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Abstract: The study concerns the analysis of 220Rn (thoron) recorded in the surface soil in two sites
of the Campi Flegrei caldera (Naples, Southern Italy) characterized by phases of volcanic unrest
in the seven-year period 1 July 2011–31 December 2017. Thoron comes only from the most surface
layer, so the characteristics of its time series are strictly connected to the shallow phenomena, which
can also act at a distance from the measuring point in these particular areas. Since we measured
220Rn in parallel with 222Rn (radon), we found that by using the same analysis applied to radon, we
obtained interesting information. While knowing the limits of this radioisotope well, we highlight
only the particular characteristics of the emissions of thoron in the surface soil. Here, we show that
it also shows some clear features found in the radon signal, such as anomalies and signal trends.
Consequently, we provide good evidence that, in spite of the very short life of 220Rn compared to
222Rn, both are related to the carrier effect of CO2, which has significantly increased in the last few
years within the caldera. The hydrothermal alterations, induced by the increase in temperature and
pressure of the caldera system, occur in the surface soils and significantly influence thoron’s power
of exhalation from the surface layer. The effects on the surface thoron are reflected in both sites, but
with less intensity, the same behavior of 222Rn following the increasing movements and fluctuations
of the geophysical and geochemical parameters (CO2 flux, fumarolic tremor, background seismicity,
soil deformation). An overall linear correlation was found between the 222−220Rn signals, indicating
the effect of the CO2 vector. The overall results represent a significant step forward in the use and
interpretation of the thoron signal.
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1. Introduction

The isotope 220Rn (also thoron) is the by-product of the natural decay of 224Ra that
is derived from the decay series of 232Th. Its half-life is 55.6 s. It is one of the isotopes
of radon noble gas, second in abundance only to 222Rn [1,2]. The latter has a half-life of
3.82 days, coming from the decay of 226Ra in the 238U series. Radon naturally occurs in the
Earth’s crust. It is currently used by the scientific community as one of the most monitored
gases on Earth for tracing of natural phenomena (seismo-tectonic and volcanic activity)
linked to soil degassing along faults, fractures and crustal discontinuities [1,3]. Usually, in
these contexts, 222Rn is transported over great distances thanks to its long half-life, and its
variations are linked to deep phenomena of the Earth’s crust. The 220Rn measured on the
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surface, on the other hand, is produced only locally due to its much shorter half-life, so it
cannot provide information on remote processes as its variations are due to local effects.
The exhalation of radon/thoron from materials containing the parents is influenced by
external factors, which can also act at a distance from the measuring point. In this way, the
measure of the thoron activity produced locally can be correlated with the deep source.

Radon generation and migration in the environment has been seen to depend on many
factors: the porosity and permeability of the bedrock, the nature of the fluid transporting
radon (i.e., carrier gases), increase due to weathering and chemical–physical alteration
processes [4–6]. Furthermore, the effectiveness of radon release from minerals or radon
emanation is contingent upon the specific surface area of the minerals, their size and shape
and the presence of imperfections [7,8]. Within this framework, many studies have investi-
gated the analysis of radon time series with the aim of identifying anomalies and extracting
anomalous seasonal trends. Radon anomalies of non-tectonic origin have been reported to
be very similar to those of seismo-tectonic origin, where strong crustal deformative pro-
cesses and high heat flows are recognized [9–11]. Other ones reported the physico-chemical
phenomena in volcanic geothermal areas as possible mechanisms to explain the anomalous
increase in radon signal in soil and groundwater [1,6,12]. The common aspect is that the
radon measurement can provide useful information if it is continuously recorded at a site,
where the half-lives of the radon isotopes play a key role; the half-life of 220Rn makes the
distance that it can travel, from its source site within the rock and filtrate through the
ground and through cracks, before undergoing radioactive decay, much shorter than that
traveled by 222Rn in the same medium [2,13]. This fact can provide information on soil
gas sources: deep soil layers for 222Rn and shallow soil layers for 220Rn [2,6]. Thus, the
contribution of 220Rn is usually negligible compared to that of 222Rn. However, in some
cases high levels of thoron activity concentration can be found in weakly ventilated areas
where advective transport of soil gas is particularly high and/or rich in rocks containing
significant amounts of 232Th-rich mineral phases [13]. For these reasons, the literature is
replete with 222Rn measurement in soil and surface water as a tool to monitor geophys-
ical events (earthquakes, seismotectonic activity and volcanic activity), while only few
studies have fully reported thoron measurement for the same application. In general,
the investigation on 220Rn in the literature is lacking [14,15]. The main studies deal with
laboratory experiments that aimed to develop a thoron reference for in air measurement
systems [2,16]. The remaining few studies focus on soil gas 222Rn–220Rn isotope pair mea-
surements in underground environments (caves, mines), where significant concentration
levels of thoron can be detected [3,13,17]. There is a lack of papers concerned with thoron
alone for geophysical purposes, despite the fact that interest in thoron monitoring has
grown considerably in recent years and is still increasing.

The present study focuses on the analysis of soil gas 220Rn activity concentration time
series at two different sites of the Campi Flegrei caldera (Naples, Italy), over a period of
about seven years, from 1st July 2011 until 31st December 2017. The gas was continu-
ously monitored with systems based on the electrostatic collection, and the subsequent
spectrometry analysis, of the α-particles of 220Rn daughters. The two sites were located
in: i. Monte Olibano (OLB), inside a disused railway tunnel into the central area of the
caldera; and ii. Monte Sant’Angelo (MSA), outside the Department of Physics “E. Pancini”
of the University of Naples “Federico II” [18] (Figure 1). This work retraces the analyses
performed in [1] on the soil gas 222Rn activity concentration time series at the same two
sites, which concluded that the 222Rn follows the evolution of the Campi Flegrei caldera,
in agreement with the more classic geophysical and geochemical parameters routinely
used [19,20].
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Figure 1. Map of the Campi Flegrei caldera (Naples, Italy) from [1,18]. The map shows the structural
setting of the caldera characterized by tectonics and volcano-tectonic activity. The two radon moni-
toring sites of Monte Olibano and Monte Sant’Angelo, and the other monitoring sites of geochemical
and geophysical parameters are reported.

Campi Flegrei is a caldera located on a NE–SW-trending structure in the Campanian
Plain, occupying an area of about 120 km2. This area consists of an interesting geological
system characterized by interaction between tectonics and volcano-tectonic activity, with
NE–SW- and NW–SE-trending faults that control the distribution of volcanic centers [1,20].
In the last two decades, the caldera has been subject to a long-term volcanically induced
crisis, still ongoing, characterized by numerous episodes of ground uplift with seismic
activity, an increase in the acceleration of the deformation of the soil due to magma
intrusion at shallow depth and large emission of hydrothermal–volcanic and geothermal
fluids through soil diffuse degassing and fumarolic vents [21,22]. The complete description
of the structural geological setting of the Campi Flegrei caldera, and its current unrest phase
from a geophysical and geochemical point of view, can be found in the literature [20,23].

The analysis of the 220Rn time series at the OLB and MSA sites is performed using a
well-proven hybrid method, successfully applied for the trends and residuals (anomalies)
extraction [1,24–26]. The hybrid method optimally combines standard techniques for the
signal decomposition to filter the known and unknown seasonal/periodical components
out, and a technique for the forecasting and reconstruction of the time series in order
to obtain the anomalies as differences with the raw signal [11,25]. Here, the trends and
the anomalies of the thoron time series at OLB and MSA are compared with the main
geo-parameters monitored during the Campi Flegrei caldera unrest: CO2 flux, fumarolic
tremor, background seismicity, ground deformation and temperature and pressure of the
hydrothermal system [20]. The goal of this study is the demonstration that thoron present
in the surface layer, despite its very short life, may be influenced by deep mechanisms of
the evolution of the volcanically induced crisis of the Campi Flegrei caldera over the period
1 July 2011−31 December 2017, as well as the 222Rn isotope [1]. However, aware of the
limits of this radioisotope, we do not want to use it instead of radon and other gases that
provide a broader understanding of volcanic environments. We will, however, highlight
the particular characteristics of thoron in the surface soil in a particular volcanic area, where
its exhalation rate is influenced by external factors, which can also act at a distance from
the point source.
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2. Materials and Methods
2.1. Monitoring Data

The monitoring data used in the present work were: 220Rn (thoron) activity concentra-
tion, fumarolic tremor, background seismicity, ground deformation, CO2 air concentration
flux and the temperature and pressure of the hydrothermal system (Figure 1).

The 220Rn activity concentration (Bq/m3) monitoring was carried out by continuous
measurements in the soil gas of Campi Flegrei caldera, at Monte Olibano and Monte
Sant’Angelo sites. Monte Olibano (OLB) is inside a disused railway tunnel into the central
area of the caldera; while Monte Sant’Angelo (MSA) is outside the Department of Physics
‘E. Pancini’ of the University of Naples “Federico II” [27]. The 220Rn measurements were
performed by electrostatic collection of the ionized descendants of the gas (216Po, 212Po
and 212Bi) on a Silicon detector inside a cylindrical metallic chamber [28]. The monitor
used was the RaMonA® system, able to distinguish and observe weak signals, e.g., from
the 220Rn, in the presence of a lot of background noise due to 220Rn [29]. The complete
alpha spectrum of 220Rn and 222Rn was analyzed by FORTAS® software, which allows the
adequate discrimination of thoron and radon progeny by deconvolution fitting processes
with high accuracy [30]. The soil gas was 1 L/min pumped gas from a depth of 0.80 m
to the inlet of the metallic chamber. This air inlet position allowed relatively constant
environmental processes. The time interval of detected and processed data was 1 h, but the
daily average of the data was used in the analysis. The same methodology was also used
to monitor the 222Rn, using 218Po and 214Po descendants [1]. The device also monitored
temperature, relative humidity and pressure inside the detection chamber and in the
surface soil of the measurement site. The detailed description of the entire process of 220Rn
monitoring can be found in [29,30].

The fumarolic tremor measures seismic changes in ground vibration, in m/s, in real
time (real-time seismic amplitude measurement-RSAM). A characteristic RSAM value was
computed daily by assuming as representative the minimum value registered during the
night, corresponding to the time of the day when anthropogenic noise is lowest (lower
than during daylight hours). It was monitored by a 3-component seismometer located
at the Pisciarelli fumarole. Analytical methodologies and uncertainties are described
in [31–33]. The background seismicity refers to the cumulative distribution of Campi
Flegrei seismicity, which simply corresponds to the sum of the days in which at least one
earthquake occurred. The reference station for Campi Flegrei seismicity is located close to
the Pisciarelli hydrothermal area where the post-2000 seismicity focuses. A full description
of the Campi Flegrei seismic network is reported in [23,32]. Ground deformation data
(cm) represent the maximum vertical displacement acquired by the GPS network, which
provided measurements of the 3D time changes in stations operating at Campi Flegrei.
A full description of the GPS network is reported in [32,33]. The CO2 concentration flux
(µmol/mol) from Pisciarelli vent was monitored by systematic sampling. The analytical
methods and their uncertainties are available in [19,34]. The trend of CO2 flux, used in this
work, was computed by applying the EMD method (see Section 2.2). The temperature and
pressure of the hydrothermal system was estimated by applying a gas-equilibria approach
applied to the hottest fumaroles of Campi Flegrei. The details are in [35].

2.2. Time Series Analysis

The analysis of the 220Rn time series was performed by the well-proven hybrid method
Multiple Linear Regression + Empirical Mode Decomposition + Support Vector Regression
(MLR + EMD + SVR) [11,24,27], already used for the analysis of the 222Rn signal in the
retraced paper [1]. It is an effective methodology that aggregates multiple separate methods,
combining the performance advantages of each one, optimizing algorithms and achieving
greater accuracy, developed and tuned in the Matlab® environment [25,36]. The signal
trend extraction was performed by using the MLR + EMD method. The MLR technique
creates a model describing the contribution of the recorded environmental parameters (i.e.,
temperature, relative humidity and pressure, which influence the signal) to the time series,
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via a multiple linear regression model based on the least-squares fit. The original time series
was subtracted by the MLR model, in order to obtain the correct one. The procedure is fully
described in [37]. On the correct time series, the EMD technique was applied to further
filter the unknown seasonal–periodic modulations out of the signal, by decomposition. The
signal was decomposed into a collection of components; they were obtained by iterative
differences between the signal and the average of the upper and lower envelopes, which
came from the spline interpolation among all the local maxima and minima, respectively.
The components increased progressively in frequency, and the decomposition process
ended with constancy or monotony of the signal. The last component was the representative
trend of the time-series. The detailed analytical description is reported in [38,39]. The
EMD method is improved to deal with time series having missing data, thanks to the
Self-Consistent Regression Estimator (SCRE) technique that recursively imputes missing
values [40]. The residuals (anomalies) identification was performed by observing the raw
signal outside the two 95% confidence intervals (CI) of the forecasted signal, obtained using
the SVR technique applied to the sum of all components output of MLR + EMD hybrid
method [1,24]. The SVR method computes the forecasted signal through a regression
model using the set of data as training, in order to predict them with a function having
lowest deviation. The regression model was made by using the Gaussian kernel mapping
function with the Lagrange dual formulation. A complete analytical description of the
SVR method is available in [41,42], with explanatory examples. The residuals (anomalies)
were recognized if they were beyond one of the two forecasted time series at 95% CI that
contained the same raw signal, and, then, were computed by subtracting the two forecasted
time series from the raw one, in absolute terms. The anomalies identification process, with
many exemplifying figures, is in [1,24,26,43,44].

3. Results

The analysis of our recorded 220Rn time series in soils within the Campi Flegrei caldera
area was performed using the sequential application of separate signal processing methods
(together forming a hybrid method), described in Section 2.2, focused on the recognition of
the trends and the possible residuals (anomalies) of the signals [36,45–47].

The daily time series of 220Rn activity concentration in soils, over the period 1 July
2011–31 December 2017, are displayed in Figure 2a,b for OLB and MSA sites, respectively.
The same figure also reports the 222Rn (hereafter also radon) activity concentration time
series, taken from [1], with the aim to highlight the differences in the recorded signals of
the two isotopes of the noble gas.

All four signals were corrected for the recorded influence of outside driving forces,
i.e., temperature, relative humidity and pressure, through the Multiple Linear Regression
(MLR) technique [37]. This means that the influences of those driving forces were filtered
out from radon and thoron signals. The occasional lack of data in the time series was treated
with the Self-Consistent Regression Estimator (SCRE) technique that recursively imputes
missing values [40]. As carried out in [1] for the 222Rn time series, here the 220Rn time
series was investigated with the Empirical Mode Decomposition (EMD) for distinguishing
and extracting the different components and trends [46]. Most of the components obtained
by applying the EMD method (not showed for brevity) are due to meteorological and
seasonal phenomena. The trend is the last component obtained by EMD, which represents
the smooth component containing information about time series global change [24].

The residuals (i.e., anomalies) refer to those values not attributable to the normal
evolution of the studied time series [45]; here, they were recognized as the values of the
220Rn time series out of the 95% confidence interval (95% CI) of the differences between
the measured signals and the forecasted time series [1,43]. The forecasted time series was
computed by the application of the forecasting Support Vector Regression (SVR) method
on the sum of the previous components obtained from EMD method [42].

The residuals (anomalies) and the trends of 220Rn time series at OLB and MSA are
shown in Figure 3a,b, respectively, together with the same ones obtained for 222Rn from [1].
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The trends (Figure 3b) underline an increasing pattern of 220Rn activity concentration
during the entire monitoring period at both OLB and MSA sites with different intensity,
as well as in the 222Rn trends. Instead, thoron residuals concentrate in four well-defined
periods (March–November 2013, May–September 2014, April–November 2015 and August
2016–December 2017; Figure 3a). The 222Rn residuals concentrate in about the same four
periods. It is interesting to note how the 222−220Rn residuals occur almost simultaneously at
both sites, even if with different intensity. The different intensity of the residuals and trends
of 222Rn, and here also manifested in the 220Rn, lower in MSA than in OLB, was already
explained in [1], as a consequence of the different distance of 222−220Rn stations from the
center of the current unrest that roughly coincides with the central area of the Campi
Flegrei caldera (~1 km for OLB and ~4 km for MSA, Figure 1), where the hydrothermal
activity is concentrated and where the maximum ground uplift and the highest seismicity
are recorded. The same explanation can therefore be assumed for the thoron results. In
addition, comparing the radon–thoron results in Figure 3, a new consideration emerges
from the present study; the intensity of thoron trends are almost halved, while the residuals
are three times less, with respect to those of radon, in both monitoring sites. This aspect
has a double natural concurrence of causes: the possible less abundant presence of 232Th
sources in the soils of Campi Flegrei area, and/or, more likely, the difficulty of 220Rn
emission from the sub-surface into air, due to its minimum half-life of a few seconds, with
respect to 222Rn that manages to be outgassed more easily, with a half-life of some days.
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4. Discussion

The obtained results of trends and residuals of 220Rn in soils of OLB and MSA sites
were compared to independent geo-indicator data used to depict the current phase of
Campi Flegrei volcanic unrest, during the period 2011–2017 (Figure 4), characterized by
ground uplift, increasing seismic activity and marked variation in the hydrothermal activity
and geothermal fluid degassing.

In particular, we considered the following data sets: (i) the ground deformation
data synthetically represented by the maximum vertical displacement acquired by GPS
networks [32]; (ii) the cumulative number of days with earthquakes since 2000, i.e., the
background seismicity [32]; (iii) the major fumarolic tremor (RSAM) registered by the
seismic station at of Pisciarelli fumarole [33]; (iv) the trend of CO2 air concentration flux
from Pisciarelli vent [6]; and (v) the temperature and pressure of the hydrothermal sys-
tem [48]. As demonstrated by previous works in [20–23,32,33,48], the presently investigated
geophysical–geochemical parameters are recognized as powerful indicators of the current
unrest in the Campi Flegrei caldera. Fumaroles are in fact known to generate seismic
tremors, which correlate with the variations in the ground shaking/deformation and in
hydrothermal activity, controlled by the gas fluxes from the fumarolic vent, such as CO2
concentration flux in air. From the comparison in Figure 4a, the thoron residuals (anomalies)
at OLB and MSA sites mimic the prominent fumarolic tremor enhancement peaks, which
practically coincide with the periods of highest seismic tremor of the hydrothermal area.
This finding is especially significant, because the RSAM signal is directly controlled by the
Pisciarelli emission. Figure 4b shows the correlation of the thoron trends at OLB and MSA
sites with the following signals registered at Campi Flegrei caldera: ground deformation,
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the background seismicity and the trend of CO2 air concentration flux computed in [6].
Actually, all these signals demonstrate a general similar increasing pattern.
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The results in Figure 4 suggest the high influence that the main geo-indicators of
the current crisis at Campi Flegrei have on the thoron in the surface layer of the soil.
Independently from the generation–propagation mechanisms of all the observed signals,
they appear to be linked together. During long-term periods of volcanically induced
crisis, characterized by continuous injections of magma that stall at very shallow levels, a
volcano system passes through different stages of hydrothermal activity and degassing
phenomena [49]. The dynamic changes in gas flow regime within the Campi Flegrei caldera
system influence the RSAM signal, controlled by the Pisciarelli emission [50]. In particular,
the increasing CO2 degassing of Pisciarelli vent affects the increase in the fluid pressure
(Figure 5b) of the Campi Flegrei hydrothermal system [19,48]. Thus, the deformation of
the soil and episodes of ground uplift, accompanied by correspondent seismic activity,
grows, inducing an increase in the permeability and porosity of the media [32,35,51] that
can induce an increase in the release of thoron on the surface and, therefore, the growing
trend. Indeed, the CO2 plays a key role in this process in controlling the migration and the
transport of gas traces, such as 220Rn and 222Rn, towards the surface [52–54]. The variation
in CO2 fluxes can explain the wide range of soil 220Rn activity concentration, from surface
ground layers (<1 m) to migrated out into the atmosphere.
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Figure 5. Comparison of temperature (a) and pressure (b) of the Campi Flegrei hydrothermal system,
estimated at Pisciarelli fumarole, with the fumarolic tremor (RSAM) registered at Pisciarelli fumarole
and with thoron trends at OLB and MSA sites.

This explanation of the concatenation of interrelated geophysical and geochemical
events moved by pressure gradients, however, cannot fully explain the outgassing range
of 220Rn from the surface ground, considering the very short half-life of the 220Rn, which
makes escape from its point source within the rock and filtrate through the ground into the
atmosphere very difficult. Therefore, to shed light on such anomalies and trends observed
in the present work, two recent papers [55,56] come to our aid, which both experimentally
proved the increase in Rn (both isotopes) emanating power induced by thermal gradients
due to magma dynamics in active volcanic areas [57]. Such a result is particularly true
in volcanic areas where intense hydrothermal alteration is present, such as at the Campi
Flegrei caldera [23,58]. Progressive phenomena of increasing temperature can produce
surface 220Rn emissions even almost four orders of magnitude higher than those measured
during rock deformation, micro-fracturing and failure [56]. Thermal gradients can con-
tribute significantly to produce, superficially, 220Rn emissions spatially heterogeneous and
non-stationary in time, resulting in a transient state dictated by temperature gradients
and the carrier effects of gases [55]. Thus, the increase in thoron emanation coefficient
may lead to higher and anomalous concentrations of thoron in surface soil gas [55,59]. In
our case, this phenomenon caused by thermally induced reactions on the thoron signal is
demonstrated in Figure 5a, where the increasing pattern of the temperature of the Campi
Flegrei hydrothermal system [20,35,50], which strongly characterizes the fumarolic activity
(RSAM) of the caldera [48], well matches with the increasing trend of the thoron at OLB
and MSA sites. In [55], it is stated that positive 220Rn anomalies in surface soils of active
volcanic areas are addressed to repeated cycles of stress due to increasing thermal pressures,
leading to the opening or reactivation of fractures and to changes in rocks as a function of
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temperature. Actually, this is what we assumed to occur in the Campi Flegrei hydrothermal
system (Figure 4a).

Taken together, all the different independent signals that we have discussed are likely
affected by the significant rise in temperature and pressure of the hydrothermal system
at the Campi Flegrei caldera, which began two decades ago and is still ongoing [18,33]
(Figure 5). In these scenarios, the temperature increase may induce thermal devolatiliza-
tion phenomena on surface thoron emission and the fluid pressure may increase, favoring
ground deformation, earthquakes and the flux of the hydrothermal gas [1]. Thus, these
hydrothermal alterations, induced by increases in the temperature and pressure, frequently
modeled in terms of enhanced heat flow with related stream discharge and stress-induced
micro-fracturing with an increase in porosity and permeability, act as perturbation mech-
anisms that contribute to produce anomalies in surface thoron outgassing, spatially het-
erogeneous and non-stationary in time [55,60]. In addition, the carrier effects due to CO2
fluxes may further contribute to thoron emission [52]. In brief, hydrothermal alteration of
the caldera occurs on the surface soils and, here, the thoron, normally outgassed from rock,
is influenced, producing increasing emissions, also sustained by CO2 [61].

Alteration of temperature and pressure within the Campi Flegrei hydrothermal system
also reflects the variation in gradients of temperature and pressure recorded at the nearby
Rn stations, which show a high correlation factor (>0.7) with Rn activity concentration.

The same comparisons in Figures 4 and 5 were made in [1] for the 222Rn signals, at
both sites and over the same period. Almost the same correlations were found among the
different independent signals, and quite similar conclusions were also drawn. Thus, the
surface emission of 220Rn behaves like 222Rn emission, both influenced by geo-indicators of
the evolution of the current volcanically induced unrest of the Campi Flegrei caldera. The
different intensities of trend curves and residuals, lower in MSA than in OLB, occurring
equally for 222Rn and 220Rn, are likely due to the different distances of the two sites from
the main active degassing area, i.e., Pisciarelli fumarole, the center of the current unrest of
the Campi Flegrei caldera, where the hydrothermal activity is concentrated [35] (Figure 1).
Therefore, the intensity difference of the surface 220Rn signals can be well explained by
variation in the flux of the hydrothermal–volcanic CO2 carrier gas, lower in MSA with
respect to the higher effect in OLB, which is located inside the central unrest area. This
result suggests the extension of the area affected by the current Campi Flegrei crisis, larger
than the area of seismicity and of intense hydrothermal activity [1].

Figure 6 shows the activity concentration values of 222Rn versus those of 220Rn, at
the OLB (Figure 6a) and MSA (Figure 6b) sites during the entire monitoring period of
2011–2017. The two graphs testify a linear correlation between the gas isotopes (R2 is 0.65
for OLB and 0.54 for MSA), which most likely means that they have been carried out by
the venting of CO2 gas, favored by crustal stress/strain changes [53,62]. Two enlargement
sides are also evident in Figure 6, indicating that different gas sources are needed to explain
the Rn data. A lower part, that exhibits radon–thoron values of almost the same order
of magnitude, can denote Rn variations more sensitive to the shallower sources at lower
activity concentration level [62]. In contrast, a higher part, that shows low thoron values
corresponding to significant and high radon values, naturally indicates 222Rn coming from
deep sources compared to 220Rn only from shallow sources (ground surface) [62].

This fact intuitively suggests that a certain amount of 220Rn comes from natural
outgassing at the surface, and it is not carried by CO2 gas together with the 222Rn, probably
coinciding with periods of less, quiet and moderate hydrothermal and seismic activity. The
scattered graph of the data from MSA in Figure 6b, compared to the clustered one from OLB
in Figure 6a, underlines two important aspects. The first one is the substantial difference
in the two signals at MSA and OLB, differently influenced by the local meteorological
parameters, due to the location of the Rn stations; outside at MSA was the most influenced,
with respect to the OLB site inside a gallery [27,37]. The second aspect is the distance of
both sites with respect to the central area of the current unrest of the Campi Flegrei caldera,
which is closer to OLB than to MSA, which markedly influences 222−220Rn emissions [1].
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5. Conclusions

This paper focused on the study of surface soil gas 220Rn (thoron) monitored during a
long data series from 2011 to 2017 at two sites of the Campi Flegrei caldera, in the district of
Naples, Southern Italy. Over the last two decades, the Campi Flegrei caldera has been in an
unrest phase characterized by ground uplift, seismicity, fumarolic degassing and a general
increase in the emission of volcanic–hydrothermal fluids. Based on a previous similar work
centered on 222Rn, the major radon isotope, which highlights a remarkable correlation
with geo-indicators used to characterize the caldera unrest, here, the main objective was
to verify whether and how this volcanically induced crisis might also affect the 220Rn
activity concentration in the surface soils, considering that its surface exhalation rate is
influenced by external factors, which can also act at a distance from the measuring point
in these particular areas. The results of the study show that 220Rn presents an increasing
pattern very similar to that of the more classic geophysical and geochemical parameters
routinely monitored during the evolution of volcanic systems, as well as the 222Rn. The
strong increase in temperature and pressure alterations of the hydrothermal system of
Campi Flegrei acts as a perturbation significantly affecting the surface thoron emanation
power, favored by the high permeability and porosity of the rocks. The carrier effects, due
to CO2 gas fluxes, may further enrich the gas emission phenomenon. In fact, 222Rn and
220Rn highlight a general good linear correlation due to the CO2 carrier action, although
small effects of different Rn gas sources, likely from a quiet period of hydrothermal and
seismic activity, are present. These results represent an absolute novelty in the study of
the 220Rn isotope, as it is very rarely used in geophysical studies, due to its very short
half-life of 55.6 s. The long-term observation of 220Rn at multiple sites in surface soils of a
seismic–volcanic area can improve the understanding and use of the short-lived isotope,
at the same level of the most mentioned in the literature and long-lived 222Rn. A further
simple positive advantage in using thoron instead of or together with radon measurements
could be in the context of low-cost large-area monitoring; since the 212Po progeny of 220Rn
bears the highest naturally occurring alpha particle energy (almost 8.8 MeV, with a more
than 1 MeV-large gap to the next 214Po), it could be more easily distinguished from other
alpha decays.
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