/10.1097/01.HP.0000142499.92778.76
https://doi.org/10.1097/01.HP.0000142499.92778.76
https://doi.org/10.26117/2079-6641-2021-35-2-100-109
https://doi.org/10.1016/j.jenvrad.2013.03.006
https://doi.org/10.1093/rpd/ncz247
https://doi.org/10.1016/j.jenvrad.2020.106363
https://doi.org/10.1016/j.jenvrad.2020.106363
https://doi.org/10.5601/jelem.2014.19.4.755
https://doi.org/10.1016/S0265-931X(02)00016-4
https://doi.org/10.1016/j.jenvrad.2020.106397
https://doi.org/10.1016/j.radmeas.2007.09.002
https://doi.org/10.1016/j.scitotenv.2021.152064
https://doi.org/10.1016/j.jenvrad.2022.106885
https://doi.org/10.1007/s11356-023-28640-4
https://doi.org/10.1080/17445647.2022.2093659
https://doi.org/10.1007/s13762-021-03737-w
https://doi.org/10.1093/rpd/ncab090
https://doi.org/10.1186/1735-2746-9-1
https://doi.org/10.1134/S1066362220020186
https://doi.org/10.1093/oxfordjournals.rpd.a083051
https://doi.org/10.1080/15275922.2020.1850562
https://doi.org/10.1093/oxfordjournals.rpd.a006495
https://doi.org/10.1093/rpd/nch395

Carpentieri et al.

30. Svoukis E, Tsertos H. Indoor and outdoor in situ high-resolution gamma radiation
measurements in urban areas of Cyprus. Radiat Prot Dosim. (2007) 123:384-90. doi:
10.1093/rpd/ncl159

31. Zerquera JT, Alonso MP, Flores OB, Perez AH. Study on external exposure doses
received by the Cuban population from environmental radiation sources. Radiat Prot
Dosim. (2001) 95:49-52. doi: 10.1093/oxfordjournals.rpd.a006522

32. Campos Venuti G, Colilli S, Grisanti A, Grisanti G, Monteleone G, Risica S, et al.
Indoor exposure in a region of Central Italy. Radiat Prot Dosim. (1984) 7:271-4. doi:
10.1093/o0xfordjournals.rpd.a083008

33. Cardinale A, Frittelli L, Lembo G, Gera F, Ilari O. Studies on the natural background
radiation in Italy. Health Phys. (1971) 20:285-96. doi: 10.1097/00004032-197103000-00006

34, Cardinale A, Cortellesa G, Gera F, Ilari O, Lembo G. Absorbed dose distribution
in the Italian population due to the natural background radiation In: Second international
symposium on the natural radiation environment. United States Energy Research and
Development Administration: Natural Radiation Environment II. (1972).

35. Sutherland RA, de Jong E. Statistical analysis of gamma-emitting radionuclide
concentrations for three fields in southern Saskatchewan, Canada. Health Phys. (1990)
58:417-28. doi: 10.1097/00004032-199004000-00004

36. Tyler AN, Sanderson DCW, Scott EM, Allyson JD. Accounting for spatial
variability and fields of view in environmental gamma ray spectrometry. J Environ
Radioact. (1996) 33:213-35. doi: 10.1016/0265-931X(95)00097-T

37. Tyler AN. In situ and airborne gamma-ray spectrometry. Radioact Environ. (2008)
11:407-48. doi: 10.1016/S1569-4860(07)11013-5

38. Carelli V, Bianco V, Cordedda C, Ferrigno G, Carpentieri C, Bochicchio E. A
national survey on radon concentration in underground inspection rooms and in
buildings of a telephone company: methods and first results. Radiat Meas. (2009)
44:1058-63. doi: 10.1016/j.radmeas.2009.10.085

39. ISTAT. Istituto nazionale di statistica. Popolazione residente e dinamica demografica
- anno 2021 In: Censimenti Permanenti Popolazione e Abitazioni. Rome (Italy): (2022)

40.Yi CY, Jun JS, Chai HS, Oh J], Yun JY. Measurement of ambient dose equivalent
using a NaI(T1) scintillation detector. Radiat Prot Dosim. (1997) 74:273-8. doi: 10.1093/
oxfordjournals.rpd.a032207

41. Dombrowski H, Bleher M, Cort MD, Dabrowski R, Neumaier S, Stéohlker U.
Recommendations to harmonize European early warning dosimetry network systems.
J Instrum. (2017) 12:P12024. doi: 10.1088/1748-0221/12/12/P12024

42.TAEA. International Atomic Energy Agency. Guidelines for radioelement mapping
using gamma ray spectrometry data. Vienna (Austria): (2003).

43. International Commission on Radiological Protection. ICRP Pubblication 116:
conversion coefficients for radiological protection quantities for external radiation
exposures. Elsevier (2010).

44. UNSCEAR. Sources and Effects of Ionizing Radiation. United Nations scientific
committee on the effects of atomic radiation (UNSCEAR) 1982 report: report to the general
assembly, with scientific annexes. United Nations Publications (1982).

Frontiers in Public Health

12

10.3389/fpubh.2024.1388783

45. Avanzinelli R, Elliott T, Tommasini S, Conticelli S. Constraints on the genesis of
potassium-rich Italian volcanic rocks from U/Th disequilibrium. ] Petrol. (2007)
49:195-223. doi: 10.1093/petrology/egm076

46. Guagliardi I, Zuzolo D, Albanese S, Lima A, Cerino P, Pizzolante A, et al. Uranium,
thorium and potassium insights on Campania region (Italy) soils: sources patterns based
on compositional data analysis and fractal model. ] Geochem Explor. (2020) 212:106508.
doi: 10.1016/j.gexplo.2020.106508

47. Sabbarese C, Ambrosino F, D'Onofrio A. Development of radon transport model
in different types of dwellings to assess indoor activity concentration. J Environ Radioact.
(2021) 227:106501. doi: 10.1016/j.jenvrad.2020.106501

48. Caridi E, Spoto SE, Mottese AF, Paladini G, Crupi V, Belvedere A, et al. Multivariate
statistics, mineralogy, and radiological hazards assessment due to the natural
radioactivity content in pyroclastic products from Mt. Etna, Sicily, southern Italy. Int J
Environ Res Public Health. (2022) 19:11040. doi: 10.3390/ijerph191711040

49. Caridi E Di Bella M, Sabatino G, Belmusto G, Fede MR, Romano D, et al.
Assessment of natural radioactivity and radiological risks in river sediments from
Calabria (southern Italy). Appl Sci. (2021) 11:1729. doi: 10.3390/app11041729

50. Dentoni V, Da Pelo S, Mousavi Aghdam M, Randaccio P, Loi A, Careddu N, et al.
Natural radioactivity and radon exhalation rate of Sardinian dimension stones. Constr
Build Mater. (2020) 247:118377. doi: 10.1016/j.conbuildmat.2020.118377

51. Sesana L, Fumagalli M, Carnevale M, Polla G, Facchini U, Colombo A, et al.
Natural radionuclides in the rocks of the Valle del Cervo pluton in Piedmont. Radiat
Prot Dosim. (2006) 118:337-44. doi: 10.1093/rpd/nci347

52. Cinelli G, De Cort M, Tollefsen T. European atlas of natural radiation. Luxembourg:
Publication Office of the European Union (2019).

53.Trevisi R, Leonardi F, Risica S, Nuccetelli C. Updated database on natural
radioactivity in building materials in Europe. ] Environ Radioact. (2018) 187:90-105.
doi: 10.1016/j.jenvrad.2018.01.024

54.Dodge-Wan D, Mohan VP. Terrestrial gamma radiation dose rate mapping and
influence of building materials: case study at Curtin University campus (Miri,
Sarawak, Malaysia). ] Radioanal Nucl Chem. (2021) 328:163-80. doi: 10.1007/
510967-021-07641-y

55. Van Le T, Inoue K, Fujisawa M, Arai M, Fukushi M. Impact on absorbed dose rate
in air from asphalt pavement associated with transport infrastructure developments on
Phu Quoc Island, Vietnam. Radiat Environ Med. (2017) 6:88-93. doi: 10.51083/
radiatenvironmed.6.2_88

56. ISPRA. Istituto Superiore per la Protezione e la Ricerca Ambientale. Annuario dei
dati ambientali 2010: Radiazioni ionizzanti. 2010:23. URL: Available at: https://www.
isprambiente.gov.it/files/pubblicazioni/statoambiente/annuario-2010/11-radiazioni-
ionizzanti.pdf.

57. Wissmann F, Rupp A, Stohlker U. Characterization of dose rate instruments for
environmental radiation monitoring. Kerntechnik. (2007) 72:193-8. doi:
10.3139/124.100341

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1388783
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1093/rpd/ncl159
https://doi.org/10.1093/oxfordjournals.rpd.a006522
https://doi.org/10.1093/oxfordjournals.rpd.a083008
https://doi.org/10.1097/00004032-197103000-00006
https://doi.org/10.1097/00004032-199004000-00004
https://doi.org/10.1016/0265-931X(95)00097-T
https://doi.org/10.1016/S1569-4860(07)11013-5
https://doi.org/10.1016/j.radmeas.2009.10.085
https://doi.org/10.1093/oxfordjournals.rpd.a032207
https://doi.org/10.1093/oxfordjournals.rpd.a032207
https://doi.org/10.1088/1748-0221/12/12/P12024
https://doi.org/10.1093/petrology/egm076
https://doi.org/10.1016/j.gexplo.2020.106508
https://doi.org/10.1016/j.jenvrad.2020.106501
https://doi.org/10.3390/ijerph191711040
https://doi.org/10.3390/app11041729
https://doi.org/10.1016/j.conbuildmat.2020.118377
https://doi.org/10.1093/rpd/nci347
https://doi.org/10.1016/j.jenvrad.2018.01.024
https://doi.org/10.1007/s10967-021-07641-y
https://doi.org/10.1007/s10967-021-07641-y
https://doi.org/10.51083/radiatenvironmed.6.2_88
https://doi.org/10.51083/radiatenvironmed.6.2_88
https://www.isprambiente.gov.it/files/pubblicazioni/statoambiente/annuario-2010/11-radiazioni-ionizzanti.pdf
https://www.isprambiente.gov.it/files/pubblicazioni/statoambiente/annuario-2010/11-radiazioni-ionizzanti.pdf
https://www.isprambiente.gov.it/files/pubblicazioni/statoambiente/annuario-2010/11-radiazioni-ionizzanti.pdf
https://doi.org/10.3139/124.100341

	A large and feasible national survey representative of population exposure to outdoor gamma radiation in urban areas
	1 Introduction
	2 Methods
	2.1 Sampling strategy
	2.2 Sample description and representativeness
	2.3 Measuring instruments and protocol
	2.4 Data analysis

	3 Results
	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions

	 References

