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Abstract

Anomalies in Radon (*?Rn) concentrations prior to earthquakes have been widely documented in seismogenic areas
worldwide, but questions about their predictability remain largely unanswered. Even if it is not universally accepted, the
analysis of the high-resolution time series of Rn (*??Rn) concentrations in groundwater, air and soil has been proposed as a
suitable method to identify seismic precursors. This study, which is aimed at identifying potential gas-geochemical precur-
sors to nearby earthquakes, analyses groundwater Rn concentrations, which were continuously measured between April
2017 and December 2019. We conducted a detailed time series analysis of dissolved Rn in two springs emerging along
two active fault zones in the inner sector of the central-southern Apennines (i.e. the Matese and Morrone fault zones) in
Italy. We used a simple statistical method to identify seismic precursor anomalies in Rn concentrations. Anomalies are
commonly assumed as values exceeding + 20. Furthermore, we calculated the strain radius (for which a gas-geochemical
precursor was expected) and the epicentral distance (from both our monitoring stations) of each seismic event of M, > 3.5
that occurred in the monitoring area. Results from our ongoing research are promising and show significant correlations
between seismic signals and Rn concentrations. However, longer time series data that include more energetic earth-
quakes are needed to shed light on the behaviour of this gas in relation to crustal deformation processes.
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1 Introduction

Studies about earthquake-induced natural processes have
always fascinated scientists all over the world. To date, sci-
entific research has produced several results [1-4], which
in most cases are represented by the detection of geo-
physical or geochemical anomalies in acquired long time
series data. These anomalies have been highlighted in dif-
ferent geoscience disciplines and concern variations in:
foreshock sequences [5], ratios of seismic wave velocities
Vp/Vs [6], electromagnetic fields [7], surface deformations
[8], groundwater flow and chemistry [9-14] and gas emis-
sions [15-18]. In particular, Radon (*22Rn) has been widely

investigated over the last few decades as a potential seis-
mic precursor candidate [10, 19-21].

However, despite these studies, there are still several
significant gaps in adopting Rn as an earthquake precur-
sor. According to a previous study [22], there are many
reasons for poor understanding of possible precursor
activity, such as inadequate statistical evidence, the lack
of long-term measurements and the difficulty in distin-
guishing between seasonal variations and anomalies at
the same magnitude. Acquiring a solid understanding
of the chemical and physical processes occurring in the
Earth’s upper crust requires a substantial number of meas-
urements. 2>2Rn is an endogenous natural noble gas with
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a radioactive half-life of 3.82 days produced by a-decay
from Radium (*?°Ra). It is highly soluble in water, and the
behaviour of Rn in groundwater is influenced by the geo-
logical nature of the substratum. The concentration of Rn
in soil depends strongly on chemical, physical and geo-
logical factors, such as grain size, porosity and permeabil-
ity along with seasonal variations, including temperature
and atmospheric pressure [23, 24]. The migration of Rn is
driven by rock permeability, which increases with the pres-
ence of fractures, structural discontinuities and karst cavi-
ties [25, 26]. Both mechanisms of Rn transport (diffusion
and advection) depend on rock porosity and permeability,
which at the same time vary as a function of the stress field
[27]. Due to changes in crustal stress/strain and variations
in pore pressure that occur before earthquakes, anoma-
lies in Rn concentrations have been traced and analysed
in seismogenic areas worldwide [28, 29]. This evidence is
associated with changes in water-rock interactions, which
is commonly explained as the strong ability of gas migra-
tion promoted by the creation of highly permeable zones,
such as microcracks and fractures.

Since 2014, with the aim of establishing new hydroge-
ological, hydrogeochemical, and gas-geochemical moni-
toring sites, a few pilot sites for the research of seismic
precursors have been installed in the central-southern
Apennines (ltaly), where they have been continuously
monitored and updated [12-14, 30, 31]. This study pre-
sents the results obtained from the investigation of Rn
gas concentrations in groundwater that were continu-
ously measured in two springs fed by regional carbon-
ate aquifers in Italy. The aim of this paper is to evaluate
whether the high-frequency monitoring of Rn dissolved in
groundwater can be correlated with regional seismic activ-
ity, hence contributing to the identification of potential
seismic precursors. Furthermore, the creation and devel-
opment of regional monitoring networks comprising a
large number of sensors for the measurement of dissolved
Rn will allow a better understanding of the behaviour of
this gas in relation to seismic activity and hydrogeological
factors.

2 Geological and hydrogeological settings

The central-southern Apennine chain is an east-verging
fold-thrust belt related to the west-dipping subduction of
the Apulian lithosphere [32], which was developed dur-
ing the Neogene and Quaternary periods. This mountain
chain is characterized by NE-verging thrust faults, which
dissected the tectonic edifice into several thick tectonic
sheets. The post-orogenic crustal extensional regime
has progressively cut across these thrust sheets from the
Messinian-Pliocene onwards [33, 34] (Fig. 1). In particular,
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systems of NW-striking normal faults have created half-
graben intramountain basins mostly filled by Pliocene-
Quaternary continental deposits [35]. At present, the
extensional regime is strongly seismogenic along the axis
of the central Apennines, while the compressional regime
is active along the eastern margin of the Apennines and
beneath the western Adriatic Sea [36-38] (Fig. 1).

The Apennine belt is characterized by huge fractured
aquifers hosted by Meso-Cenozoic carbonate sequences.
Due to the fold-thrust belt structure, the groundwater
flowpath of the fractured aquifers is controlled at their
base by the geometry of tectonic and stratigraphic con-
tacts with low-permeability layers (aquicludes), such as
pre- and syn-orogenic basinal and flysch clayey series [39].
The aquifer systems are characterized by high transmis-
sivity, which is mostly due to fractures and karst cavities.
Significant flow through springs is usually both stable and
huge.

In this work, we performed continuous monitoring of
Rn in two springs: the Giardino spring (SG) and the Rio
Freddo spring (SRF) located at Lat. 42.162819° and Long.
13.841160° and at Lat. 41.472902° and Long. 14.496860°,
respectively; the springs are fed by two regional carbon-
ate aquifers: Mt. Morrone and the Matese Mts (Fig. 2A). In
the northern sector, the Mt. Morrone aquifer is bounded
by the thrust zone between the Gran Sasso carbonate
unit and the Mt. Morrone carbonate unit. In the eastern
sector, it is bounded by the thrust zone between the Mt.
Morrone unit and the Laga siliciclastic unit, while in the
western sector, it is bounded by the Mt. Morrone active
extensional fault [40]. The SG (Fig. 2A) is a main discharge
outlet of the Mt. Morrone aquifer and is characterized by
steady flow and chemical regimes with a high discharge
rate of approximately 1 m3/s [12, 31]. Its waters are pre-
dominantly tapped by the local drinking water company
(ACA Pescara). This spring is located at the north-western
boundary of the aquifer at the intersection with the Mt.
Morrone normal fault (striking NW-SE by approximately
25 km and dipping towards the SW: Fig. 2A). This fault trig-
gered pre-historical earthquakes up to M,, 6.5 or stronger.
The current rate of extension in this area assessed through
GPS measurements is 3-4 mm/a [8].

The wide karst area of the Matese Mts aquifer crops
out in the median sector of the Apennine chain and
presents high slopes and elevations up to 2050 m [41].
Carbonate sequences are represented by limestone and
limestone-dolostone (late Triassic-Miocene) series with
a thickness ranging between 2500 and 3000 m. Along
the northern and eastern sectors, the Matese massif
(hanging wall) is tectonically bounded by a thrust fault
onto younger low-permeability argillaceous complexes
and flysch sequences (footwall). Along the southern and
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Fig. 1 Regional geological map of central-southern Apennines, Italy. Modified from [34]

western sectors, the massif is bounded by normal faults,
and it is covered by recent Quaternary deposits of the
Volturno river plain. Three main groups of springs are fed
along the northern side of the massif near the village of
Bojano [42]. These springs are fed by the karst system of
the north-central sector of the Matese massif and have
a total mean discharge of about 2.8 m3/s. Most of them
are tapped by A.S.R. Molise Acque for drinking purposes.
The SRF (Fig. 2A) is located east of the village of Bojano
along debris deposits that cover the fault between the
limestone and flysch sequences [43]. The Matese area is
a region characterized by high seismicity with a NE-SW
extension rate of 2.0£0.2 mm/a estimated via GPS data
[44].

3 Materials and methods

To investigate the relationship between Rn gas in ground-
water and seismic activity, Rn concentrations were con-
tinuously measured between April 2017 and December
2019 in the SG and between June 2018 and December
2019 in the SRF. To strip gas from the water, the study
used an AlphaGUARD probe (Model PQ2000PRO: see
Fig. 2B, C) with high-capacity storage equipped with
a RAM 7 module. The gas was subsequently sent to the
detector for measurements through a low-flow pump.
Moreover, in addition to Rn water concentrations, the
device simultaneously recorded ambient temperature,
relative humidity, and atmospheric pressure thanks to
additional sensors. The AlphaGUARD detector consists
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Fig.2 A Map of central-southern Apennines, Italy. Location of
springs is displayed with cyan triangular symbols. Earthquakes (1
April 2017-31 December 2019) occurred in the study area are dis-
played with circles of different size and colour depending of their
magnitude. Historical earthquakes (M,,>6.5) are shown with green
rhombuses. Seismic data are from the INGV database (available

of a pulse ionization chamber associated with an alpha
spectrometer that recognizes the specific pulses caused
by Rn. The probe guarantees a fast and precise response
to different concentrations and maintenance-free opera-
tion, owing to its long-term stable calibration (sensitivity
1 CPM at 20 Bq/m3: error of 3%) and is suitable for the

SN Applied Sciences

A SPRINGERNATURE journal

online at http://terremoti.ingv.it/). B AlphaGUARD probe (left) and
time series (1 April 2017-31 December 2019) of Rn concentrations
(right) at SG. € AlphaGUARD probe (right) and time series (1 June
2018-31 December 2019) of Rn concentrations (left) detected at
SRF

continuous measurement of Rn concentrations between
2-2,000,000 Bq/m?3. The automatic data-sampling fre-
quency was set to every 10 min. The two instruments
were installed in the surplus flow at the exit of the two
collected springs. To identify potential seismic precursors,
these springs were also sampled monthly together with
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other selected springs [12, 14] to determine their chemi-
cal-physical parameters, major ions, trace elements and
stable water isotopes.

4 Results

The Rn concentrations in the groundwater were measured
between April 2017 and December 2019 in the SG (Fig. 2B)
and between June 2018 and December 2019 in the SRF
(Fig. 2C). The waters of the SG and SRF are mainly enriched
in bicarbonate and calcium ions (Ca-HCOj; facies) due to
carbonate dissolution. In terms of chemical-physical
parameters (e.g. pH, temperature and electrical conductiv-
ity), both springs are characterized by a slightly basic pH of
7.85, temperatures ranging from 7.8 to 11.9 °C, and limited
mineralization defined by electrical conductivity values of
315 and 263 ps/cm for the SG and the SRF, respectively.
Both Rn time series included missing data that corre-
sponded to periods of probe maintenance or periods of
low water flow when the probe emerged, thus measuring
atmospheric Rn concentration. Acquisition disturbances
were also caused during monthly data download opera-
tions. The Rn concentration maximum values were 25,216
and 7520 Bq/m3, while the minimum ones were 12,416
and 2624 Bg/m?3 for the SG and SRF, respectively. In the
time series shown in Fig. 2B, C, the dissolved Rn concentra-
tions appear to be variable around the average values of
20,068.83 and 5038.3 Bg/m?, respectively. However, it is
possible to observe seasonal variations or rapid changes in
Rn content commonly linked to the hydrogeological and
hydrological cycles [22].

SG
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Fig.3 On the X-axis, the Rn activity is shown (Bg/m3); on the Y-axis
the count is displayed. The frequency of Rn activity for both springs
(SG on the left and SRF on the right) is described by the typical

Figure 2A shows the background seismicity of the study
area (available online: http://terremoti.ingv.it/), which was
recorded in the same period of the gas-geochemical moni-
toring. Earthquakes that occurred in an area with a radius
of 150 km centred on Castel di Sangro (Lat. 41.783991°,
Long. 14.108032°) were selected. This locality is the mid-
point between the two monitoring stations (i.e. the SG and
SRFin Fig. 2A). The M,, 5.1 Montecilfone earthquake, which
occurred in Molise on August 16, 2018, was the main seis-
mic event during the monitoring period (2017-2019).

5 Time series processing and interpretation

This study conducted some simple data processing to
identify potential anomalies in Rn concentrations related
to seismic activity. In particular, some simple elaborations
were adopted, which were similar to those that allowed
other researchers to identify significant evidence of cor-
relations between gas anomalies and seismic activity in
tectonically active areas [2, 21, 45, 46]. The frequency of Rn
activity for both springs is described by the typical Gauss-
ian distribution (Fig. 3). Hence, the recorded fluctuations
(whether temporal, diurnal or seasonal) are within the
range included in M+20, where M and o are the mean and
standard deviations of the time series, respectively, [47].
Instead, anomalies in Rn concentrations are defined as
significant deviations from the mean value; specifically, it
is commonly assumed that signals related to earthquakes
fall outside the so-called 2-0 confidence interval [48].
Based on these studies, the mean values and the
standard deviations of Rn activity, which are useful for
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the detection of outliers, have been calculated for the SG
(SGO, Fig. 4) and for the SRF (Fig. 5). The acquired time
series are shown in Figs. 4 and 5 with three-hour moving
averages, which were adopted to eliminate data noise.
The mean values and the £ 0 and + 20 thresholds are also
displayed in graphs by solid and dashed lines, respec-
tively. These graphs also show seismic events of M, = 3.5
(taken from the previously described database).

In Fig. 4, SGO represents the entire SG time series
recorded between April 2017 and December 2019.
Since this series is uneven, the sequence has been sepa-
rated into four sections (SG1-SG4 in Fig. 4) to improve
the accuracy of the processing. No intervals exceeding
the £ 20 thresholds in relation to the seismicity of the
study area are observed. However, decomposing the SRF
time series is not necessary, as the data show a relatively
limited variation from the mean value of about 5000 Bg/
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Fig.4 Time series (1 April 2017-31 December 2019) of Rn concen-
trations recorded at SG (SG0). SG1, SG2, SG3, and SG4 are the four
segments into which the sequence was divided. Rn activity is dis-
played with cyan lines, while its moving averages of 3 h are shown
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with blue lines. Mean values and the + 0 and + 20 thresholds are dis-
played with solid lines and with dashed ones, respectively. Seismic
events with M,,=3.5 (from the INGV database, available online at
http://terremoti.ingv.it/) are shown with red bars
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Fig. 5 Time series (1 June 2018-31 December 2019) of Rn concen-
trations recorded at RFS. Rn activity is displayed with cyan line,
while its moving averages of 3 h are shown with blue line. Mean
value and the+ o and+ 20 thresholds are displayed with solid line

m?3 (Fig. 5). Additionally, in this case, as for the SG, there
are no intervals exceeding the £ 2o thresholds in relation
to seismic activity. The values exceeding £ 20 are due to
different conditions: (1) at the SG, they are related to
sensor emersions above the water surface (Fig. 4), while
(2) at the SRF, they are represented by the initial val-
ues of the time series that are presumably attributable
to another condition (before the start of monitoring),
whose course is not known (Fig. 5).

Additionally, a different data processing procedure
was considered. According to Dobrovolsky et al. [49], two
parameters must be treated together to calculate the
strain radius (R in km) of the effective precursory mani-
festation zone: the magnitude of the earthquake (M,,)
and the distance between the epicentre and the meas-
uring site (D in km). In this way, these authors defined
a relationship to identify the interactions between gas-
geochemical and seismic signals using the following
empirical equation:

R = 100.43><M (1)

where R is the strain radius of the precursory manifestation
zone and M is the moment magnitude (M,,).

The conceptual basis of Eq. (1) is that an approxi-
mately circular region around the epicentre of the earth-
quake should undergo elastic crustal deformation prior

and with dashed ones, respectively. Seismic events with M,,>3.5
(from the INGV database, available online at http://terremoti.ingv.
it/) are shown with red bars

to earthquakes [50]. Therefore, precursory signals were
expected for events where R=D. Considering two earth-
quakes of the same magnitude, a closer seismic event
affects the Rn activity in the monitoring site more sig-
nificantly than a distant one.

Equation (1) was applied to M,, = 3.5 earthquakes that
occurred at the two study sites (between April 2017 and
December 2019). Epicentral distances from the two sites
were also determined (Fig. 6). This processing allowed the
identification of five seismic events for the SG and six seis-
mic events for the SRF, in which a possible Rn response
was expected in terms of geochemical precursor signals.

The response could not be verified for three of the five
seismic events identified at the SG due to the lack of Rn
data, while no interaction was observed for the four Mon-
tecilfone seismic events at the SRF. The non-interaction
between the gas content and the Montecilfone earth-
quakes has a geodynamic explanation; these seismic
events occurred in a different plate (i.e. in the Adria plate
subducting towards the SW beneath the Apennines) from
the Apennine belt where the monitoring sites are located
[51]. Therefore, it is not surprising that the Montecilfone
seismic sequence did not cause anomalies in the inner sec-
tor of the Apennines.

Overall, three seismic events produced expected Rn
activity responses as presented in Fig. 7. Specifically, the
M,, 3.8 LAquila earthquake, which occurred on March 31st,
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Fig.6 Seismic events with M,,=3.5 in the R-D plane, where R is the
strain radius of the precursory manifestation zone, and D is the epi-
central distance (km) from the two springs [49, 50]. Earthquakes,
for which an interaction between gas-geochemical and seismic
signals was supposed, fall into the “expected responses” area (the

2018, was detected at the SG; the M,, 4.4 Balsorano earth-
quake, which occurred on 7 November 2019, produced
responses at both springs; and the M,, 3.9 San Leucio
del Sannio earthquake, which occurred on 16 December
2019, produced a response at the SRF. These two latter
events present comparable R and D values at the SRF.
For this reason, they fall on the straight line (Fig. 6, SRF)
that separates the expected interaction area (R = D) from
the unexpected interaction area (R < D). Specifically, an
increase in Rn concentration (which lasted for about 12 h)
of = 1200 Bg/m3 (7% with respect to the average value)
and another one of = 1500 Bg/m? (8% with respect to the
average value) were observed at the SG seven and 11 days
before the LUAquila and the Balsorano earthquakes, respec-
tively (the black arrow in the SG, Fig. 7A, B). For the lat-
ter earthquake, a decrease of approximately 2000 Bg/m?
(after the peak) was also observed. Another increase in
Rn concentration of = 500 Bq/m?> (10% with respect to the
average value, which lasted about six hours) was recorded
at the SRF about 17 days before the Balsorano earthquake
(the black arrow on the left in the SRF, Fig. 7C). A differ-
ent Rn behaviour was identified at the SRF before the San
Leucio del Sannio earthquake. The preparation phase of
this seismic event is illustrated by a clear increasing trend
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during the month of November of = 1000 Bq/m3 (20%
with respect to the average value: the black arrow at the
SRF on the right, Fig. 7). In all the observed cases, it can
be inferred that changes in the strain field before seismic
activity may have affected gas and fluid migration, caus-
ing an increase in Rn content ranging from 7 to 20% with
respect to (background) pre-anomaly values. Therefore,
the recorded pre-seismic signals could be explained as the
result of dilation and/or contraction of fracture systems
that led to changes in the gas flow behaviour; however,
it is believed that a more accurate analysis of time lags
between the Rn signals and the occurrence of earthquakes
is necessary, as the identified interactions are too limited
in number to clarify this aspect. Additionally, processes of
dilation and/or contraction are expected to drive some
changes in the chemical content of groundwater, whose
intensity would be inversely correlated with the ground-
water resource volume in the corresponding aquifers due
to different dilution rates. Furthermore, some transient
and evident perturbations in Rn concentrations before
the San Leucio del Sannio earthquake were detected, but
these were attributed to the users’field interventions. The
sampling frequency of 10 min allowed the acquisition of
accurate data through which it was possible to measure
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Fig.7 Time series of Rn concentrations in relation to seismic
activity. The seismic events that produced expected Rn activity
responses are shown with red bars. A M,, 3.8 LAquila earthquake
occurred on March 31st, 2018, detected at SG; B M,, 4.4 Balsorano
earthquake occurred on 7 November 2019, detected at SG; C M,,

the duration of the anomalies until the signals returned to
stable background values.

Considering the anomalies recorded on the Rn time
series at the two sites, the correlation between the
selected events (for which a response was expected) and
the hydrogeochemical time series acquired in the SG and
SRF areas was investigated. Indeed, the monthly sampling
of some selected springs in the two areas made it possible
to detect some anomalies in springs with deeper input
[12, 14]. Box-and-whiskers statistical analyses performed
on the hydrogeochemical data of these springs revealed
anomalous values (outliers) in Li, V, Cr and Cs concentra-
tions in the Raiano spring (Fig. 2A) before the Balsorano
earthquake, for which anomalies in Rn content were
recorded at both stations (i.e. the SG and SRF in Fig. 7).

The recorded variations and trends identified in the
hydrogeochemical time series of the Rn-monitored SG and

3.9 San Leucio del Sannio earthquake occurred on 16 December
2019 and M,, 4.4 Balsorano earthquake occurred on 7 November
2019, both recorded at SRF. The black arrows show the identified
anomalies

SRF did not show clear relationships with seismic events.
Nevertheless, a potential response could exist that is repre-
sented by the behaviour of some elements and ions, such as
Cl, SO, and Fe, and parameters such as electrical conductiv-
ity and temperature at the SG, where limited changes were
recorded. Moreover, the sampling frequency of the water
chemistry (every month) did not allow comparisons with the
Rn time series (one measurement every 10 min). Therefore,
the availability of longer time series data is essential for the
correct evaluation of the variations in the acquired series.

6 Conclusions

The properties of Rn as an extremely mobile and nonreac-
tive gas makes it an ideal tracer in water with the potential
use in the short-term forecast of earthquakes. When used
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in conjunction with other chemical and physical param-
eters, its prediction significance is greatly enhanced. This
study performed continuous monitoring of dissolved Rn
in two springs (the SG and the SRF) in central-southern
Italy. This monitoring was and remains aimed at identi-
fying potential gas-geochemical precursors to nearby
earthquakes. Despite the absence of intermediate-strong
seismic events during the monitoring period, some pre-
liminary results can be drawn from the ongoing research:

o The first three years of gas-geochemical monitoring
(April 2017 to December 2019) highlighted a good
stability of Rn concentrations in two springs fed by
regional carbonate aquifers in central-southern Italy.

e Significant Rn increases recorded before three small
seismic events (M, <4) confirm that the preliminary
results achieved are promising and are in line with the
international known approaches and results [10, 18, 21,
45]. Indeed, significant Rn anomalies were found for all
monitored seismic events that were expected to influ-
ence the Rn concentration in groundwater based on
the strain radius (R in km) of the effective precursory
manifestation zone.

e Specifically, the M, 4.4 Balsorano earthquake, which
occurred on 7 November 2019, produced significant
responses in Rn concentrations in both springs as well
as hydrogeochemical anomalies before this seismic
event in concentrations of Li, V, Cr and Cs that were
recorded at the nearby Raiano spring.

e The hydrogeochemical time series acquired at SG
and SRF showed no significant relationship to seismic
events. The difference between the sampling frequen-
cies of the gas-geochemical and hydrogeochemical
monitoring did not allow comparisons to be made
between the recorded Rn anomalies and the geochem-
ical time series.

e On the basis of the above-mentioned results, we are
confident that the expansion of the monitoring net-
work through the installation of additional sensors for
the measurement of dissolved Rn in water will allow
geoscientists to shed light on the behaviour of this gas
in relation to crustal deformation processes, depend-
ing on the earthquake’s magnitude and epicentral dis-
tance.
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