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ABSTRACT

Lava fountains are typical of basaltic volcano eruptions, especially during paroxysms when activity shifts from intermittent

Strombolian explosions to sustained, high lava discharge, often with ash emission. Cyclic eruptive behaviour - marked by

regular variations in explosive intensity and lava fountaining over minutes to hours - has been observed before but rarely

captured in the geophysical record. In November 2023, Mt. Etna (Italy) exhibited remarkably cyclic activity, culminating in

a paroxysm on 1 December, 2023. Over 10 days, clusters of rapid explosions lasting 15–20 minutes recurred every 50–70

minutes from multiple vents in the South East Crater. Infrasound data show repetitive waveforms, indicating consistent eruption

dynamics and discharge volumes across cycles. Seismic tremor locations point to a shallow source within the uppermost

kilometer beneath the crater. This activity is interpreted as resulting from episodic collapse of gas-rich magmatic foam trapped

at shallow depth in the conduit. The activation of multiple, sometimes short-lived vents suggests branching of conduit pathways,

likely driven by repeated fracturing in the more crystalline upper crater layer. These observations provide new insight into

Etna’s shallow eruptive processes and support models linking cyclic explosive behaviour in basaltic volcanoes to near-surface

gas accumulation and release.
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Introduction14

Basaltic volcanoes exhibit a spectrum of eruptive behaviours, ranging from lava effusion to discrete Strombolian explosions and,15

occasionally, transitions to paroxysmal activity characterized by sustained, high-flux, lava discharge events (i.e., lava fountains)16

accompanied by the injection of volcanic ash in the atmosphere1, 2. These common manifestations of eruptive activity at basaltic17

volcanoes can overlap or occur sequentially, driven by magma ascent, accumulation, and degassing within the shallow conduit18

(e.g.,3–5). Open-vent volcanoes, like Mt. Etna (Italy), offer natural laboratories to investigate transitions between discrete,19

semi-continuous, Strombolian activity and more energetic paroxysmal events6. The frequency and character of these transitions20

are primarily controlled by the efficiency and style of gas-magma separation during ascent7. Lava flows are typically associated21

with the extrusion of low-viscosity, degassed magma8, while Strombolian explosions arise from the rapid ascent and bursting of22

gas bubbles of varying sizes, formed by volatile exsolution at depth within the magma column or storage region9. At the lower23

end of the energy spectrum lies spattering activity, which is linked to a bubbly flow regime10. In contrast, more energetic events24

occur when gas bubbles grow to the diameter of the conduit, and a transitioning into the slug flow regime11 occurs. Upon25

reaching the surface, these slugs burst in different scenarios, ranging from simple bubble bursting at the free magma surface to26

explosive rupture following the failure of a tensile-strength-bearing plug in the uppermost part of the conduit system12–14. An27

increase in gas volume fraction within the conduit may shift the flow regime from slug to annular flow11, 15, potentially leading28

to sustained lava fountaining. This transition can be triggered by two primary mechanisms: (i) an increase in magma ascent29

rate and volatile flux, leading to progressive bubble coalescence throughout the conduit16, or (ii) massive foam collapse at the30

reservoir depth, resulting in a rapid gas release and subsequent annular flow17.31

Both Strombolian explosions and lava fountaining may exhibit cyclic or pulsatory patterns, although this type of behavior32

has rarely been captured in geophysical datasets. The 2021 eruption of the Fagradalsfjall volcano in Iceland represents one of33

the very few documented examples of periodic and repetitive lava fountaining episodes. Through analyses of gas chemistry and34

eruption dynamics18, proposed a model in which changes in shallow magma chamber overpressure controlled the cyclic nature35

of the eruption.36

1



Despite these advances, robust geophysical documentation of cyclic Strombolian behavior at Etna has remained elusive. Here37

we present a remarkable sequence of cyclic Strombolian eruptive activity at Etna volcano, recorded during November–December38

2023. This cyclic behavior is completely different from other cyclic phenomena documented at Etna, such as the seismic39

and tremor cyclicity observed in 2008–0919, the main difference being that in those cases, no clear surface manifestations40

accompanied the subsurface cyclic patterns. During the 2023 sequence, the volcano produced highly regular, time-clustered41

Strombolian explosions from its South East Crater (Fig. 1a); clusters of explosions lasted 15–20 minutes and recurred regularly42

every 50–70 minutes over a period of 10 days. The cyclic activity culminated in a paroxysm on 1 December 2023.43

The geophysical signature of these eruptive cycles was captured by the extensive seismic and acoustic monitoring network44

(Fig. 1b) of the Istituto Nazionale di Geofisica e Vulcanologia (INGV), yielding an exceptional dataset to investigate eruption45

dynamics. We analyze the characteristics of the seismic and acoustic records in both the time and frequency domains, identify46

the source region of continuous volcanic tremor, and track systematic variations in the character of explosions and seismo-47

acoustic energy release associated with transitions in eruption style (e.g.,20). These observations provide new insights into cyclic48

Strombolian activity, shallow conduit dynamics, and the processes leading to paroxysmal transitions. Our results highlight49

the key role of shallow conduit conditions in controlling eruptive variability, where the interplay between ascending gas and50

transient near-vent structures modulates degassing and explosion dynamics. Progressive pressurization within the upper conduit51

drives the transition from discrete explosive activity to more sustained eruptive phases, ultimately leading to abrupt shifts in52

eruption style.53

Figure 1. (a) Map of the summit craters (BN, Bocca Nuova; VOR, Voragine; NEC, North East Crater; SEC, South East Crater;

NSEC, New South East Crater) at Mt. Etna, including a detail of the three active ephemeral vents (EV) within the South East

Crater, as observed in Sentinel-2 L1C SWIR image, and the position of ECPN seismo-acoustic station. The inset map shows

the location of Mt. Etna (yellow triangle) on the island of Sicily, southern Italy; (b) Configuration of part of the INGV-OE

seismo-acoustic permanent network used in this study. Triangles indicate station locations: red triangles represent seismic

stations, while red and grey triangles denote seismo-acoustic stations.

Results54

Pre-paroxysm cyclic activity55

Cyclic Strombolian activity during 20-30 November, 2023 and the paroxysm on 1 December, 2023 were captured by INGV56

seismic and infrasound stations in the proximity of the summit crater area of Mt. Etna (Fig. 1a). Eruptive activity throughout57

the study period remained confined to the South East Crater (SEC), where explosions produced pyroclastic ballistics reaching58

heights 150–200 meters above the rim. The bulk of explosive and fountaining activity was linked to a primary vent in the59

western part of SEC, while a secondary vent located to the east generated modest ash emissions quickly dispersed by summit60

winds. Occasionally, the more active western vent also produced short-lived lava overflows along the southwestern flank.61

Several ephemeral vents were observed to form throughout the study period producing emissions ranging from continuous62

active degassing to ash-rich explosions (Fig. 1a; see also Supplementary Fig. S1). Bocca Nuova (BN) was also moderately63
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active during the study period, primarily exhibiting persistent background degassing occasionally interrupted by discrete64

overpressure outbursts. In contrast, activity at other summit craters remained largely unchanged: the North East Crater (NEC)65

exhibited only minor intra-crater degassing and Voragine (VOR) showed no signs of activity21.66

Figure 2 shows the seismo-acoustic time series of the eruptive activity at Etna between November 20 and December 3,67

2023, based on ECPN station (Fig. 1a). Throughout the observation period, a continuous background tremor was recorded,68

with seismic energy primarily concentrated in the 0.5–7 Hz frequency range (Fig. 2a). Periodic increases in RSAM amplitude69

(closely spaced peaks), particularly evident in the seismic data (Fig. 2b), correlate with Strombolian episodes and culminate in a70

sharp and intense peak during the paroxysmal lava fountaining event on December 1. It is worth noting that as the Strombolian71

episodes grew in magnitude leading up to the paroxysmal event as well as the background noise in the data also increased.72

Figure 2. Seismo-acoustic characterization of the eruptive activity at Etna from November 20 to December 3, 2023, based on

data from the ECPN stations. a) Seismic spectrogram showing continuous background tremor and distinct spectral bands

associated with Strombolian explosions and the final paroxysm. b) Root Mean Square Amplitude (RSAM) of seismic data,

highlighting cyclic energy fluctuations and a sharp amplitude peak during the paroxysmal event on December 1. c) Infrasound

spectrogram displaying regularly spaced, high-energy pulses that correspond to individual explosive events. d) RSAM of

infrasound data, illustrating the periodicity and intensity of Strombolian episodes; wind noise periods are also indicated.

The main feature observed in the spectrogram of the seismic signal is a well-defined spectral band between 2 and 4 Hz,73

together with the presence of clearly distinguishable harmonics, which are characteristic of volcanic tremor at Etna during74

degassing activity19. A distinctive aspect of the analyzed signal lies in the occurrence of a secondary seismic source, manifested75

by the presence of individual transients superimposed on the harmonic spectrum with a regularity that is also evident in76

the RSAM of the seismic signal. These transients, with frequencies reaching up to 20 Hz, can be attributed to Strombolian77
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explosions recorded during the study period, as confirmed by surveillance cameras operated by INGV-OE21. This superposition78

persisted throughout the analysis interval and ceased immediately after the paroxysmal event of December 1.79

A similar pattern is observed in the infrasound data (Fig. 2c,d). During periods of lower wind intensity (Fig. 2d), the80

acoustic spectrogram reveals regularly spaced, high-energy pulses that align with the seismic peaks, corresponding to explosive81

phases (Fig. 2c). The RSAM computed from the infrasound signal clearly highlights this cyclicity, with distinct peaks due82

to the Strombolian episodes. A sharp and persistent peak was observed during the paroxysm that occurred at 17:15 UTC on83

December 1st21, due to the intense and sustained eruptive activity.84

Seismic tremor localization85

Volcanic tremor is a key monitoring parameter at Mount Etna, reflecting magma migration and surface processes that constrain86

eruption style and timing. Long recognized as a proxy for magma transport and a precursor of eruptive activity (e.g.,22–28) ,87

tremor can be exploited to investigate subsurface magma dynamics relevant to hazard forecasting. We adopted amplitude-based88

methods, which estimates source positions from amplitude decay without requiring identifiable P- or S-wave phases. To89

estimate the tremor centroid at Etna, we applied a grid-search procedure based on the spatial distribution of Seismic Amplitudes,90

assuming body-wave propagation in a homogeneous medium29–31. The analysis targeted the 0.5–2.5 Hz frequency band, the91

same routinely used by INGV Osservatorio Etneo to track tremor source migrations32, 33. Location uncertainties, quantified92

with the jackknife method (see Methods for further details about the algorithm and technique), averaged 0.6 km (longitude),93

0.6 km (latitude), and 1.0 km (altitude), consistent with previous estimates (e.g.,32, 34).94

Figure 3a,b shows the spatial and temporal distribution of the centroid of the volcanic tremor source. The source is observed95

to cluster within the shallow portion of plumbing system of Etna (e.g.,21), in a position consistent with the main feeding system96

of the summit craters and extending along the primary conduit toward the eastern sector of the summit area35. Significant97

temporal variations in source depth are evident. During the cyclic phase (20–31 November), the centroid remains located at98

approximately 1.5 km above sea level (green dots, Fig.3a,b). Before this interval, as well as after the December paroxysm, the99

tremor source shows a migration along the main feeding system. This pattern indicates that the source follows a branching100

geometry, consistent with the structure of the shallow plumbing system previously identified at Etna (e.g.,36). The vertical101

distribution of the source is characterized by fluctuations over time (Fig. 3a,b). During periods of cyclic activity, the source102

stabilizes at shallow levels, whereas outside these intervals it exhibits a broader range of depths along the principal feeding103

system. These observations are in agreement with earlier geophysical and geochemical (e.g.,37–40) studies that constrain the104

position of a shallow storage or trapping zone at Etna. In particular, relatively high CO2/SO2 ratios measured in intra-eruptive105

quiescent gas emissions from the summit craters (e.g.,41) support the occurrence of shallow bubble accumulation at depths of106

1–2 km a.s.l., consistent with the centroid locations retrieved here.107

Figure 3. (a,b) Cross-sectional views of the volcanic tremor source positions beneath the summit area of Mt. Etna, shown as

projections onto the latitude–elevation and longitude–elevation planes, respectively. Tremor source locations are colour-coded

according to their time of occurrence. (c) Map view of the summit craters showing the spatial density of localized infrasound

explosions. Colours indicate the number of explosions per grid cell. The highest concentration of infrasound events is located

at the SE Crater, with a secondary cluster at Bocca Nuova.
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Infrasound explosions localization108

Volcanic infrasound at Mt. Etna is generally composed of discrete events lasting from less than one second to more than thirty109

seconds (e.g.,42, 43). These signals are typically marked by impulsive compression onsets and well-defined spectral peaks, with110

most of the acoustic energy concentrated in the 0.3–6.0 Hz frequency band33. Continuous monitoring is carried out by the111

permanent infrasonic network operated by INGV, Osservatorio Etneo – Sezione di Catania. The spatial origin of individual112

events is inferred through a grid-search method that applies the brightness function to locate the source (e.g.,33, 44). During113

the investigated period, all infrasound sources were consistently localized within the sector encompassing the BN and SEC114

craters. The spatial distribution of events indicates a strong predominance of activity at the SEC, with a substantially smaller115

contribution from BN. Event detection and localization were systematically carried out by the monitoring network operated116

by INGV-OE (see Methods for details on the processing workflow). In total, more than 1,600 discrete infrasound events117

were identified. Of these, approximately 1,300 events were spatially attributed to SEC, while around 300 were associated118

with BN. The spatial density of localized events is illustrated in Figure 3c, where maxima are clearly observed above the119

active craters, particularly in correspondence of SEC. The temporal distribution of infrasound detections further highlights that120

SEC was characterized by persistent, cyclic explosive activity throughout the observation window (Supplementary Fig. S2),121

where infrasound explosion counts are reported as a function of time). This eruptive pattern continued without interruption122

until the onset of the paroxysmal phase on 1 December. Intervals characterized by apparent gaps in event localization are123

not interpreted as reflecting a cessation of eruptive activity. Instead, these intervals are attributed to temporary degradation124

in detection capability, most likely caused by enhanced ambient noise levels linked to wind effects, which decreased the125

signal-to-noise ratio of the recorded waveforms. By exploiting the localization results of individual infrasound detections, we126

extracted representative waveform signatures of Strombolian explosions originating specifically from the SEC crater. This127

dataset enabled a robust characterization of the temporal organization of the eruptive cycles, including their recurrence intervals128

and waveform structure, thereby providing key constraints on the dynamics of explosive activity at SEC during the analyzed129

period.130

Cyclic explosive activity at SEC was continuous throughout the analysis period (Fig. 5), persisting until the onset of the131

paroxysm on December 1. The apparent gaps in event localization during some intervals are not attributed to a pause in eruptive132

activity, but rather to increased background noise, most likely due to the effect of wind, which reduced the signal-to-noise ratio.133

By exploiting the localization results of individual infrasound events, we were able to extract the waveform signatures of134

the Strombolian explosions specifically associated with the SEC crater. This enabled a detailed characterization of the temporal135

structure and recurrence of the eruptive cycles.136

Strombolian activity137

To characterize the cyclic Strombolian activity, we focused on the time window from November 24, 09:00 UTC to November138

25, 06:00 UTC, during which wind conditions were minimal and the signal-to-noise ratio of the infrasound data was particularly139

high (Fig. 4). This period of low-intensity wind allowed for clear identification and extraction of individual explosive events.140

Figure 4ab-cd shows the seismic and infrasonic waveforms and spectrograms, respectively, for the selected period at ECPN141

station. A strong correspondence between acoustic peaks and seismic features is evident, particularly in the spectral content.142

The acoustic pulses exhibit a frequency range comparable to that of the seismic signal (0.5–7 Hz, Fig. 4bd). Notably, the143

cyclicity of the explosions is more clearly resolved in the infrasound waveforms, whereas in the seismic data, it is partly144

obscured by the continuous background tremor.145

To further investigate the cyclic nature of the Strombolian activity, we identified individual explosive cycles based solely on146

the localizations of infrasonic events occurring at the SEC crater. Each cycle consists of a sequence of discrete explosions, and147

for each identified cycle we computed the onset and end times, the duration of the active phase (i.e., the interval between the148

first and last explosion within a cluster), the inter-cycle recharge time (defined as the time between the end of one cycle and the149

onset of the next), the number of explosions, the peak acoustic pressure, and the cumulative Volume Eruptive Rate (VER),150

following the methodologies of45, 46. In total, 19 complete cycles were identified. On average, the active phase lasted 22.8 ±151

14.3 min and each cycle comprised 43.7 ± 24.0 explosions, with a mean onset-to-onset recurrence time of 62.9 ± 15.4 min.152

Figure 5a shows an extract of the infrasonic pressure signal, where individual cycles are easily distinguishable as clusters of153

explosions. Yellow and blue markers denote the start and end times of each cycle, respectively. The parameters derived for each154

cycle are shown in panels 5b–e. Peak pressure values remain broadly consistent through time (mean = 24.3 ± 7.0 Pa; Fig. 5b),155

whereas cumulative VER shows a wider spread, averaging 2.99 × 104
± 1.90 × 104 m3/s (Fig. 5c). Recharge times average156

39.4 ± 14.5 min and, when compared with peak pressure and cumulative VER (Fig. 5d–e), display moderate variability but no157

clear trend, suggesting a regularity in the magma supply and pressurization at shallow depth.158

In this period, we extracted and stacked 878 individual infrasound events filtered between 0.1 and 10 Hz (Fig. 5f). The159

resulting average waveform (in red) shows a distinctive signature, characterized by a rapid compressional onset followed by a160

longer, lower-amplitude rarefaction phase - typical of mild Strombolian explosions.161
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Figure 4. a) Seismic signals b) spectrogram c) infrasound signals d) infrasound spectrogram. d) infrasound stacking d) cycle

characterization expressed in terms of mean peak frequency, number of explosions, and tremor amplitude, coloured coded

according to the normalised time.

To explore the internal evolution of each explosive cycle, we performed a 4-minute moving window analysis with a 1-minute162

overlap, extracting the number of explosions and their mean peak pressure within each time window. The analysis was applied163

to all identified cycles, and the results are presented in Supplementary Figure S2.164

A consistent intra-cycle pattern is evident: as time progresses within each cycle (i.e., as color shifts from blue to red), there165

is a systematic increase in the number of explosions, infrasound peak pressure, and seismic RSAM amplitude. This means that166

each cycle follows a repeatable internal evolution, where explosive activity intensifies towards the end of the cycle.167

Discussion168

Our observations provide the first robust data evidence that theoretical models describing magma–gas dynamics in the shallow169

feeding system are consistent with the paroxysmal manifestations at Mount Etna. In particular, we document cyclic Strombolian170

activity that persisted for about ten days before culminating in a paroxysmal lava fountain at the South East Crater (SEC). The171

cyclic character of the explosive gas release, and its distinctive features within each cycle, reflect variable physical conditions in172

the shallow conduit. These findings, when considered together with existing models for basaltic volcanoes, allow us to outline a173

conceptual framework (Fig. 6) that accounts for both the cyclic activity and the observed transitions across multiple active174

vents at the SEC.175

The eruptive cyclicity is characterized by 20±2 min bursts of Strombolian explosions separated by 60-70 min repose176

intervals, indicating a regular and episodic gas supply from depth. Both peak infrasound pressure and volcanic explosion rate177

(VER) show little variation with recharge time (Fig. 5), consistent with steady-state degassing and stable conduit dynamics.178

Despite this overall stability, significant temporal variations in source depth are observed (Fig.3a,b). The vertical distribution of179

these sources can be attributed to magma dynamics processes, including magma ascent, accumulation of magmatic gases, and180

bubble coalescence leading to the formation of a foam layer15, 29. This interpretation is consistent with previously proposed181

models of conduit degassing at Etna, which invoke the formation and collapse of a gas-rich foam layer within the plumbing182
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Figure 5. a) shows the discretization of each cycle. b) through e) display the peak pressure and Volcanic Explosivity Rate

(VER) over time and in relation to the "recharge time". f) Waveform stacking presents the results of a 4-minute moving window

analysis with a 1-minute shift, applied within each cycle to calculate both the number of explosions and their average amplitude.

Time is normalized to the maximum duration of each cycle.

system47–49. Accordingly, we interpret the observed behavior as resulting from the partial collapse of a gas-rich foam layer at183

1.5–2 km depth (Fig. 6b). In this framework, exsolved volatiles accumulate beneath a geometric barrier in the conduit until184

the foam becomes unstable and partially collapses, releasing gas slugs (or pockets) that drive Strombolian explosions. This185

mechanism is supported by laboratory experiments (e.g.17) and field observations at Etna (e.g.49), which show that a constant186

gas flux into an accumulation zone produces discrete, pulsatory gas release.187

At shallower levels, slug ascent is likely modulated by a viscous, crystal-rich layer at the vent (Fig.6a). Infrasonic188

waveforms display rapid compression–rarefaction signatures characteristic of slug outbursts through a high-viscosity barrier12.189

Synchronous gas puffing and explosions from multiple SEC vents (Fig.4) further support models of plug fracturing and190

distributed degassing13, 14. In these valve-like behavior, localized gas overpressure exceeds the tensile strength of the plug,191

creating transient fractures that open and collapse, allowing bursts of gas to escape. Progressive crystallization and cooling192

increase plug viscosity - and thus its strength - over each cycle, as evidenced by the rising infrasonic peak pressures in Figure 5.193

At SEC, we observed explosions from multiple ephemeral vents within a shallow, branching conduit system, where individual194

outlets respond differently to a shared gas supply. These vents are short-lived and dynamically evolve, with their eruptive195

behavior modulated by changes in shallow conduit conditions. In particular, variations in the degree of crystallization within196

the uppermost portions of these ephemeral vents likely exert a primary control on eruption style, influencing permeability, plug197

strength, and gas escape efficiency. Comparable dynamics have been documented at Yasur volcano, where closely spaced vents198

are fed by a common gas reservoir but may erupt synchronously or alternately due to shallow conduit heterogeneities and199

evolving magma rheology50. In this framework, explosions can result from the partitioning of a single gas slug into multiple200

pathways, with differences in timing and intensity governed by conduit geometry and the rheological state of the shallow201

magma column.202

However, when foam accumulation and plug resistance are both overwhelmed, the entire foam layer collapses catastrophi-203

cally (Fig.6b), disrupting the plug and triggering sustained lava fountaining, as commonly observed during paroxysmal episodes204

at Etna47, 51. Rapid decompression drives an annular gas–pyroclast flow3, replacing intermittent slugs with continuous explosive205

discharge. The 1 December paroxysm marks this transition and temporarily disrupts the shallow plumbing system.206

The 2023 Etna sequence differs significantly from previously documented tremor-only cyclicity at the volcano (2008–09),207

which lacked surface manifestations19. In contrast, the 2023 cycles were clearly observable at the surface, enabling correlation208

of seismic and infrasound signals with eruptive dynamics.209
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Similar cyclic eruptions have been reported at Fagradalsfjall (Iceland, 2021), where periodic lava fountaining was linked to210

overpressure oscillations in a shallow magma chamber18. While Fagradalsfjall featured a low-viscosity lava lake allowing freer211

gas ascent, at Etna the viscous plug modulates gas release, producing discrete explosions and regulating cycle periodicity. In212

conclusion, the November–December 2023 sequence at Mt. Etna demonstrates that cyclic Strombolian activity and subsequent213

paroxysmal lava fountaining can be explained by coupled deep and shallow processes, including foam accumulation, slug214

ascent, and plug modulation. The regularity of these cycles, and their detailed seismo-acoustic signatures, provide quantitative215

constraints on shallow conduit dynamics and support mechanistic models of gas accumulation and release at basaltic volcanoes.216

Our results demonstrate that these processes are fully consistent with observations at Mount Etna, and are likely applicable217

to a broader class of open-vent basaltic systems. Building on this framework, our findings not only offer a robust basis for218

interpreting cyclic eruptive behaviour at Etna, but also provide a transferable template for monitoring and forecasting eruptive219

transitions at similar volcanoes. Future studies integrating high-resolution geophysical and geochemical observations with220

advanced modelling approaches will be essential to further refine these insights and enhance hazard assessment for communities221

exposed to persistent volcanic activity.222

Figure 6. Conceptual model illustrating the evolution of vent configuration and shallow conduit structure over the study

period. The relative sizes of the conduits are schematic and represent the volume of flux supplied to the ephemeral vents.

Magma conditions within the conduit are depicted using colour gradients, ranging from hot, low-viscosity magma (yellow) to

cooler, higher-viscosity magma (red to brown). Slug positions (white clouds) indicate the timing and sequence of explosive

events, reflecting conduit pathway tortuosity. (A) 1–30 November: simultaneous activity at multiple ephemeral vents,

characterized by ash-rich Strombolian activity; (B) 1 December: eruptive activity becomes focused at ephemeral vent 1,

marked by the onset of lava fountain activity, while ephemeral vents 2 and 3 become inactive with cessation of degassing, likely

promoted by increased crystallization in the shallow conduit portion, which enhanced magma viscosity and hindered gas and

magma ascent toward these vents
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Methods223

Seismic and infrasound network224

Recently on Mount Etna, an integrated seismo-acoustic network has been developed, guarantying an improvement in the225

monitoring system. The seismo-acoustic monitoring of Mount Etna is used to follow the magma movements beneath or within226

the Etna plumbing systems that could highlight an imminent volcanic eruption. The seismo-acoustic monitoring network of227

the INGV-OE, collects multiparametric signals to monitor the ongoing eruptive activity. The Etna eruptions are monitored228

by high-quality, spatial and temporal resolution multi-parametric network to allow investigating the relation between the229

geophysical events and the underlying processes that generate the recorded signals. In this study we analyse seismic and230

infrasound datasets acquired by the INGV seismo-acoustic permanent network between 20 November and 03 December 2023.231

The infrasonic stations are equipped with microphone G.R.A.S.® 40AN (sensibility of 50 mV/Pa), and the seismic station232

ECPN is equipped with a Nanometrics Trillium 40S (T=40s), 3-component seismometer. Both data at the infrasonic network233

and at the ECPN seismic station are digitized at 24-bit resolution with Nanometrics digitizers (50 Hz for the infrasonic stations,234

and 100 Hz for the seismic station), and the signals are transmitted via satellite to the data acquisition centre in real-time by235

INGV with a Nanometrics Trident digital system. The seismo-acoustic station ECPN is locate very close to the summit craters,236

at an elevation of about 3000 m a.s.l., and at distances of approximately 1000 m from active vents of SEC craters. The geometry237

of the infrasonic network is a ring around the summit craters at an elevation spanning 2800-3000 m a.s.l., at approximately238

1000-2200 m from different active vents within the summit craters.239

Seismic Tremor source location240

The position of the volcanic tremor source was estimated using a grid-search method based on the decay of seismic amplitude241

with distance, following the procedure adopted by the seismological research group of INGV–Osservatorio Etneo (INGV-OE)242

for real-time monitoring of tremor activity at Mt. Etna29, 33. Tremor source locations were computed by assuming that seismic243

amplitude decreases with distance according to the relation:244

A( f ,r) = A0( f ),r−be−αr (1)

where f is frequency, b is an exponent equal to 0.5 and 1 for the geometric spreading related to surface and body waves,245

respectively, and α is the frequency-dependent attenuation coefficient defined as246

α =
π f

Qc
(2)

with Q denoting the ray-path-averaged quality factor and c the seismic wave velocity. The equation is linearized by247

logarithmic transformation, and the coefficient of determination (R2) of the resulting linear regression between logarithmic248

amplitude and source-to-station distance is used as a measure of the goodness of fit and, consequently, of location quality.249

Prior to location analysis, seismic signals were band-pass filtered in the 0.5–2.5 Hz frequency range, which contains most250

of the volcanic tremor energy at Mt. Etna33. Each node of a three-dimensional grid was iteratively considered as a potential251

tremor source, and the R2 value was computed for each node. The spatial distribution of R2 values was then used to determine252

the tremor source location, which was assigned, at a temporal resolution of 30 minutes, to the centroid of all grid nodes (3D253

grid) whose R2 values differed by no more than 1.254

To assess the stability and reliability of source localization solutions, the Jackknife resampling technique52 was performed.255

This method is particularly useful when the statistical distribution of the estimated parameters is unknown and when the dataset256

may contain influential observations. This technique is also known as the “leave-one-out” method, and it is a sequential257

resampling approach in which, for a dataset of n (number of stations), estimates of an unknown parameter P (e.g., latitude,258

longitude, and depth) are computed for each source location by omitting the i-th station at a time. These estimates are used to259

compute the so-called pseudovalues33:260

Ji = nP̂− (n−1)Pi (3)

where P̂ is the parameter computed by considering all the stations.261

Finally, the Jackknife estimator of parameter P is given by262

J(P̂) =
1

n

n

∑
i=1

Ji = nP̂− (n−1)P̄ (4)
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and the estimate of the standard error associated with the Jackknife estimator is given by263

δJ(P̂) =

√

1

n(n−1)

n

∑
i=1

(

Ji − J(P̂)
)2

(5)

This standard error provides a quantitative measure of the stability of the localization results and the sensitivity of the264

solution to individual stations. Although the Jackknife technique is computationally demanding, it is valuable for evaluating the265

robustness of source parameter estimates and identifying the influence of individual observations (e.g.29, 33). However, it does266

not improve the solution itself but rather provides an assessment of its stability and associated uncertainty.267

Infrasound Events source location268

Signal processing is carried out by independent software modules developed in-house at INGV-OE, operating continuously269

and automatically. Transient infrasonic signals are detected using a multi-band short-term average to long-term average270

(STA/LTA53) trigger algorithm applied across all available stations. The parameters used for the STA/LTA algorithm were as271

follows: (1) a band-pass filter with a frequency range of 1–6 Hz; (2) a short-term average (STA) window length of 0.5 s and a272

long-term average (LTA) window length of 5 s; and (3) an STA/LTA threshold of 2.8. Station-level detections are temporally273

associated by accounting for expected inter-station travel-time differences, allowing triggers generated by the same physical274

source to be merged into single network events. Event localization is performed using a grid-search approach (2D grid of275

4×4 km with a spacing of 0.05 km) designed for sparse station geometries. A two-dimensional grid, coincident with summit276

topography and defined at fixed spatial resolution, is used to sample potential source positions. For each grid node, theoretical277

acoustic travel times are computed assuming straight-line propagation in a homogeneous atmosphere with constant sound speed.278

Event origin time is estimated from the arrival observed at a reference station selected on the basis of signal-to-noise ratio, and279

predicted arrival times at the remaining stations are then calculated. Waveforms are subsequently time-shifted to align signals280

for each hypothetical source location.281

Event localization is performed using a modified version of brightness (Eq. 6)44, 54
282

B0 =
1

N

N

∑
i=1

max(Wi) (6)

where Wi is the window of the i-th signal convolved with a Hanning function:283

Wi = Hanning(Ui(τi + j,∆t)) , j = 1, . . . ,M (7)

Here, ∆t is the sampling interval, τi is the origin time of the window sampling the i-th channel, Ui is the signal recorded at284

the i-th channel, M is the number of samples in the window, and N is the number of channels.285

Brightness emphasizes temporal focusing of signal energy by assessing whether peak amplitudes occur near the center of286

the aligned time window, making it particularly suitable for robust source localization under conditions of waveform variability.287

All results are automatically integrated into the observatory database and geographic information systems, enabling288

near–real-time visualization and supporting continuous volcanic monitoring and hazard assessment.289

Data availability290

Both seismic and infrasound waveform data are part of INGV seismic network, and the data are publicly available at EIDA291

Italia (https://eida.ingv.it/) under Creative Commons 4.0 licensing, https://creativecommons.org/licenses/by/4.0/.292
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Supplementary Material438

We present supplementary figure accompanying the main text that provide visual documentation of the 2023 eruptive activity of439

Mount Etna, focusing on three ephemeral vents within the South East Crater (Figures S1). Additionally, Figure S2 illustrates440

the variations in the mean amplitudes of the recorded explosions during the study period.441

Figure S1. Images of the South East Crater documenting eruptive activity at three ephemeral vents (1, Ephemeral Vent 1; 2,

Ephemeral Vent 2; 3, Ephemeral Vent 3), occurring in a near-synchronous manner. Photo (a) shows simultaneous explosive

activity at ephemeral vents 1 and 3, whereas photo (b) illustrates ongoing eruptive activity at ephemeral vent 3 alongside the

partial cessation of explosive activity at ephemeral vent 1 (photo credit: M. Mammino).
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Figure S2. The results of a 4-minute moving window analysis with a 1-minute shift, applied within each cycle to calculate both

the number of explosions and their average amplitude. Each dot represents one window, with the x-axis showing the mean peak

pressure, and the y-axis indicating the number of explosions. Dot size is scaled by the RSAM amplitude of the seismic signal in

the corresponding window, and the color represents normalized time within the cycle (from 0 at the cycle onset to 1 at the end).
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