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On active volcanoes, ambient noise-based seismic interferometry can be a very useful

monitoring tool as it allows to detect very slight variations in seismic velocity associated

with magma transported toward the surface. However, the classical cross-station

approach occasionally fails to detect seismic velocity changes related to eruptive

activity, even on very active, well-instrumented volcanoes such as Mt. Etna. In this

work, we explored an improved ambient noise-based monitoring strategy by performing

the autocorrelation of seismic noise recorded at Mt. Etna volcano, by three stations

located close to the active summit craters, during April 2013–October 2014. Such

an interval was chosen because of the number and variety of eruptions. In place of

the classical cross-correlation, we implemented the phase cross-correlation of each

component with itself, which does not require normalization of the signals. The detected

seismic velocity variations were very consistent for all three stations throughout the

study period, mainly ranging between 0.3 and −0.2%, and were time-related to

both sequences of paroxysmal eruptions and more effusive activities. In particular, we

observed seismic velocity decreases accompanying paroxysmal eruptions, suggesting

an intense pressurization within the plumbing system, which created an area of

extensional strain with crack openings. In addition, seismic velocity variations over time

were analyzed in the light of ground deformation data recorded by GPS stations and

volcanic tremor centroid locations and displayed a particularly strong correlation with

the former. Finally, we showed that, although the investigated frequency band (1–2Hz)

contained most of the volcanic tremor energy, our results did not indicate a particular

contamination of seismic velocity variation measurements by variations of tremor

sources. Ultimately, our investigation highlights a better way to implement noise-based

seismic monitoring techniques. The near-field sensitivity of the autocorrelation helped
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improve our understanding of the relationship between variations of seismic velocity,

ground deformation and the pressurization dynamics of volcanic plumbing systems

which, in turn, allows for better monitoring implementations of seismic interferometry

on other volcanoes.

Keywords: volcano monitoring, ambient seimic noise, autocorrelation, Mt. Etna volcano, seismic noise

interferometry, volcanic tremor, seismic velocity variation

INTRODUCTION

Magma intrusion and pressurization of the plumbing system can
change the seismic velocity structure of a volcano (e.g., Brenguier
et al., 2008, 2016). Sometimes, such variations can be detected
by classical tomography, as during the March 2009 eruption
of Redoubt Volcano, where the presence of a mobile phase at
shallow depth beneath the volcano was linked to a reduction in
S-wave velocity (Kasatkina et al., 2014).

However, the variations in seismic velocity associated with
transport of magma toward the surface are often too small to
be detected by tomography techniques (e.g., Brenguier et al.,
2016). In these cases, seismic interferometric techniques have
turned out to be very effective. In particular, the ambient
noise interferometry, based on the fact that the Earth is
not static but permanently vibrating, has many advantages
(e.g., Brenguier et al., 2016): (i) it has a very high precision,
much higher than classic tomography techniques (it is able to
detect velocity variations much lower than 1%; e.g., Brenguier
et al., 2016; Donaldson et al., 2017); (ii) unlike coda wave
interferometry applied on repeating earthquakes (e.g., Cannata,
2012; Hotovec-Ellis et al., 2014), ambient noise interferometry
allows a continuous monitoring of the medium velocity changes;
(iii) it is a non-invasive or destructive monitoring method.
For these reasons, measurement of seismic velocity by ambient
noise interferometry is a promising tool to monitor volcanoes
(e.g., Brenguier et al., 2008; Duputel et al., 2009). For example,
Donaldson et al. (2017) showed a remarkable correlation between
relative velocity and the radial tilt measured at Kīlauea summit.
This suggested that during inflation phenomena, since the
volumetric strain is extensional above the inflation source and
compressional at the sides, most of the edifice is dominated by
compression closing cracks, producing higher seismic velocities,
while the extension area above the source is dominated by
opening pores and crack, producing lower seismic velocities.

Cross-correlation functions, used to perform interferometry,
are typically reconstructed from the signals acquired by pairs of
stations, allowing to continuously and accurately monitor the
temporal changes in seismic velocity (Hadziioannou et al., 2009).
More recently, implementations of this technique used passive
recordings at individual stations to detect changes of seismic
velocity in the crust by cross-correlating each component of each
individual station with itself, or autocorrelation (e.g., Hobiger
et al., 2014; De Plaen et al., 2016; Yukutake et al., 2016).

In this work, we implemented the autocorrelation of ambient
seismic noise using the phase cross-correlation to monitor the
activity of Mt. Etna volcano during April 2013—October 2014.
Such a time period was chosen because of the number and variety

of eruptions taking place on the volcano summit area. In order
to better understand the source mechanisms of the detected
medium changes, the seismic velocity patterns are compared with
ground deformation, volcanic tremor, and volcanological data.

BACKGROUND

Mt. Etna lies at the convergence between the African plate and
the Eurasian plate. Located near the second most populated city
of the Sicily, Catania, it is a very active volcano with a series of
brief but powerful eruptive episodes (paroxysms) almost every
year at least since 2011. It is in an almost constant state of
activity, and has documented records of historical volcanism
dating back to 1500 BCE. The current activity ranges from
effusive to Strombolian, to paroxysmal activities.

Since January 2011, a new cone grew up at the summit area of
Mt. Etna, following a series of paroxysms (e.g., Behncke et al.,
2014; De Beni et al., 2015). Informally named the New South
East Crater (NSEC, Figure 1), the cone was built up of material
accumulated from lava fountains.

After 10 months of quiescence, the NSEC resumed its episodic
activity in February 2013, producing 19 paroxysms until early
December (e.g., Cannata et al., 2015; Spampinato et al., 2015).
In particular, 13 paroxysms took place from February to April
(E26-E38 in Table 1; the nomenclature of the episodes derives
from De Beni et al., 2015), and six from October to December
(E39-E44 in Table 1 and De Beni et al., 2015). All the paroxysms
at NSEC showed similar features. In particular, the following
phases of activity were observed (Behncke et al., 2014): (i)
minor explosive activity, (ii) more vigorous Strombolian activity
often accompanied by lava discharge, (iii) lava fountaining with
voluminous ash ejection and lava flows, and (iv) a waning phase
with transition to mildly Strombolian activity and the end of the
eruption.

In mid-December 2013, the activity transitioned from brief
and violent paroxysms, to long-lived and less explosive episodes
(De Beni et al., 2015). The initial explosive activity (phase
“i” and “ii”) did not culminate in sustained lava fountaining
and voluminous tephra emission. This type of activity largely
continued in 2014. The main eruptions took place in January-
April and June 2014 at NSEC (E47-E48 in Table 1 and De Beni
et al., 2015).

Successively, a 5-week-long period of intense Strombolian and
effusive activity occurred in July-August 2014 (E49 in Table 1

and De Beni et al., 2015) from a fracture, located ∼1 km
north of the NSEC, on the eastern flank of the North-East
Crater (NEC) (e.g., Spina et al., 2017), the highest of Etna’s
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FIGURE 1 | Digital elevation model with the three seismic stations used in this study (red triangles). The green line corresponds to the GPS baseline ECPN-EPDN in

Figures 3, 4. The lower right inset shows the volcano summit craters (NEC, North-East Crater; BN, Bocca Nuova; SEC, South-East Crater; NSEC, New South-East

Crater; VOR, Voragine). The purple dashed line is the approximate extent of the E49 fracture system. The stations are <5 km apart and station ECPN is the closest to

NSEC, the most active crater for the studied period.

summit craters (which erupted for the first time in 1911; Ponte,
1920). This activity was probably linked to the NSEC plumbing
system (e.g., Viccaro et al., 2016), although it did not contribute
to the evolution of the NSEC cone. Before the end of this
eruption, on 8 August, explosive activity resumed at NSEC, and
culminated on 11–14 August with vigorous Strombolian activity
(E50 in Table 1 and De Beni et al., 2015).

DATA AND METHOD

We used data from the Etna seismic network recorded
during April 2013—October 2014. The seismic stations
consist of broadband three-component Trillium seismometers
(Nanometrics), with cut-off period of 40 s and sampling rate at
100Hz. In particular, we used seismic signals from three stations
closest (5 km) to the active craters: ECPN, EPDN, and EPLC
(Figure 1). This period covered a series of eruptive episodes
linked primarily to the NSEC (Table 1), with a mixture of brief
and violently explosive activity in 2013, and intense Strombolian
and effusive activity in 2014.

Seismic velocity changes were measured from seismic noise
cross-correlation, following a workflow similar to Lecocq et al.
(2014) and De Plaen et al. (2016). Seismic records for all
components were pre-processed by carefully checking for their
timing and gaps. Then, they were pre-filtered between 0.01 and
8.0Hz, and resampled to 20Hz.

The cross-correlation step commonly uses the classical cross-
correlation:

Ccc (t) =
∑τ0+T

τ=τ0
u1 (t + τ) u2(τ ) (1)

where u1 and u2 are the cross-correlated seismic traces, t is the
lag-time, τ the lag-time shift and T is the correlation window
length. This step typically requires to normalize the signal in the
time and the spectral domains to suppress high amplitude events
and isolated noise sources with defined frequencies (Bensen et al.,
2007).

Since we correlate each component with itself, normalizing
in the spectral domain by setting the amplitude to 1 for all
frequencies removes information on the medium (Hobiger et al.,
2014). The contamination of the autocorrelation of ambient
seismic noise by high amplitude events, such as earthquakes,
is a known issue (e.g., De Plaen et al., 2016). To reduce this
vulnerability, we implemented the phase cross-correlation (PCC)
of Schimmel (1999) and Schimmel et al. (2011) instead of the
classical correlation.

The PCC measures the similarity of the instantaneous phases
of the analytic traces and is therefore amplitude unbiased. The
main advantage of this property is that it removes the need for
temporal or spectral normalizations before the cross-correlation.

Cpcc (t) =
1

2T
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{

∣

∣

∣

eiϕ(t+τ) + eiγ(τ )
∣

∣

∣

ϑ

−

∣

∣

∣

eiϕ(t+τ) − eiγ(τ )
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∣

ϑ

}

(2)

where γ (τ) and ϕ (τ) are the instantaneous phases of the traces
u1 and u2, respectively and the power ϑ controls the sensitivity
and the signal-to-noise ratio.

The autocorrelations were computed for each individual day
following a bandpass filter between 1.0 and 2.0Hz. Then, the
autocorrelation functions were averaged with a 2-day linear
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TABLE 1 | Chronology of the main eruptive activities at Mt. Etna volcano in 2013–2014, with the exception of the 28 December 2014 eruption.

Episode Start Duration(day) Description

E26-E33 19/02/2013 1 Series of paroxysms at NSEC at an unusually frantic rate, accompanied by further eruptive episodes at the Bocca

Nuova, and also by intense Strombolian activity at the Voragine, which awoke from more than 13 years of

quiescence

E34 03/04/2013 1 Violently explosive paroxysm of brief duration, producing mostly pyroclastic material and minor volumes of lava.

This applies to the following episodes until E44.

E35 12/04/2013 1 –

E36 18/04/2013 1 –

E37 20/04/2013 1 –

E38 27/04/2013 1 –

E39 26/10/2013 1 NSEC reawakened after relatively quiet summer

E40 11/11/2013 1 –

E41 16/11/2013 1 –

E42 23/11/2013 1 –

E43 28/11/2013 1 –

E44 02/12/2013 1 –

E45 15/12/2013 3 Change in the eruptive dynamics of the NSEC with intense Strombolian and voluminous effusive activity, never

culminated in sustained lava fountaining and voluminous tephra emission; longest of all eruptive episodes since

2011

E46 29/12/2013 3 Nearly exact repetition of E45

E47 22/01/2014 76 Activity from a cluster of vent at the eastern base of the NSEC Cone

Cone

collapsed

11/02/2014 – Effusive vents and the overlying slope of the NSEC cone

E48 14/06/2014 4 Repetition of E45 and E46, with intense Strombolian activity and lava emission from the SE flank of the NSEC but

no lava fountains and negligible tephra emission

E49 05/07/2014 36 Started on fractures opened on the eastern flank of the NEC, accompanied by sporadic and small activity at

NSEC. Another vent opened upslope on the flank of the NEC on 25/07.

E50 08/08/2014 5 Repetition of E48 with intense Strombolian activity from up to 5 vents at the NSEC

Collected from Bonforte and Guglielmino (2015) and De Beni et al. (2015). Our analysis starts after E33.

stacking to improve the signal-to-noise ratio, while keeping a
high temporal resolution.

The fluctuations of seismic velocity in the medium were
obtained by comparing each daily autocorrelation to a reference
autocorrelation corresponding to a stack of the entire study
period. Assuming a homogeneous change in the medium, the
relative difference in travel time dt is related to the change in the
seismic velocity dv, as:

− dt/t = dv/v (3)

Relative travel time changes were measured in the frequency
domain using the moving-window cross-spectral analysis
(MWCS) which has the advantage of clearly defining the
bandwidth of the coherent signal (Ratdomopurbo and Poupinet,
1995). Time delays for each window between the two
autocorrelations are in the unwrapped phase of the cross-
spectrum. They were measured from the slope of a linear
regression of the samples within the pre-defined frequency band,
weighted by the cross-coherence between energy densities in
the frequency domain (Clarke et al., 2011). A quality control
was obtained from errors, estimated using the cross-coherence
values and the squared misfit to the modeled slope. MWCS point
measurements with a dt error >0.1 s and a coherence under
0.6 were considered of poor quality and rejected. Variations of

seismic velocity weremeasured on both the causal and the acausal
part of the autocorrelation for time lags between 5 and 35 s to
prevent direct wave contamination. The velocity variations for
each component pair were ultimately averaged by station.

RESULTS

Station-To-Station Comparison
The seismic velocity variations were globally very consistent
for all three stations throughout the study period, with the
exception of a minor phase delay for ECPN right before and
during some eruptive episodes (E40-E43, Figure 2). The few gaps
were caused by interruptions in the original data or poor quality
measurements that were rejected (July and August 2014, for
example). The dataset started with an eruption (E34 on 3 April
2013), for which we therefore have no observation of precursors.
A decrease in seismic velocity is observed at all three stations
at the same time as the October-December 2013 paroxysmal
sequence (E39-E44) and prior to the effusive/Strombolian
activities of mid-June, July and August 2014. By contrast, the
mainly effusive eruption (E47) initiated at a cluster of vents at the
eastern base of the NSEC cone in late January 2014 was preceded
by a consistent increase of seismic velocity that coincides with a
change in style of activity from paroxysmal to mainly effusive.
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FIGURE 2 | Seismic velocity variations at Mt. Etna in 2013-2014. Each line

corresponds to the average at each individual station (EPLC, ECPN, and

EPDN) of the measured relative seismic velocity variation (dv/v, in %) for each

component pair (e.g., ZZ, EE, NN). These dv/v are calculated using the

autocorrelation in the 1–2Hz frequency band, and the cross-correlation

functions are stacked linearly over 2 days. The median errors on the dv/v

measurements are ∼0.03% for each station. The orange vertical lines and

zones are labeled eruptive episodes described in Table 1. The episodes were

brief in duration and rather explosive (vertical lines) until E45, in the second half

of December 2013, when the activity changed to more long-lived and effusive

events that characterized 2014. The purple zones in the top subplot illustrate

the timespans enlarged in Figures 3, 4.

Figure 3 offers a closer view at the October-December
2013 paroxysm (E39-E44). This paroxysm sequence was
preceded/accompanied by a clear decrease detected at all stations
and was characterized as one of the most violent in the series
of paroxysms since January 2011 (De Beni et al., 2015). The
decrease in seismic velocity of over 0.1% persisted at all three
stations until 11 November (E40), then simultaneously increased
at stations EPDN and EPLC. The seismic velocity at station
ECPN, however, decreased through another 5 eruptions (E40-
44) until mid-December. As aforementioned, in mid-December
the activity at the NSEC transitioned frommore to less explosive.
We observe that in the meantime seismic velocity increased
at all three stations through E45 and E46 to recover previous
values later in January 2014. No good reliable seismic velocity
measurement could be done during E47 except for station EPLC.

The ground deformation time series (Figure 3B) were
obtained from the measurement of daily baseline ECPN-EPDN,
whose variations over time are sensitive to any change in summit
deformation. Most oscillations of baseline length are related
to inflation and deflation cycles preceding and accompanying
the eruptions, respectively. During the October-December 2013
paroxysm (E39-E44), the baseline length globally shortened
(∼-0.8 cm) until early December. It then increased until E47
with the exception of a ∼0.3 cm drop after E46. At a shorter
time scale, subtle increase in baseline length preceded episodes
E39, E40, E42, E45, and E46. In the course of episode E47, anti-
correlated oscillations of seismic velocity changes at EPLC and

FIGURE 3 | Seismic velocity variation at stations ECPN, EPLC and EPDN (A)

and variation in baseline length between GPS stations ECPN and EPDN (B)

between October 2013 and April 2014. The green line is the

exponentially-weighted moving average with a center of mass of 5 (EWMA) of

the baseline variation. The orange zones are labeled eruptive episodes

described in Table 1 and the vertical dashed black lines are simultaneous

variations of dv/v at station EPLC and baseline length ECPN—EPDN during

E47. The sequence of episodes from E39 to E46 are explosive, the following

episodes E45 to E47 change to less explosive Strombolian and mainly effusive

activity on the eastern flank of the NSEC.

baseline length ECPN-EPDN were observed (Figure 4, dashed
vertical lines).

The following activities (E48-50, Figure 4) were also clearly
preceded by a decrease in seismic velocity at every station.
During these longer episodes (E49 and E50 for example), many
seismic velocity change measurements were rejected due to high
level of errors in dt measurement, although a global increase
or recovery could, to a certain extent, be identified. Again, the
variation of baseline length between GPS stations ECPN and
EPDN (Figure 4B) was anti-correlated with the seismic velocity
change. The ECPN-EPDN baseline length globally increased
until E48, then decreased through E49 and E50 to stabilize after
mid-August.

After the recovery, the seismic velocity measurements during
E49 and E50 did not provide results of a satisfactory quality (with
a coherence under 0.6), causing gaps for all three stations. In the
meantime, the correlation coefficient displayed two significant
drops for each episode (Figure 4C). These episodes were followed
by a recovery until late October when stations EPDN and EPLC
displayed a new decline of seismic velocity (>0.2%) in early
November, only to rise again in December (Figure 2). Station
ECPN appeared to be relatively stable following E50 recovery
(Figure 2). These last variations could be related to the powerful
28 December 2014 eruptive episode.

Frontiers in Earth Science | www.frontiersin.org 5 January 2019 | Volume 6 | Article 251

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


De Plaen et al. Seismic Velocity Variation at Etna

FIGURE 4 | Seismic velocity variation at stations EPCN, EPLC, and EPDN (A),

variation in baseline length between GPS stations ECPN and EPDN (B) and

correlation coefficient between the daily and the reference Cross-Correlation

Function for each component pair at station ECPN (C) between April and

October 2014. The green line is the exponentially-weighted moving average

with a center of mass of 5 (EWMA) of the baseline variation. Following the

Strombolian and effusive activity of E47, a consistent decrease of seismic

velocity is observed until E48, also characterized by Strombolian activity and

lava flows. An increase is then observed until E49. No reliable seismic velocity

change measurement could be done during E49 and E50.

Variation of Volcanic Tremor Source
Location
The seismic energy in the chosen frequency band is dominated
by volcanic tremor, which commonly rises concerns of
contamination when seismic interferometry is used for volcano
monitoring (e.g., Ballmer et al., 2013). The volcanic tremor
centroids (Figures 5, 6) were obtained in near real time at Mt.
Etna from 1 h long sliding windows that tracked the spatial
evolution of the source (e.g., Di Grazia et al., 2006; Cannata et al.,
2013).

In order to locate volcanic tremor sources, we assumed
propagation of body waves in a homogeneous medium, and
applied a grid-search method based on the spatial distribution
of seismic-amplitudes. The body waves assumption is related
to the fact that the location result is mostly affected by the
seismic amplitudes of the stations closest to the tremor source.
As for the grid, we consider a 8 × 8 × 6 km3 volume with
a spacing between nodes of 250m. The investigated frequency
band was 0.5–2.5Hz, routinely analyzed to highlight the main
migrations of the tremor centroid (Patanè et al., 2008; Cannata
et al., 2013). The average location errors, calculated by the
jackknife method (Di Grazia et al., 2006; Cannata et al., 2013),

FIGURE 5 | Location of volcanic tremor centroids during study period from

near real-time processing. The color refers to the temporal evolution presented

in Figure 6, X and Y are the longitude and the latitude in km UTM zone 33N,

respectively, and Z is the altitude in km above sea level.

were equal to 0.3, 0.4, and 0.7 km for longitude, latitude, and
altitude, respectively. Since more than one source can be active
simultaneously, the location corresponds to the dominating
source or a location between the real sources. During eruptive
episodes, the amplitude of volcanic tremor commonly increases
and a migration of centroids toward the surface near the active
vent can be observed. For example, this migration is illustrated
in Figures 5, 6 by episode E49 during which, unlike the rest of
the study period, the volcanic activity and the tremor centroids
mainly focused on the eastern flank of NEC. Between eruptive
episodes, centroids migrate back at depth (1–2 km above sea
level) and under the Voragine Crater (Figures 5, 6). These differ
from the observed variations of seismic velocity. For example, the
continuous decrease between E47 and E48 does not indicate a
relationship with the corresponding location of tremor sources.

Nevertheless, at times before or during an eruptive episode
the temporal variations of volcanic tremor centroids location
are correlated with variations of seismic velocity, positively or
negatively (Figure 6). Figures 7, 8 show the spatial interpolation
for variation of seismic velocity and the location of tremor source
centroids over 5 days before E47 and E49, respectively. The 5-
days span offers a compromise between long- and short-term
variations to keep the ability to emphasize shallow mechanisms
that would cause sudden variations before an eruption. Although
episodes E47 and E49 developed on different craters—NSEC and
NEC, respectively—the tremor source centroids clearly cluster
near the eruptive site, in the vicinity of the observed largest
decrease of seismic velocity.

DISCUSSION

Although the stations used in this study are all within 5 km
of the active craters, station ECPN which is the closest to
the NSEC sometimes shows a larger peak-to-peak decrease
before eruptions (e.g., E39 on Figure 3A) except when the
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FIGURE 6 | Variation in time of the location of the volcanic tremor centroids (A; longitude in UTM33N, B; latitude in UTM 33N, C; Elevation above sea level). The color

of the plots evolves with time, the red line is the corresponding Hodrick Prescott trend with a smoothing parameter of 10,000 (Hodrick and Prescott, 1981, 1997). The

orange vertical lines and zones refer to paroxysms reported in Table 1 and are characterized by short-lived explosive activity (vertical lines) until E45, when the activity

changed into more effusive and longer. The horizontal dashed lines are the locations of volcano summit craters (NEC; North-East Crater; NSEC, New South-East

Crater; VOR, Voragine). All three craters are within 500m in longitude. Spectrogram of the vertical component of station ECPN (D). The white frame is the frequency

band used in this study.

activity migrated to the more distant NEC (E49 on Figure 4A).
This observation indicates a local sensitivity of the method in
contrast with the assumption used to average the relative velocity
changes measured over all station pairs in a network of a global
homogeneous velocity change in the whole volume of the edifice
(e.g., Obermann et al., 2013; Rivet et al., 2015). Averaging results
withmeasurementsmade at distant stations or station pairs could
reduce the capability of precursor detection. This is illustrated by
Cannata et al. (2017) who did not observe volcanic precursors
in variations of seismic velocity obtained from a large number
of stations on Mt. Etna. Ultimately, when pairs of receivers
are used, a careful selection of the station pairs mostly affected
by the source of change is therefore recommended. When
autocorrelation is used, measurements prove to be sensitive to
changes in the near field, stations close to the eruptive site should
therefore be favored.

A criticism against monitoring using ambient seismic noise
cross-correlation is the potential sensitivity of the seismic velocity

variations to variations in source distributions and concerns of
contamination from volcanic tremor (e.g., Ballmer et al., 2013).

However, although volcanic tremor sources are not suited
to calculate Green’s functions and to perform imaging studies,
they can be used to estimate seismic velocity variations over
time, provided that consistent coda arrivals can be reconstructed
(e.g., Donaldson et al., 2017). On one hand, using distant parts
of the coda of the autocorrelation assumes that the measured
stable phases are highly scattered and therefore unaffected by
variations of source distributions (e.g., Stehly et al., 2008). On
the other hand, changes in frequency content of the noise
source have a limited effect on our measurements, since we
used the phase cross-correlation, which is amplitude unbiased
by design, and the MWCS analysis, in which the amplitude
and phase spectra are separated before the measurements are
made.

Ultimately, the inconsistent correlation between tremor
centroids and seismic velocity variations is an evidence of
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FIGURE 7 | (A) Interpolation map of the variation of seismic velocity over 5

days until 16/01/2014. The brown points are tremor centroid locations for the

same time span. The map emphasizes the larger decrease in seismic velocity

at station ECPN, the closest to the NSEC which erupted on 21 January. The

tremor centroids are clustered near the NSEC. (B) Seismic velocity variation in

% at the considered stations centered on the E46 event.

a discrepancy between the two observations. A relationship
between them is mostly observed at the onset of eruptive
episodes. Viccaro et al. (2016) showed that changes in time
of volcanic tremor centroids are also strongly linked to the
variations in ground deformation patterns using another baseline
crossing the summit area. This relationship between tremor
source location and seismic or geophysical observations is
probably the consequence of the pre-eruptive pressurization
which specifically influences all these observations.

Some seismic velocity change measurements were rejected
due to high errors and low coherence at the MWCS step
during eruptive episodes. Observations of the cross-correlation
coefficient between the current and the reference autocorrelation
illustrate how the waveforms are dramatically changing
during eruptions, with potentially new phases appearing and
disappearing until the end of the activity. This decorrelation
is typically assumed to be caused by the generation of new
scatterers in the medium during the eruption (e.g., Larose et al.,
2010; Brenguier et al., 2011; Obermann et al., 2013). In such a
case, the observed mechanism is not identified as a change of
seismic velocity as the medium is assumed to be significantly

FIGURE 8 | (A) Interpolation map of the variation of seismic velocity over 5

days until 5 July 2014. The brown points are tremor centroid locations for the

same time span. Unlike in Figure 7 the centroids are spread out with small

cluster near the vent that opened on the flank of the NEC in July 2014. The

seismic velocity is decreasing at stations EPLC and EPDN while it is increasing

at station ECPN. (B) Seismic velocity variation in % at the considered stations.

damaged. Since variations of tremor sources are sometimes
concomitant with the observation of decorrelation, we cannot
entirely preclude some impacts of active sources creating new
arrivals in the coda of the autocorrelation function. Nevertheless,
the decision to use late part of the coda, which correspond to
longer travel times, should reduce such a limitation. Besides,
a significant part of the variations in tremor sources occurred
just before eruptions and, although contamination from active
sources would be expected at such times, these variations did
not prevent the observation of precursors from seismic velocity
variations. Furthermore, the reliability of these variations of
seismic velocity was corroborated by the correlation with ground
deformation (Figures 3, 4).

Our results give an exclusive insight into the dynamics and
the development of explosive and effusive eruptions, specifically
when looking at the remarkable link between seismic velocity
variation and ground deformation. Several existing studies
have associated variations of seismic velocity and cycles of
inflation and deflation with changes in magma pressurization
(e.g., Brenguier et al., 2008; Bennington et al., 2015; Hotovec-
Ellis et al., 2015; Donaldson et al., 2017). The compression
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associated with an increase in magma pressurization is expected
to close pores and cracks in the medium, causing an increase
of the elastic moduli and the seismic velocity, along with a
potential inflation at the surface (O’Connell and Budiansky,
1974). Both decreases and increases of seismic velocity have been
attributed to magma pressurization as a volcano inflates. For
example, Brenguier et al. (2008) explained precursory seismic
velocity drops measured before several eruptions at Piton de
la Fournaise volcano with a dilatation and an opening of
cracks at the edifice surface. In contrast, complex patterns of
decrease and increase of relative velocity induced by magma
migration were observed atMerapi Volcano (Ratdomopurbo and
Poupinet, 1995; Wegler et al., 2006; Budi-Santoso and Lesage,
2016). Donaldson et al. (2017) reconciled these observations
by connecting the change of seismic velocity to the depth of
the source of deformation. The inflation of the pressure source
creates an area of extensional strain with cracks opening right
above the source and a surrounding area of compressional strain
with cracks closing. The deeper the source, the larger the area of
extension and, as the sourcemigrates toward the surface, this area
of extension becomes smaller.

This mechanism is illustrated in our study by the seismic
velocity variationmeasured throughout the sequence of explosive
episodes from October to mid December 2013. All three stations
display a consistent decrease in seismic velocity until E40 in
November. Station ECPN, closest to the erupting crater, displays
a persistent decrease until the end of the sequences while the
other two stations start increasing. The explosive nature of this
sequence is an indication of a proportional intense pressurization
of the volcanic system, which fed the explosive activity until mid-
December. The discrepancy in relative seismic velocity between
ECPN and the other two stations after E40 would indicate
a source of inflation that migrated toward the surface and a
smaller associated extensional area which only impacts the closest
station.

As the pressurization of the system decreased, the activity
at the NSEC then evolved to a less explosive style, probably
associated with a reduced pressurization of the system, and
the seismic velocity was eventually restored to previous values.
This recovery could also explain why no station displayed any
significant precursor before the long-lasting episode E47 that
started on 22 January 2014.

Our investigation emphasizes how the location of source
pressurization in the volcanic plumbing system significantly
impacts the measured seismic velocity changes. Existing studies
already showed contrasts such as at Piton de la Fournaise
and Kīlauea volcanoes where the measured pre-eruptive change
of seismic velocity can, respectively decrease or increase as
a result of the depth of sources of deformation and the
location of the stations used (e.g., Brenguier et al., 2008;
Donaldson et al., 2017). Here, we also explored how lateral
variation of the source of pressurization combined with changes
in types of activity also required a monitoring strategy that
accounts for changes of seismic velocity in the near field.
The near-field sensitivity of the autocorrelation allowed us to
successfully detect previously undetected pre-eruptive signals
several days before most eruptions. The reliability of these

early signs of eruption is better assessed in the light of ground
deformation measurements. This success offers the opportunity
to better implement noise-based seismic monitoring techniques
on other volcanoes and, in turn, obtain a more comprehensive
understanding of their dynamics when combined with other
observables.

CONCLUSIONS

We implemented the autocorrelation of ambient seismic noise
using the phase cross-correlation to monitor the activity of
Mt. Etna volcano. Using the continuous signal recorded at
three individual, three-component, broadband seismic stations
located in proximity to active vents, we successfully retrieved
changes in seismic velocity several days ahead of most
eruptions and unveiled associated pressurization dynamics
within the subsurface. By contrast, passive interferometry
averaging pairs of stations failed to unambiguously detect
precursors.

All the used stations showed a very coherent evolution
throughout the investigation period, despite being at different
distances to the eruptive site. However, a discrepancy between the
three stations appears at times when the source of pressurization
is suspected to be shallower, toward the end of the explosive
sequence or before an effusive episode. These different signatures
which distinguish explosive and less explosive episodes are better
understood in the context of the evolving pressurization pattern
of the magma system. This property is particularly useful to study
the co-eruptive evolution of a volcano to potentially forecast the
end of a paroxysm. The seismic velocity variation was specifically
useful with explosive sequences and so was the evolution of
the cross-correlation coefficient between the current and the
reference autocorrelation function during the effusive sequence,
respectively.

Our results are correlated with variations in tremor source
before eruptions. Although we do not definitively preclude
a possible contribution of co-eruptive seismic sources in
the decorrelation observed during volcanic eruption, the
combination of the phase cross-correlation and the moving-
window cross-spectral analysis should reasonably mitigate such
an influence. Our results, also strongly correlated with ground
deformation, did not indicate a particular contamination
of seismic velocity variation measurements by variations of
tremor sources. Ultimately, our results also prove that the
autocorrelation of ambient seismic noise can be used to monitor
volcanoes with different types of activity, even on sparse
networks.
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