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Abstract 13 

The sequence of six paroxysmal eruptions that occurred between July and August 2024 at the Mt. 14 

Etna’s Voragine crater has been investigated in order to constrain the plumbing system dynamics. 15 

Whole-rock and glass major-element analyses have been integrated with a detailed petrological study 16 

of erupted products, focusing on olivine major-element compositions to track magma storage and 17 

transfer dynamics leading to the eruptions. Olivine chemistry and thermodynamic modeling indicate 18 

an intermediate reservoir at ~2.7 km b.s.l. as the main magma storage region. Fe-Mg diffusion 19 

chronometry on zoned olivines constrains magma transfer timescales, suggesting mafic recharge from 20 

depth of 6-8 km b.s.l over 3-4 months, followed by progressive replacement of magmas occupying 21 

the shallower levels 1-3 weeks before the onset of Strombolian activity in mid-June. Compared to the 22 

last lava fountain activity at Voragine in 2015-16 and the long-lasting sequence at South East Crater 23 

in 2020-22, the 2024 magmas underwent slower transfer from depth and longer residence at 24 

intermediate storage levels, suggesting important modifications in the working modes of the current 25 

plumbing system. 26 

 27 
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 30 

1. Introduction 31 

Volcanic activity at Mt. Etna has been the focus of extensive and continuous multidisciplinary 32 

monitoring during the last 30 years, encompassing geophysical, geochemical, and petrological 33 

observations (Métrich et al. 2004; Patanè et al. 2003; Caltabiano et al. 2004; Cannata et al. 2018; 34 

Borzì et al. 2020; Paonita et al. 2021; Bonaccorso et al. 2004, 2025). This long-term effort has 35 
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provided an exceptional dataset for tracking the temporal evolution of eruptive activity and for 36 

constraining processes governing magma storage, transfer and eruption dynamics. Volcanological 37 

models carried out over the last decades converge to depict the Mt. Etna plumbing system as a 38 

complex, multi-level, vertically extended network of variably connected sill-like storage regions and 39 

dykes extending down to the depths of approximately 30 km (Lo Bue et al. 2024; Palano et al. 2024; 40 

Del Piccolo et al. 2025). In this context, the petrology of erupted products has greatly contributed to 41 

recognize depth of storage and to track the ascent path of magma within the plumbing system 42 

(Armienti et al. 1989; Corsaro et al. 2007, 2014, 2024; Giuffrida and Viccaro 2017; Ubide and 43 

Kamber 2018; Giuffrida et al. 2021, 2023). In particular, the knowledge of pre-eruptive magma 44 

dynamics rapidly increased thanks to the systematic application of diffusion chronometry to 45 

chemically zoned crystals (Kahl et al. 2011, 2015; Viccaro et al. 2016; Giuffrida and Viccaro 2017; 46 

Giuffrida et al. 2021; 2023). Applications on volcanic minerals of the recent eruptive record of Etna 47 

indicated the occurrence of frequent episodes of mafic replenishments that may involve different 48 

storage regions at different crustal depth, mobilizing more evolved resident magmas before eruptions. 49 

Modes and timescales over which these processes occur, differ from eruption to eruption. However, 50 

significant phases of deep recharge with activation of the deepest reservoirs and very rapid ascent of 51 

primitive melts were found to characterize the onset of high intensity explosive eruptions at Etna 52 

(Giuffrida and Viccaro 2017; Cannata et al. 2018; Giuffrida et al. 2023). 53 

Lava fountain episodes characterized by intense explosive activity have become very frequent at 54 

Etna since the late 1980s (Behncke and Neri 2003; Andronico et al. 2021). Among the summit craters, 55 

the South East Crater (SEC) has been the most productive, generating over two hundred events, the 56 

most clustered in sequences lasting weeks to years (La Delfa et al. 2001; Behncke et al. 2006; 57 

Andronico and Corsaro 2011; Behncke et al. 2014; Giuffrida and Viccaro 2017; Andronico et al. 58 

2021; Giuffrida et al. 2023). Less frequent, but particularly powerful lava fountain activity has 59 

occurred at the crater Voragine (VOR) on July 22, 1998 (Aloisi et al. 2002), September 4, 1999 60 

(Harris et al. 2002) and more recently in short sequences of multiple events during December 3-5, 61 

2015 (4 events; Corsaro et al. 2017), May 18-21, 2016 (3 events; Edwards et al. 2018), and finally 62 

between July 4 and August 15, 2024 with a sequence of 6 events. Despite the relative rarity of high-63 

intensity eruptions, episodes of renewed activity at VOR have commonly marked major transitions 64 

in Etna’s activity, leading to substantial changes in the eruptive behavior and morphological 65 

modifications of the volcano summit (Corsaro et al., 2017; Pompilio et al., 2017; Cannata et al., 2018; 66 

Giuffrida et al., 2021). 67 

The reawakening of VOR in 2024 has occurred after a long period of rest of the volcano lasting 68 

over six months. The crater produced modest Strombolian explosions starting from mid-June 2024. 69 



 

 
 

Strombolian explosions gradually intensified as the days passed, eventually turning into a new 70 

spectacular sequence of lava fountains. The six paroxysmal events that occurred between July and 71 

August 2024 at VOR are the focus of the present study. Specifically, this work aims to shed light on 72 

the chemical and physical factors that led to the onset of this new sequence of violent eruptions at 73 

VOR. We provide a petrological investigation of volcanic tephra not only erupted during the 74 

paroxysmal events, but also related to the phase of Strombolian activity of June 15 - July 4 that 75 

preceded the onset of paroxysmal eruptions on July 4, 2024. Specifically, the study combines the 76 

whole rock data of the six paroxysms with micro-analytical data acquired on volcanic crystals and 77 

glasses of both the Strombolian activity and the paroxysmal episodes. The investigation primarily 78 

focuses on the microanalysis on olivine crystals to assess their major element variation from core to 79 

rim. This allowed the application of Fe-Mg diffusion models to retrieve timescales of the pre-eruptive 80 

magma storage and transfer. This approach pursues a crystal chemistry-based investigation strategy 81 

already consolidated for the study of the Etna plumbing system (cf. Giuffrida et al. 2023 and 82 

references therein), which enables a comprehensive assessment of the spatial and temporal evolution 83 

of the volcano storage and transfer zones. The approach makes therefore possible consistent 84 

comparison with past activities, facilitating the evaluation of the short-to-long term changes in the 85 

working modes of Mt. Etna. 86 

 87 

2. The volcanic activity of Voragine during 2024 88 

The crater VOR was in a state of rest for several years prior to the summer of 2024. The latest 89 

volcanic manifestations occurred between September 2019 and February 2021. However, this 90 

eruption was only characterized by persistent Strombolian activity of variable intensity, with two 91 

main phases identified between September 2019 - April 2020 and December 2020 - February 2021, 92 

occasionally accompanied by intra-crateric lava effusion and intermittent fumarolic degassing 93 

(Giuffrida et al. 2021). 94 

Following this period, no further magmatic activity has been recorded at VOR until June 2024, 95 

when mild spattering activity suddenly resumed without specific precursory signals. The reawakening 96 

started on June 14 progressively intensified, transitioning from spattering to Strombolian explosions 97 

over the following weeks (Fig. 1a). This process led to the growth of a new intra-crateric cone and 98 

was accompanied by the emission of small lava flows that spilled into the adjacent Bocca Nuova 99 

crater (BN; Fig. 1b). 100 

On the afternoon of July 4, Strombolian explosions increased in both frequency and intensity, 101 

culminating at ~15:15 UTC in the first paroxysmal episode of the sequence (Fig. 1c; Table 1). This 102 

event lasted approximately 9 hours and was characterized by sustained lava fountains reaching 400-103 



 

 
 

500 m in height and the emission of an eruptive column that rose to ~4.5 km a.s.l. (INGV-OE 2024a). 104 

During this episode, an intra-crateric lava flow was emplaced, filling both crater depressions within 105 

BN. Lava fountaining ceased at approximately 02:00 UTC on July 5. On July 6, sporadic Strombolian 106 

activity resumed, gradually intensifying during the early hours of July 7 and culminating at 107 

approximately 02:30 UTC in the second paroxysmal episode (Fig. 1d). This event produced lava 108 

fountains up to 600-700 m in height and an eruptive column that reached ~9 km a.s.l. (INGV-OE 109 

2024a). During the final stages of the episode, a lava flow descended several hundred meters from 110 

the western rim of BN. This paroxysmal eruption lasted ~5 hours, ending at approximately 07:30 111 

UTC. The eruptive activity at VOR resumed again on July 9 and intensified during the early hours of 112 

July 11, producing high-energy Strombolian explosions and a modest lava flow extending a few 113 

hundred meters westwards. In this case, the activity did not evolve into lava fountaining and gradually 114 

declined in intensity, although it never ceased completely. On the afternoon of July 15, Strombolian 115 

explosions at VOR again increased in both frequency and intensity, culminating at ~20:15 UTC in 116 

the third paroxysmal episode of the sequence (Fig. 1e). This event showed similar characteristics to 117 

the previous ones, with high lava fountains reaching ~800 m, an eruptive column rising to ~8 km 118 

a.s.l. (INGV-OE 2024b), and a lava flow directed toward the western flank. The paroxysmal phase 119 

lasted approximately 3 hours, ending at approximately 23:15 UTC. The fourth paroxysmal episode 120 

was preceded by renewed explosive activity at VOR starting on July 18, which gradually intensified 121 

in the subsequent days and transitioned into a paroxysmal phase at approximately 05:45 UTC on July 122 

23 (Fig. 1f). The most energetic phases of this episode produced lava fountains up to ~1 km in height 123 

and an eruptive column reaching ~8 km a.s.l. (INGV-OE 2024c). This episode had shorter duration 124 

compared to the previous ones, ceasing around 07:45 UTC. Just over 24 hours later, the prelude of 125 

the fifth paroxysmal episode began. Unlike the preceding events, this episode was characterized by a 126 

fast escalation from the Strombolian activity to sustained lava fountaining within some tens of 127 

minutes. The climax occurred between 03:00 and 07:10 UTC on August 4 (Fig. 1g), with lava 128 

fountains exceeding 1.5 km in height and an eruptive column that rose to ~10 km a.s.l. (INGV-OE 129 

2024d). Two lava flows were emplaced during this event: the first resulted from an overflow at the 130 

western rim of BN, while the second was generated by the accumulation of the still-fluid pyroclastic 131 

material on the western flank of VOR. The final eruptive episode of the sequence was preceded by a 132 

new phase of escalating explosive activity that began on August 6, culminating in a paroxysmal phase 133 

at approximately 22:30 UTC on August 14 (Fig. 1h). During the most intense phase, lava fountains 134 

reached ~1.5 km in height and the eruptive column rose to ~9.5 km a.s.l. (INGV-OE 2024e). 135 

Additionally, a new eruptive fissure opened along the morphological saddle between VOR and NEC, 136 

producing a lava flow that partially filled the NEC crater depression. A second more voluminous lava 137 



 

 
 

flow was emplaced on the western flank of the volcano. The paroxysmal phase lasted approximately 138 

3 hours and ended at 01:30 UTC on August 15, marking the end of this cycle of eruptions. 139 

 140 

3. Methods 141 

3.1 Sampling and analytical procedures 142 

Nine sets of tephra samples were collected on the southern flank of Mt. Etna during the eruptive 143 

activity. Three sets are related to the Strombolian activity preceding the first paroxysm, namely 144 

VOR_160624, VOR_250624 and VOR_040724, whereas the other six sets of samples belong to the 145 

six paroxysmal eruptions occurred at VOR (Table 1). Major element compositions of the whole rock 146 

were analyzed for each of the paroxysm samples at SGS Laboratories in Toronto (Canada) using X-147 

ray fluorescence spectroscopy (WD-XRF) on powdered pellets, with corrections applied for matrix 148 

effects. The loss on ignition (L.O.I.) was measured gravimetrically at 1000 °C for 24 hours and the 149 

quality of the whole rock data was evaluated through analyses on the standards OREAS751 and 150 

SARM32, ensuring analytical precision and the accuracy of major element concentrations of 2-3%. 151 

All the whole rock analyses are available in the Supplementary Material 1. Thin sections were 152 

examined using both optical and scanning electron microscopy at the Earth Science section of the 153 

Department of Biological, Geological and Environmental Sciences of the University of Catania. 154 

Back-scattered electron images and micro-chemical analyses were acquired on 106 olivine crystals 155 

along core-to-rim profiles with spacing between analytical spots of ~3-6 µm. Analysis were 156 

performed with a Tescan Vega-LMU scanning electron microscope equipped with an EDAX Neptune 157 

XM4-60 microanalyzer, employing an energy-dispersive system (EDS) with an ultra-thin Be 158 

window. Major element measurements in the mineral phases and volcanic glasses were carried out 159 

using accelerating voltage of 20 kV and beam current set to 2 nA. To maintain accuracy throughout 160 

the analyses, repeated measurements were performed on the certified reference glass and olivine of 161 

the SPI 02753-AB Serial KF standards, resulting in a precision of 3-5% for all the determined 162 

elements. All the analyses performed on mineral phases and volcanic glasses are available in the 163 

Supplementary Material 1 and 2. 164 

 165 

3.2 Fe-Mg diffusion modeling strategy 166 

The Fe-Mg interdiffusion has been modeled in 23 selected crystals through a finite-difference 167 

numerical model operating in one dimension (Costa et al. 2008; Supplementary Material 3). The 168 

analytical strategy was guided by strict geometric and crystallographic criteria. Since evident 169 

obliquity in sectioning (>45o respect to c-axis) and off-center cuts can profoundly distort the shape of 170 

compositional profiles and the retrieved diffusion timescales (Shea et al. 2015a; 2015b), very small 171 



 

 
 

grains (<100 µm) were systematically excluded, as they typically correspond to peripheral sections. 172 

Similarly, profiles intersecting crystal corners, where overlapping diffusion domains may falsely 173 

elongate calculated timescales, were discarded (Shea et al. 2015a). 174 

Each analyzed crystal was characterized crystallographically through conoscopic inspection under 175 

polarized light using a Zeiss four-axis universal stage. This procedure allowed the determination of 176 

the angular relationship between the a, b, and c axes and the diffusion transects. These geometric 177 

parameters are required to account for the anisotropic nature of Fe-Mg diffusion in olivine and are 178 

used to correct diffusion coefficients following Dohmen and Chakraborty (2007). The modeling was 179 

employed on crystals oriented close to the c-axis direction, where diffusion is fastest and most 180 

efficient (Costa and Chakraborty, 2004). Fe-Mg diffusion coefficients were determined by using the 181 

thermodynamic parameters [temperature (T), pressure (P) and oxygen fugacity (ƒO2); Table 2) 182 

characterizing compositionally-distinct magmatic environments of olivine crystallization beneath 183 

Etna, as determined by Giuffrida et al. (2023). Each zoned profile was always modeled by using the 184 

average T, P and fO2 of the final environment where the olivine shows evidence of chemical 185 

relaxation after intrusion. As initial conditions, we used a homogeneous profile for modeling simple 186 

normally or reversely zoned chemical gradients. A step-like initial distribution, assuming a maximum 187 

concentration range at the boundary layer, was instead adopted in presence of chemical gradients 188 

(normal or reverse) that became smoother or flat at the rim, which suggest the rim grew after the 189 

crystal is incorporated and re-equilibrated into an environment having thermodynamic characteristics 190 

different than the initial crystallization environment. In all cases, diffusion was assumed to occur 191 

under isothermal conditions and fixed concentration conditions were imposed at the crystal 192 

boundaries. 193 

The uncertainty in diffusion timescales was quantified by propagating the errors associated with 194 

the diffusion parameters, following the procedure proposed by Kahl et al. (2015). Uncertainties of 195 

±20 °C in temperature and ±1 × 10⁻¹⁰ bars in oxygen fugacity were considered for the calculation on 196 

the basis of the ranges in temperature and oxygen fugacity calculated thermodynamically for the 197 

Etna’s magmatic environments by Giuffrida et al. (2023). The derived diffusion times should be 198 

interpreted as maximum times, under the assumption that compositional zoning evolved exclusively 199 

through diffusive processes, rather than crystal growth or resorption (Costa et al. 2008). 200 

 201 

4. Results 202 

4.1 Petrography of the 2024 Voragine volcanic products 203 

Samples from the June-August volcanic activity at VOR show variable modal abundances of 204 

crystals, with plagioclase being the dominant phase (~50-65%), followed by augitic clinopyroxene 205 



 

 
 

(20-35%), olivine (5-10%) and Fe-Ti oxides (~5%). We observed noticeable textural differences at 206 

the microscale in whole rock and crystals between samples belonging to the preparatory Strombolian 207 

activity (June 16, 25 and July 4) and samples related to the paroxysms (July 4, 7, 15, 23 and August 208 

4, 14), with those from the Strombolian activity of July 4 showing intermediate features. 209 

Samples related to the Strombolian activity show a seriate porphyritic texture with crystals of 210 

various sizes measured along the major axis: phenocryst (>0.3 mm), micro-phenocryst (0.1-0.3 mm) 211 

and a glassy brownish matrix characterized by the presence of microlites (<0.1 mm) of plagioclase 212 

and augitic clinopyroxene (Fig. 2a). The microlite content in the matrix is significantly high in 213 

products of July 4. Plagioclases in all samples of the Strombolian activity have euhedral habitus with 214 

major axis length varying between 150 µm up to ~1 mm. Pervasive disequilibrium textures (sieve 215 

textures) occur at plagioclase cores and less frequently at rims. Olivine phenocrysts are subhedral to 216 

euhedral with size varying between 200 µm and ~1 mm, while augitic clinopyroxenes show average 217 

size of 250 µm with the presence of few millimetric specimen in euhedral to subhedral habitus. The 218 

presence of olivine glomerocrysts (Fig. 2a) was observed, along with frequent Fe-Ti oxides and 219 

augitic clinopyroxene glomerocrysts. 220 

Tephra samples from the paroxysmal events show significant lower phenocryst contents (10-15 221 

%), while retaining the same mineral assemblage and a similar seriate grain-size distribution to that 222 

observed in tephra from the Strombolian phase. Although the relative proportions of the phenocryst 223 

phases remain broadly comparable, tephra from paroxysms exhibit higher plagioclase abundance, 224 

reaching up to 65 vol.%, with plagioclase occurring predominantly as microlites. Disequilibrium 225 

textures are rare and, when present, they only affect the plagioclase core (Fig. 2b). Subhedral to 226 

euhedral olivines and augitic clinopyroxene are ~250 µm in size, only rarely forming large individual 227 

crystals (>500 µm) or glomerocrysts. 228 

 229 

4.2 Geochemistry of the 2024 Voragine volcanic products 230 

Whole rock chemical analyses for major elements were performed on samples from the six 231 

paroxysmal events (Supplementary Material 1). Results show that most major oxides (e.g. MgO, 232 

CaO, Na2O, K2O) follow differentiation trends consistent with those of products erupted during the 233 

previous VOR activity of 2015-2016 and 2019-2020 (Fig. 3; data from Cannata et al. 2018 and 234 

Giuffrida et al. 2021). Iron and titanium oxides display slightly lower concentrations, within the 235 

relative error, if compared to products previously erupted at VOR, a feature attributed to analytical 236 

bias being these products analyzed through WD-XRF in a different laboratory. Furthermore, we 237 

report higher values for L.O.I. compared to the usual values observed at Mt. Etna since 2011 (average 238 

of 1.25 wt.%), spanning from 1.2 to 1.9. Notably, the least evolved products (i.e. lower SiO2 and 239 



 

 
 

higher MgO contents) correspond to the last three paroxysms, whereas the most evolved compositions 240 

are associated with the first three events. Figure 4 show the composition of VOR 2024 volcanic 241 

glasses for tephra erupted during the Strombolian phase and those related to paroxysmal eruptions 242 

along with glass compositions from Voragine 2015 (Pompilio et al. 2017) and the 2020-22 243 

paroxysmal sequence at the SEC (Giuffrida et al. 2023) for comparison. The compositions are plotted 244 

in the diagram FeOtot/MgO vs. CaO/Al2O3 which can be a proxy of the glass evolution through the 245 

June-August VOR eruptive activity. Excluding the Strombolian activity of July 4, the most evolved 246 

glasses correspond to the Strombolian activity of June 16, followed by progressive shift towards more 247 

mafic composition during the July 4 paroxysm (Fig. 4). Indeed, we note that data from the 248 

Strombolian activity of July 4 are more scattered, a feature probably measured due to the presence of 249 

high numbers of microlites in the matrix which could affect the composition of the surrounding glass. 250 

Finally, the six paroxysms of the VOR 2024 sequence partially overlap the more evolved 251 

compositions deriving from the activity of both VOR 2015 and SEC 2020-22. 252 

 253 

4.3 Olivine composition and zoning patterns 254 

The microanalysis was conducted on 106 olivine crystal along core-to-rim profiles: 25 of the 255 

analyzed olivines come from tephra of the Strombolian phase, while 81 olivines derives from tephra 256 

of the paroxysmal eruptions. The chemical variability within olivine is illustrated in Figure 5, where 257 

spot analyses for the forsterite content [Fo = Mg/(Mg+Fe+Mn) mol%] are counted and grouped into 258 

stacked columns according to their position along the profiles. Most olivine crystals (49% of the total 259 

dataset) exhibit Fo core composition (blue shades in Figure 5) in the range Fo76-78, showing an almost 260 

unimodal distribution among the samples. Cores at Fo71-73 and Fo82-83 occur with minor frequency of 261 

10% and 7%, respectively. Core compositions lower than Fo71 and higher than Fo83 are rare and 262 

appear generally distributed around the main peak of frequency. Rim compositions (green shades in 263 

Figure 5) cluster within Fo intervals that closely resemble those observed at the crystal cores. In 264 

particular, 65% of the olivines display rim compositions between Fo76-79, while 15% fall within the 265 

Fo70–73 range. 266 

Olivine crystals are classified in three olivine populations (OP; Fig. 6) that are defined on the basis 267 

of the chemically homogeneous inner cores with flat Fo profiles (i.e., chemical plateau). This feature 268 

was observed in a total of 84 crystals distributed as follows: 14 % cores at Fo80-84 constituting OP1, 269 

70% at Fo75-79 defining OP2, and 16 % at Fo68-73 representing OP3. 270 

The shape of compositional profiles from core to rim defines four different zoning patterns: a) 271 

non-zoned crystals that show a slight normal or reverse trend (~1 Fo%) at the outer rim (Fig. 6a); b) 272 

normal zoning with Fo concentration gradually decreasing from the core towards the rim (Fig. 6b); 273 



 

 
 

c) reverse Fo zoning (Fig. 6c); d) complex profiles that show reverse zoning shifting to normal 274 

towards the crystal edge (Fig. 6d). Non-zoned and normally zoned profiles are the most frequent 275 

within samples, each pattern characterizing 34% of crystals, followed by reverse zoning (27%), 276 

whereas complex zoning is rare (5%). The distribution of these zoning patterns throughout the 277 

eruptive period is displayed in Figure 7. In particular, the abundance of non-zoned crystals within the 278 

investigated samples progressively increases from June 16 to July 15, reaching here its maximum and 279 

then decreasing towards the end of the paroxysmal series. Crystals with normal zoning profiles are 280 

dominant within products erupted during the Strombolian activity, but little represented during 281 

paroxysmal eruptions. Reverse zoning shows a bimodal distribution over time with two frequency 282 

peaks coinciding with the eruptions of July 4 and August 4, and no substantial differences between 283 

the Strombolian and the paroxysmal phase. Finally, the presence of complex zoning is quite scattered 284 

over the period. 285 

 286 

5. Discussion 287 

5.1 Magma transfers and timescales 288 

A conspicuous literature exists on the composition and zoning of olivine crystals from volcanic 289 

products erupted at Etna since 1991 CE (Kahl et al. 2011, 2013, 2015, 2017; Viccaro et al. 2016; 290 

Giuffrida and Viccaro 2017; Cannata et al. 2018; Viccaro et al. 2019; Borzì et al. 2020; Giuffrida et 291 

al. 2021, 2023). Since the pioneer work of Kahl et al. (2011), the study and correlation of olivine 292 

zoning coupled with thermodynamic modeling enabled the refining of the plumbing system internal 293 

structure as composed by multiple magmatic environments, which reflect the crystallization 294 

conditions of distinct olivine populations. Each environment was defined by stable conditions of 295 

pressure, temperature, oxygen fugacity and magma volatile content (P–T–fO2–X) allowing the growth 296 

of homogeneous olivine. Thermodynamic constraints on olivine crystallization have been provided 297 

for various eruptive periods at Etna, as for 1991-2008 (Kahl et al. 2015) and 2011-2013 period 298 

(Giuffrida and Viccaro 2017). The most recent constraints come from Giuffrida et al. (2023), who 299 

simulate magma differentiation throughout the decade 2011-22, therefore providing crystallization 300 

conditions also for olivine populations of the 2015-2016 and 2020-2022 paroxysmal sequences. 301 

These authors defined six magmatic environments (MEs) associated to compositionally distinct 302 

olivine populations, named Mx (Fo>84), M00 (Fo84-83), M0 (Fo82-80), M1a (Fo79-77), M1b (Fo76-74), M2 303 

(Fo73-68). P, T, fO2 and volatile contents characterizing each environment are reported in Table 2. In 304 

this study, we refer to these most recent constraints to characterize thermodynamically the three 305 

olivine core populations found within the 2024 tephra erupted at VOR. In accordance with results 306 

from thermodynamic modeling, we assume that crystals belonging to OP1 (Fo80-84) formed under P-307 



 

 
 

T-X-fO2 conditions encompassing the magmatic environments M00 and M0. The population OP2 308 

(Fo75-79) is the most abundant and gathers olivine cores that match those associated to the 309 

environments M1a and M1b. Finally, the most evolved population, OP3 (Fo68-73), well overlaps the 310 

range of olivine composition crystallizing at the conditions of M2. 311 

While growing, olivine can develop chemical zoning in response of changes of the physical-312 

chemical conditions of the host melt during storage and ascent, essentially due to fractionation or 313 

magma mixing (Streck 2008). As such, the spectrum of Fo zoning patterns recognized in our samples 314 

can be used to track the polybaric crystallization of an olivine from an environment to the other, thus 315 

reconstructing the history of migration until its final emission at the surface. In this study, we have 316 

used system analysis diagrams (cf. Kahl et al. 2011, 2015) to illustrate crystal movements and 317 

connections between environments in the period June 16 - August 14, as resulted from the analysis 318 

of olivine core composition and associated zoning (Fig. 8). Specifically, system analysis diagrams 319 

were constructed for the pre-sequence events (i.e. the Strombolian phase) of June 16 - July 4 and for 320 

the paroxysmal sequence of July 4 ˗ August 14. 321 

Most of the crystals erupted during the Strombolian activity of June 16 ˗ July 4 preserve normally 322 

zoned rims at Fo68-73 (Fig. 8), but core composition indicating early crystallization in various 323 

environments, from M0 to M1b. This suggests multiple magmatic inputs from the deep portions of the 324 

feeding system, extending to depth of ~6.5 km b.s.l., into the crustal interval corresponding to the M2 325 

and M1b magmatic environments (i.e. ~2 km a.s.l. – 2 km b.s.l.; cf. Giuffrida et al. 2023). This 326 

interpretation is reinforced by the analysis of glasses for the same period of activity. Indeed, we have 327 

observed that glass compositions become progressively more mafic from June 16 to the onset of 328 

paroxysmal eruptions on July 4. This support the idea that the Strombolian phase was fed by 329 

subsequent inputs of fresh mafic magmas that progressively mixed with the resident one, and 330 

gradually replaced it. The observed glass compositional variability of such kind has been also 331 

explained by ascent-related kinetic processes through experimental results (Musu et al. 2026). 332 

However, although these factors may have contributed, the petrological, geochemical and 333 

geophysical set of data available for the recent eruptive sequences at Etna have consistently 334 

highlighted the occurrence of recurrent mafic recharge events, leading to the progressive 335 

replenishment of the upper plumbing system (e.g., Cannata et al. 2018; Giuffrida et al. 2023; 336 

Bonaccorso et al. 2024; Cardone et al. 2024; Corsaro et al. 2024; Salerno et al. 2025). The crystal 337 

chemistry record presented in this study is fully consistent with this long-recognized behavior at Etna, 338 

and unequivocally points to the involvement of mafic magma inputs also during the 2024 sequence. 339 

Taken together, these observations support mafic recharge as the interpretation that best reconciles 340 

our observations on olivine zoning with the glass compositional variations. 341 



 

 
 

The system diagram analysis for the explosive phase of July 4 - August 14 indicates a substantially 342 

different scenario. Only a minor part of crystals belonging to OP1 and OP2 record normal zoning 343 

with decreasing Fo content to Fo68-73 (Fig. 8), which coincides with the composition of M2. Rather, 344 

the OP1 (Fo80-84) population is mainly normally zoned with rims in the range Fo74-79 (i.e. M1a-M1b), 345 

while OP2 (Fo75-79) is dominated by non-zoned crystals and, subordinately, by reversed zoned rims 346 

towards more evolved compositions. The majority of crystals of the paroxysmal phase record these 347 

zoning patterns. This suggests that the section of the plumbing system between M1a and M1b, 348 

extending at depth of ~0.5 km a.s.l. – 5.8 km b.s.l. (i.e. 70-235 MPa; Giuffrida et al. 2023), was 349 

particularly active, accommodating most of mafic magmas coming from the deepest environments 350 

M0 and M00. The mafic replenishment into the M1a-M1b region may have triggered the ascent of the 351 

resident magma towards the shallowest environment or directly towards the surface, as also indicated 352 

by the abundance of non-zoned Fo75-79 crystals in these products. 353 

Results from olivine zoning provide a picture that correlate well with information coming from 354 

geophysics. Overall, the high abundance of chemically homogeneous olivine cores at Fo76–77 (Fig. 5) 355 

support the evidence of a main storage region located between M1a and M1b and centered at ~2.7 km 356 

b.s.l. The M1a-M1b crustal interval partially overlaps the location of an intermediate storage zone 357 

inferred by the deformation sources modeled for the mid- to long-term recharging-discharging phases 358 

investigated in previous studies (Aloisi et al. 2018; Palano et al. 2024) and by seismic tomography 359 

(De Gori et al. 2021; Del Piccolo 2025). In particular, the upper section of this region coinciding with 360 

the M1b environment (approximatively between 1 km a.s.l. and 2 km b.s.l.) is consistent with the 361 

deflation sources identified for the most energetic lava fountain events of 2015-16 and 2024 by 362 

Bonaccorso et al. (2025). By applying a numerical finite-element method to strain data, these authors 363 

located the deflation source at depths of ~0.5-1.0 km b.s.l., corresponding to the M1b magmatic 364 

environment. In this framework, it is worth noting that deformation models applied over longer time 365 

intervals (and encompassing multiple paroxysmal events) using GNSS data during the 2015-16 VOR 366 

activity placed the deflation sources at greater depth of ~4.5-5.0 km b.s.l. (e.g. Aloisi et al. 2017; 367 

Cannata et al. 2018), which is consistent with the location of M1a environment identified by petrology. 368 

The application of diffusion modeling on zoned olivine has provided time constraints on magma 369 

dynamics that fed the 2024 paroxysmal sequence at VOR (Table 3; Supplementary Material 3). Our 370 

dataset includes a few crystals providing long diffusion timescales on the order of 8.4-9.1 and 2.5-3.1 371 

years and diffusive relaxation at the conditions of M1b and M2. This suggests prolonged periods of 372 

storage in the shallow plumbing system, during which these crystals continued to chemically re-373 

equilibrate with the surrounding melt. These long timescales essentially refer to crystals erupted at 374 

the early stage of activity, between June 16 and July 7. In addition, volcanic tephra erupted during 375 



 

 
 

this early phase have shown the presence of abundant glomerocrysts of evolved (Fo73-70) olivines. We 376 

have interpreted these features as the possible consequence of the progressive dismantling of a crystal 377 

mush that likely obstructed the volcanic conduit before the beginning of volcanic activity in June 378 

2024. 379 

With the exception of these few cases, all the others crystals provide timescales in the range 6-180 380 

days (Fig. 9; Table 3). Specifically, the most mafic olivine (Fo84) associated to the environment M00 381 

provide timescales of 3-5 months following diffusive relaxation at the conditions of M1a. This 382 

indicates an early event of mafic magma ascent from deep levels of the feeding system (i.e. M00) 383 

which occurred in the period between the end of March and end of April 2024. 384 

The arrival of new magma into the intermediate plumbing system seems to have reactivated the 385 

resident M1a magma and triggered its ascent, which eventually resulted in the progressive 386 

remobilization of more evolved melts stored in the upper reservoirs. The process is testified by many 387 

olivines from the paroxysmal sequence that record chemical relaxation at various magmatic 388 

conditions, including M1a, M1b, and M2, and provide timescales of 1-2 months, consistent with magma 389 

migration between the end of May and the first half of June 2024, therefore preceding the onset of 390 

the paroxysmal sequence at VOR. Finally, very short timescales of 1-2 weeks point to some episodes 391 

of syn-eruptive magma ascent during the ongoing activity in July 2024 (Fig. 9; Table 3). 392 

 393 

5.2 The 2024 sequence at Voragine compared to the past activity  394 

The eruptive dynamics inferred from the petrology of the 2024 volcanic products erupted at VOR 395 

differ substantially from those observed for the 2015-16 explosive sequences at the same summit 396 

crater, which were investigated by Cannata et al. (2018) using the same petrological approach adopted 397 

in this study. The comparison of the two datasets highlights significant differences in the relative 398 

abundances of olivine populations, location of the storage zones that accommodate magma prior to 399 

eruption and in the timing of magma transfers feeding eruptions. For instance, OP1 (Fo80–84) 400 

compositions are poorly represented within products of the 2024 sequence, whereas they were 401 

particularly abundant in products of the 2015-2016 activity. In contrast, OP2 (Fo74–79) accounts for 402 

more than twice the proportion of crystals in 2024 compared to 2015-2016. One of the most 403 

remarkable features of the 2015-16 activity was the eruption of volcanic tephra bearing some of the 404 

most mafic olivine (Fo>85) erupted at Etna in recent times (cf. Cannata et al. 2018; Giuffrida et al. 405 

2023), evidence of the activation of a primitive magmatic environment, named Mx, encompassing 406 

high magmatic pressures (>650 MPa) and temperatures (Giuffrida and Viccaro 2017). Aside from 407 

VOR, the observation of such so mafic olivine composition was limited to just a few eruptions of the 408 

recent record of Etna, such as the paroxysm of August 2014 and February 2021 at SEC (Viccaro et 409 



 

 
 

al. 2016; Giuffrida et al. 2023), but completely lacks in the products of the 2024 sequence. The 410 

petrology of recently erupted products has highlighted how the Etna plumbing system during 411 

powerful explosive phases is capable to drain efficiently and over very short times most of the 412 

primitive magmas injected into the deepest storage region (>13 km b.s.l.) and transfer it directly to 413 

the surface. In this context, timescales of magma movements associated to the onset of the 2015-16 414 

paroxysmal eruptions are much faster than those registered during 2024 for all the connections 415 

between magmatic environments (days to weeks vs. weeks to months, respectively). Similar fast 416 

dynamics were also observed for the powerful paroxysmal sequence of 2020-2022 at SEC (Giuffrida 417 

et al. 2023). The distribution of olivine compositions and zoning profiles for the 2024 activity 418 

suggests, instead, propensity for magmas to accumulate and temporarily reside in intermediate to 419 

shallow storage zones (~0.5 a.s.l. – 5.8 km b.s.l.) before eruption, which contrasts with the fast 420 

dynamics typically preceding the development of other recent paroxysmal eruptions at Etna. 421 

The reawakening of VOR has concluded a three-year long period dominated by the activity of 422 

SEC. In this framework, the observed magma dynamics may reflect a structural reorganization of the 423 

volcanic system, whereby the lack of major magma accumulation in the uppermost reservoir may 424 

have favored the ascent of magma through the central conduit system that fed directly VOR, while 425 

hindering the drainage of magma toward the SEC. 426 

 427 

6. Conclusions 428 

The petrological evidence of eruptive products from the VOR crater of Mt. Etna, collected before 429 

and during the June-August 2024 activity, provides insights into the dynamics of the magmatic 430 

feeding system and the magma transfers that led to the development of the paroxysmal sequence. Our 431 

results indicate the arrival of a mafic magma coming from depth of ~6–8 km b.s.l. (M00-M0) in the 432 

period between late March and late April 2024. This event triggered the reactivation, in sequence, of 433 

multiple magma volumes distributed at various depths across the intermediate-shallow portion of the 434 

plumbing system. 435 

In the recent past, the reawakening of the VOR crater have determined significant changes in the 436 

structural configuration of the volcano, which have in turn influenced the eruptive behavior of the 437 

subsequent years. The powerful paroxysmal eruptions of 2015-2016 marked the transition to a period 438 

of long-term inflationary recharge regime that anticipated the beginning of a period of activity 439 

dominated by effusive eruptions for many years (cf. Viccaro et al. 2019; Borzì et al. 2020; Giuffrida 440 

et al. 2021). More recently, the modest but persistent activity at VOR between 2019-2020 also 441 

preceded the resumption of paroxysmal activity at the summit area, culminating in the extraordinary 442 

sequence of 62 lava fountain episodes that occurred at the SEC between late 2020 and early 2022 443 



 

 
 

(Giuffrida et al., 2023), after a four-year period characterized by the absence of energetic eruptions 444 

at the volcano. 445 

The intense eruptive episodes at VOR during the summer 2024 have already provided other 446 

evidence of significant shift in the pattern of the ensuing activity, which became comparatively 447 

modest during 2025. At the time of writing, the last remarkable event linked to the VOR activity is 448 

related to the reactivation of the NEC at the end of 2025, where the two lava fountaining episodes 449 

occurred on December 27 ended a 28-year hiatus of paroxysmal activity at this crater. Indeed, these 450 

events were also accompanied by the opening of an explosive vent and an eruptive fissure on the 451 

eastern flank of the VOR, suggesting its structural control in the magma drainage throughout the 452 

conduit system. Because of these possible implications, any renewed activity at VOR requires to be 453 

closely investigated by the scientific community, and the modes of magma recharge and transfer 454 

controlling especially its powerful events should be deciphered in the framework of the volcano 455 

dynamics of Etna. 456 
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 684 

Figure captions 685 

Figure 1 – Sequence of photographs illustrating the main stages of eruptive activity at the VOR crater 686 

during the summer of 2024. a) Mild Strombolian activity in the afternoon of June 26, observed from 687 

the western rim of the VOR. b) Intensification of the Strombolian activity and emplacement of an 688 

intra-crateric lava flow spilling from the VOR into the adjacent BN, observed in the evening of June 689 

30. c) The first paroxysmal eruption in the afternoon of July 4. d) The second paroxysmal eruption at 690 

dawn on July 7. e) The third paroxysmal eruption in the evening of July 15. f) Eruptive column 691 

produced during the fourth paroxysmal eruption on the morning of July 23. g) Eruptive column 692 

produced during the fifth paroxysmal eruption at dawn on August 4. h) The sixth paroxysmal eruption 693 

during the night between August 14 and 15, with the lava flow directed toward the western flank of 694 

the volcano. i) Timeline of the VOR eruptive activity during the summer of 2024.  695 

 696 

Figure 2 - Thin section under plane-polarized light (PPL) of: a) scoria from June 25 Strombolian 697 

activity (VOR_250624) and b) lapilli from July 7 paroxysm (VOR_070724B). Annotations indicate: 698 

Pl – plagioclase; Ol – olivine; Gl – glass; Bbl – vesicles. 699 

 700 

Figure 3 - Major oxide variations for the whole rocks of the 2024 paroxysmal activity at VOR (red 701 

markers). Products erupted at the VOR during 2015-2016 (data from Cannata et al. 2018) and 2019-702 

2020 (data from Giuffrida et al. 2021) are plotted for comparison with grey markers. Whole rock 703 

compositions of samples belonging to the 2011-13 (data from Giuffrida and Viccaro 2017) and 2020-704 

22 (data from Giuffrida et al. 2023) paroxysmal sequences at the SEC are enclosed in pink and green 705 

dashed fields, respectively. Error bars show the ± relative error interval associated with each major 706 

oxide measured for the 2024 paroxysmal activity. 707 

 708 

Figure 4 - FeOtot/MgO vs CaO/Al2O3 ratios for residual glasses from the nine samples belonging to 709 

Strombolian events preceding paroxysms (Str) and the 6 paroxysmal eruptions (P) occurred at the 710 

https://doi.org/10.1038/s41598-019-43211-9
https://doi.org/10.1002/2016JB01316


 

 
 

VOR during 2024. Fields delimited by colored dashed lines refer to the glass compositions of 711 

December 2015 VOR eruptive products (Pompilio et al., 2017) and to the 2020-2022 paroxysmal 712 

sequence at the SEC (Giuffrida et al., 2023). Vectors indicate how composition would vary if 5% of 713 

clinopyroxene, 10% of plagioclase, 5% of olivine or 3% of Ti-magnetite is fractionated from the least 714 

evolved glass composition measured. 715 

 716 

Figure 5 - Frequency histogram of the micro-analytical data (total = 4268 points) obtained on olivine 717 

crystals in products of the 2024 VOR activity showing the distribution of forsterite contents. The 718 

color bar indicates the normalized position of each analysis along the compositional profiles, where 719 

each increment corresponds to 10% of the crystal length from core to rim. 720 

 721 

Figure 6 - Olivine compositional profiles showing examples of plateaus that define olivine 722 

populations, together with the four zoning types recognized within the 2024 eruptive sequence at the 723 

VOR. a) Crystal belonging to OP2 showing zoning type 1 (non-zoned profile); b) Crystal belonging 724 

to OP1 showing zoning type 2 (normal zoning); c) Crystal belonging to OP3 showing zoning type 3 725 

(reverse zoning); d) Crystal belonging to OP2 showing zoning type 4 (complex zoning). BSE images 726 

and the corresponding profile traces are shown for each crystal. 727 

 728 

Figure 7 - Stacked histogram showing the distribution of olivine crystals with different zoning types 729 

in products erupted throughout the June-August 2024 volcanic activity at VOR. The x-axis reports 730 

the reference dates, with STR indicating Strombolian activity and P indicating paroxysmal eruptions. 731 

 732 

Figure 8 - System analysis diagrams for the 2024 periods “June 16 – July 4” and “July 4 – August 733 

14” illustrating the magma connections between MEs. Colored boxes represent the MEs (see Table 1 734 

for thermodynamic parameters). The thickness of the grey arrows is proportional to the number of 735 

observed transfers and is normalized to the maximum transfer frequency detected across the two 736 

periods (i.e., M1a - surface during July 4 - August 14). The labels N, R, and F indicate normal, reverse, 737 

and flat zoning associated with each transfer. 738 

 739 

Figure 9 - Timeline of the volcanic activity at VOR from June 16 to August 14, 2024 highlighting 740 

the key episodes of magmatic intrusion. Vertical grey and red lines represent the sampling date for 741 

products of the Strombolian phase and of the paroxysmal events, respectively. The y-axis reports the 742 

magma transfers inferred from olivine zoning, arranged in order of decreasing depth. Colored dots 743 

and horizontal error bars (1σ, see the Appendix for details) represent the timescales of the 744 



 

 
 

corresponding magma transfers obtained from Fe-Mg diffusion modelling in olivine, with the dotted 745 

horizontal lines extending forward in time toward the eruptive event that released each crystal. Some 746 

timescales extend beyond the plotted interval; in these cases, the transfer time is marked by a black 747 

arrow at the margin of the figure. 748 
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