
1. Introduction
Volcanic eruptions have important social and economic impacts. They can affect local population near active 
volcanoes (e.g., Horwell et  al.,  2017), causing loss of life, damage to infrastructure, and disruption to avia-
tion (e.g., Barnard, 2004; Poret, Corradini, et al., 2018; Poret, Costa, et al., 2018). The fallout of ballistics in 
areas close to erupting vents represents a hazard to tourists that visit volcanoes every year (e.g., Andronico 
et al., 2021). Volcanoes with multiple active vents pose additional significant monitoring challenges owing to the 
rapid changes frequently observed in both the location and style of eruptive activity (e.g., Cannavó et al., 2019; 
Matoza et al., 2022; Ripepe et al., 2007).

Mt. Etna, located on the island of Sicily in southern Italy, is the most active volcano in Europe, and one of the 
most active worldwide. Over the past 35 years more than 240 eruptive episodes have been recorded from differ-
ent vents within the summit area of the volcano (e.g., Andronico et al., 2015 and references therein; Andronico 
et al., 2021; Corsaro et al., 2017). Activity at Mt. Etna, similarly to other open-vent volcanoes, is typified by a 
nearly continuous background of low-level degassing and mild explosions, interspersed by so-called paroxys-
mal activity and significant lava flows. Paroxysms, at Mt. Etna, are defined as episodes of increased eruptive 
activity characterized by the rapid onset of vigorous Strombolian explosions and sustained lava fountaining; 
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dominated surface activity at the central and northeast summit craters; lava flows, Strombolian explosions, 
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Plain Language Summary In this study we present analyses of seismic data collected at Mt. Etna, 
Italy, during a period of paroxysmal eruptive activity in the summer of 2021. Throughout the period under 
investigation, activity at the volcano was characterized by shifts in both style and location across the multiple 
summit craters. Analyses of seismic data recorded by a cluster of tightly spaced seismometers, or seismic array, 
allowed to track the location of seismic tremor throughout the study period. We show, with unprecedented 
resolution, that migration of the tremor source systematically anticipated the onset of the most intense phases of 
eruption. Our results are consistent with previously proposed models of a branched conduit system within the 
shallow plumbing at Mt. Etna; different branches of the conduit system feed activity from different vents within 
the multiple summit craters, each with a distinctive style of eruption. The results of our study demonstrate 
that seismic arrays can shed light on precursory patterns leading up to paroxysmal activity at Mt. Etna, and 
other similar volcanoes worldwide. We surmise that seismic arrays are a powerful monitoring tool with clear 
potential to improve volcano early warning practices and protocols.
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they frequently produce ash plumes reaching heights of several kilometers above the active vent and substantial 
tephra fallout. Occasionally, pyroclastic flows can be generated by the collapse of the eruptive column (e.g., 
INGV-OE, 2021). Mt. Etna is monitored by the Istituto Nazionale di Geofisica e Vulcanologia–Osservatorio 
Etneo (INGV-OE) that provides real-time analyses and interpretation of field observations and geophysical data.

Magma migration and surface activity at Mt. Etna are prolific sources of seismic signals, offering valuable 
insights into the style of eruption and the timing and likelihood of paroxysmal activity. Seismic tremor has long 
been associated with unrest and eruption at volcanoes (e.g., Roman, 2017), considered a proxy for magma migra-
tion pathways (e.g., Eibl et al., 2017) and a reliable precursor of eruptive activity (McNutt et al., 2013). Detection 
of volcanic tremor and tracking of its location with traditional seismic networks is challenging as it requires 
high station density and optimal azimuthal coverage. The non-impulsive nature of tremor, its lack of body-wave 
arrivals, and the rapid loss of waveform coherence with increasing station spacing make the use of traditional 
seismic detection and location techniques unfeasible (McNutt et al., 2015). On the other hand, small-aperture 
seismic arrays, which leverage seismic wavefield coherence over short inter-station distances, are well-suited for 
tremor detection and tracking of its evolving location over time (e.g., Almendros et al., 2002; Eibl et al., 2017; 
Inza et al., 2014; Zuccarello et al., 2013, 2016).

Here, we present analyses of data gathered at Mt. Etna between 16 July and 24 August 2021, by a small-aperture, 
7-element, seismic array (Figures  1a and  1b). During the study period INGV reported three paroxysms 
(INGV-OE, 2021) within the southeast sector of the volcano, as well as mild explosive and degassing activity 
from vents in the central and northeast sectors of the summit area. In this study, we show that changes in seis-
mic tremor source location systematically anticipate the onset of paroxysmal activity, consistent with previous 
hypotheses on the geometry of the shallow conduit system at Etna. The overarching goal of our study is to 
improve monitoring and early warning practices and protocols (e.g., Ripepe et al., 2018) for paroxysmal activity 
at Mt. Etna.

2. Chronology of Eruptive Activity
Mt. Etna is one of the most active multi-vent volcanoes in the world with activity characterized by persistent 
degassing from its summit craters and recurrent summit and flank eruptions (e.g., Andronico et al., 2021; Corsaro 
et al., 2017, and references therein). In recent years, eruptive activity at Mt. Etna has shifted between the multi-
ple craters in the summit area (Figure 1a), including: the Southeast Crater and New Southeast Crater (SEC and 
NSEC, respectively; hereinafter collectively referred to as SE complex), and Bocca Nuova, Voragine and the 
Northeast Crater (BN, VOR, NEC, respectively; hereinafter collectively referred to as the NNE sector).

A new period of intense eruptive activity began on 13 December 2020. Activity at Mt. Etna throughout 2020–2021 
included more than 60 paroxysms characterized by sequences of energetic Strombolian explosions accompanied 
by lava fountains, ash emissions and emplacement of numerous lava flows from a number of newly opened frac-
tures within the SE complex. For a detailed account of the eruptive activity the reader is referred to the INGV 
bulletins of activity (INGV-OE, 2020, 2021). Here, we focus on three paroxysms recorded between 16 July and 
24 August 2021, for which data from a temporary seismic array deployment are available. In this period, Strom-
bolian activity originated at the SE complex (Figures 1d–1f), mostly from the NSEC crater where several vents 
were active. Sustained lava fountaining fed ash plumes reaching heights of 10 km a.s.l. causing ash and lapilli 
fallout at distances of up to 20 km from the SE complex (INGV-OE, 2021). Throughout the study period activity 
at the NNE sector was characterized by nearly continuous degassing punctuated by isolated explosions, mostly 
from vents within BN and NEC. For additional details on the activity during the period under investigation, the 
reader is referred to the Supporting Information S1 (Table S1).

3. Data and Methods
In this study we use seismic data recorded by a small aperture, 7-element, broadband seismic array (ACPN, 
Figures 1a and 1b) between 16 July and 24 August 2021. The ACPN array was deployed at an elevation of about 
3,000 m a.s.l. and distances of approximately 700–1,200 m from the multiple active vents within the NNE and 
SE complexes. The location of the array was chosen, considering topography and hazard-related constraints, to 
provide the ability to discriminate activity between the NNE sector and the SE complex. The ACPN seismic 
array was equipped with Nanometrics Trillium T120 Compact seismometers (corner period T = 120 s). Data at 
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the ACPN array were digitized at 100 Hz, 24-bit resolution, with DIGOS DataCube 3 digitizers. The array had an 
aperture of approximately 200 m (Figure 1b) and its response function (Figure S1 in Supporting Information S1) 
ensures a theoretical azimuth resolution approximately ±7° for an apparent slowness of 1 s/km over the frequency 
range investigated here.

In order to assess the evolution of activity at Mt. Etna during the study period we calculated the Root Mean 
Square (RMS) amplitude of the vertical component of the seismic signal at the ACPN1 array node and its 
spectrogram. The RMS (Figure  2a) was calculated on pre-filtered data (0.5–5  Hz, Butterworth, 2-pole) over 
10-min non-overlapping windows. The spectrogram (Figure 2b) was evaluated as a 10-min average of Power 
Spectral Densities calculated over 40-s windows with 50% overlap. Data were linearly detrended and high-pass 
filtered (0.03 Hz, Butterworth, 2-pole) before the Power Spectral Density calculation to mitigate the effect of 
longer-period noise and instrument drift. We also estimated the dominant frequency of tremor (Figure 2b) as the 
ratio of Reduced Velocity to Reduced Displacement (e.g., Haney et al., 2018).

Seismic array data processing was performed to produce time series of Direction of Arrival (DOA) by slowness 
inversion (e.g., De Angelis et al., 2020) using the Fast Least Trimmed Square (FLTS) estimator described in 
Bishop et  al.  (2020). The FLTS algorithm iteratively performs a least-squares regression over subsets of the 

Figure 1. (a) Map showing the location of the seismic array ACPN (red triangle) relative to the summit craters (BN, Bocca 
Nuova; VOR, Voragine; NEC, North East Crater; SEC, South East Crater; NSEC, New South East Crater) at Mt. Etna. 
The inset map shows the location of the Mt. Etna National Park (yellow square) on the island of Sicily, in Southern Italy; 
(b) Details of the configuration of the ACPN seismic array; each triangle represents the location of one seismometer; (c–f) 
Sentinel L2A SWIR images showing the location of active vents at Mt. Etna in July and August 2021.
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original data set to minimize the least-squares residual. This algorithm was chosen because of its ability to 
identify and deal with anomalous travel-time observations across an array, such as in the case of deviations from 
the assumption of a planar wavefront. Seismic data were pre-processed in 10-min segments by applying a 10% 
cosine taper and a band-pass filter (Butterworth, 2-pole) between 0.8 and 2.6 Hz. The processing frequency 
band was chosen to include the dominant energy of tremor (Figure 2b) while minimizing aliasing effects from 
the array response at higher frequencies. Slowness inversion was performed for each 10-min data segment over 
20-s windows with 50% overlap. For application of the FLTS algorithm we used a value of 𝐴𝐴 𝐴𝐴 = 0.75. The param-
eter 𝐴𝐴 𝐴𝐴 defines the size of the data subsets employed during the inversion by the FLTS algorithm. Following the 
workflow in Bishop et al. (2020) we tested values of 𝐴𝐴 𝐴𝐴 between 0.5 and 1 (note that 𝐴𝐴 𝐴𝐴 = 1 corresponds to ordinary 
least-squares regression); values between 0.6 and 0.8 produced results without any appreciable variations. Only 
locations corresponding to a median multi-channel cross-correlation (MCC, Figures 2c and 3a) of 0.75, and for 
which data for at least 4 array nodes were used in the inversion, were selected for plotting. We tested different 
values of MCC and noted that values smaller than 0.65 would introduce significant scatter in the estimated DOA 
while values higher than 0.85 would only detect coherent tremor during the most intense activity.

4. Results
During the study period seismic data show the occurrence of a nearly continuous background tremor, with vari-
able energy, dominantly in the 0.5–5 Hz band (Figures 2a and 2b). High-amplitude tremor was recorded during 
paroxysmal activity on 20 and 31 July, and on 8–9 of August with durations of 6–8 hr (Figure 2a).

Time series of DOA from inversion of array data are shown in Figures 2c and 3a. Figure 2c illustrates how the 
tremor wavefield between 16 July and 24 August 2021 consistently propagated from directions between 25° and 

Figure 2. (a) 10-min RMS of seismic volcanic tremor between 16 July 2021 and 24 August 2021 at station ACPN1 (HHZ, 
vertical component; see Figure 1b for details on station location); (b) spectrogram between 16 July 2021 and 24 August 2021 
at station ACPN1 (HHZ, vertical component) and dominant frequency (white line); (c) Direction of arrival (DOA) time series 
calculated from slowness inversion of seismic array data gathered by the ACPN array. DOA shows changes that correspond to 
the directions of the NNE and SE summit sectors during 16 July–24 August 2021.
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90° (measured clockwise from North), consistent with sources located in the summit area (Figure 1a). In particu-
lar, DOA values cluster around 25°–70° (NNE sector) and 80°–100° (SE complex); shifts between the NNE and 
SE directions are observed hours to days before the onset of paroxysms on 20 and 31 July, and 1 and 9 August 
2021 (Figure 2c). Figure 3a shows details of DOA between 26 July and 2 August around the most energetic 
paroxysm during the study period, which occurred in the night between 31 July and 1 August. A clear shift in 
DOA between the NNE sector and SE complex is observed on 28 July, coincident with the onset of Strombolian 
explosions from vents within the NSEC (Figure 3a) and about 3 days before the onset of the largest phase of 
paroxysmal activity (Figures 3a and 3b).

5. Discussion and Conclusions
Volcanic tremor provides indirect evidence of both magma migration and ongoing eruptive activity (see 
Konstantinou & Schlindwein, 2002, for comprehensive reviews of tremor studies; Saccorotti & Lokmer, 2021, 
and reference therein). Here, we have analyzed seismic array data to identify and locate tremor associated with 
pre- and syn-eruptive activity at Mt. Etna.

Seismic tremor at Mt. Etna is monitored by INGV-OE with different methods, including: (a) automatic detec-
tion of tremor transients based on pattern recognition (e.g., Messina & Langer, 2011); (b) evaluation of RMS 
time-series of band-pass filtered raw seismograms; (c) location using amplitude-based techniques (e.g., Di Grazia 
et al., 2006). INGV-OE operates a seismic early warning for eruptive activity based on the RMS values exceed-
ing well-calibrated thresholds. Amplitude-based locations of seismic tremor are evaluated and inspected in near 
real-time and reported in the INGV-OE weekly bulletins of activity. Multichannel analysis of tremor data gathered 
by small-aperture seismic arrays offers a complement to other monitoring techniques. Seismic array processing is 
based on the coherence of the seismic signal over much smaller distances than a traditional seismic network; as 
such arrays provide superior signal-to-noise ratio, thus allowing lower detection thresholds for tremor (and other 
earthquake signals). They offer a more effective discrimination between signal and noise compared to the RMS 
and higher temporal resolution than amplitude-based locations from network data.

The most intense paroxysmal activity during our study period took place on 31 July–1 August. In Figure 3a we 
identify three periods of activity before, during and after this paroxysm: (a) 26–28 July, (b) late 28 July–1 August, 
and (c) 1–3 August (hereinafter referred to as stages I to III, respectively). During Stage I the DOA points toward 

Figure 3. (a) Direction of arrival (DOA) time series showing changes in tremor source location before and after the occurrence 
of paroxysmal activity on 31 July 2021. The DOA time-series corresponds to data windows with a median cross-correlation of 
at least 0.75 across the array, and at least 4 stations used for the inversion; (b) velocity seismogram (HHZ, vertical component; 
see Figure 1b for details on station location) recorded at station ACPN3 between 26 July and 2 August 2021.
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the NNE sector, dominantly in a direction of ∼55°N consistent with the location of BN (Figures 1c–1f.), which 
was also the main focus of both continuous degassing and discrete gas explosions as reported by INGV-OE 
(INGV-OE, 2021). Stage II was characterized by an initial shift in DOA toward the SE sector (on 28 July, between 
approximately 00:00 and 6:00 a.m. UTC), around values of ∼85°N. This shift precedes the onset of an episode 
of intense Strombolian explosive activity during the morning of 28 July (Figures 3b and 3c). Following the shift 
in DOA, array locations remained stable in the direction of the SE complex and were correlated with the most 
intense eruptive activity between 31 July and 1 August. It is worth noting that the shift in DOA between the 
NNE and SE directions is detected as early as 3 days before the onset of the largest explosive activity from the 
SE sector. Our results suggest that array tremor locations may provide a window into the processes leading to 
the onset of paroxysmal activity, linked to either magma migration at shallow depth within the conduit, or the 
uprising of volatiles from a batch of gas-rich magma at depth. Stage III of activity is marked by a return of the 
DOA back toward the NE sector at the time of waning of paroxysmal activity.

Our results demonstrate, clearly, that shifts in DOA systematically anticipate the onset of paroxysmal activity at Mt. 
Etna during the study period, thus providing a valuable early warning for the most vigorous phase of eruption. Here, 
we stress that such a shift in DOA does not necessarily track the migration of an individual tremor source, possibly 
identifying the pathway of magma toward the surface. The complex geometry and processes within the shallow 
plumbing at Mt. Etna, as hypothesized in previous studies (e.g., Aiuppa et al., 2010), suggest that the most likely 
scenario at Mt. Etna is that of two (or multiple) tremor sources with different amplitudes. In such a scenario, our 
array would detect the most energetic of these sources, or the one active at the time of processing should they not 
be simultaneous. Our observations of variable DOA, despite not providing definitive evidence, are consistent with 
a widely accepted model of branched conduit feeding degassing, Strombolian and paroxysmal activity at Mt. Etna 
(e.g., La Spina et al., 2010; Marchetti et al., 2009). Within the framework of this model, tremor locations are likely 
to track the activation of different portions of the shallow plumbing system; continuous and explosive degassing 
activity is preferably located in the NNE sector, whilst paroxysmal activity occurs in the SE complex. This pattern 
has systematically been observed throughout the past two decades (e.g., Andronico et al., 2021; Bisson et al., 2021). 
Previous laboratory studies have demonstrated that conduit bifurcations can control the dynamics of ascending 
gas-fluid mixtures (Spina et al., 2017). In particular, the diameter and inclination of different conduit branches play a 
key role in controlling the style of magma and gas ascent. Multi-phase mixtures rich in gas tend to rise preferentially 
through quasi-vertical conduits, while liquid-rich mixtures are channeled through inclined conduit branches. The 
presence of a branched conduit was first suggested at Mt. Etna by Marchetti et al. (2009) who, in analogy with our 
seismic observations, reported multiple infrasonic sources associated with the SE and the NNE sector. From analy-
ses of geochemical and geophysical data, also Aiuppa et al. (2010) proposed a similar model of branched conduit for 
the 2007–2008 eruptive activity at Etna. They suggested a connection between conduits feeding activity at BN and 
SE. This model was also later considered by Patanè et al. (2013) and Cannata et al. (2015). In particular, Cannata 
et al. (2015), analyzing several eruptive episodes at the SE and BN complexes between 2011 and 2015, inferred a 
strong link between these latter two craters.

Our results demonstrate, with unprecedented resolution, that seismic arrays offer the potential for detection of 
precursory changes in the location and style of activity in the hours, even days, preceding the onset of paroxysmal 
activity. The methods presented in this study are suitable for real- or quasi real-time applications and are exporta-
ble to other open-vent volcanoes with similar activity. We surmise that more extensive use of seismic arrays could 
lead to transformative advances in eruption early warning at multi-vent volcanoes.

Data Availability Statement
All seismic data and related metadata used in this paper are available for download from at the following url: 
https://doi.org/10.5281/zenodo.6627581.
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