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Abstract: Radon (*?Rn) is the second most common type of lung cancer after smoking. As radon
poses a significant risk to human health, radon-affected areas should be to ensure people’s
awareness of risk and remediation. The primary goal of this research was to investigate the local
natural radioactivity (in soils, water and indoors) because of the presence of tuff outcrops (from
middle lower Pleistocene volcanic activity) that naturally produce radioactive gas radon at
Cerveteri (Rome, Central Italy). The study area is characterized by the presence of several funerary
sites pertaining to the Etruscan Necropolis of Cerveteri, which extends over a volcanic rock plateau.
The results of the radon survey highlighted moderate (>16000 Bq/m3) but localized anomalies in
soils and medium low (< 200 Bq/m?) values of indoor radon excepting some cases exceeding the
threshold (> 300 Bq/m?) recommended by 2013/59 Euratom Directive. Although for thoron (*Rn)
effects on human health, there exist no clinical data, the study of 29Rn average activity concentration
in the soil gas survey has revealed new insights for the interpretation of radon sources that can affect
dwellings, even taking into account the considerable difference in the half-lives of the 2?Rn and
220Rn‘
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1. Introduction

Radon is a noble and naturally radioactive gas having three isotopes: ??Rn (radon), 2'Rn
(thoron), and ??Rn (actinon). Radon derives from the 28U decay series, and has a half-life of 3.8 days,
while thoron derives from the 22Th decay series and has a relatively short half-life (55s). Actinon is
part of the decay series of 25U and has such a short half-life (4s) that is ignored in geochemical
exploration.

22Rn is considered one of the main sources of environmental natural radioactivity [1,2]
considering that this gas is created during the radioactive alpha decay of radium (***Ra) present in
rock and soil. Being an inert gas, radon is ubiquitous in indoor and outdoor air. Further, due to its
solubility, radon can be present in groundwaters and springs, meaning that drinking waters can be
enriched of this gas. The natural 22Rn concentrations depend on many factors among which uranium
mineralization in the soil [3] and chemical water parameters (pH, temperature and salinity) that can
produce seasonal variations of diluted radon [4]. Further, the presence of fractures and/or faults in
the soil can favor the radon upward motion from bedrocks and buried deposits containing uranium
[5].

222Rn can easily accumulate in indoor air through cracks in walls and other openings via gaseous
diffusion from beneath the ground and through dissolved radon contents of groundwater used
indoors [6]. Therefore, it is very important to know the levels of radon in soil gas, indoor and in
waters to keep safe people from an excessive exposure to radon risking lung cancer.

In terms of radiation protection aspects, indoor ?»Rn level can derive from soil, building
materials containing 22Th, distance from walls or floor source [7] and for these reason, it is difficult
to estimate. It is also difficult to measure because of its short half-life that barely allows to measure
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emitting alpha particles. On the contrary, soil gas 2°Rn, precisely for its short half-life, can provide
significant information on the source of the radon gas.

For this reason, 2’Rn measurements were performed in order to evaluate the superficial
fracturing (beside the known faults) that allows a diffusive radon migration. The present study
pointed at estimating the radon concentration in soil gas, indoor and drinking water in an area
characterized by natural radioactivity due to both local volcanic outcrops emitting radon and the
tuffs used as building materials. Our primary goal was to raise public awareness of the both radon
presence and the following gas exposure risk [8] as the hazard of this gas is often ignored by territory
administrators.

2. Geological overview

The studied area belongs to the Italian Tyrrhenian margin characterized by continental crust
with less than 25 km thickness, high heat flows and large volcanic provinces. Since Upper Pliocene,
extensional tectonics have formed a system of NW-SE trending basins that area filled by thick
sequences of Messinian to Early Pleistocene clastic marine deposits. Potassic to ultra-potassic effusive
activity associated with this crustal thinning formed the volcanic districts of the Roman Comagmatic
Province, including the Sabatini Mountains [9], the Tolfa-Cerveteri-Manziana volcanic complex
(TVC) [10] and the Vico volcanic deposits. The studied area belongs to the TVC, and it is located 45
km north of Rome. The TVC consists of a series of volcanic products (among which, Tufi stratificati
varicolori di Sacrofano e Tufi rossi a scorie nere [11]) which forms a NW-SE trending hoisted
structure. In the southern part of tuff outcrop, over a volcanic rock plateau of about 100 hectares,
there is an important Italian archeological site consisting in a unique and exceptional proof of the
ancient Etruscan civilization, just few kilometers far from Rome. There are necropolis rich of Etruscan
frescos that faithfully reproduce the daily lives of the disappeared culture. The Necropolis of
Banditaccia, an UNESCO World Heritage since 2004 is by far the finest example of Etruscan funerary
architecture and large parts of this necropolis were dug in the tuff bedrock, either as subterranean
grave chambers (hypogea) or as tumuli [12].

3. 22Rn and 2'Rn Radiological Risk

The breathing of radon/thoron and their progeny is an important factor which provides around
50% of the natural background radiation dose to the humankind (13, 14]. According to several
epidemiological studies, radon is known as the second origin of lung cancer after smoking [15].
Through the process of breathing, radon progeny adheres to bronchial epithelium and exposes it to
the hazardous irradiations [16]. Even cellular DNA can be damaged by the alpha particles emitted
from radon and progeny [17]. The distribution of radon progeny and the breathing rate influence the
trachea-bronchial tract [18] where the activity concentration is deposited and affect the lung dose.

Since radon is very soluble (fifteen times more than helium or neon), it is possible to find high
concentrations of this gas in waters that circulated through rocks and deposits rich of radium [19]
and that can transport dissolved radon up to the surface. Therefore, dissolved radon in water can
enter into dwellings by means of showers, laundry and drinkable waters [14]. Keeping in view the
harmful effects of this gas on human health, it is necessary to quantify the radiological hazard of
radon from the different and potential sources: soils, waters and indoor. Since radon is colorless,
tasteless and odorless, there is a general undervalue of long-term effects of exposure. Furthermore,
even when people are informed about the possibility that their dwellings can have dangerous radon
levels and relative health effects, it is unlikely that appropriate remedies are adopted [20].

4. Materials and Methods

During summer 2017, detailed field surveys were carried out at Cerveteri (Rome, Central Italy),
which included the indoor, in-water and in-soil 22Rn measurements (Figure 1).
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Figure 1. Geological sketch map of the Cerveteri (Rome, Central Italy) study area and radon

investigations. Soil gas 2?2Rn and ?*’Rn, indoor radon and dissolved radon in water are represented
by green, red and blue symbols respectively.

Detailed radon-gas surveys were carried out during the dry season (from June to September
2017), consisting of 65 measurements of radon activity, within an area of about 3km?, with a sampling
density of about 20 samples/km?. Soil-gas radon (22Rn) concentrations were measured with a portable
RAD?7 Durridge® certified alpha spectrometer. Radon values were obtained after 15 min (time
necessary for Po and Rn nuclei equilibrium, that is about 5 times the half-life of 2¥Po) pumping the
gas from a steel probe inserted at depth of at least 0.50 m into the soil. Calibration and linearity of the
employed RAD7s was verified by using a radon chamber [21].

Measurements of indoor radon concentrations were performed in selected private and public
dwellings using activated charcoal canisters. This passive method consists of putting the canister on
the floor of a room for 48 h, keeping windows and doors shut in order to simulate the worst
environmental conditions for air circulation. Afterwards, the canisters are removed and counted by
a y-ray spectrometer in the laboratory.

In order to measure dissolved 22Rn concentrations, water was collected in a bottle equipped
with a watertight cap provided with an expansion chamber and inserted in a closed circuit with a
pump and an activated charcoal collector (ACC). The air stripped from water and aspirated from the
expansion chamber is then adsorbed into the ACC [22]. Collectors were analyzed by gamma-
spectrometry using a Nal(T1) scintillator at the laboratory.

5. Results

5.1. Soil gas 22Rn and 2°Rn

Descriptive statistics of 222Rn soil gas results from the Cerveteri area are reported in Table 1. In
an area of about 5 square kilometers, a total of 75 29Rn and ?»Rn measurements were performed.
Radon values range from 634 to 51000 Bq/m?3, mean (13987 Bq/m?) and median (10000 Bg/m?) values
are quite similar as well as the standard deviation (S.D., 11661) indicating that the distribution of this
gas is slightly skewed. Values of Skewness (1,35) and Kurtosis (2,13) confirm the almost normal
univariate distribution. In the framework of environmental studies, the identification of high
anomalous values (outliers) play a crucial role in the creation and interpretation of contour maps.
The normal probability plot (NPP) is a valid statistical approach to display and investigate data
variability and skewed distributions. This method can distinguish different, often overlapping,
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populations (i.e. background, anomalous values and outliers) and provides a more objective
approach to statistical anomaly threshold estimation [23].

Table 1. Descriptive statistics of 22Rn and ?*Rn soil gas results from the studied Cerveteri area.

22Rn (Bg/m?) 20Rn (Bg/m?)

Samples 75 75
Min value 634 848
Max value 51000 312000
Mean 13987 76616
Median 10000 65200
Anomaly threshold 17000 150000
Variance 1,36E+08 4,29E+09
Standard Deviation 11661 65533
Skewness 1,4 1,6
Kurtosis 2,1 3,1
Kolmogorov-Smirnov 0,2 0,2

It requires estimating straight line segments (highlighting gaps or inflection points) of a
probability curve and then selecting threshold values at the abscissa line. Figure 2a shows the normal
probability plot for radon values where we can distinguish some outliers (>49000 Bq/m?) and three
sample populations separated by two threshold points: (i) background values up to 5000 Bq/m3; (ii)
radon values ranging from 5200 to 15000 Bq/m? characteristic of a population at equilibrium with the
26Ra content of the local volcanic rocks [24]; (iii) weak anomalies (> 15500 Bq/m?). The statistical
threshold between normal and anomalous values has been identified at 25000 Bg/m?. According to
Keller et al. [25] high soil gas concentrations can produce indoor concentration above the 2013/59
Euratom Directive limit (300 Bq/m?) [26]. Only few samples of our data set have values greater than
the Euratom limit and they are located at tuff outcrop where there is the Banditaccia necropolis.
Descriptive statistics of 2°Rn soil gas results from the Cerveteri area are reported in Table 1. Thoron
values range from 848 to 312000 Bq/m?. The mean (76616 Bq/m?) and median (65200 Bq/m?) values
are almost identical as well as the standard deviation (S.D., 65533) indicating that the distribution of
this gas is slightly skewed. Values of Skewness (1,6) and Kurtosis (3,1) confirm the almost normal
univariate distribution. The presence of outliers (high anomalous values) were individuated by mean
of the NPP graph (Figure 2b) where we can distinguish three sample populations separated by two
threshold values: (i) background values up to 70000 Bq/m?; (ii) weak anomalous values ranging from
70000 to 150000 Bg/m3; (iii) anomalies (> 150000 Bq/m?). The anomaly threshold is at 155000 Bq/m?3.

do0i:10.20944/preprints202306.0964.v1
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Figure 2. Normal probability plots of 2Rn (a) and ?°Rn (b). Both plots show some outliers (*?Rn
values >49000 Bg/m3, Rn values > 300000 Bq/m®) and different populations (i.e. background,
anomalous values) along the probability curve.

5.2. Indoor 222Rn

A total of 24 charcoal canisters were arranged on the floor of different private locations where a
room was dedicated to indoor radon measurements. Table 2 shows results of indoor radon
measurements and values range from 35 to 1144 Bg/m3. The canisters were placed in seven cellars,

seven basements, five ground floors and five first floors.

Table 2. Descriptive statistics of indoor radon results from the studied Cerveteri area.

Indoor Rn (Bq/m?) N Min Max Median LQ UuQ St. Dev.
Cellar 7 44,8 303,9 149 100,7 227 89,1
1st floor 5 345 222 163,5 78,5 202 76,8
Ground floor 5 425 197,1 80 49,6 141,5 63,2
Basement 7 49,2 1144 248 78,3 341 379,7

Figure 3 shows a comparison of indoor radon values from the four monitored levels. The box
plots show the median (the line at the center of the box), minimum and maximum values (extreme
values), outliers, lower and upper quartile that outlines the box. This graphical representation of data,
provides a brief and concise summary of values variability as shown by median values estimated for
the different levels: basements shows the highest values, as was predictable.
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Figure 3. The box plots show a comparison of indoor radon values from the four monitored levels
(cellars, basements, ground floors and first floors). The whiskers, at the end of each box indicate the
extreme values (minimum and maximum), the box is defined by the lower and upper quartiles, and
the line in the center of the box is the median.

5.2. Dissolved 222Rn in water

Dissolved radon in water can be a serious problem, in the frame of radiation dose, when
groundwater is used for public services (e.g., food and domestic uses, sanitary fittings, private wells).
Therefore, radon degassing from water should not underestimate. Unfortunately, during the study
period, only two private wells were investigated both with very low radon concentrations, that is
<100 Bq/l (radon reference level of drinking water according to Euratom, 2014). However, these low
values are comparable with results of a previous study accomplished by Cinti et al. [27] in the peri-
Tyrrhenian sector of central Italy where there are sedimentary rock aquifers that generally have low
dissolved Rn values (median value 6.9 Bq/l) probably due to low levels of U and Ra within the
sedimentary deposits.

6. Discussion

Variogram modeling of radon data have been used to quantitatively assess the spatial continuity
of values. Experimental variogram enables the comprehension of the geometry and continuity of one
variable, and can give significant information on numerical model estimations. Variogram models
estimate the experimental data, geological interpretation, and analogue information [28]. Figure 4
shows the experimental variogram and the relative radon fitting model determined along the axes of
anisotropy (45°) and an angular tolerance of 22°.
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Figure 4. Experimental variogram and the relative fitting model for radon data. The fitted model is
spherical function for which at distance greater than 700 m, sample pairs will no longer be
autocorrelated and thus the variogram reaches the asymptotic threshold value of 0.16 y..

The appropriate model is spherical function (Sph) where sample pairs are autocorrelated up to
the distance of 700 m after that the variogram gets to the asymptotic threshold value of 0.16 y. The
nugget variance, representing the threshold value, is at the 0.08 y value. The variogram model and
the calculated values are fundamental in the kriging algorithm to yield the best evaluation of radon
concentration contour map especially in areas without sampling. Figure 5 shows the distribution of
radon soil gas concentrations that are very variable in the investigated area. The mean activity of the
radon is about 14000 Bq/m?, a value that is considered not harmful for human health. The maximum
anisotropy orientation (NW-SW) is parallel to the tuff outcrop where the Banditaccia necropolis is
located. Other spot anomalies (values >25000 Bq/m?) are found in the south-eastern sector of the
investigated area where small tuff outcrops or Etruscan ruins are present. Furthermore, an elongated
anomaly is found in the south-western sector that, apparently, is not interested by either known faults
or tuff outcrops. According to Torelli [29], there are several necropolis (behind the well-known
Banditaccia) in the investigated area, many of them are underground (hypogeal). This would explain
the anomalous values in the southern sector of the studied area although more detailed investigation

(e.g. geoelectrical surveys) would be requested to confirm or not the association radon- underground
necropolis.
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Figure 5. ?2Rn soil gas concentration distribution. The maximum anisotropy orientation (NW-SW) is
parallel to the tuff outcrop where the Banditaccia necropolis is located. Other spot anomalies (values
>25000 Bq/m?) are found in the south-eastern sector of the investigated area in correspondence of
small tuff outcrops or Etruscan ruins.

The distribution of soil gas 20Rn shows (Figure 6) the maximum anisotropy orientation (NE-SW)
orthogonally to the tuff outcrop. Other spot anomalies (values >90000 Bq/m?) are found in the south-
eastern sector of the investigated area in correspondence of 2?2Rn anomalies and where small tuff
outcrops or Etruscan ruins are present.
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Figure 6. °Rn soil gas concentration distribution. The maximum anisotropy orientation (NE-SW) is
orthogonal to the tuff outcrop. Other spot anomalies (values >90000 Bq/m?) are found in the south-
eastern sector of the investigated area in correspondence of ?2Rn anomalies and where small tuff
outcrops or Etruscan ruins are present.

The 220Rn short half-life (55 s) is adequately long-lived to suggest the primary source (U or Th)
of radon anomaly. Therefore, the presence of mineralization close to the surface, can cause high 2'Rn
levels due to the rapid transport of this gas. Calculation of 2'Rn/??Rn activity ratio permits to
investigate the actual permeability of the gas origin. A good correlation was observed between the
achieved radon and thoron activities (Figure 7), indicating a mixing of deep and shallow gas sources
[30]. According to Yang [31], for those smaller thoron peaks without a significant high radon
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concentration, a closer and shallower gas source is needed to explain the high 2°Rn/?22Rn trend and
the presence of low concentrations is presumably due to micro-fractures in the soil.
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Figure 7. Correlation between ??Rn and ?*’Rn activity. The graph shows a good correlation between
the measured radon and thoron concentrations indicating a mixing of deep and shallow gas sources.

This small amount of gas may not increase the radon concentration clearly due to its original
relative high background level. In contrast, it will significantly enhance the thoron concentration and
produce a visible peak in the spectrum. This denotes that thoron variations are more responsive than
radon to shallower system of blind local fracturing. A high ?°Rn/??Rn activity ratio implies high
ground permeability, and is usually related to a high total flux next to structural discontinuities. The
31 order polynomial regression of 2°Rn/?22Rn activity ratios are plotted against the distance from a
reference point in Figure 8. The high activity ratio found both in the north-western and in the central
part of the investigated area suggest the presence of discontinuities (faults/fractures as well as
hypogeal necropolis) not visible at the surface.
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Figure 8. The 3 order polynomial regression of 2°Rn/???Rn activity ratios are plotted against the
distance from a reference point. The high activity ratio found both in the north-western and in the
central part of the investigated area suggest the presence of discontinuities (faults/fractures as well as

hypogeal necropolis) not visible at the surface.
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Many studies [32,33,34] suggest a linear correlation between indoor radon and soil gas radon.
However, a first comparison between soil gas and indoor radon concentrations at the study area
shows no correlation between high indoor levels and soil gas anomalous zones. Radon soil gas
anomalous values are strictly correlated with both tuff outcrops and necropolis whereas investigated
houses were on argillaceous and alluvial deposits that, notoriously, can act as a very good isolation
and sealing material due to its ability to immobilize water and other substances over geological ages,
as demonstrated, for instance, by clay-capped hydrocarbon reservoirs all over the world [35]. The
cause of high indoor radon levels may be attributable to construction features of the houses and used
materials: according to Righi and Bruzzi [36], central Italy is characterized by volcanic rocks (i.e. tuffs)
used as building materials and that are natural sources of radioactive emissions. Therefore, the
natural radioactivity in tuff bricks play an important role in indoor radon accumulation that should
be individuated for hazard estimation and land use planning. Results of indoor radon measurements
would confirm that dwellings built over volcanic tuffs can go through harmful radon gas
accumulation. An exception is for results from the 1st floor level: only two samples have values < 100
Bg/m? whilst the rest is > 160 Bq/m? with a sample reaching 222 Bq/m3. These high values are however
below the radon threshold admitted for indoor radon exposure (<300 Bq/m?) by the 2013/59 Euratom
Directive [36]. All indoor measurements were performed in winter during which, notoriously,
maximum values of radon concentration are observed. This is because the windows of the houses are
usually closed during winter causing scarce aeration in the rooms. Furthermore, winter variations of
barometric pressure can have a positive effect on radon concentrations: an increase of barometric
pressure causes an increase of radon concentration, especially if accompanied by windstorms and
rain [37].

7. Conclusions

The multiple and simultaneous investigations accomplished for this work, turned out to be the
better approach for accurate identifications of radon natural radioactivity in terms of potential health
risk due to exposure of this lethal gas.

A detailed radon survey (in soil, in-door and in waters) was conducted in the Cerveteri area (50
km north of Rome, Central Italy), within a densely populated area, to find out the radon source and
the main causes influencing the distribution of this gas. The contour maps of both 222Rn and 22Rn soil
gas distribution were elaborated using variogram models in the kriging algorithm. In particular, the
study of radon distribution highlighted a NW-SE anisotropy pattern that is correlated to the limit of
tuff outcrops, naturally producing radon. Lithology, therefore, is the main cause of the 222Rn
distribution in soil but other causes (e.g., the presence of necropolis) were locally invoked to explain
the radon variation.

Exposure to indoor radon can involve danger to human health and achieved results
demonstrated that the risk is consistent for cellars/basements and, to a lesser extent, first floors of the
dwellings situated within areas characterized by high Rn values. Actually, this gas accumulates in
ground contact and poorly ventilated places. The missed correlation between ??2Rn soil and indoor
gas has pointed out the importance of building materials, often the main reason of indoor radon at
the study area.

As a whole, the obtained results showed that the presence of degassing soils and the building
materials strongly contribute to the indoor Rn distribution that should be individuated for hazard
estimation and land use planning. It is firmly recommended that local authorities and citizens should
be informed about the potential health risk of this toxic gas, its origin, characteristics and spatial
distribution. Since highest indoor radon values are below the radon threshold admitted for indoor
radon exposure (<300 Bg/m3) by the 2013/59 Euratom Directive, it is to be hoped to evaluate seasonal
variations to calculate annual effective dose equivalent. Meanwhile, a more ventilated entry areas
and presence of air-conditioning with a regulated interchange of air would facilitate the radon escape
from “contaminated” houses.
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