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Abstract We analyze short- to long-term changes (from days to months) in Radon (Rn) activity measured
nearby (<2 km) the eruptive fractures that fed a lava effusion at Mt. Etna, Italy, between 13 May 2008 and 6
July 2009. The N120-1408E eruptive fractures opened between 3050 and 2620 m above sea level before a
dike-forming intrusion fed the �14 month-long lava emission. Our high-rate data streams include: Rn,
ambient parameters (barometric pressure and soil temperature), and seismic data (earthquakes and volca-
nic tremor) recorded from January 2008 to July 2009. The analysis highlights repeated episodes of rock-
fracturing related to seismic swarms, and vigorous gas pulses and peak values in Rn emissions (maximum
�4.13105 Bq/m3 on 16 November 2008), which we interpreted in a conceptual model as the response to
inputs from the magmatic system during the eruption. This multidisciplinary study: (i) provides evidence of
a close relationship between Rn emission at a fumarole near the summit active craters and local earth-
quakes, and (ii) enables exploring the important role of the volcanic source on the temporal development
of the Rn flux, which may account for the much higher (�94 m/d) ascent speed of the Rn carrier (vapor)
than diffusion. The close location of Rn probes to the active conduits, along with the application of our
multidisciplinary approach, may shed new light on the internal dynamics of other active volcanoes worldwide.

1. Introduction

Produced by the decay of 238Uranium, 222Radon (Rn) is a radioactive gas with a half-life of 3.8 days. Meas-
urements of Rn in volcanic environments around the world have long reported evidence of links between
gas-flux changes and volcanic activity, such as observed on Karymsky volcano (Kamchatka) [Gasparini and
Mantovani, 1978] and Kilauea (Hawaii) [Cox et al., 1980]. In recent years, continuous volcano monitoring has
highlighted links between magma ascent and in-soil Rn emission at Etna, Italy. Immè et al. [2006] docu-
mented a possible correlation between eruptive activity and in-soil Rn anomalies in October 2002, with Rn
concentration values increasing immediately after the onset of the Etna 2002 eruption. Based on monthly
averages, Morelli et al. [2006] found similar results for the 2001, 2002–2003, 2004–2005 Etnean eruptions.
Neri et al. [2016] identified three periods of anomalous in-soil Rn release, probably triggered by tectonic (in
2010) and volcanic (in 2011) activities. These studies took into account measurements close to active faults,
but relatively distant from the active craters and eruptive fractures that fed the aforementioned eruptions.

In our case study, we analyze Rn activity close to the eruptive vents before and during the longest-lasting
flank eruption at Etna this century (Figure 1). Flank (lateral) and eccentric (peripheral) eruptions at Etna are
the results of volcanic activity fed by different dike-forming mechanisms [Neri et al., 2011, and references
therein]. In flank eruptions, dikes intrude almost horizontally from the central conduit, opening eruptive fis-
sures on the volcano flanks. In the case of eccentric eruptions, magmatic intrusions are independent from
the central conduit and move vertically toward the surface, feeding gas-rich volcanic activity with a power-
ful explosive component. The characteristics of the 2008–2009 eruption were somewhere in between the
above scheme of flank eruptions. A near-vertical dike stemmed from the central conduit at 1.6 km below
sea level (bsl) [Aloisi et al., 2009; Bonaccorso et al., 2011], after a short-lived (�5 h) episode of lava fountain-
ing at the South-East Crater (SEC) on 10 May 2008 (Figure 2). By 13 May 2008, the dike tip formed a dry
(without magma emission) �2450 m long and �600 m wide, N-S oriented fracture field partially affecting
the North-East Crater (NEC; Figure 2). The dry fractures formed N of the summit craters, while N120–1408E
eruptive fractures opened southeastward between 3050 and 2620 m above sea level (asl), discharging lava
flows into the Valle del Bove up to a distance of 6.4 km (Figure 2). Effusion rate reached a climax in the first
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days of the lava emission, abruptly abating immediately afterward. MODIS satellite images highlighted
rather high effusion rates also at the end of May, in June and in the first 10 days of July 2008 [Bonaccorso
et al., 2011]. Lava emission went on with brief, sporadic renewals of Strombolian activity––the observation
of which was often concealed by bad weather—and stopped on 6 July 2009.

To highlight links between the volcanic system and the short- and long-term Rn activity, we focused on
data collected from a borehole for Rn measurements less than 2 km away from the fractures that fed the
eruption (Figure 1). Overall, our data set covers 19 months, from January 2008 to July 2009. We present the
results of a multidisciplinary analysis comprising in-soil Rn activity, ambient parameters (barometric pres-
sure and soil temperature measurements acquired at the same site of the Rn data), and seismic signals (vol-
canic tremor and earthquakes). We explore the development of each parameter in time and, whenever
possible in space, to shed light on their mutual relationships. We go on to discuss the application of a free
software, KKAnalysis [Messina and Langer, 2011], to our multivariate data sets for pattern classification. This
application stems from the results of a previous pattern classification analysis of Rn and volcanic tremor
data in which the classifier revealed the occurrence of ‘‘failed’’ eruptions at Etna in the early Spring 2007
[Falsaperla et al., 2014].

2. Data Acquisition

In this case study, the data sets come from the continuous geochemical and geophysical monitoring system
run by Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo (INGV-OE) for surveillance and

Figure 1. The top right inset (a) depicts volcanic area (1) and (2) basement of Etna bordered by Ionian Sea. (b) Shaded view of Etna and
location of the reference stations for the monitoring of Radon (ERN1) and ambient parameters (green circle) and seismic signal (colored
triangles) in our case study. Yellow triangles mark the stations forming the multistation alert system. The numbered solid circles mark the
epicenter of the most energetic earthquake during the seismic swarms reported in Table 1. The diameter of each circle is scaled according
to the seismic strain release of the entire seismic swarm it refers to. Dark gray lines are the main faults (arrows indicate lateral component
of movement). Dashed white lines mark the position of the main axes of the volcano-tectonic rifts.
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research purposes. The sampling fre-
quency of the signals depended both
on the technical features of the sensors
and on the range of interest for each
parameter. Time series were transmit-
ted from the remote sites to the acqui-
sition center in Catania.

2.1. Seismic Data
The seismic network of INGV monitored
the volcano by means of 45 three-
component broadband digital stations,
with continuous data acquisition at a
sampling frequency of 100 Hz. The sta-
tions were permanently deployed at vari-
ous altitudes up to 3050 m asl. This
dense network allowed monitoring not
only of earthquakes, but also of signals
whose origin is related to the volcanic
feeder system, such as the so-called vol-
canic tremor. This signal forms the usual
background seismic radiation recorded
at Etna, and reaches peak amplitudes
during eruptive episodes such as lava
fountains [e.g., Alparone et al., 2003;
Behncke et al., 2009].

For a few of our analyses, we chose as a
reference station EBEL, which was set up
at an altitude of 2899 m (Figures 1 and 2).
This station was close to the site of the
sensor ERN1 (for Rn monitoring) as well
as the eruptive fractures in 2008–2009,
providing continuous and reliable infor-
mation for the interpretation of changes
in Rn activity. EBEL was equipped with a
Nanometrics Trillium (40 s cutoff period)
seismometer. During a lava fountain epi-
sode on 28 February 2013, lava covered
the station and terminated data acquisi-
tion [Falsaperla and Neri, 2015].

2.2. Rn Measurements
For in-soil Rn data, we refer to the station ERN1, which was located at an altitude of 2950 m asl, �1 km
south of the SEC (Figures 1–3). ERN1 was at the western margin of a N–S trending, 50-m-wide fracture field
characterized by thermal anomalies and fumarolic activity with temperatures up to �838 C. Fumaroles and
thermal anomalies presumably exist due to boiling of groundwater (�1.5 km asl) and intense diffuse
degassing related to active gas release from the central feeder system of the volcano [Alparone et al., 2005;
Pecoraino and Giammanco, 2005; Giammanco et al., 2016] (Figure 3). The station ERN1 was equipped with a
BarasolTM probe (see Appendix B). Rn data and ambient parameters (soil temperature and barometric pres-
sure) were recorded simultaneously in the same borehole at a depth of 1.6 m, as described by Falsaperla
et al. [2014]. The parameters were sampled once every 20 min. We provide a file containing the Radon data
along with temperature and pressure as supporting information (si01) of this paper. Lava flows destroyed
the station during a lava fountain episode on 11 November 2013. The station was set up again in 2014, at a
distance of �120 m respect to the previous site.

Figure 2. Location of NE Crater (NEC), Voragine (VOR), Bocca Nuova (BN), and SE
Crater (SEC). The map also shows the dry-fractured field (black lines) open on 13
May 2008 along with the lava flows and eruptive vents formed in 2008–2009
(modified from Bonaccorso et al. [2011] and Behncke et al. [2016]). The dashed
lines mark the reference latitude and longitude. Circle and triangle mark the loca-
tion of the sensors for the monitoring of Radon and ambient parameters (ERN1)
and seismic signal (EBEL), respectively.
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3. Seismic Data
Analysis

To analyze earthquake activ-
ity, we referred to the cata-
logue of Alparone et al.
[2015], which provides hypo-
central coordinates and mag-
nitude of earthquakes
recorded in eastern Sicily by
INGV-OE. Figure 4a shows
earthquake daily rate and
seismic strain release at Etna
from January 2008 to July
2009. The daily rate peaked
with the seismic swarm (240
earthquakes) that heralded
and accompanied the open-
ing of the eruptive fractures
on 13 May 2008 [Alparone
et al., 2012]. The maximum
local magnitude (ML) of the
swarm was 3.9. Nevertheless,
the highest magnitude (ML
4) was reached during
another seismic swarm (115
earthquakes) on 16 Decem-
ber 2008. Table 1 provides a
list of all earthquake swarms
recorded within a radius of
15 km around the summit of
Etna in the aforementioned

time span. The maximum focal depth was 23 km. For each swarm, we mapped the epicentral coordinates
of the strongest earthquake and scaled the size of markers according to the seismic strain release of the
entire seismic swarm (Figure 1). The resulting azimuth distribution is fairly uniform, with the exception of
the NW flank of the volcano where swarms were missing. The largest values of the seismic strain release
were associated with the swarms along the NE- and SW-rift on 1 and 13 May, and 16 December 2008 (5, 6,
and 7 in Table 1 and Figure 1).

Apart from earthquakes, we extracted information from volcanic tremor data analysis. Figure 4d shows
the RMS (root mean square) amplitude at EBEL in logarithm scale. It was obtained from the spectral analy-
sis of the seismic signal on consecutive (10.24 s long) and partially overlapped (0.24 s) time spans, taking
the median value over 20 min. Peak amplitudes marked the climax of the lava fountain on 10 May
(�1.131024 m/s) and the onset of the lava flows 3 days later (�2.231024 m/s). Then the amplitude rap-
idly abated, returning to the background level on 23 May, with only minor rise and fall thereafter (Figures
4d and 5).

We also estimated the centroid location of volcanic tremor source, calculating the amplitude decay of the
three-component signals at 19 seismic stations of the permanent network of INGV (Figure 1). In this case,
we considered the spectral amplitudes filtered in the band 0.5–2.5 Hz and the 25th (bottom) percentile of
the RMS values. For the 3D location, we assumed a grid approximately centered underneath the craters (lat-
itude 4178300m N, longitude 499600m E in UTM coordinates), with total dimensions 8 km 3 8 km (in hori-
zontal) 3 6 km (in vertical direction), with spacing of 250 m. With this 3D grid search, we looked for the
most probable source locations of volcanic tremor similarly to Di Grazia et al. [2006]. Figure 5 depicts the
results separately (i.e., latitude, longitude, and elevation) and on Digital Elevation Model (DEM) as centroid
location in quarterly time spans.

Figure 3. Schematic geological section of Etna’s summit. Here the volcanic pile is �2 km thick.
The groundwater is located in the volcanic rocks, near the contact with the impermeable
sedimentary basement. The water vapor emerging at fumaroles in the Torre del Filosofo area,
i.e., the location of the ERN1 Rn station, come from �1.5 km depth through faults and buried
caldera walls [Giammanco et al., 2016]. The groundwater is contained in very hot rocks, sited
close to the central conduit, i.e., the feeding system of the summit craters, and above the
shallow magma reservoir. Close to the topographic surface, magmatic gas contributions of the
fumaroles come directly from the central conduit, following the fractures of the S Rift and of
the related dikes that radiate from the conduit.
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Figure 4. (a) Number of earthquakes per day and cumulative strain release from 1 January 2008 to 31 July 2009. (b) Temporal evolution of
in-soil Rn and cumulative value. (c) Temporal evolution of (left) atmospheric pressure and (right) in-soil temperature. (d) Amplitude (in
logarithm scale) of volcanic tremor at EBEL.
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Table 1. Earthquake Swarms at Etna From January 2008 to July 2009a

# Starta Enda N. Events ML max Hmin (km) Hmax (km)

1 07/01/2008 17.43 08/01/2008 21.27 34 2.7 10 16
2 12/01/2008 01.37 12/01/2008 02.59 14 3.2 10 22
3 14/02/2008 21.18 15/02/2008 19.47 28 3.3 0 1
4 20/04/2008 07.47 20/04/2008 19.57 8 3.2 0 1
5 01/05/2008 21.05 11/05/2008 21.43 190 3.5 0 2
6 13/05/2008 07.46 13/05/2008 19.40 240 3.9 21.5 1.5
7 16/12/2008 01.22 17/12/2008 18.49 115 4.0 10 15
8 08/01/2009 15.17 08/01/2009 19.51 18 3.1 9 15
9 14/03/2009 07.59 14/03/2009 22.53 48 3.5 4 7
10 25/03/2009 22.21 26/03/2009 03.04 9 2.7 3 6
11 20/04/2009 18.53 20/04/2009 20.55 12 2.4 21 0
12 26/05/2009 13.13 26/05/2009 16.19 10 1.3 0 1
13 16/06/2009 04.20 16/06/2009 14.23 25 2.7 15 21
14 17/06/2009 17.41 17/06/2009 22.48 13 1.5 21 1
15 01/07/2009 01.22 01/07/2009 05.58 12 2.9 0 2
16 27/07/2009 05.13 27/07/2009 19.17 15 2.6 19 23

a(dd/mm/yyyy hh.mm); ML max5 maximum local magnitude; Hmin5 minimum depth; Hmax5 maximum depth.

Figure 5. Synoptic panel of the Etna eruption 2008–2009. From top to bottom: trigger at the seismic multistation alert system; in-soil Radon and temperature (in logarithmic scale); RMS
amplitude of tremor at EBEL station; latitude (northing), longitude (easting) and elevation (above sea level) of the centroid of volcanic tremor; DEM of the summit of Etna and spatial evo-
lution of the centroid of volcanic tremor. The red dashed line marks the reference latitude and longitude (see also Figure 2). Green, yellow, and red dots on the DEM refer to the centroid
location of volcanic tremor during the first month, second month, and third month of each quarter depicted.
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Henceforth, we refer to proximal and distal seismic stations on the basis on their relative distance from the
summit craters, which was less than 3 and 10 km, respectively (Figure 1). The proximal stations were at an
altitude between 2870 and 3050 m asl, while distal stations were located between 1391 and 2560 m asl. All
seismic records were corrected for the instrumental response.

4. Rn Data Analysis

Figure 4b shows the measurements of in-soil Rn flux averaged on 20 min. Values above the 95th percentile
(�1.43104 Bq/m3) peaked in a �4 month time window, which started on 30 July - that is about two and
half months after the onset of the lava effusions – and finished on 7 December 2008. The climax of Rn activ-
ity had a maximum value of �4.13105 Bq/m3 on 16 November 2008 (Figure 4b). Cumulative values do not
highlight such a strong variation, as it had a short duration (45 min) and, therefore, did not change the over-
all trend (Figure 4b). More evident slope changes in the cumulative representation occurred in February
2008 (increasing values) and from the middle of May 2009 on (decreasing slope followed by almost steady
values over �80 days). Single high values of Rn do not match peaks of temperature (T) and/or barometric
pressure (P) (Figures 4b and 4c). The P measured by the instrument in the 19 months of our case study (Fig-
ure 4c) is completely unaffected by seasonal variations (normally, atmospheric pressure is high in summer
and low in winter [see Cox et al., 1980; Pinault and Baubron, 1996]). Therefore, the probe measures data of
Rn, P, and T that are controlled by endogenous processes. The role of soil temperature as a proxy of steam/
heat flux is critical in identifying the source responsible for the variations observed in Rn emission
[Giammanco et al., 2007]. At a fracture field characterized by fumarolic activity, as is the case of the ERN1
station, this source can be ascribed to gas pulses, when increased flux of hot magmatic gas produces
increases in soil temperature associated with changes in Rn emission [Pinault and Baubron, 1996]. Alterna-
tively, it can result from rock-fracturing episodes, processes that produce an increase in Rn emission from
newly formed rock surface in contact with the carrier gases [Thomas, 1988], without an increase of gases
that carry heat, and hence without associated temperature changes [Falsaperla et al., 2014].

Temperature strongly affects water vapor––the carrier of Rn at ERN1 – promoting its dilution or concentra-
tion. As this ambient parameter is fundamental in interpreting Rn activity, we compared Rn data with values
of soil temperature measured at the same site (Figure 5). There were only a few time intervals (white bands
in Figure 5) in which there was neither change in temperature nor in Rn before and during the eruption.
Their occurrence was always associated with low values of Rn activity (<13103 Bq/m3). Time spans of
increased Rn emission with no change in soil temperature (i.e., rock-fracturing episodes, pale blue bands)
were relatively more numerous (Figure 5). Gas pulses (pink bands) with increasing in-soil temperature asso-
ciated with changes (positive or negative variations) in Rn activity were the longest-lasting stages (up to a
maximum of �30 days). This behavior is consistent with the possible interaction between groundwater and
heated rocks located at �1.5 km asl around the central feeding system of the volcano. The increase in mag-
matic activity in the central conduit can partially boil the groundwater, increasing the flux of water vapor;
the latter rises at the surface through faults and other structural discontinuities (Figure 3). Therefore, the
increase in water vapor may affect Rn measurements.

5. Pattern Classification

Forecasting volcanic unrests requires high-rate/continuous data acquisition and monitoring of multidisci-
plinary data. This comes along with the accumulation of large amounts of data. For instance, we acquire
�100 MB of data per day for each seismic station. Tools to automatically process such huge geophysical
and geochemical data streams are essential to detect any changes that may herald impending eruptive
activity. We applied KKAnalysis [Messina and Langer, 2011], a free software designed for the classification of
multivariate numerical data. The program is based on unsupervised pattern classification techniques,
namely Self-Organizing Maps (SOM) [Kohonen, 2001] and fuzzy clustering [Zadeh, 1965], and has been suc-
cessfully applied to volcanology. Example applications of KKAnalysis are the forecast of volcanic unrest
from changes in amplitude and spectral characteristics of volcanic tremor [e.g., Langer et al., 2011], the clas-
sification of rock samples according to their geochemical composition [Corsaro et al., 2013], the simulta-
neous analysis of Rn and volcanic tremor data [Falsaperla et al., 2014].
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SOM are a projection of a high-dimensional feature vector to a 2D representation space – the map. The
characteristics of a pattern in KKAnalysis are represented by a RGB color code, which depends on the posi-
tion of that pattern on the SOM. In addition, fuzzy clustering assigns a cluster-membership, which is given
by a vector (normalized between 0 and 1) whose components indicate to which degree each pattern
belongs to a specific class. The simultaneous application of SOM and fuzzy clustering and the graphical visu-
alization of patterns as a sequence of colored symbols allows us to effectively monitor changes of pattern
characteristics. We address the interested readers to Messina and Langer [2011] for more details on
KKAnalysis.

D’Agostino et al. [2013] proposed a set of rules to use in an automatic alert system, based on the processing
with KKAnalysis of amplitude and spectral characteristics of volcanic tremor data at a single seismic station.
Here we applied this alert method to data recorded at four proximal (EPLC, EPDN, ECPN, EBEL) and four dis-
tal seismic stations (ESVO, EMFO, ESLN, ESPC; Figure 5). Our set of rules to flag an alarm takes into account

Figure 6. (a) In-soil Radon, (b) results of pattern classification, and (c) elevation asl of the centroid of volcanic tremor from 9 to 29 Novem-
ber 2008. Pattern classification is based on Radon, temperature, pressure, and spectral content of tremor; the colored symbols in (b) visual-
ize changes of pattern characteristics. Vertical dashed lines highlight the time span during which Radon temporary increased, reaching a
climax on 16 November.
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thresholds for the values in the RGB color codes, and the cluster membership of patterns. To minimize false
alarms, we also fixed rules on how long an alert condition must be ‘‘true’’ in a given time span. We defined
this set of parameters for each station using a trial and error method on data recorded during past eruptive
episodes. The results of the alert system are outlined in Figure 5.

A further application of pattern classification follows Falsaperla et al. [2014]; accordingly, we merged volcanic
tremor data (from the spectral analysis of the signal at EBEL), Rn and ambient parameters (T and P, measured
at ERN1) to obtain a pattern classification of our multivariate data sets. As described in Langer et al. [2011],
tremor spectra were calculated using the Short Time Fourier Transform (STFT) and taking the bottom 10th per-
centile of STFTs (instead of averages) to remove undesired transient signals, such as earthquakes or wind gusts.
In a further step, we applied the Principal Component Analysis, keeping the three major components [see
Falsaperla et al., 2014]. Rn data were normalized applying a logistic function to reduce the impact of extremely
low or high values. Overall, the classification involved�153,000 samples. Figure 6 depicts results of this analysis
in a key time span of our case study. The changes of pattern characteristics from 9 to 30 November 2008 were
mainly affected by strong variations in Rn emission (Figure 6a). We notice how these changes mirror in the
RGB color codes derived from the SOM in Figure 6b: red tones were dominant in the time spans with high
Radon emission, whilst green and blue tones were concurrent with values of Rn below the 95th percentile.

6. Multidisciplinary Data Analysis

In the following, we describe the content of Figure 5 that gives a quarterly chronology of our case study.
Note that the last period covers 1 month only (July 2009).

6.1. 1 January to 31 March 2008
In the first 3 months of 2008, there were only few, scattered triggers of the alert system at the distal seismic
stations. Overall, in-soil temperature decreased until 31 January and then increased. There were seven epi-
sodes of rock fracturing (pale blue bars), which led to a temporary increase in Rn flux. The amplitude of vol-
canic tremor remained at background levels, whilst the centroid of volcanic tremor moved along a NW-SE
direction toward the surface (red circles on DEM), and clustered �1km east of the summit craters in March.
The depth (henceforth elevation, being always above the sea level) of the centroid moved with rise and fall
from 500 m asl (minimum value over 19 months) to a few hundred m beneath the surface.

6.2. 1 April to 30 June 2008
In the first 10 days of April, a few seismic stations (EMFO, ESLN, ESPC, EPDN) triggered the alert system tem-
porarily. From 1 to 19 May, the alert system was active in all seismic stations, heralding (9 days before) the
onset of eruptive activity. The amplitude of volcanic tremor peaked during the lava fountain (10 May) and
at the beginning of the lava emission (13 May); then it returned to background levels. A slow increase in
seismic energy radiation started again in June. A sharp decrease in Rn flux and temperature occurred on 10
April; it was followed by a new increase in both parameters between 15 April and 8 May, and by three short
(few hours) episodes of rock fracturing between 10 and 15 May. The centroid location of volcanic tremor
formed a �4 km long branch elongated in NW-SE direction (green, yellow, and red circles on DEM), part of
which was beneath the eruptive fractures. The centroid became much closer to the surface on 6 May (i.e., 4
days before the lava fountain), and remained there until the onset of the lava emission.

6.3. 1 July to 30 September 2008
The level of alert remained activated in all seismic stations until August; thereafter, it continued mainly at
distal seismic stations. From July to September, temperature had steady values. Conversely, from July 30 on,
there were recurrent short-lived (up to �3 day long) stages of increased Rn activity (pale-blue vertical bars
in Figure 5), which exceeded the value of the 95th percentile calculated on the entire data set (Figure 4b).
The temporary increase in the amplitude of volcanic tremor that had begun in June ceased in July, and the
seismic energy radiation returned to background levels thereafter. The centroid location of volcanic tremor
was almost steady between July and August, moving to NW at lower elevation (�1.1 km asl) in September.

6.4. 1 October to 31 December 2008
The alert system remained activated mainly in distal seismic stations until November. It was temporarily
activated in all the stations in the second half of November. Temperature abruptly decreased on 15
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November, increasing rapidly afterward until it reached its highest value (69.78 C) on 26 November. The
stages of temporary increase of Rn activity continued with a climax (�4.13105 Bq/m3) on 16 November, its
highest value over the entire eruptive episode. The centroid location of volcanic tremor moved to SE in
October and repeated changes in the elevation (from beneath the surface to a minimum of 1.2 km asl)
between the middle of November and the middle of December.

6.5. 1 January to 31 March 2009
From the end of January on, distal seismic stations and EBEL again activated the alert system. Temperature
decreased, whilst Rn activity had temporary, modest resurgences throughout nine episodes of rock fractur-
ing (pale-blue vertical bars). The centroid of volcanic tremor was relatively steady. It was clustered within a
region �2 km E of the volcano summit, with elevation above 2 km asl.

6.6. 1 April to 30 June 2009
There were repeated brief alerts in distal seismic stations; EBEL triggered the alert system only in April. Rn
flux and temperature continued to decrease until May; afterward, an inversion of the trend affected only
temperature values. The centroid of volcanic tremor moved NW (see red circles on DEM), with a temporary
minor elevation (�1.3 km asl) in June.

6.7. 1 to 31 July 2009
In this month, sparse alerts occurred at a few distal seismic stations, notwithstanding the end of eruptive
activity on July 6. Temperature slowly increased, whilst Rn flux remained at background levels. The ampli-
tude of volcanic tremor had no relevant change. The centroid of volcanic tremor clustered mainly beneath
NEC and VOR, from 1.6 to 2.8 km asl.

7. Discussion

Our results from the analysis of seismic activity (earthquakes and tremor) and Rn flux are interpreted in the
framework of the conceptual model illustrated in Figure 7. We distinguish between episodes of Rn activity
related to rock fracturing (Figure 7a) and gas pulses (Figure 7b).

The results of our multidisciplinary analysis are not comparable with other measurements strictly focused
on Rn flux along tectonic faults [e.g., Virk and Singh, 1993; Etiope and Martinelli, 2002; Giammanco et al.,
2009; Lombardi and Voltattorni, 2010], in volcanic environments with short-lived eruptive phenomena [e.g.,
Cigolini et al., 2007], or geothermal areas [e.g., Koike et al., 2014]. Indeed, the close location of our measure-
ment station ERN1 to fumaroles near the active craters and the continuous monitoring during the 14
month-long lava effusion make our data unique for the interpretation of Rn activity. In addition, seismic
activity refers not only to the stages before the opening of the eruptive fractures, but also during the lava
effusion, mirroring the changes in the state of stress caused by the volcanic system.

7.1. Rock-Fracturing and Seismic Activity (Figure 7a)
Rn activity in relation to the state of stress of rocks is an intriguing aspect of the 2008–2009 eruption. Rn
and ambient parameters reveal repeated short-lived (from �1 h to a few days) to medium-term (�45 days)
episodes of rock-fracturing (pale-blue bars in Figure 5). The epicenters of the seismic swarms n. 1, 2, and 3
of Table 1 were at distances of �5 to 15 km from the station ERN1 (Figure 1). These earthquakes (maximum
ML 3.3) were temporally close (within a few days) to the rock-fracturing episodes from January to March
2008 (Figure 5). Similar temporal correspondence linked the three short-lived rock-fracturing episodes
between 10 and 15 May with the swarm on 13 May (n. 6 in Table 1), which heralded and accompanied the
onset of the eruption. Unlike the return to background levels of earthquake activity, rock fracturing contin-
ued over the next months until 16 December, when a seismic swarm (maximum ML 4) occurred, i.e., about
a month after the maximum value of Rn flux (on 16 November) and after two triggers of the tremor-based
alert system on 13 and 23 November (Figure 4). This was the longest delay between the phenomena of seis-
mic swarms and rock fracturing. The successive rock-fracturing episodes and seismic swarms (from n. 8 to
12 in Table 1; Figure 1) were almost concurrent until May 2009. We examined the probability that the con-
currence of rock-fracturing and seismic-swarm episodes was a random effect. For the sake of simplicity, we
assumed: i) a fixed duration of 7 days for each type of episode (either rock-fracturing or seismic-swarm),
and ii) the condition of ‘‘true’’ concurrence when both swarm and fracturing occurred in the same 7 day
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period. Based on the test described in Appendix A, we found there was only a probability <10% that the two
phenomena were related by chance. This result is not surprising considering the geometry of the volcano’s
central conduit and the presumed depth (�2–4 km) of the three rift zones (see dashed white lines in Figure 1)
that are structurally linked to the summit conduits [Neri et al., 2011; Ruch et al., 2012; Siniscalchi et al., 2012;
Acocella et al., 2016; Giammanco et al., 2016]. Conditions of high permeability due to earthquake activity along
these volcano-tectonic structures can easily promote Rn release, increasing the flux recorded at the station.
The transport of Rn involves processes of diffusion, advection, and radioactive decay [e.g., Etiope and Martinelli,
2002]. These processes also act on the concentration C of Rn within its carrier according to the equation

D
d2C
dz2

2v
dC
dz

2cC50

where v is the velocity of the gas carrier, z the direction of transport, D the diffusion coefficient, and c the
Rn decay constant. Assuming an average value of D5531022 cm2s21 and c52.131026s21, the efficiency
in the escape of Rn may be related to a high velocity of the transport agent [Etiope and Martinelli, 2002].
Neri et al. [2016] modeled the ascent speed from different source depths at an Rn probe set up close to the
NE Rift of Etna, �7 km away from the summit craters. Based on this diffusion model, gas carrier velocities

Figure 7. (a, b) Schematic geological sections of the summit and NE sector of Mt. Etna, and conceptual model to explain Rn activity recorded by the ERN1 probe during the 2008–2009
flank eruption. (a) Rock-fracturing: the seismicity in the rift zone promotes micro-fracturing of the rocks near the fault plane (light gray), changing their porosity and permeability. This
process also causes gas migration (white arrows and dashed grey lines) inside the highly fractured zone related to the rift, promoting variations in the Rn flux recorded by the ERN1 sta-
tion. (b) Gas pulses: variations in magmatic activity cause gas pulses (mainly water vapor) nearby the feeding dike (white arrows and dashed grey lines), as well as the rapid increase in
Rn values recorded by the ERN1 probe. Dashed red arrows indicate possible dike paths inside the rift zones.
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>94 m/d are compatible with surface values of Rn >7000 Bq/m3 for sources located at depth �1400 m bsl
[Neri et al., 2016]. The ERN1 Rn station was located next to the summit crater area (1–2 km away) and on the
highest portion of the S Rift, i.e., on a N-S oriented, highly fractured, permeable zone. Here, the Rn flux was
measured at a fumarole with intense degassing characterized by abundant water vapor coming from the
partial vaporization of the groundwater at �1.5 km depth asl (>1 km below ground surface), and likely fed
by the main conduits of the volcanic system (see Figure 3). Therefore, we envisage ascent speed�94 m/d,
the transfer mechanism of the Rn carrier (vapor) being much more efficient than diffusion (Figure 7a).

The fact that rock fracturing is being detected at distances of several kilometers from the Rn monitoring sta-
tion requires that: (i) the trigger mechanism/s can act at distance, (ii) the presence of water/fluids and satu-
rated media does not attenuate the perturbation. A possible mechanism, which responds to both the
aforementioned requirements, may be the so-called sloshing that is the oscillatory motion of water/fluids
inside a natural or artificial container subject to motion [Ibrahim, 2005]. Sloshing applies to several aspects
of fluid dynamics and may have various origin. In volcano-tectonic environments, it may be linked to tilting,
seismic surface waves, and rockfall events [e.g., Dawson and Chouet, 2014]. Namiki et al. [2016] also propose
sloshing as another potential mechanism for the trigger of a volcanic eruption. Indeed, their experimental
observations prove that, promoting magma oscillations within the volcanic conduits, sloshing may cause
foam collapses with volcanic gas release. Therefore, the sloshing process may be invoked to justify the gas
migration due to the rock fracturing related to seismic swarms, whose effect can spread several kilometers
around the source.

7.2. Rn and Eruptive Activity (Figure 7b)
First signs of the impending volcano unrest were detected by seismic stations at relatively low altitudes and
far from the summit craters throughout the 4 months preceding the eruption, as documented by the activa-
tion of the alert system (Figure 5). Such an early detection corroborates independent findings from continu-
ous GPS measurements reported by Bruno et al. [2012], which provided evidence of an inflation phase
caused by a pressurized source at depth between 2 and 3 km bsl, starting from the end of 2007, namely
well before the eruption. The alert system was concurrently ‘‘active’’ in all seismic stations from 1 May on.
Dry fracturing (with no lava emission) N of the summit craters started shortly after the onset of the eruption.
The centroid of volcanic tremor sources clearly marked the path of the magmatic intrusion along the dry
fracturing and the eruptive fracture field (Figure 5). The maximum depth of the centroid of volcanic tremor
(500 m asl) was reached in January 2008. Throughout the eruption until July 2009, the centroid had eleva-
tions between �1500 m and 3000 m asl, that is only a few hundred meters below the surface. The reactiva-
tion of the multistation alert system flagged stages during the eruption, such as those on 13 and 23
November, that we interpret as increased flux of hot magmatic gas that also led to high values of in-soil
temperature and changes in Rn emission (episodes of gas pulse; Figure 5). This interpretation concurs with
the findings of pattern classification depicted in Figure 6 from 9 to 29 November 2008. The classifier takes
into account: Rn, T, P, and spectral content of volcanic tremor, for which the role of gases from the volcano
feeder is a key element. The climax of Rn on 16 November (Figure 6a) belongs to a sequence of patterns
with warm colors (from yellow to pink) over �7 days, which was preceded and followed by patterns of
colder colors (see dashed line in Figure 6b). The centroid elevation of volcanic tremor sources moderately
decreased (from 2800 to 2600 m asl) shortly after the alert on 13 November, highlighting a slightly deeper
source, and then fluctuated after the alert on 23 November, which marked the conclusion of the climactic
stage of Rn emission (Figure 6c). The notable gas-pulse episode in mid-November 2008 endorses the influ-
ence of the volcanic system on the ERN1 station measurements, whereas disturbing exogenous effects
(such as meteorological conditions, seasonal or daytime effects) can be ruled out. Note that in-soil tempera-
ture remained above 408C and there were few oscillations (maximum value 69.78C on 16 November) with
no seasonal variations from March 2008 to March 2009 (Figure 4c). In-soil pressure also remained unaffected
by seasonal variations, with a mean value �752 mb from January 2008 to June 2009 (Figure 4c). Vigorous
gas pulses (lasting >15 days) and peak values in Rn emissions above the 95th percentile occurred three
times during the second half of 2008, particularly between 30 July and 7 December 2008 (maximum
�4.13105 Bq/m3 on 16 November; Figures 4 and 5). These pulses likely witnessed the arrival of new mag-
matic batches at the surface during the eruption, a sort of refeeding following several episodes of rock frac-
turing (Figure 5). Measurements of the effusion rate from MODIS satellite images also highlighted
temporary renewals of magma ascent in the period from May to July 2008 [Bonaccorso et al., 2011].
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Between June and the end of July 2008 a major increase occurred and was concurrent with the arrival of
new fresh magma as documented by petrological analyses [Corsaro and Miraglia, 2014]. Unfortunately, the
collection of rock samples from the active flows was interrupted from October 2008 to February 2009 due
to the unstable weather conditions, which also hindered monitoring of the active vents from INGV videoca-
meras [Corsaro and Miraglia, 2014]. Therefore, to our knowledge, there is no ground truth information (e.g.,
additional petrological analyses) that can support a link between the phase of gas pulse in November 2008
(previously discussed) and another temporary renewal of magma ascent.

8. Conclusions

The in-soil Rn data here analyzed were collected about 1 km from the summit craters of Etna, and less than
2 km away from the fractures that fed the 2008–2009 eruption. This location became strategic for monitor-
ing the volcanic activity, as also demonstrated in the recent past [see Alparone et al., 2005; Neri et al., 2006;
Falsaperla et al., 2014]. Based on our multidisciplinary approach, comprising in-soil Rn activity, ambient
parameters (T, P) and seismic signals (volcanic tremor and earthquakes), and the application to our multivar-
iate data sets of a free software for pattern classification named KKAnalysis [Messina and Langer, 2011], we
propose a conceptual model that sheds new light on the phenomena that preceded and accompanied this
long-lasting flank eruption (Figure 7). In our model, the interaction between earthquake swarms and Rn
activity is reciprocal and is true in either side of the cartoon in Figure 7. This implies that the trigger mecha-
nism may be tectonic (promoting rock fracturing) or volcanic (promoting gas pulses). In our case study,
repeated episodes of rock fracturing, related to several seismic swarms, anticipated and marked the begin-
ning of the eruption. On the other hand, vigorous gas pulses and peak values in Rn emissions witnessed
the arrival of new magmatic batches at the surface during the eruption, a sort of refeeding following several
episodes of rock fracturing. Moreover, analyzing the temporal development of the Rn flux, we deduce
ascent speed of the Rn carrier (vapor) much higher (�94 m/d) than diffusion, in the installation site (Torre
del Filosofo - ERN1). By laboratory experiments, Namiki et al. [2016] demonstrated that sloshing promotes
gas release in a basaltic magma, enhancing heat transfer. Being a mechanism even acting at distance, slosh-
ing may have played a key role in the eruptive and tectonic phenomena observed at Etna in 2008–2009.

Appendix A: Statistical Test

We assumed: i) a fixed duration of 7 days for each type of episode (either rock-fracturing or seismic-swarm),
and ii) the condition of ‘‘true’’ concurrence when both swarm and fracturing occurred in the same time
span of 7 days (no matter which was before). Overall, in our case study, there were 80 weeks, encompassing
37 ‘‘weeks’’ of fracturing, 16 of swarms, and 11 with both episodes (Figure A1). Accordingly, there was a total

Figure A1. Occurrence of rock-fracturing episodes (blue series) and earthquake swarms (red series) at Etna from January 2008 to July 2009.
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of 37 possible coincidences (hits) and 43 possible noncoincidences (nuts) of swarm and fracturing episodes.
For our statistical test, we consider n5 16 trials, with 11 hits and 5 nuts. The probability of having by chance
x5 11 hits, n2x 5 5 nuts with n5 16 trials follows a binomial distribution:

f xð Þ5p � x � q � n2xð Þ

where p537/80 and q543/80. As the order of hits/nuts is irrelevant, we have to account for the various
combinations in which they may be realized. Thus:

f xð Þ5n!= x! � n2xð Þ!ð Þ � p � x � q � n2nxð Þ

516!= 11! � 5!ð Þ � p � x � q � n2nxð Þ

54368 � 9 � 1026

5 � 3:9%

The chance of 12 hits/4 nuts is �1.2%, and for the remaining ones (13, 14, 15, and 16 hits) f(x) becomes neg-
ligible. The probability of having by chance 11 hits or more out of 16 trials is anyhow less than 10%.

Appendix B: The BarasolTM Radon Probe

The ERN1 station measured 222Radon and was installed at an altitude of 2950 m asl (Figures 1 and 2). It was
equipped with a BarasolTM probe (Algade, France) placed into a borehole at a depth of 1.6 m in a very
coarse, highly permeable fall deposit. The latter formed during the 2002–2003 eruption and had a thickness
greater than 25 m [Allard et al., 2006; Fornaciai et al., 2010]. Beneath the station, the thickness and the high
porosity of the fall deposit prevented the formation of any surficial water accumulation. As a result, the rain-
water infiltrated very quickly into the ground neither saturating it, nor significantly affecting Rn measure-
ments. Following the specifics given by the manufacturer, the borehole where the BarasolTM probe was set
up was not isolated from the surface. The borehole was capped with a small semipermeable MylarVR sheet
to make gas flow out of the hole while preventing rain or snow from entering it. The probe was held
�40 cm above the borehole bottom, as in such a fumarolic environment (with a lot of water vapor) this
setup lets the gas flow freely up along the borehole (and thence out of it through the semipermeable cap),
preventing water vapor from condensing on the sensor. The ERN1 probe was also modified by adding a
robust filter close to the sensor to prevent any condensation of water vapor on its surface. For additional
information on the station, we address the interested reader to Falsaperla et al. [2014].
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