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Abstract

Open-conduit volcanoes are characterized by continuous magma supply and persistent degassing, 
whereas eruptive activity occurs intermittently and is controlled by magma transfer and accumulation 
processes within the feeding system. At Mt. Etna, temporal variations in peripheral soil CO2 emissions 
provide a sensitive tracer of deep magma intrusions and can be used to quantify magma inputs into the 
feeding system. Here, we analyze soil CO2 flux measurements between 2016 and 2021 to reconstruct the 
evolution of magma supply dynamics, focusing on two major eruptive activities: the December 2018 
flank eruption and the exceptional paroxysmal activity of 2021. The reconstructed history reveals 
contrasting magma supply dynamics associated with the two crises. The December 2018 eruption 
was preceded by several deep magma input episodes and subsequent upward magma transfer during 
the preceding months, whereas the 2021 crisis followed the largest magma supply anomaly recorded 
over the last two decades, which developed between May 2020 and February 2021. This exceptional 
input preceded the February‑April 2021 lava-fountain sequence, one of Etna’s most energetic eruptive 
episodes in recent decades. The reconstructed magma dynamics show remarkable agreement with 
deformation-derived volume changes and independent geodetic, seismological, geophysical and 
petrological evidence, supporting the effectiveness of peripheral soil CO2 emissions in tracking 
magma input and transfer processes within Etna’s plumbing system.

Keywords: Volcanic monitoring; Soil CO2 emissions; Mt. Etna; Magma supply dynamics; Eruptive 
potential

1. Introduction

The ascent of magma through volcanic feeding systems is commonly accompanied by the exsolution and release 
of magmatic volatiles. Among these, CO2 is particularly useful for investigating deep magmatic processes because 
of its low solubility in basaltic melts, which causes exsolution at significantly higher pressures than H2O and most 
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other magmatic volatile species (Dixon, 1995; Papale et al., 2006; Lesne et al., 2011; Edmonds and Wallace, 2017). 
Once exsolved from ascending magma, CO2 migrates upward along permeable pathways. During its ascent, CO2 may 
either interact to varying extents with the hydrothermal system or ascend without significant interaction before 
being released through different pathways. These include visible manifestation such as direct discharge in volcanic 
plumes (e.g., Woitischek et al., 2021; Ericksen et al., 2024) and focused degassing from fumaroles (e.g., Melian, 2021; 
Augusto et al., 2023; Matias et al., 2024; Federico et al., 2025), or dissolved in groundwater and aquifers (e.g., Marrero-
Diaz et al., 2015; De Gregorio et al., 2005; De Gregorio et al., 2011; Takano et al., 2024), volcanic lake (Pérez et al., 2011; 
Mazot et al., 2014; Jácome Paz et al., 2016; Andrade et al., 2020; Jácome Paz et al., 2026), and submarine emission 
(e.g., Price and Giovannelli, 2017; Daskalopoulou et al., 2018; De Gregorio et al., 2025) and even concealed emissions 
in glacier-covered volcanic systems (Ilyinskaya et al., 2018). In addition, massive amounts of CO2 are released through 
soil CO2 emissions, not only in summit and crater areas but also along volcanic flanks, where faults, fractures, and 
other permeable structures act as preferential pathways for the ascent of deep magmatic gases (Burton et al., 2013; 
Werner et al., 2019 Fischer and Aiuppa, 2020). Variations in soil CO2 fluxes may reflect changes in magma supply rates 
(e.g., De Gregorio et al., 2014) and magma ascent dynamics (e.g., De Gregorio et al., 2012). Consequently, soil CO2 
flux has become an important geochemical parameter for volcano monitoring and has been extensively investigated 
at numerous active volcanic systems worldwide, including e.g., Campi Flegrei (Cardellini et al., 2017), Vulcano Island 
(Camarda et al., 2019), Azores Archipelago (Viveiros et al., 2010, 2017), Taal, Philippines (Pérez et al., 2022), Aso, 
Japan (Morita et al., 2019), Cumbre Vieja volcano, Canary Islands (Padrón et al., 2015) and others, demonstrating the 
value of soil CO2 flux measurements for tracking temporal changes in volcanic degassing and unrest. Of particular 
relevance to the present study, continuous monitoring at Stromboli revealed marked increases in soil CO2 flux 
associated with effusive eruptions and variations in shallow magma supply (Inguaggiato et al., 2017, 2021), whereas 
observations at Japanese volcanoes identified variations related to volcanic tremor and the ascent of fresh magmatic 
CO2 (Hernandez et al., 2001; Shimoike et al., 2002; Morita et al., 2019). Changes in soil CO2 emissions were also 
observed before the 2011 submarine eruption at El Hierro (Pérez et al., 2012) and during the 2023 seismic crisis at 
Laguna del Maule, where they contributed, together with independent geophysical evidence, to the interpretation of 
a shallow magmatic intrusion (Lamberti et al., 2025). While soil CO2 emissions are predominantly driven by magmatic 
dynamics, local tectonic structures can also act as preferential pathways, creating an interplay between gas fluxes and 
regional seismicity. For instance, at Mammoth Mountain (USA), soil CO2 fluxes have been observed to track seismic 
swarms and tectonic stress variations (Werner et al., 2014; Lewicki et al., 2021; Hilley et al., 2022). However, in highly 
active volcanic systems, the purely tectonic signal is often negligible compared to the overwhelming magnitude of the 
magmatic signal. A prominent example is the major volcanic crisis that began in 2021 at Vulcano Island (Italy), which 
was characterized by abrupt CO2 flux increases up to 30 times the local background levels (Di Martino et al., 2022; 
Inguaggiato et al., 2022; Federico et al., 2023). During this crisis, although the spatial distribution of the anomalous 
emissions clearly aligned along regional faults – demonstrating that tectonic structures passively guide fluid ascent 
toward the surface – the massive release of CO2 was overwhelmingly driven by volcanic unrest rather than tectonic 
forcing (De Gregorio et al., 2026).

At Mount Etna (Italy), one of the largest natural sources of volcanic CO2 on Earth, magmatic fluids are released 
not only from the summit craters but also through extensive peripheral emission areas distributed around the 
volcano (Burton et al., 2013; Aiuppa et al., 2019; Werner et al., 2019). The magmatic origin of these emissions 
has been demonstrated by numerous geochemical studies based on helium isotopes (R/Ra) (Allard et al., 1997; 
Caracausi et al., 2003), and carbon isotopic compositions (𝛿13C-CO2) (Giammanco et al., 1998; D’Alessandro et al., 1997; 
Camarda et al., 2012; Giammanco et al., 2017), indicating the ascent of deep magmatic fluids through the feeding 
system and associated fault networks. Over the last two decades, our research group has carried out systematic and 
periodic soil CO2 flux surveys across three peripheral emission areas, building a unique long-term geochemical dataset 
that has enabled the reconstruction of magma supply dynamics and the estimation of ascending magma volumes.

Following the conceptual framework proposed by Camarda et al. (2012) and De Gregorio and Camarda (2016), 
this study reconstructs magma supply dynamics at Mount Etna during 2016‑2021, a period encompassing two major 
eruptive activities characterized by contrasting magma supply and discharge regimes: the December 2018 flank 
eruption and the highly energetic 2021 lava-fountain sequence (Andronico et al., 2021). Soil CO2 measurements reveal 
distinct episodes of magma input and accumulation, including phases in which eruptive activity was sustained by 
previously accumulated surplus magma and others characterized by substantial concurrent input of deep magma. 
We compare the magma supply dynamics reconstructed from soil CO2 emissions with independent observations 
from geodetic, petrological, geophysical, and geochemical studies.
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2. Study Area

Mt. Etna is a basaltic stratovolcano located on the eastern coast of Sicily, its location and origin are intimately 
linked to the complex geodynamic evolution of the central Mediterranean (Doglioni et al., 2001; Pilet et al., 2026). 
This unique geodynamic framework sustains a long-lived, polybaric magmatic feeding system (Murru et al., 1999; 
Chiarabba et al., 2000; De Gori et al., 2005; Zhang et al., 2026). Thermobarometric and petrological studies, particularly 
on clinopyroxene and plagioclase zoning, reveal that magma crystallization occurs continuously from mantle 
depths to the sub-surface, with preferential stagnation and mixing at major crustal and lithological discontinuities 
(Giacomoni et al., 2014; Mollo et al., 2015). Within this vertical column, geodetic, geophysical, and geochemical 
data outline a plumbing system characterized by two principal ponding zones. The deep ponding zone, located 
at approximately  15‑20 km b.s.l. (Chiarabba et  al.,  2000), represents the main region of mantle-derived mafic 
magma replenishment and early crystallization. This depth range is broadly consistent with clinopyroxene crystallization 
pressures of 600‑400 MPa, corresponding approximately to 23‑15 km depth (Giacomoni et al., 2016). Above this reservoir, 
magma may temporarily pond at around 10 km b.s.l., where interactions between ascending mafic inputs and resident, 
more evolved magma can occur (Murru et al., 1999; Chiarabba et al., 2000; De Gori et al., 2005; Viccaro et al., 2006). 
The intermediate ponding zone is located at approximately  3‑5 km b.s.l. and represents a critical domain for 
magma storage, differentiation, volatile accumulation, and subsequent transfer toward the shallow feeding system 
(Murru et al., 1999; Chiarabba et al., 2000; De Gori et al., 2005; Palano et al., 2017). Magma storage within this intermediate 
depth range is likely favoured by neutral buoyancy between the magma and the surrounding rocks (Palano et al., 2017). 
Finally, a shallow ponding zone is located within the volcanic edifice, at approximately 3 km beneath the summit 
craters, corresponding roughly to sea level. This uppermost portion of the plumbing system consists of small, transient 
storage bodies and conduits that facilitate the final transfer of magma toward the summit craters and commonly 
feed short-term eruptive activity (Murru et al., 1999; Chiarabba et al., 2000; De Gori et al., 2005; Palano et al., 2017). 
The periodic transfer of these volatile-rich magmas through these storage zones and the subsequent exsolution of deep-
seated, poorly soluble gases act as the primary drivers of system pressurization, ultimately controlling the transition 
between steady-state passive degassing and energetic eruptive activity (Spilliaert et al., 2006; Moretti et al., 2017). 
The eruptive behavior of Mt. Etna is highly variable, encompassing persistent passive degassing, frequent summit 
activity – ranging from mild Strombolian explosions to violent paroxysmal episodes – and flank eruptions. The summit 
area currently comprises the Voragine (VOR), Bocca Nuova (BN), North-East Crater (NEC), South-East Crater (SEC) 
and the New South-East Crater (NSEC). Since its formation, the NSEC has become the principal center of summit 
activity, generating most of Etna’s recent lava fountains and ash emissions, including the intense eruptive sequences 
that characterized 2021 (Andronico et al., 2021). The volcanic edifice is affected by several active tectonic structures 
among these, the Pernicana Fault on the northeastern flank represents one of the main pathways for the ascent of deep 
fluids (Neri et al., 2004; Federico et al., 2011; Corsaro et al., 2013). This study focuses on three peripheral emission 
areas of Mt. Etna: Paternò (PT), located on the southwestern flank of the volcano, Zafferana‑Santa Venerina (ZV) on 
the southeastern flank, and Vena‑Presa (VP) along the Pernicana Fault on the northeastern flank (Fig. 1). These areas 
were selected because previous investigations demonstrated their sensitivity to variations in deep magmatic fluids. 
Specifically, long-term geochemical monitoring and isotopic analyses – including the carbon isotopic composition 
of CO2 and anomalous noble gas signatures, particularly high 3He/4He ratios – have clearly evidenced the arrival and 
persistent release of deep-seated magmatic gases in these peripheral sectors (Allard, 1997; D’Alessandro et al., 1997; 
Caracausi et al., 2003). The PT and ZV sectors cover approximately 45 km2 and 40 km2, respectively, whereas the VP 
monitoring area is restricted to a narrow sector of the Pernicana Fault system. Within PT and ZV surveyed areas, the 
measurement points are distributed roughly evenly and are defined by a measurement grid with a mean spacing of 
600 m. In the PT area, the grid consists of 68 points surrounding the town of Paternò, which is located 23 km from 
the central craters (Fig. 1). This area is characterized by contacts between outcrops of sedimentary formations and 
volcanic lavas of the Mongibello Antico and Recente Units (Romano et al., 1979).

Furthermore, three mud volcanoes in this area discharge large amounts of gases with high CO2 contents 
(D’Alessandro et al., 1995; Chiodini et al., 1996). The ZV area contains a grid of 65 measurement points surrounding 
the towns of Santa Venerina and Zafferana Etnea, located 15 km from the central craters (Fig. 1). The volcanic terrains 
of the Mongibello Recente Unit outcropping in this sector are dissected by north‑northwest to south‑southeast 
normal faults (Borgia et al., 1992; Barreca et al., 2013) which provide high-permeability pathways for fluid ascent. 
In the VP area, the network includes 6 closely spaced sites specifically targeting the degassing dynamics along the 
active Pernicana Fault. Between January 2016 and December 2021, 48 geochemical surveys were carried out in each 
of the three investigated sectors, providing a detailed record of soil CO2 emissions.
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3. Methods

3.1 Soil CO2 Flux Measurements

Soil CO2 flux was measured using the dynamic concentration method described by Camarda  et  al.  (2006). 
This technique is based on measuring the CO2 concentration in a mixture of air and soil gas generated inside a probe 
inserted 50 cm below the ground surface. The gas mixture is produced by applying a slight negative pressure with 
a pump operating at constant flow rate, and CO2 concentration is measured in-situ by an infrared gas analyzer. 
After a short equilibration time, generally less than 1 min, the gas mixture reaches a stable value, referred to as the 
dynamic concentration, which is proportional to the soil CO2 flux. The relationship between dynamic concentration 
and flux was established experimentally under controlled laboratory conditions by repeated measurements on soils 
with known and constant CO2 fluxes over a wide range of permeability values representative of natural conditions 
(Camarda et al., 2006).

3.2  Computation of Total Amount of Magmatic CO2 Emissions and Eruptive Potential

The methodology adopted in this study follows the approach proposed by Camarda et al. (2012) and subsequently 
integrated by De Gregorio and Camarda (2016). The method is based on long-term soil CO2 flux measurements 
performed in the two peripheral areas of PT and ZV, located on the southwestern and eastern flanks of Mt. Etna, 
respectively. As a first step, the raw soil CO2 flux data are filtered to remove the influence of atmospheric air 

Figure 1. �Digital elevation model (DEM) of Mt. Etna, Sicily, showing the spatial distribution of the measurement points 
belonging to the Paternò (PT, green), Zafferana (ZV, orange), Vena and Presa (VP, yellow) areas. The main tectonic 
faults are represented by red lines from Barreca  et  al.  (2013). The inset indicates the geographical location 
of Mt. Etna within Sicily, Southern Italy.
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temperature using regression analysis. Since the filtered soil CO2 fluxes represent a mixture of CO2 from different 
sources – specifically, organic CO2 and CO2 of deep volcanic origin – it is necessary to separate these components. 
To isolate the deep magmatic CO2 contribution, a statistical approach using normal probability plots (PPs) is applied, 
separately to each area, to identify three distinct data populations: organic background, mixed and deep magmatic.

The mean value is then multiplied by the specific area affected by deep CO2 emission, which is dynamically 
determined by the percentage of measurement points belonging to the mixed and magmatic populations during each 
campaign. This combination yields the total amount of deep magmatic CO2 emitted per day (t d–1). The resulting 
time series of deep magmatic soil CO2 emissions is then analyzed to identify anomalous degassing episodes. Each 
episode is represented by a peak in the emission signal, defined as the portion of the signal exceeding the site-specific 
background threshold determined from the inflection points of the corresponding probability plots (960 t d–1 for PT 
and 470 t d–1 for ZV; values from De Gregorio and Camarda, 2016). Based on their temporal occurrence, these peaks 
are classified as synchronous, when they are recorded simultaneously in both the PT and ZV areas, or asynchronous, 
when they are recorded only in the ZV area (Fig. 2). According to Camarda et al. (2012), synchronous peaks reflect 
episodes of magma transfer in the deep portion of the feeding system (18‑10 km b.s.l.). Conversely, asynchronous 
peaks, recorded only in the ZV area, indicate magma migration toward the intermediate portion of the feeding 
system (10‑3 km b.s.l.). For each peak, the total mass of excess CO2 released during the anomalous degassing episode 
is calculated by integrating the area of the peak above the corresponding background threshold. The estimated CO2 
mass is subsequently converted into the mass of ascending magma using the formulation proposed by Harris and 
Rose (1996). The calculation is based on Henry’s law, which relates the equilibrium dissolved CO2 mole fraction to the 
equilibrium CO2 pressure through the Henry constant. The Henry constant for two transfer depths is obtained from 
the solubility model of Shishkina et al. (2010) and is then used to determine the mass of ascending magma required to 
dissolve the total CO2. Subsequently, the volume of degassing magma is calculated from the magma mass by considering 
the density and the crystallinity of the hawaiite. This procedure provides an estimate of the magma volume directly 
involved in the degassing process. Since the calculation is based only on the fraction of CO2 released through soil 
CO2 emission, the resulting magma volumes represent partial magma volumes  (VPM). Following De Gregorio 
and Camarda (2016), these partial volumes are converted into equivalent total magma volumes (VTM) through 
a conversion factor derived from the proportional relationship between VPM and the erupted magma volume (VEP) 
over a complete recharge‑eruption cycle. Once the VTM progressively entering the system is quantified, the Eruptive 
Potential (EP) curve over time is reconstructed by continuously subtracting the volume of magma progressively 
emitted during eruptive events (VEP) from the cumulative volume of intruded surplus magma (VTM). Therefore, 
the resulting EP curve reflects the temporal variation of the amount of surplus magma stored within the feeding 
system that might be potentially erupt.

3.3  Standardization of Soil CO2 Flux and EP Time Series

Unlike the PT and ZV sectors, the limited number of sites along the Pernicana Fault (VP) prevents a reliable 
estimate of the daily magmatic CO2 output; therefore, soil CO2 flux variations were evaluated using Z-scores to 
highlight values potentially associated with episodes of magma supply. The Z-score was calculated by subtracting 
the mean of the entire investigated time series from each observed value and dividing the resulting difference by the 
corresponding standard deviation. The mean and standard deviation were calculated over the entire 2005‑2021 time 
series. The use of Z-scores is particularly useful because it standardizes the signal relative to its mean and standard 
deviation, thereby allowing anomalous variations to be identified directly and compared over time according to 
their statistical significance. Increasing positive Z-scores in the VP area indicate progressively enhanced soil CO2 
emissions associated with magma supply, with values exceeding +1𝜎 used to identify periods of high magma supply. 
The same standardization was applied to the EP time series to express the estimated magma volume stored within 
the plumbing system in terms of its deviation from the mean value.

4. Results

A comprehensive characterization of magma dynamics requires quantifying both magma supply and the cumulative 
volume of magma stored within the feeding system. While magmatic CO2 emissions provide a quantitative record 
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of magma supply, the cumulative magma volume constrains the state of the feeding system and the amount of 
magma potentially available for future eruptions.

4.1 Soil and Magmatic CO2 Emissions

This section presents the temporal evolution of daily amount of magmatic CO2 emitted in the PT and ZV 
peripheral areas, together with the temporal evolution of soil CO2 flux measured along the Pernicana Fault VP 
during the 2016‑2021 period. In the PT and ZV monitoring areas, the daily amount of magmatic CO2 emitted was 
reconstructed from soil CO2 flux measurements, providing a quantitative record of variations in magma supply 
within the Etna feeding system (Fig. 2). The PT area exhibits a series of major positive anomalies throughout the 
investigated period (red peaks in Fig. 2). These anomalies are synchronous with those recorded in the ZV area and 
occurred in 2016, late 2017, late 2018, 2019 followed by a pronounced increase between mid-2020 and early 2021. 
This latter anomaly represents the largest emissive event recorded over the entire 2005‑2021 dataset, reaching values 

Figure 2. �Three-dimensional sketch of the Mt. Etna plumbing system (left) and temporal evolution of the daily amount 
of magmatic CO2 emitted in the Paternò (PT) and Zafferana‑Santa Venerina (ZV) monitoring areas between 2016 
and 2021 (right). In the sketch, equal horizontal and vertical scales highlight the locations of the monitoring areas 
relative to the main magma storage zones, whose positions and lateral and vertical extents are consistent with 
Murru et al. (1999), Chiarabba et al. (2000), and De Gori et al. (2005). The blue and green regions represent the 
inferred feeding zones of magmatic soil CO2 emissions in the PT and ZV areas, respectively. Red arrows indicate 
magma supply from 18 to 10 km b.s.l., which produces synchronous CO2 emission peaks in both monitoring areas, 
whereas the green arrow indicates magma transfer from 10 to 3 km b.s.l., associated with an asynchronous increase 
recorded only in the ZV area, according to the conceptual model of Camarda et al. (2012). In the time series, 
horizontal lines indicate the threshold values used to identify periods of enhanced CO2 emissions. Red peaks 
represent synchronous increases associated with magma supply to the deep feeding system, whereas the green peak 
represents an asynchronous increase related to magma transfer toward the intermediate storage system. Vertical 
dashed lines indicate the onsets of the December 2018 eruption and the February 2021 paroxysmal sequence.
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exceeding 2400 t d–1 of magmatic CO2 and indicating a major magma intrusion into the deep portions of the plumbing 
system. The anomaly culminated a few weeks before the onset of the February 2021 lava-fountain sequence. A last 
synchronous peak was recorder during the second half of 2021. The ZV area shows a pattern consistent with that 
observed at PT, with the same synchronous peaks although with generally lower amplitudes (maximum values of 
∼1100‑1200 t d–1). In addition to the synchronous peaks, a single prominent asynchronous peak (green) was recorded 
at the ZV area between June and November 2018. According to the conceptual model proposed by Camarda et al. (2012), 
this peak reflects magma migration from the deep feeding system toward intermediate reservoirs.

Interestingly, the asynchronous peak was immediately followed by a synchronous peak, indicating that 
magma transfer toward shallower levels was rapidly accompanied by a renewed deep magma supply. Along the 
Pernicana Fault  (VP), soil CO2 flux measurements are reported as z-score  (Fig. 3). The VP z-score time series 
remained close to background levels until mid-2018. From June 2018 onward, a progressive increasing trend developed, 
culminating in the first days of January 2019, when z-scores exceeded the +1𝜎 threshold. Elevated values persisted 
throughout most of 2019 and 2020, whereas z-scores returned close to background levels after the February 2021 
eruptive sequence before showing a moderate increase again during the second half of 2021.

Figure 3. �Temporal evolution of soil CO2 flux z-score values measured along the Pernicana Fault (VP area) between 2016 
and 2021. The central horizontal line at 0 represents the mean value, while the vertical dashed lines indicate 
the onset of the December 2018 eruption and the February 2021 paroxysmal sequence.

4.2 Cumulative Magma Volume Estimates

The cumulative magma volume stored within a volcanic feeding system reflects the balance between magma recharge 
and magma withdrawal during eruptive activity. Consequently, temporal variations in magma accumulation provide 
important information on the state of the feeding system and on the amount of magma potentially available for 
future eruptions. Figure 4 shows the evolution of the cumulative volume of magma stored within the Etna feeding 
system between 2005 and 2021 reconstructed using three independent approaches. Although the main focus of 
this study is the  2016‑2021 period, the reconstruction was extended back to  2005 in order to place the recent 
eruptive activity within the broader context of the long-term evolution of the Etna feeding system. The longer time 
window allows magma accumulation and withdrawal processes to be evaluated over a longer timeframe, providing 
a reference framework against which the magnitude and significance of the 2016‑2021 variations can be assessed.

The first approach (blue curve in Fig. 4) is based on the computation of magma volume from soil CO2 emission 
data, following the model proposed by De Gregorio and Camarda (2016). This curve for the period spanning 2005 
to 2015 is taken directly from the reconstruction proposed by De Gregorio and Camarda (2016). For the subsequent 
period, from  2016 onwards, the curve has been updated and reconstructed in the present study by rigorously 
applying the exact same methodology. As described above, the excess magmatic CO2 released during each anomaly 
is converted into total magma volume using a magma‑volatile balance approach and then cumulatively integrated 
over time. According to De Gregorio and Camarda (2016), the resulting magma volume does not represent the total 
amount of magma stored within the feeding system. Instead, it represents the cumulative volume of surplus magma, 
i.e., the magma supplied in excess of the long-term background input required to sustain the ordinary activity of 



Sofia De Gregorio et al.

8

the volcano. This surplus magma progressively accumulates within the feeding system and constitutes the fraction 
that can potentially be mobilized during future eruptions. Accordingly, De Gregorio and Camarda (2016) referred to 
this cumulative surplus magma volume as the Eruptive Potential, which provides an estimate of the magma volume 
potentially available for future eruptive activity at any given time. The second reconstruction (black curve in Fig. 4) 
was specifically reconstructed in this study following the conceptual approach proposed by Calvari and Nunnari (2022), 
who suggested that the long-term evolution of the Etna feeding system can be approximated by a nearly constant 
magma supply rate of about 0.8 m3 s–1. Under this assumption, magma continuously enters the feeding system and 
progressively accumulates during quiescent periods, whereas eruptive episodes produce a reduction of the stored 
magma volume. Accordingly, the temporal evolution of magma accumulation was reconstructed by continuously 
adding the magma supplied at a constant rate. The resulting curve therefore represents the theoretical evolution of 
magma stored within the feeding system under the assumption of a steady magma input and variable eruptive output. 
In both approaches, erupted magma volumes were progressively subtracted from the curves through time. During 
periods characterized by simultaneous magma supply and eruptive activity, the reconstructed values represent the net 
balance between magma input and magma output over the considered time interval. Consequently, the curves reflect 
the residual magma volume remaining within the feeding system after accounting for both processes. The erupted 
volumes used in both reconstructions were derived from the dataset compiled by Calvari and Nunnari  (2022), 
who integrated satellite thermal observations, lava discharge rates and volcanological measurements to quantify 
magma output during the recent eruptive activity of Mt. Etna. The third reconstruction (green curve in Fig. 4) is based 
on the geodetic dataset presented by Palano et al. (2024). To facilitate direct comparison with the other cumulative 
time series, which all begin in 2005, the cumulative magma volume variations were recalculated by setting the 
reference value to zero at the beginning of 2005. The resulting cumulative curve was therefore reconstructed in 
this study using the magma volume changes estimated by Palano et al. (2024). In their work, magma accumulation was 
quantified through geodetic modelling of successive inflation and deflation phases associated with the pressurization 
and depressurization of magmatic reservoirs beneath the volcano. The geodetic modelling identifies deformation 
sources located within the shallow and intermediate portion of the Etna plumbing system, with inflation sources 
distributed in the 4‑9 km depth range and deflation sources in the 3‑6 km depth range. Unlike the previous two 
reconstructions, this curve directly represents cumulative magma volume changes inferred from ground deformation 
measurements and therefore does not rely on erupted magma volumes derived from volcanological datasets. Instead, 
both magma accumulation and withdrawal are independently constrained by geodetic observations. The comparison 

Figure 4. �Comparison among the cumulative magma volumes reconstructed from soil CO2 emissions according to De Gregorio 
and Camarda 2016 with independent estimates derived from volcanological and geodetic observations. The blue 
curve represents the cumulative volumes reconstructed from soil CO2 emissions, the green curve corresponds 
to the cumulative volume variations inferred from geodetic observations by Palano et al. (2024). The black curve 
was reconstructed in this study by applying the continuous magma supply-rate model proposed by Calvari and 
Nunnari (2022).
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among these three independently derived reconstructions provides a unique opportunity to evaluate the consistency 
of the inferred magma dynamics over nearly two decades of volcanic activity. Although derived from different 
datasets and based on different assumptions, the three reconstructions show a broadly comparable general evolution 
and yield magma-volume estimates of a similar order of magnitude, while displaying differences related to their 
specific methodological frameworks. In particular, the reconstruction of Calvari and Nunnari (2022) includes fewer 
data points because it assumes a continuous magma recharge rate, with changes in the cumulative magma budget 
occurring only in association with eruptive events.

Conversely, the reconstructions based on soil CO2 emissions and the geodetic model of Palano et al. (2024) contain 
a larger number of data points because they describe the magma budget through both episodic magma supply events 
and magma discharge associated with eruptive activity. These reconstructions therefore show a more articulated 
temporal evolution, characterized by successive increases and decreases in cumulative magma volume. Thus, the 
different density and temporal distribution of the data points primarily reflect the distinct conceptual frameworks 
used to reconstruct magma supply and withdrawal. However, while the cumulative volumes reconstructed from soil 
CO2 emissions and those inferred from the geodetic model of Palano et al. (2024) are characterized by a comparable 
number and temporal distribution of data points, the former curve exhibits significantly larger amplitude oscillations 
than geodetic one.

This difference can be explained by the fact that the geodetic approach inherently provides minimum estimates 
for both magma input  (during inflation phases) and magma output  (during deflation phases). As noted by 
Palano et al. (2024), their calculated volumes must be considered lower bounds because the model assumes an isotropic 
elastic half-space medium with a Poisson’s ratio of 0.25. Furthermore, concerning the deflation phases specifically, 
geodetically modeled volume losses are typically much lower than the actual erupted magma volumes (often 1 to 8 
times smaller). This severe underestimation during eruptive discharges is primarily driven by the high compressibility 
of magma – which is strongly controlled by the exsolution of deep volatile phases like CO2. Additionally, the two 
methods sample different portions of the feeding system. The soil CO2 emissions recorded in peripheral areas are 
sensitive to deep magma intrusions because CO2 exsolves at high pressure and can migrate toward the surface from 
depths exceeding 18 km below sea level. In contrast, the deformation sources identified by Palano et al. (2024) are 
mainly located within intermediate reservoirs beneath the summit area, generally between about 4 and 9 km below 
sea level. Consequently, soil CO2 emissions are able to capture the full magnitude of the magma supply dynamics 
occurring in the deeper portions of the feeding system.

Furthermore, the cumulative volumes of magma calculated using our geochemical approach are generally larger 
than those estimated by Calvari and Nunnari (2022), whose evaluations are based on expected values derived from 
a constant average magma supply rate. While these models provide valuable estimations over long timescales, might 
not capture the short-term dynamics of sudden magma input events equally well. In contrast, our methodology 
dynamically quantifies the actual surplus of magma progressively entering the system. This allows us to track real-
time increases in magma supply rates and short-term variations much more effectively. Finally, and importantly, 
all three methods reach their maximum values immediately preceding the paroxysmal events of February 2021. 
This convergence testifies to the extraordinary magnitude of the magma supply that fueled this sequence, an event 
distinctly recorded across all independent approaches.

5. Discussion

5.1  Eruptive Activity and Magma Supply Dynamic During 2016‑2021

The period investigated in this study (2016-2021) encompasses markedly different phases of activity at Mt. Etna. 
After a period of relatively moderate activity, the NSEC reactivated during February‑April 2017, producing Strombolian 
explosions, lava flows and lava fountains associated with renewed magma transfer within the feeding system (Fig. 5). 
Volcanic activity subsequently culminated in the 24-27 December 2018 flank eruption, a short-lived eruptive 
episode characterized by the opening of an eruptive fissure on the eastern flank of the NSEC, lava effusion within 
the Valle del Bove, intense seismicity and the occurrence of a Mw 4.9 earthquake on 26 December 2018. Following 
the 2018 eruption, the volcano entered a new phase of reactivation that culminated in the exceptionally energetic 
paroxysmal activity of 2021, when more than fifty lava fountains occurred between February and October. These 
events produced some of the highest eruption columns, thermal radiative power values and magma discharge rates 
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observed at Etna in recent decades and represent one of the most intense eruptive crises documented in the recent 
history of the volcano (Andronico et al., 2021; Marchese et al., 2021; Corsaro et al., 2024).

The succession of eruptive phases described above reflects significant variations in magma supply dynamics and 
storage conditions within the feeding system. These changes are reflected in the temporal evolution of the EP (Fig. 5), 
which provides a quantitative measure of the surplus magma potentially available for future eruptive activity and 
offers a useful framework for interpreting how the balance between magma supply and magma output evolved over 
time. Figure 5 shows the evolution of EP during the 2016‑2021 period, expressed as absolute magma volume (106 m3) 
on the left axis and as the corresponding standardized EP values (z-scores) on the right axis, together with the 
eruptive activity.

Figure 5. �Temporal evolution of Eruptive Potential  (EP) between 2016 and 2021. The left axis reports the cumulative 
volume of surplus magma corresponding to Eruptive potential whereas the right axis shows the corresponding 
standardized values (z-scores) calculated relative to the 2005‑2021 reference period using the datasets reported 
by Camarda et al. (2012) and De Gregorio and Camarda (2016), together with the new data presented in this study. 
After several years characterized by EP values close to the long-term average, a pronounced increase occurred 
during 2020‑2021, before the February‑April 2021 paroxysmal sequence.

The z-scores were calculated using the complete EP dataset available for the 2005‑2021 period. During most of the 
investigated period, EP remained close to the zero z-score level, indicating that the volume of surplus magma stored 
within the deep feeding system remained close to the average value characterizing the 2005‑2021 interval. Within 
this framework, z-score values near zero do not imply the absence of magma available for eruption; rather, they 
indicate that the system contains a magma volume comparable to that typically present during its recent evolution. 
Under these conditions, even relatively modest magma inputs may be sufficient to trigger eruptive activity, as 
observed during the February‑March 2017 eruptive phase. It is noteworthy that EP remained close to the zero z-score 
level for several years, this suggests the long-term persistence of magma within the deeper portions of the feeding 
system, which may subsequently be transferred toward intermediate and shallow storage levels without producing 
substantial variations in EP. The December 2018 eruption developed within this context. As will be discussed in 
the following section, this eruptive crisis was primarily characterized by magma transfer within intermediate and 
shallow portions of the feeding system rather than by a major increase in deep magma input. Consequently, its 
precursor phase is only partially expressed by the EP curve. A significant change in the behavior of the system became 
evident from mid-2019 onward, when EP started to increase progressively. This phase coincided with the gradual 
reactivation of summit activity, initially characterized by Strombolian explosions and increasing eruptive unrest.

The rate of EP increase became markedly higher during 2020, indicating a greater estimated magma supply per 
unit time and producing the largest positive EP value of the investigated period. This phase of unusually high inferred 
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magma input occurred before the February‑April 2021 lava-fountain sequence. This suggests that the exceptionally 
energetic paroxysmal activity of 2021 was preceded by an unusually large magma input into the plumbing system. 
The occurrence of seventeen lava fountains between February and April 2021 coincided with the highest eruptive 
potential of the entire time series, indicating that magma accumulation reached a critical level before the onset of 
the paroxysmal sequence. These observations highlight two different patterns of the Etna feeding system during the 
investigated period: the 2018 eruption developed after a prolonged persistence of magma at depth and was mainly 
controlled by magma transfer toward shallower levels, whereas the 2021 paroxysmal activities were preceded by 
the largest deep magma accumulation recorded in the EP time series.

The observations presented above indicate that the magma supply dynamics during the 2018 and 2021 eruptive 
crises evolved through a succession of distinct stages involving deep magma supply, magma transfer through the 
feeding system and magma withdrawal. Based on the temporal evolution of EP and the reconstructed magma supply 
dynamics, we propose the conceptual model shown in Fig. 6. The model summarizes the successive stages of 
magma supply, magma transfer and magma withdrawal during the 2018 and 2021 eruptive periods and provides the 
interpretative framework for integrating the soil CO2 record with independent geophysical, geochemical and 
petrological observations.

5.2 The December 2018 Eruptive Episode

The December 2018 eruption occurred from 24 to 27 December following the gradual reactivation of summit 
activity during summer and autumn 2018. On 24 December, thousands of shallow seismic events and ash emissions 
from the summit craters preceded the opening of an eruptive fissure on the eastern flank of the New South-East 
Crater. The fissure propagated downslope for approximately 2 km and fed lava flows within the Valle del Bove. 
Although the eruption was short-lived and produced a relatively limited lava-flow field, it was accompanied by an 
intense seismic swarm and culminated in the Mw 4.9 earthquake that occurred on 26 December. This eruptive episode 
represented the culmination of a prolonged phase of magma accumulation and transfer within the Etna feeding 
system (Alparone et al., 2020; Giampiccolo et al., 2020).

The temporal evolution of magmatic CO2 emissions provides a coherent reconstruction of the magma dynamics 
preceding the eruption. Between 2016 and early 2018, several synchronous anomalies were recorded in both the 
PT and ZV sectors (Fig. 2). According to the conceptual framework adopted in this study, synchronous anomalies 
reflect magma inputs into the deeper portions of the feeding system, approximately between 18 and 10 km b.s.l. 
These observations indicate repeated episodes of deep magma supply during the two years preceding the eruption 
shown by phase 1 in Fig. 6.

A significant change occurred during summer 2018, when a pronounced anomaly developed exclusively in the 
ZV sector. This asynchronous signal, which persisted from June to October 2018, suggests the progressive transfer 
of magma from the deep domain toward intermediate storage zones located between approximately 3-5 km b.s.l. 
The onset of this anomaly marks a transition from deep magma accumulation to upward magma migration within 
the plumbing system (Phase 2 in Fig. 6)

Additional evidence of shallow magma transfer was provided by the VP z-scores soil CO2 flux time series. From 
June 2018 onward, the standardized z-scores of soil CO2 flux measured along the Pernicana Fault showed a progressive 
increasing trend, culminating in the first days of January 2019, when values exceeded the +1𝜎 threshold (Fig. 3). 
This pattern is consistent with a progressive increase in the contribution of deeply derived magmatic CO2 to diffuse soil 
emissions along the fault, suggesting continued magma and fluid transfer through the shallow feeding system before 
and across the December 2018 eruptive phase (Phase 3 in Fig. 6). Importantly, this shallow transfer was accompanied 
by renewed magma input into the deep plumbing system, as indicated by the synchronous peak that immediately 
followed the asynchronous one. The close succession of these signals therefore suggests that Phase  3  (Fig. 6) 
involved the simultaneous activation of both the deep and shallow portions of a highly pressurized feeding system 
immediately before the onset of the December 2018 flank eruption.

The chronology reconstructed from soil CO2 emissions closely matches the evolution independently inferred 
from geodetic observations. Borzì et al. (2020) showed that a major reactivation of the plumbing system began in 
June 2017, when magma replenishment induced prolonged inflation of a reservoir located at approximately 7.2 km b.s.l. 
According to their model, magma migration toward shallower levels started in June 2018, leading to pressurization of 
a reservoir located at approximately 5.1 km b.s.l., while a further upward migration phase began during November 2018. 
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The timing of these geodetically inferred transfer processes is remarkably consistent with the sequence of CO2 
anomalies observed in the ZV and VP sectors. The interpretation of progressive magma migration during 2018 
is further supported by the seismic analysis of Firetto Carlino et al. (2022), who identified a phase of increasing 
pressurization within the intermediate storage system beginning in June 2018 and culminating shortly before the 
December eruption. The onset of this pressurization phase closely coincides with the asynchronous CO2 anomaly 
recorded in the ZV area, suggesting that both datasets capture the same process of magma transfer from deep 
reservoirs toward intermediate storage levels. Independent geochemical and petrological evidence further supports 
the magma transfer sequence reconstructed from soil CO2 emissions. Paonita  et  al.  (2021) demonstrated that 
the December 2018 eruption was preceded by the arrival of a new volatile-rich primitive magma batch into the 
Etna plumbing system. Variations in helium isotopes, noble gas compositions and diffuse CO2 emissions indicate 
enhanced deep magma input from 2017 through summer 2018, followed by rapid transfer of magmatic fluids toward 
shallower portions of the feeding system from June 2018 to November 2018. Complementary evidence is provided by 
Correale  et  al.  (2024), who investigated melt inclusions hosted in olivine crystals from the  2018  products and 

Figure 6. �Conceptual model of magma supply dynamics during the two major eruptive crises of the 2016‑2021 period at 
Mt. Etna. The base of the panels is a three-dimensional sketch of the Mt. Etna feeding system. In this sketch, 
the horizontal and vertical scales are the same to highlight the locations of the study areas (PT blue square 
and ZV green square) with respect to the main magma storage zones. The placement of these storage zones 
and their lateral and vertical extensions are in agreement with Murru et al.  (1999), Chiarabba et al.  (2000), 
and De Gori et al. (2005). The color gradation of the magma bodies from yellow to red provides a qualitative 
indication of relative magma residence, with red representing newly supplied magma and yellow representing 
magma that has resided longer within the feeding system. The panel summarize the phases of deep magma 
supply, magma transfer through the feeding system, and magma withdrawal associated with the December 2018 
flank eruption (Phases 1‑3) and the 2020‑2021 paroxysmal activity (Phases 4‑6). The model is derived from the 
temporal evolution of Eruptive Potential (EP) and the reconstructed magma supply dynamics inferred from soil 
CO2 emissions. Blue and green areas indicate the inferred feeding zones of magmatic soil flux in the PT and 
ZV  areas, respectively. Light blue arrows: Deep magma supply from 18 to  10 km b.s.l. Green arrows: Upward 
magma transfer through the intermediate feeding system from 10 to 3 km b.s.l.
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showed that the erupted magma resulted from interaction between newly supplied primitive magma and resident 
magma stored at shallower levels. Their results indicate progressive magma recharge, mixing and upward transfer 
through multiple storage zones before eruption. The chronology inferred from these geochemical and petrological 
observations is therefore fully consistent with the sequence reconstructed from soil CO2 emissions.

The final stage of the activity is constrained by the joint inversion of gravity and deformation data performed by 
Chauhan et al. (2020). Their results indicate that the December 2018 eruption was primarily fed by magma withdrawal 
from shallow storage zones and lateral transport into the eruptive dyke. This interpretation supports the view that 
the final pre-eruptive phase was dominated by magma redistribution within the upper portions of the plumbing 
system rather than by direct ascent from deep reservoirs.

A complementary perspective is provided by the seismological study of Alparone et al. (2020), which showed 
that dyke emplacement strongly interacted with the eastern flank fault system and promoted fault reactivation and 
flank deformation. Together with the gravity and deformation results of Chauhan et al. (2020), these observations 
indicate that a substantial fraction of the energy accumulated during the 2018 unrest was accommodated by dyke 
intrusion, fault activation and deformation of the volcanic edifice rather than by magma eruption at the surface.

Overall, the remarkable agreement among soil CO2 emissions, geodetic observations, seismic data, geochemical 
tracers and petrological evidence supports a coherent interpretation of the December 2018 eruption. The eruptive 
episode was preceded by prolonged magma recharge at depth, followed by progressive transfer toward intermediate 
and shallow storage levels during 2018, and culminated in dyke emplacement and lateral magma propagation 
immediately before eruption. The soil CO2 record successfully reconstructs the entire sequence of magma migration, 
from deep recharge to shallow transfer, highlighting its effectiveness as a tracer of magma dynamics within the 
Etna plumbing system.

5.3 The 2020‑2021 Paroxysmal Activity

A second exceptional eruptive phase occurred in 2021, when the NSEC produced one of the most energetic 
paroxysmal sequences observed at Mt.  Etna in recent decades (Andronico  et  al.,  2021; Marchese  et  al.,  2021; 
Corsaro  et  al.,  2024). Following transitional activity during December  2020 and January  2021, a sequence of 
17  lava fountains took place between  16  February and  1  April  2021. These events generated lava fountains 
up to approximately 1000 m high, eruption columns reaching 10‑11 km a.s.l., extensive tephra fallout, lava flows 
and pyroclastic density currents. Ash fallout repeatedly affected inhabited areas and, during some episodes, caused 
temporary closure of Catania airport (Andronico et al., 2021; Marchese et al., 2021; Corsaro et al., 2024). Satellite 
observations further revealed that several of these paroxysms produced some of the highest thermal radiative power 
values ever recorded at Etna, with the 31 March‑1 April event reaching approximately 14 GW (Marchese et al., 2021). 
A second paroxysmal sequence (SEQ2) subsequently developed between May and October 2021 and was followed 
by two additional paroxysms in February 2022.

The temporal evolution of EP provides important insights into the magma supply processes that sustained  
this exceptional eruptive activity. During the first months of 2020, EP remained relatively stable and close to its 
long-term average value. Beginning in May  2020, however, EP started to increase continuously, reaching the 
highest values of the entire investigated period before the onset of the February‑April 2021 paroxysmal sequence. 
This interval corresponds to Phase 4 of the conceptual model (Fig. 6), which is interpreted as a period of sustained deep 
magma supply and progressive accumulation within the feeding system prior to the onset of the paroxysmal activity. 
This increase corresponds to the accumulation of approximately 125 × 106 m3 of surplus magma within the feeding 
system and implies a magma supply rate of about 5 m3 s–1, substantially higher than the long-term average value 
of approximately 0.8 m3 s–1.

A valuable test of the magma dynamics inferred from EP is provided by the petrological monitoring of the 
2020‑2021 eruptive activity (Corsaro and Miraglia,  2022; Corsaro  et  al.,  2024). Corsaro  et  al.  (2024) identified 
two main eruptive sequences separated by a period of reduced magma supply and limited eruptive activity: 
SEQ1 (13 December 2020‑1 April 2021) and SEQ2 (19 May‑23 October 2021). Their results show that magma evolution 
during both sequences was controlled by mixing between an evolved magma residing in the shallow SEC reservoir 
and a more primitive magma supplied from deeper levels of the plumbing system. During SEQ1, the contribution 
of primitive magma progressively increased from the transitional activity of December 2020‑January  2021 to 
the climax of the lava-fountain sequence, reaching its maximum in late February 2021 when the most primitive 
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magma compositions of the entire eruptive activity were observed (Corsaro and Miraglia,  2022). The temporal 
correspondence between the EP increase and the petrological evolution is particularly remarkable. The period 
characterized by progressive magma accumulation inferred from soil CO2 emissions closely overlaps the interval 
during which petrological observations document increasing contributions of primitive magma. Moreover, EP 
continued to increase during the initial stages of SEQ1, indicating that magma input exceeded magma output 
despite the onset of intense eruptive activity. This observation suggests that magma supply and magma discharge 
occurred simultaneously and that the February‑April 2021 paroxysms were sustained by a major deep magma input 
affecting the entire plumbing system. Following the climax of SEQ1, EP decreased markedly between March and 
May 2021. This decline occurred in the absence of significant new magma accumulation and is interpreted as the 
result of magma withdrawal associated with repeated lava fountains and lava effusion. This interval corresponds to 
Phase 5 of the conceptual model (Fig. 6), during which the deep magma recharge diminished and magma withdrawal 
from the intermediate and shallow reservoirs exceeded the replenishment rate, leading to a progressive decrease 
in eruptive potential. This interpretation is fully consistent with the petrological reconstruction proposed by 
Corsaro et al. (2024), who identified the March‑May 2021 interval as a phase of reduced magma supply separating the 
two main paroxysmal sequences. During this period, the contribution of primitive magma progressively decreased, 
while fractional crystallization became increasingly important.

Petrological observations indicate that a renewed phase of magma replenishment began during summer 2021. 
Increasing contributions of primitive magma were recorded throughout SEQ2, culminating in late August when the 
most primitive compositions of the second sequence were observed (Corsaro and Miraglia, 2022; Corsaro et al., 2024). 
Within the conceptual model proposed in Fig. 6, Phase 6 marks the onset of a renewed deep magma supply. Although 
this process is not reflected by the EP evolution owing to the simultaneous high magma discharge, it is clearly 
indicated by the renewed increase in daily magmatic CO2 emissions  (Fig. 2), which exhibits a distinct anomaly 
starting on June 2021 and cover the same period, indicating continued magma supply from depth.

Overall, the remarkable agreement between EP variations and the petrological evolution reconstructed by 
Corsaro et al. (2024) indicates that the 2020‑2021 eruptive activity was controlled by alternating phases of magma  
supply, magma transfer and magma withdrawal.

Additional evidence for an unusually deep magma recharge process is provided by the clinopyroxene 
thermobarometric study of Mollo  et  al.  (2022). Their modelling of clinopyroxene crystals erupted during the 
February‑April 2021 lava fountains indicates that these paroxysms were fed by injections of hotter magma originating 
from pressures of approximately 170‑480 MPa, interpreted as corresponding to depths of ∼11‑15 km. Clinopyroxene 
zoning records a vertically extensive plumbing system affected by repeated injections of fresh magma, magma mixing, 
and crystal recycling. A key difference with respect to the 2011‑2012 lava fountains are that the 2021 eruptions were 
supplied by hotter magmas derived from deeper levels of the plumbing system, implying a greater contribution 
of primitive magma to the eruptive feeding system. These observations are consistent with the large EP anomaly 
reconstructed prior to SEQ1 and support the interpretation that the 2021 paroxysms were fed by a recharge event 
affecting a substantial portion of the feeding system rather than by the simple drainage of a shallow reservoirs.

Complementary evidence is provided by MacDonald et al.  (2024), who identified repeated episodes of mafic 
rejuvenation and crystal mush remobilization during the same eruptive sequence. Their results indicate that shallow 
reservoirs were repeatedly replenished by hotter and more primitive magma batches, providing direct evidence of 
recharge and remobilization processes within the feeding system. Taken together, these observations indicate that 
the February‑April 2021 paroxysms involved magma transfer through a large portion of the Etna plumbing system 
and support the interpretation that the exceptional EP anomaly preceding SEQ1 reflects a major recharge event 
rather than the simple evacuation of a shallow magma reservoir. The interpretation of a system-wide recharge 
event is further supported by the 4D seismic tomography study of De Gori et al. (2021), which documented renewed 
magma accumulation beneath the summit area between 2019 and 2021. Their results indicate that the Etna plumbing 
system underwent substantial re-pressurization following the 2018 intrusion and suggest the presence of large 
volumes of magma stored within a transcrustal reservoir system capable of sustaining eruptive activity for years. 
The exceptional EP anomaly identified in this study therefore appears consistent with an extensive recharge process 
affecting multiple levels of the feeding system.

A broader framework for interpreting these observations is provided by Giuffrida et al. (2023), who summarized  
a decade of multidisciplinary investigations at Mt. Etna and highlighted the key role of primitive magma recharge in 
controlling the 2021 eruptive activity. According to their synthesis, the first months of 2021 were characterized by 
activation of the most primitive magmatic environments of the Etna plumbing system and by rapid transfer of mafic 
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magma toward intermediate and shallow storage levels. The overall agreement among soil CO2 emissions, petrological 
observations, seismic tomography and geodetic studies strongly supports the interpretation that the 2021 paroxysmal 
activity was the surface expression of a major recharge event affecting a large portion of the Etna feeding system.

These observations demonstrate that soil CO2 emissions provide a robust tool for tracking magma dynamics 
and accumulation processes and reconstructing the evolution of eruptive potential prior to major eruptive crises. 
The close correspondence between the CO2-derived EP record and independent petrological and geophysical 
observations indicates that soil CO2 monitoring can successfully capture both the timing and the magnitude of 
major magma recharge episodes within the Etna feeding system.

6. Conclusions

Peripheral soil CO2 emissions allowed us to reconstruct the main magma supply and transfer processes that 
characterized Mt. Etna during the 2016‑2021 period. The reconstructed evolution reveals contrasting dynamics 
preceding the two major eruptive crises. The December 2018 flank eruption occurred after repeated episodes of 
deep magma supply and was primarily associated with the progressive transfer of magma already stored within the 
plumbing system toward intermediate and shallow levels. Conversely, the 2021 paroxysmal activity was preceded by 
the largest increase in eruptive potential observed during the investigated period, indicating an exceptional phase of 
deep magma recharge and accumulation within the feeding system. A major outcome of this study is the integration of 
the soil CO2-derived reconstruction with multiple independent datasets. The comparison with geodetic observations, 
seismic data, seismic tomography, geochemical, and petrological evidence reveals a remarkable consistency in the 
timing and interpretation of the main stages of magma supply and transfer. By combining these different observations 
within a common interpretative framework, this multidisciplinary approach provides a more comprehensive 
reconstruction of the evolution of Etna’s feeding system than any individual dataset considered separately. These 
results support the value of long-term peripheral soil CO2 monitoring for tracking deep magma supply, upward 
magma transfer, and changes in eruptive potential. When integrated with complementary geophysical, geochemical, 
and petrological observations, soil CO2 emissions can contribute to distinguishing eruptive activity driven by new 
magma recharge from that sustained by the redistribution of magma already stored within the plumbing system.
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