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ABSTRACT

Monitoring the spatio-temporal evolution of fumarolic activity is key to understanding volcanic unrest at dormant volcanoes.
Here, we present the results of periodic gas surveys conducted at La Fossa (Vulcano Island, Italy) between 2021 and 2024, in
which a portable Multi-GAS instrument is used to map the spatial variations in gas composition across the fumarolic field. We
identify substantial spatio-temporal changes in gas composition. The crater rim fumaroles exhibit the highest CO4, SO, H5S,
H, concentrations and stable, relatively low C0O,/S0, ratios (around 20-30), all indicative of a larger magmatic contribution. In
contrast, the inner crater fumaroles display more variable and generally higher CO,/S0, ratios, indicating a larger hydrothermal
influence. These data, combined with infrared thermal imaging and SO, flux results, are indicative of a volcanic unrest that, after
having reached its climax in late 2021, has gradually vanished since, although not fully returning to pre-unrest conditions.

NON-TECHNICAL SUMMARY

Hydrothermal fumarolic activity is a common feature of dormant volcanoes worldwide, and its thorough characterization con-
tributes to monitoring and timely detection of volcanic unrest. However, a detailed reconstruction of the anatomy of fumarolic
fields, including their spatio-temporal evolution, remains unavailable for many volcano localities. Here, we report on the results
of periodic gas measurement surveys conducted at La Fossa, Italy, in 2021-2024, aimed at resolving the spatio-temporal evo-
lution of the fumarolic field. We find a large chemical diversity in the fumarolic field, and we identify and map the areas (the
fumaroles on the crater rim) most influenced by deep fluids of magmatic origin. Combined with drone-based thermal imagery
and SO, flux records, our results are suggestive of a gradual decline of the hydrothermal unrest started in fall 2021. This study
corroborates the use of Multi-GAS mapping as a tool for monitoring hydrothermal unrest.
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T INTRODUCTION

The behavior of active volcanoes on Earth is primarily con-
trolled by the rates and mechanisms of magma and gas trans-
port throughout their transcrustal magmatic plumbing sys-
tem [Cashman et al. 2017; Edmonds and Wallace 2017]. At
open-vent volcanoes, mafic magma is efficiently transferred
from deeper storage regions to the shallow feeding conduit
system to sustain persistent activity, characterized by intense
passive degassing and interspersed relatively mild eruptive
activity [Edmonds et al. 2022; Vergniolle and Métrich 2022].
Closed-vent volcanoes, in contrast, undergo long-lasting pe-
riods of dormancy during which mild fumarolic activity is
sustained by degassing of deeply stored, stationary magma.
During this background activity, the ascent of magmatic flu-
ids from the magmatic source to surface is limited by the rela-
tively low permeability of rocks/minerals composing the over-
lying hydrothermal carapace, and is ultimately modulated by
spatio-temporal changes in permeability due to variations in
the local and regional stress regime [Norton 1984; Chiodini
et al. 2022; Marini et al. 2022]. Ultimately, hydrothermal alter-
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ation of rocks, and the fluids they host, act as chemical filters
[Symonds et al. 2001; Stix and de Moor 2018; Kern et al. 2022]
for reactive, water soluble magmatic volatiles (primarily SO,
H,S, HCI). Complex gas-water-rock interactions [Giggenbach
1987; 1997; Henley and Fischer 2021] control the chemistry
and redox state [Chiodini and Marini 1998; Fischer and Chio-
dini 2015] of volcanic gases at surface and the physical prop-
erties of rocks and associated hazards [Darmawan et al. 2022;
Kereszturi et al. 2023).

Because of these intense hydrothermal interactions, closed-
conduit volcanoes, during their long inter-eruptive quiescence
periods, typically exhibit low temperature fumarolic fields
with hydrothermal gas signatures [Giggenbach 1987; Chio-
dini and Marini 1998]. Typical characteristics include high
H,0/SO; ratios (because of dilution of magmatic volatiles by
hydrothermal steam; Chiodini et al. [1993]) and high CO,/St
ratios (because of preferential sulfur scrubbing by hydrother-
mal reactions; St here stands for total sulfur and corresponds
to the sum of SO, and H,S; Aiuppa et al. [2017]). The same
fluids also typically have low SO2/H,S and CO/CO, ratios,
and CO,/CHy ratios lower than magmatic gases, because hy-
drothermal conditions are colder and more reducing than hot,
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oxidized magma [e.g. Giggenbach 1997; Chiodini and Marini
1998; Chiodini 2009; Oppenheimer et al. 2014; Fischer and
Chiodini 2015; Aiuppa and Moussallam 2024]. However, as a
volcano becomes restless during unrest, gas composition pro-
gressively evolves toward more magmatic compositions (e.g.
Turrialba, Vaselli et al. [2010], Kern et al. [2022]), as typically
indicated by decreasing H,O/CO;, ratios (e.g. Campi Flegrei,
Chiodini et al. [2016]; Vulcano, Paonita et al. [2013]), decreasing
COy/St ratios (e.g. Turrialba, Vaselli et al. [2010]), and increas-
ing SO, /H,S (e.g. Pods and Turrialba, de Moor et al. [2016),
de Moor et al. [2017]), CO/CO, (e.g. Campi Flegrei, Chiodini et
al. [2012]) and CO,/CH4 [Chiodini 2009] ratios. Capturing and
interpreting such hydrothermal-to-magmatic transition during
volcanic unrest is crucial for volcanic risk mitigation, as it con-
tributes to recognizing when/if the volcanic system is becom-
ing increasingly unstable, and potentially more prone to erupt
[Phillipson et al. 2013; Rosi et al. 2022].

To achieve this task, volcanologists mostly rely on perform-
ing regular campaigns of direct fumarole sampling [Symonds
et al. 1994; Fischer and Chiodini 2015]. However, for large
fumarolic systems with many emission vents, direct sampling
of all (or even most) fumaroles becomes increasingly impracti-
cal and time-consuming, and hence—also to reduce exposure
of operators to unsafe, gas-rich environments—the compro-
mise taken is to prioritize sampling of a few key fumarolic
targets [Giggenbach 1997]. In such cases, the use of indepen-
dent methods that allow expedited surveying of the whole
fumarolic field becomes a useful complement to direct sam-
pling. This possibility was first opened in the early 2000s by
the advent of portable, compact Multi-GAS (Multi-component
Gas Analyser System) units [Aiuppa et al. 2005; Shinohara
2005] that allow real-time sensing and measurement of vol-
canic gas composition. Aiuppa et al. [2005] realized the first
walking traverse of the fumarolic field of Vulcano Island in
Italy with a hand-held Multi-GAS, operating at 1 Hz and with
geo-referenced position given by a co-located GPS. From this,
they demonstrated the possibility of mapping the chemical
diversity (in terms of CO,/SO; and SO,/H,S ratios) of the
fumarolic field in circa 1 hour.

The present study builds on previous work by Aiuppa et al.
[2005, 2006] and Aiuppa et al. [2022] by reporting on the spatio-
temporal variations of the fumarolic CO, /SO, ratio across the
Vulcano fumarolic field during 2014 to 2024. We focus on
C0O,/SO;, because, as it has been shown previously at Vul-
cano [Inguaggiato et al. 2018; Aiuppa et al. 2022] and elsewhere
[Aiuppa et al. 2017], this ratio is typically high during periods
of reduced hydrothermal activity, when any magmatic sulfur
is sequestered by hydrothermal minerals/solutions in the sub-
surface [Chiodini et al. 1993; Di Liberto et al. 2002]. In con-
trast, the ratio decreases during phases of unrest when SO,
escalates faster than COj; [Inguaggiato et al. 2022], either be-
cause of degassing of mafic magma at depth [Aiuppa et al.
2022] or because of sulfur remobilization from hydrothermal
minerals [Chiodini et al. 1993] (or a combination of both). The
fumarolic field CO,/SO, ratio serves as a useful tracer to track
the alternation of calm and unrest periods that has character-
ized the activity of La Fossa since the late 1970s [Selva et al.
2020]. Our aim is to reconstruct how the chemistry of the fu-
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marolic field varied in space and time during a period encom-
passing the autumn 2021 Vulcano degassing unrest [Aiuppa
et al. 2022; Di Martino et al. 2022; Inguaggiato et al. 2022;
Di Traglia et al. 2023; Inguaggiato et al. 2023; Pailot-Bonnétat
et al. 2023; Miiller et al. 2024]. We hence extend previous re-
sults by describing how the chemical heterogeneity of the fu-
marolic field evolved after the peak of the unrest was reached
in September—December 2021, but has not fully declined yet
by time of writing (June 2025).

2 GEOLOGICAL BACKGROUND

2.1 The Aeolian archipelago and Vulcano island

Vulcano is the southernmost island (Figure 1A) of the Aeolian
archipelago, an active volcanic arc in the southern Tyrrhenian
Sea north of the Sicilian coast, consisting of seven emerged
volcanic islands (Stromboli, Panarea, Vulcano, Lipari, Salina,
Alicudi and Filicudi) and several submerged seamounts. The
Aeolian Islands represent a classic example of volcanic is-
land arc associated with subduction, in this case of the Ionian
oceanic crust underneath the accretionary complex south of
the Calabrian coast (Figure 1A). The existence of a slab below
the arc is confirmed by the distribution of hypocenters along
a northwestward subducting plane. The regional tectonics is
controlled by the interaction between the spreading Tyrrhe-
nian basins to the north, the subduction of the Ionian slab to
the south, and the movements of the Calabro-Peloritan block,
mobilized by right lateral strike-slip faults: the Taormina Line
(WNW-ESE) until the Middle Pleistocene and then by the
Tindari-Letoianni (NNW-SSE) [Mantovani et al. 2023] (Fig-
ure 1A). While subaerial volcanic activity started at 1.3 Ma,
subaerial volcanism recently concentrated along two axes,
Lipari-Salina-Filicudi (270-250 ka) and Stromboli-Panarea-
Vulcano-Alicudi (204-106 ka). Erupted magmas range from
mafic to silicic, and are calc-alkaline to high-R calc-alkaline
series to shoshonitic affinity. Alkaline rocks containing leucite
also outcrop at Vulcano (particularly in the Vulcanello area)
and Stromboli [Peccerillo 2017].

The geological history of Vulcano alternated phases of (i)
construction of volcanic edifices of different size and eruption
style, and (ii) caldera collapse events and quiescent phases,
characterized by erosion [Keller 1980; Di Traglia et al. 2013;
Peccerillo 2017; De Astis et al. 2023]. De Astis et al. [2013]
and De Astis et al. [2023] summarizes the evolution of the is-
land in eight eruptive phases beginning by ~130 ka [Soligo
et al. 2000; De Astis et al. 2013] (Figure 1B). Between 127 ka
and 100 ka, the construction of a shoshonite lava shield (Capo
Secco) [Peccerillo 2017] took place, soon covered by a high-K
basaltic andesite stratovolcano, known as Vulcano Primordiale
that occupied the southern portion of the present island. After
an initial caldera collapse (Piano 1) and the emplacement of
the Scoglio Conigliara lava flows (99.5 ka), renewed caldera
collapse (La Fossa 1) cut the northern section of the previous
collapse (78 ka). This event led to the opening of fissures at
Timpa del Corvo and Monte Aria, associated lava flows, and
the formation of scoria cone at Casa Petrulla [De Astis et al.
2013].
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Between 70 ka and 42 ka, after a third caldera collapse cut-
ting through the central portion of the first collapse (Piano 2),
new eruptive products were emplaced, mainly from the erup-
tive fissure at Monte Luccia, as well as from the two scoria
cones at Monte Rosso and La Sommata, and from Il Cardo
tuff cone (Paleo-La Fossa cone according to De Astis et al.
[2013]), which occupied the current location of the La Fossa
cone. These deposits covered the previous collapses.

Between 28 ka and 21 ka, a fourth caldera collapse (La
Fossa 2) partially affected the northeastern margin of La Fossa,
forming the present-day La Fossa caldera. Along its western
margins, the Monte Lentia latite to trachy-rhyolite lava domes,
flows and pyroclastics were emplaced [Peccerillo 2017], while
at the southwestern margins of Piano, the Spiaggia Lunga fis-
sure opened emitting shoshonitic basalt and shoshonite lavas.
Additionally, along the southwestern margins of the Piano
caldera, the shoshonite to trachyte scoria and pumices of
Quadrara fissure formed, accompanied by the Punta Bandiera
lava flows to the southeast.

The construction of the La Fossa tuff cone took place be-
tween 8 ka to the present [Peccerillo 2017, while the Vul-
canello peninsula possibly emerged at circa 2 ka [Di Traglia
et al. 2013; Fusillo et al. 2015; Peccerillo 2017; De Astis et al.
2023, or in the Middle Ages [Malaguti et al. 2021]. The most
recent estimate of the age of early Vulcanello products is 900—
1040 AD [Di Traglia et al. 2024} Vulcanello is a shoshon-
ite (leucite bearing) to latite lava composite cone with three
partially overlapping scoria cones arranged along a NE-SW
alignment [De Astis et al. 2013; Di Traglia et al. 2013; Fusillo
etal. 2015]. Eventually, by the gear 1000, the island of Vulcano
became connected to Vulcanello due to activity from La Fossa
cone. Compositionally, the La Fossa volcanic successions con-
tain some of the most evolved (trachytic to rhyolitic) rocks on
the island, due to a combination of magmatic differentiation
and (low extents of) assimilation of upper crust materials of
the Calabro-Peloritan Block [Peccerillo 2017]. In contrast, the
products of Vulcanello, while sharing some geochemical and
isotopic affinity with more evolved La Fossa magmas, repre-
sent the most mafic magmas erupted on the island over the
last 6000 years [De Astis et al. 2013; Peccerillo 2017].

2.2 The La Fossa tuff cone

The La Fossa tuff cone (Figure 1D) emerges 391 m above sea
level on the northern sector of the island. This composite ed-
ifice is dominated by a main structure (a tuff cone) rising to
an elevation of 251 m, where a sharp slope change separates
the crater associated with the Pietre Cotte phase (1731-1775)
to the west [De Astis et al. 2013; Di Traglia et al. 2013; Di
Traglia et al. 2024] from the post 1775 craters to the east. Sev-
eral subcircular craters, dating and predating the 1888—1890
eruption [Mercalli and Silvestri 1891], can now be found on
the volcano summit (Figure 1D), demonstrating the dynamic
and diverse eruptive behaviour over the last millennium.
The eruptive activity at La Fossa cone and associated vol-
canic sequences have been reconstructed and dated by dif-
ferent authors. De Astis et al. [2013] recognize three main se-
quences: (i) a lower sequence that includes the Punte Nere
and Grotta di Palizzi 1 formations, erupted between ~3550
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and 950 BCE [Frazzetta et al. 1984]; (ii) an intermediate portion
(Grotta di Palizzi 2 and 3, Carruggi formations and Forgia Vec-
chia formations), emplaced between ~250 BCE and 776 AD
[Keller 1980; Frazzetta et al. 1984]; and (iii) an upper sequence,
characterized by the Pietre Cotte and Gran Cratere formations,
erupted between 1739 and last eruptive activity occurred in
the 1888-1890 eruption [Mercalli and Silvestri 1891].

A different chronology, indicating more frequent eruptive
activity in mediaeval time, has been elaborated by Di Traglia
et al. [2013], Malaguti et al. [2021], and Di Traglia et al. [2024].
According to Di Traglia et al. [2024] intense Vulcanian ac-
tivity (eventually accompanied by the emplacement of lava
flows) between 900 AD and 1250 AD deposited the thick Pal-
izzi sequence. This was followed by deposition of the Brecce
di Commenda products (12501300 AD) [Rosi et al. 2018; Di
Traglia et al. 2024], ascribed to a violent phreatic eruption oc-
curring simultaneously with the Rocche Rosse eruption in Li-
pari [Di Traglia et al. 2024]. From circa 1400 AD to the early
18th century, volcanic activity concentrated both at La Fossa
and at the eccentric La Forgia craters, generating a sequence
of phreatic and Vulcanian eruptions [Malaguti et al. 2021; Di
Traglia et al. 2024]. The last three centuries of activity com-
prise two long-lived eruption episodes in 1727-1739 (Pietre
Cotte sequence) and 1888-1890 (Gran Cratere sequence) [Di
Traglia et al. 2024}, and some shorter or even discrete episodes,
interspersed within rest periods of background hydrothermal
activity lasting for decades (Table 1).

2.3 The La Fossa Fumarolic Field

Fumarolic activity today concentrates from vents and fractures
on the volcano summit [Paonita et al. 2013]. This summit fu-
marolic field consists of two main adjacent zones: (i) a linear
network of fractures and satellite vents that develop along the
crater rim (rim fumaroles), including from west to east, the
F0, GBC, F5AT, F7-8, F11 and F12 fumaroles; (ii) the inner
fumaroles, located on the inner slope of the crater. This area
consists of discrete vents or vents aligned along sealed frac-
tures, embedded in an extended field of hydrothermal alter-
ation, deposition and mineralization [Miiller et al. 2021]. The
FA fumarole, situated near the inner crater of the 1888—1890
eruption and extending toward the inner crater wall, has tra-
ditionally been the main degassing spot in the inner fumarolic
field. The central-eastern section of the rim fumaroles is sur-
rounded by a dark grey impermeable crust, and bleached sur-
face at a distance representing areas of increased diffuse sur-
face gas flux [Miller et al. 2021; 2024]. In addition, a small
degassing area (the outer fumaroles; Figure 1E) is also located
within and along the outer rims of the eccentric La Forgia
craters. Degassing occurs not only through fractures and vents
but also via diffuse soil degassing, affecting the areas near
the rim fumaroles, both inside and outside the crater [Pailot-
Bonnétat et al. 2023, and references therein]. This diffusive
output [Chiodini et al. 2005; Harris et al. 2009; Inguaggiato
et al. 2012; 2018; Mannini et al. 2019; Pailot-Bonnétat et al.
2023] contributes 5 to 13 MW, or circa 93% of the total vol-
cano heat budget. The latter is thought to be sustained by
convection of magmatic-hydrothermal fluids through a heat
chimney composed of fractured feeding conduit rocks [Har-
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Figure 1: (Caption next page.)

ris and Maciejewski 2000; Miiller et al. 2021; Pailot-Bonnétat
et al. 2023], while conduction prevails in the last few meters.
Such inner structure of the La Fossa cone, and especially the
ascent pathways of magmatic-hydrothermal fluids, has been
reconstructed and modelled using electrical resistivity tomog-
raphy, self-potential, temperature, and diffuse degassing mea-
surements [Revil et al. 2008; Barde-Cabusson et al. 2009; Re-
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vil et al. 2010]. Variations in temperature and number of fu-
maroles, although less influential on the overall energy bal-
ance, provide fundamental indication of the state of the sys-
tem, signaling heating or cooling phases [Chiodini et al. 2005;
Harris et al. 2009; Diliberto 2013; Madonia et al. 2016; Mannini
et al. 2019; Pailot-Bonnétat et al. 2023; Diliberto et al. 2024].
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Figure 1: (Previous page.) [A] Tectonic sketch of Sicily and nearby areas illustrating the major faults and different orogenic
fronts; the strike-slip faults Sisifo-Alicudi (SAF) and Tindari-Letoianni (TLF), along with their junction at Vulcano-Lipari (V), are
highlighted. SAF and the TLF forms a transfer zone that channels tectonic stresses from the compressional area west of the
Aeolian Islands toward the lonian subduction zone in the south. The interaction of SAF-TLF junction with an extensional belt to
the east (Vulcano Gioia Basin-Paola Basin) produces N-S-trending structures on Lipari and Vulcano that favour the ascent of
deep fluids (panels B and C). Reworked from Ruch et al. [2016] and Mantovani et al. [2023]. [B] Volcano-tectonic sketch of Vulcano
Island with major eruptive centers, fissures, polygenic collapses defined by volcano-tectonic circular faults (il Piano 1-2 and La
Fossa 1-2-3-4). Reworked by De Astis et al. [2013]. [C] Volcano-tectonic sketch of the islands of Lipari and Vulcano. Reworked by
Holohan et al. [2008]. [D] The main units of the La Fossa cone, as inferred by Di Traglia et al. [2024]. The La Fossa cone consists
of the superposition of multiple units (cones in the geomorphological sense, lithosomes in the stratigraphic sense), separated
by craters of different ages that overlap to create a nested crater. Age of the craters inferred from Di Traglia et al. [2013]. The La
Fossa cone summit hosts three main fumarolic zones: a marginal one on the rim of FV (outer fumaroles, of); the (rim fumaroles,
rf) on the 1731-1888 crater rim; and the inner crater fumaroles (if). The rim and inner crater fumaroles are surrounded by an
alteration zone in which diffuse degassing occurs (ddz). A detail of the rf and if fumaroles showing the boundary between
the hotter, more magmatic (lower C0,/S0, ratio) rf and the colder, more hydrothermal if. Dots indicate the crater rim traverse
(results displayed in Figure 7). [E] Map of inner and rim fumaroles with nomenclature and outlines of fumaroles; in this area are
presents sulfur deposits (sulf) surrounded by areas of strong (sa) to moderate (ma) to slight (la) alteration. Figure E is adapted
from Miiller et al. [2024].

Table 1: The last three centuries of volcanic activity at Vulcano (data from Selva et al. [2020] and Di Traglia et al. [2024]).

Type of activity Period of activity

1727-1739 and 1888-1890
1771, 1783, 1786, 1823-1824, 1873, 1876, 1878—1879 and 1886
1740-1770, 1772-1782, 1783-1786, 1787-1832 1873-1876,

Long-lived eruptive periods
Shorter/discrete eruptive episodes

Quiescence and fumarolic activity periods

18791885 and 18861887

Magmatic gases released by the fumarolic system are
thought to be source by magma stored in a complex, tran-
scrustal plumbing system. Consensus exists for the presence
of deep magma storage zone of basaltic to shoshonitic magma
at 12-20 km depth b.s.l. (below sea level), overlain by an inter-
mediate latitic magma reservoir at 3-5 km depth b.s.l, and by
a shallow R-trachyte/rhyolite reservoir at 1-2 km depth b.s.l.
[De Astis et al. 2013; Peccerillo 2017; Selva et al. 2020; Aiuppa
et al. 2022]. Upon ascent, these magmatic fluids get admixed
with steam boiled off from seawater-derived hydrothermal
brines [Nuccio et al. 1999; Nuccio and Paonita 2001].

2.4 The 1987-1993 and 2021-present unrest

After the 18881890 eruption, La Fossa entered a state of qui-
escence. However, degassing activity has intensified multiple
times since then, with hydrothermal unrest being recorded
in 1916-1924, 1977-1980, 1987-1993, 2004-2005, and 2009
[Selva et al. 2020; De Astis et al. 2023]. A major unrest, asso-
ciated with macroscopic changes in the fumarolic field, was
observed between 1987 and 1993 [Barberi et al. 1991]. At
that time, new fractures (FO, GBC, F11, F12, satellite fractures)
formed and existing fractures (FA, FSAT, F7-8) expanded and
reorganized, in parallel with substantial changes in fumarole
composition and flux, and seismicity [Italiano et al. 1998; Al-
parone et al. 2010; Harris et al. 2012; Diliberto 2017]. Fumarole
temperature increased from 435 °C in 1988 to 692 °C in 1992,
before dropping again to 428 °C in 1999. During this period,
the fumarolic field expanded towards the bottom of the crater
as the FA area grew [Harris and Maciejewski 2000; Diliberto
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2017]. Fumarolic gas composition also varied substantially, in-
dicating an increased contribution of magmatic volatiles and
(potentially) a change in hydrothermal fluid conditions from
biphasic to dry gas conditions [Chiodini et al. 1993; Chiodini
et al. 1995; Nuccio et al. 1999; Paonita et al. 2002].

The most recent hydrothermal unrest at Vulcano started
in September 2021 [Federico et al. 2023], when an abrupt in-
crease in thermal [Coppola et al. 2022; Inguaggiato et al. 2022;
Pailot-Bonnétat et al. 2023; Campus et al. 2024; Diliberto et al.
2024] and gas [Aiuppa et al. 2022; Di Martino et al. 2022; In-
guaggiato et al. 2022; Federico et al. 2023; Inguaggiato et al.
2023; Giuffrida et al. 2025] output was observed. According to
Pailot-Bonnétat et al. [2023] and Diliberto et al. [2024], the main
hydrothermal unrest may have been preceded by a sluggish
phase of soil/fumarole increase starting as early as February
2021. Inguaggiato et al. [2022] also found a precursory phase
of soil CO; emission increase beginning in early 2021. During
the main (post-September 2021) phase of the unrest, fumarole
composition manifestly became more CO,- and S-rich (more
magmatic), as also indicated by He isotope compositions in
the fumaroles [Federico et al. 2023]. Among the lowest ever
measured CO,/St ratios (10-15) at Vulcano were observed
during fall 2021, confirming a more magmatic signature and
a reduced hydrothermal processing [Aiuppa et al. 2022]. Later
in winter—spring 2022, the unrest manifested also at the base
of La Fossa and in the nearby Baia di Levante hydrothermal
area, where a general increase in gas output resulted into sig-
nificant environmental and health impact when CO, and HyS
concentrations in soil and air rose to potentially hazardous lev-
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els for the population [Di Martino et al. 2022; Inguaggiato et al.
2022; 2023]. In some wells in the Vulcano Porto village, water
temperatures close to 70 °C were recorded [Inguaggiato et al.
2023] and, between September 2021 and May 2022, the CO,
flux increased 32-fold in the crater, and 15-fold in the Baia
di Levante area compared to local background values. The
anomaly delay between the crater and peripheral areas has
been interpreted as due to the interaction with local shallow
hydrothermal aquifers, which may have buffered the ascent of
fluids until saturation was reached, at which point gas would
have been able to migrate toward the surface [Di Martino et al.
2022; Inguaggiato et al. 2022]. One notable effect was the ap-
pearance of a milky-white seawater coloration in the Baia di
Levante bay offshore [Coppola et al. 2022], which was caused
by the presence of suspended fine mineral particles (sulfides
and sulfates) that precipitated in the water column in response
to increased hydrothermal fluid inflow. Geophysical data indi-
cate that the La Fossa unrest was associated with mild ground
uplift [Di Traglia et al. 2023; Federico et al. 2023] and in shal-
low VLP (Very Long Period) seismicity [Federico et al. 2023].
These were interpreted as due to pressurization of the shallow
(<1 km) hydrothermal system by rising magmatic fluids. Di
Traglia et al. [2023], using GNSS and InSAR time-series data,
modelled the inflation source as a dipping prolate spheroid
model located at a depth of 600 m, pressurized by magmatic
fluids. Fluid migration along N-S-trending fractures may have
favoured extension of the area affected by the unrest in the fol-
lowing months. Volcano-tectonic (VT) seismicity was moder-
ate in fall 2021 [Federico et al. 2023].

Pailot-Bonnétat et al. [2023] interpreted the unrest as caused
by the following sequence of events. A mild increase in mag-
matic fluid input into the shallow hydrothermal system may
have started as early as January—June 2021, as evidenced by
soil temperature records. The increase in magmatic fluids
led to gradual formation of a gas chimney and to a slow rise
in heat flux, which was initially confined to within the par-
tially sealed fracture network that had developed beneath the
Fossa fumarolic field during and after the 1988—1996 unrest.
However, starting in spring 2021, the emission area gradually
expanded toward the peripheral zones of the fumarolic field
and, at the beginning of September 2021, the impermeable
seal surrounding the chimney failed due to fracturing, trigger-
ing VLP swarms and causing a sudden and significant expan-
sion of the thermal and gas output. In addition to Di Traglia
et al. [2023], Stumpp et al. [2024] also imaged a sub-vertical
conduit with very low S-wave velocities (0.8 km/s), extend-
ing to a depth of at least 2.5 km, which would have acted as
the transport feeding conduit for the ascent and pressuriza-
tion of magmatic gases during the unrest. The unrest gradu-
ally vanished in 2023-to-present, as evidenced by decreasing
gas fluxes [Inguaggiato et al. 2023; Giuffrida et al. 2025] and
composition/temperature records [INGV monitoring reports).

3  METHODOLOGY

The results we report on this study are obtained from periodic
field surveys using a portable Multi-GAS [Aiuppa et al. 2005;
Aiuppa et al. 2007], complemented with thermal infrared re-
sults obtained from drone surveys. The Multi-GAS unit used
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has the same configuration as that employed by Aiuppa et
al. [2022], and includes a non-dispersive infrared (NDIR) NG
Gascard spectrometer (calibration range, 0—~10,000 ppm) from
Edinburgh Sensors for CO,, and three CiTiceL electrochem-
ical sensors for SOy (model T3STF), HyS (model T3H) and
H2 (model T3HYT) (all having 0—200 ppm calibration range).
All sensors were calibrated in the laboratory prior to and af-
ter field work using certified standard gases, finding a typical
uncertainty/precision of ~+5% at the concentration levels en-
countered at Vulcano. The system also includes a KVM3/5
Galltec-Mela sensor for measuring temperature and relative
humidity and to indirectly estimate HyO concentrations in the
plume using the Arden-Buck equation [Buck 1981], which cal-
culates the saturation vapor pressure of water as a function
of temperature. A Campbell CR6 datalogger acquires signals
from the various sensors at 1 Hz rate and stores them on an
SD card (data are also Wi-Fi transferred and visualized in real-
time in external palm). Equipment is housed in a water-proof
case.

In the field, the portable Multi-GAS unit (<3 kg) is carried
by an operator across the field, continuously acquiring data at
1 Hz, and with position recorded by a GPS synchronized at
the start of the instrumentation. Acquired gas concentration
data is displaged in real-time on an external palm-sized de-
vice. The fumarolic field is then traversed by walk with the
held-hand Multi-GAS, while keeping the instrument’s inlet ex-
posed to the gases at 50 cm distance from the vent to avoid
sensor saturation. Each fumarolic vent is monitored for a few
minutes, and the different fumaroles are analysed sequentially
to cover the entire field in about an hour. The range and di-
versity of gas concentrations over the fumarolic field is then
determined and mapped (Figures 2-3).

The gas concentration time-series acquired within each
campaign are processed using a processing routine [Aiuppa
et al. 2021; 2022], written in R*. This routine automatically
scans the gas concentrations time series, searching for periods
of high temporal coherence (R?> > 0.7) between couples of
gas species in 60 s long moving windows. Specifically, within
each of such sequentially scanned time windows, the routine
calculates a ratio (for example, the CO5/SO; ratio) if two cri-
teria are met: (i) the Pearson correlation coefficient is >0.7
and (ii) the SO, concentration threshold of 20 ppm is reached
[Aiuppa et al. 2022]. The obtained georeferenced ratios are
finally illustrated in the form of either contour (Figure 4) or
dotted (Figure 5) maps.

Eleven field campaigns were realized between 2021 and
2024, and the results are illustrated in Supplementary Mate-
rial 1. To illustrate the temporal evolution of the fumarolic
field, four illustrative maps are shown in Figure 4 where, for
comparison, we also present the (unpublished) results of two
campaigns conducted in April 2014 and June 2018 that cor-
respond to periods of background (reduced) degassing activ-
ity (as indicated by INGV monitoring reports), and SOy flux
results; Giuffrida et al. [2025]). Because of accessibility and
time constraints, the area covered by observations varies from
one survey to another (Figure 4 and Supplementary Material
1). However, all surveys cover the crater rim area where the

*https://www.r-project.org/
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Figure 2: SO,, CO4, H,S and H, concentration maps (June 2024 campaign). The most actively degassing fumaroles are identified

as peak gas concentration spots.

hottest and most actively degassing fumaroles have been ac-
tive in the last decade(s), e.g. since when fumarolic activity in
the inner FA fumarole declined after the 19871993 unrest.

As a complement to Multi-GAS records, thermal infrared
data were acquired using a FLIR Tau 2 radiometric thermal
infrared camera system mounted on a DJI Phantom 4 Pro.
The FLIR Tau 2 is a fully radiometric sensor system with a
sensor resolution of 640 x 512 pixels. It measures in the ther-
mal infrared spectral range between 7.5 and 13um. The data
is recorded by a TEAX Thermal Capture 2 data logger at 8 Hz
and geotagged using an external GPS antenna. Infrared data
acquisition is performed by flying in loops at a constant al-
titude over the target area, ensuring a minimum overlap of
65% for each image. This is necessary for subsequent pho-
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togrammetric processing. The data were then inspected and
quality checked in ThermoViewer (version 3.0.0), and images
of poor quality or out of focus were excluded. Quality check
also included selection of images taken at constant flight atti-
tude. The selected images were exported in 16-bit greyscale
tiff format and processed in Agisoft Metashape to produce a
thermal mosaic covering the central crater region of La Fossa
cone.

We also report on a SO, flux time-series from La Fossa
crater (Figure 6) obtained by a fixed UV Camera system lo-
cated at Orsa Maggiore Hotel, ~1.49 km NW from the summit.
Functionalities of this fully autonomous UV camera system are
described in Aiuppa et al. [2022]. In brief, the unit assembles
two JAI CM-140GE-UV cameras sensible to UVradiation, fit-
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Figure 3: Scatter plot of SO, vs. [A] CO,, [B] HyS and [C] H,
concentrations.

ted with two distinct band-pass optical filters (both of 10 nm
Full Width at Half Maximum) with central wavelengths of
310 (SO absorption) and 330 nm (no SO, absorption) [Delle
Donne et al. 2016; 2019; Lo Bue Trisciuzzi et al. 2024]. Images
are simultaneously acquired by the two cameras at 0.5 Hz.
During post-processing, sets of co-acquired images are com-
bined into absorbance images that are later converted into
calibrated slant column amount (SCA) images. From this, in-
tegrated column amounts (ICA) time-series are obtained by
integration along a cross-section perpendicular to plume trans-
port. The SO, flux time is finally derived by multiplying ICA
by plume speed, as derived by tracking the motion of plume
gas fronts in image sequences, using an optical flow algorithm
[Delle Donne et al. 2016; 2019; Lo Bue Trisciuzzi et al. 2024].
Uncertainty is evaluated at ~+30%, and is mainly determined
by radiative transfer issues (e.g. light dilution effects and in-
plume scattering effects; Kern et al. [2010]). Results shown in
Figure 6 are daily averages calculated over temporal windows
with optimal viewing conditions (clear sky, high plume visi-
bility, uncondensed plume).

4 RESULTS
41

In a dedicated campaign in June 2024, the entire La Fossa fu-
marolic field was covered by a series of Multi-GAS walking
traverses released during four measurement days (June 19th,
24th, 25th and 26th). This detailed survey allows the chemical
structure of the fumarolic field to be fully reconstructed and
visualized. Results are shown in the gas concentration maps
of Figure 2, which are based on the interpolation of 16,779
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Figure 4: [A] Drone thermography of the fumarolic field, taken
on October 20th 2021. The locations of the main degassing fis-
sures and vents, as indicated by peak apparent temperatures,
broadly correspond to the peak SO, [B] and CO, [C] concentra-
tion spots, as revealed by the Multi-GAS measurements. The
C0,/S0, ratio map [D] shows the contrast between the rim fu-
maroles (lower ratios) and the peripheries of the fumarolic field
(higher ratios). FV identifies the Forgia Vecchia fumaroles.
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Figure 5: Selected dotted maps of the C0O,/S0j ratio in the La Fossa fumarolic field, obtained in eight distinct campaigns between
September 2021 and June 2024. For reference, the upper two panels illustrate results for the April 2014 and June 2018 surveys,
here taken as representative of phases of background hydrothermal activity (e.g. with limited transport of sulfur-rich magmatic
gases). The eight maps shown are extracted from the whole dataset shown in Supplementary Material 1. The C0,/S0, values
in the maps are plotted using a color scale in which red tones are representative of magmatic compositions (C0,/S0, < 10;
Aiuppa et al. [2022]) while deep blue tones correspond to hydrothermal gas compositions (C0,/S0, > 30). Intermediate color
tones indicate intermediate CO,/S0, ratio compositions, as typical of mixed magmatic-hydrothermal compositions. All maps
realized in QGIS (https://qgis.org/).
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Figure 6: [A] Temporal record of the SO, flux (in tons/day) and
of the CO2/S0,yr ratio (from the maps of Figure 5 and Sup-
plementary Material 1). The blue line is a moving average of
the SO, flux. A scatter plot comparing the two parameters is
shown in [B]. 1: June 5th 2018; 2: April 12th 2014; 3: June 19th
2021; 4: September 10th 2021; 5: December 1st 2022; 6: Febru-
ary 23rd 2022; 7: October 13th 2023; 8: June 22nd 2023; 9:
June 23rd 2023; 10: June 24th 2024; 11: January 24th 2023;
12: November 18th 2021; 13: June 25th 2024; 14: November 7th
2021; 15: June 21st 2023; 16: June 19th 2024; 17: June 22nd
2022; 18: October 12th 2021.

individual Multi-GAS measurements of each of the species
determined (SOq, CO, HyS and Hj). Data interpolation is
realized using the inverse distance weighting (IDW) interpo-
lation method, which assumes that the relative weight of each
measurement on its surroundings diminishes with distance (d)
according to a power law of the type d =P, where p = 2 in our
case. To limit spatial interpolation to areas reasonably close
to the measurement path, a barrier polygon function is used.
We pet caution that since IDW assumes isotropic spatial in-
fluence, while gas outflow is controlled by the anisotropic dis-
tribution of fractures, topographic lineaments and wind pat-
tern, physical processes such as gas channeling (by fractures)
and atmospheric dispersion are not taken into account, which
means the maps do not capture geological realities in full. Still,
our maps clearly locate the positions of the most actively de-
gassing fumaroles as visible spots of high gas concentrations
(Figure 2).
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We find the main degassing areas in the eastern portion of
the investigated area, along the post-1731, 1888-1890 crater
rim (see Figure 1D) and in the inner crater area connecting
the FO and FA fumarolic areas. The peak concentrations ob-
served are respectively 193 ppmv (SO,), 4521 ppmv (CO,),
117 ppmv (H,S) and 4.1 ppmv (Hy). Hydrogen and (to a lesser
extent) HyS show no evident peaks in the FA area and hence
are mostly degassed by the rim fumaroles. In contrast, lower,
closer-to-background gas concentrations are observed in the
western-most segment of the surveyed area, where strongly al-
tered, mineralized rocks with minimal (if any) fumarolic activ-
ity prevail. A secondary CO, concentration peak is observed
in the northern-most part of the surveyed area, in correspon-
dence with the southern area of the Forgia Vecchia explosion
vents (FV in Figure 1D).

The scatter plots of Figure 3 highlight the correlation be-
tween the four gases species but also show large scatter indica-
tive of chemical diversity in the fumarolic field. The CO,/SO,
ratios (Figure 3A) in June 2024 range between 7 and 29 (the
slope of the best fit regression line is 14.1 + 3.7). SO pre-
vails over HyS over the entire fumarolic system (the average
H,S/SO; ratio for the fumarolic system is 0.29 + 0.20; Fig-
ure 3B) except in the proximity of the Forgia Vecchia area.
The average Hy/SO, ratio is (9 + 6) x 1073 (Figure 3C).

Figure 4 illustrates a zoomed view of the apparent temper-
ature of the fumarolic field (Figure 4A), in comparison to the
main SOy and CO, concentration peaks are identified in a nar-
row NW-SE-oriented area stretching between the FO, GBC
and F5/F5AT fumaroles. High SO, and CO;, concentrations
are also observed in the atmospheric plumes of F11, F12 and
FA fumaroles (Figure 4B and 4C). Overall, there is good cor-
respondence between the most actively degassing areas (the
gas concentration peaks) and the area of most intense ther-
mal anomaly, as identified by the drone-based thermal map
of Figure 4A. The contour map of Figure 4D shows a broad
range of relativity homogeneous and prevailing low (mean,
19 % 2) CO,/SO; ratios over the entire crater rim area. In
contrast, higher CO,/SO; ratios (range, 20-26), indicative of
more hydrothermally processed compositions, are observed
in at westernmost margin of the fumarolic field, and in the
intra-crater sector comprised between the FA, F13 and F12
fumaroles.

4.2  Temporal evolution of the fumarolic field

The maps of Figure 5 offer a graphical representation of the
evolution of the fumarolic field during the study period. In
the maps, color tones are adapted to convey information on
the temporal alternation between phase of high (green to blue
tones) and low (orange to red) CO,/SO, ratios. In each of the
maps, the spatial variations of color tones provide clues on
the spatial variations of the CO, /SO, ratio over the fumarolic
field, and hence on its spatial homogeneity/heterogeneity. For
each map, the average ratio (+1 standard deviation), calculated
as the arithmetic mean of all the ratios across the entire field
(referred as CO4/SOy\ipr)), is also reported.

Figure 5A and 5B are examples of CO,/SO; ratio maps
taken in periods of reduced (background) hydrothermal ac-
tivity at La Fossa, e.g. April 2014 and June 2018. In both
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periods, the fumarolic field exhibits uniform and high (>50)
CO, /SOy ratios, both in crater rim and inner crater fumaroles
(same as for the May 2017 survey; see Supplementary Mate-
rial 1C). This chemical homogeneity of the fumarolic field is
graphically illustrated by the dominance of blues color tones.
In quantitative terms, the mean fumarolic field (MFF) ratio is
~80.

In contrast, Figure 5D is a map of the CO,/SO; ratio taken
in November 2021, near the acme of the La Fossa 2021 un-
rest [Federico et al. 2023]. Here, low (10 < CO,/SO, < 20)
to locally very low (CO2/SO; < 10) ratios are observed over
the entire crater rim area. In contrast, the inner and outer
crater fumaroles are associated with intermediate (20 to 30)
CO,/SO; ratios. The CO2/SOyrr) in November 2021 is
~19. Importantly, results for the June 2021 (Supplementary
Material 1F) and September 2021 (Figure 5C) surveys, made
only a few months/days prior to the unrest onset (nominally
fixed in the second half of September; Coppola et al. [2022],
Di Traglia et al. [2023], and Federico et al. [2023]), still exhibit
the prevalence of high-very high (June: CO2/SOynipr) ~ 46)
to intermediate (September: CO/SOy\rp) ~ 38) CO2/SO;
ratios, confirming the abrupt onset of the unrest.

Surveys taken after November 2021 (Figure 5E-56H and
Supplementary Material 3 and Supplementary Material 4)
demonstrate persistence of the unrest, yet at alternating levels.
Broadly speaking, the dominance of orange color tones in the
February 2022 to June 2024 maps supports the persistence of
intermediate (20 to 30) CO2/SO; ratio compositions in the fu-
marolic field. However, our results also reveal the alternation
of periods of declining unrest, e.g. from November 2021 to
February 2022 and in April 2022 during which a progression
toward higher CO,/SO, ratios are observed, with periods of
accelerating unrest, when CO,/SO, decrease again (e.g. June
to December 2022 and June 2024). We also find that while the
crater rim fumaroles exhibit relatively invariant CO,/SO; ra-
tios throughout February 2022 to June 2024 (except perhaps
in April 2022), the inner crater fumaroles show larger tem-
poral variability, especially those in the western sector of the
fumarolic field (Supplementary Material 3 and Supplementary
Material 4). An especially large compositional diversity in the
fumarolic field, with a west to east progression from high/very
high ratios to low ratios, is observed in the June 2023 and Oc-
tober 2023 maps (Supplementary Material 3 and Supplemen-
tary Material 4).

Figure 6 explores the relationship between the
CO2/SOyvrr) and the daily-averaged SO, flux. Figure 6A
shows that the SO, flux increased from 14 + 3 tons/day
in June—early September 2021 to 135 + 60 tons/day in
October—-November 2021. The SO, flux then decreased to
<50 tons/day in early 2022, paralleled by a CO2/SOymEE)
increase to ~23 in April 2022 (Supplementary Material 1).
A new pulse of SO, flux increase (to >100 tons/day) was
then observed in fall 2021—summer 2022, contemporaneous
with onset of the degassing unrest at the peripheral Baia
di Levante hydrothermal site [Coppola et al. 2022; Federico
et al. 2023; Inguaggiato et al. 2023]. After a relatively low
SO, flux phase in late 2022 to early 2023, the SO, flux
progressively and moderately increased from May 2023, and
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stabilized to levels of 50—100 tons/day from the onward. The
CO2/SOqmrp) fluctuated at intermediate levels of 20 to 30
in the same temporal interval (Figure 6A). Overall, the SO,
flux vs. CO2/SOyvrr) dependency (Figure 6B) identifies
a background state for the fumarolic field associated with
low (<30 tons/day) SO, fluxes and high (hydrothermal)
CO2/SOq\ipr) Tatios (>50) that is clearly distinct from a
“degassing unrest” population, with high (>50 tons/day)
SO; fluxes and low (<30) CO2/SOy\Fry ratios. The most-
magmatic compositional pole (SO, fluxes of >250 tons/day
and CO32/SOy\rr) ratios of circa 10) is exemplified by the
October 2021 composition.

4.3 Evolution of the crater rim fumarolic zone

While the fumarolic field was irregularly covered in the differ-
ent field campaigns, the crater rim area was more systemat-
ically investigated, allowing more careful analysis. Therefore
we present the results (Figure 7) for compositional variations
along a 370 m long “rim crater path”, traversing 54 individual
measurement points (shown in Figure 1E) across the crater-
rim in a roughly west-to-east direction. The path starts at FO
and crosses GBC fumaroles, the central part of F5AT, F8 fu-
maroles and ends at the fumaroles F11. For simplicity and for
improving readability of the figure, results of surveys taken in
the same year are averaged except for 2021 (to more finely
resolve gas composition variation at the unrest onset), and a
smoothing (3 points mobile average) is applied.

Results (Figure 7) demonstrate relatively uniform (spatially
invariant) CO3/SO; ratios along the crater rim during back-
ground activity (see 2014 and 2018 lines). In June 2021,
~3 months before initiation of the unrest, the crater rim fu-
maroles exhibited wider compositional diversity, with a pro-
gression toward intermediate ratios in the western (FO area;
<0.05 km distance) and central (F5-F7 area; 0.15-0.25 km
distance range) segments of the transect (see also Figure 8).
By early September 2021, just a few days/weeks prior to the
unrest onset, the crater rim fumaroles had homogenized to
intermediate ratios of circa ~38 (Figure 7; see also Figure 5).
From November 2021 to June 2024, we observe a remark-
able chemical homogeneity of the crater rim fumarolic field
at lower (more magmatic) ratios of 15 to 30 (Figure 7), with
important implications discussed below.

5 DiscussioN

Chemically profiling a fumarolic field with a real-time sens-
ing Multi-GAS unit provides intrinsically less precise results
than reachable with traditional direct sampling, and especially
poses severe limitations to the number of chemicals that can
be analysed. During unrest, however, expedited Multi-GAS
surveys can be beneficial in reducing exposure of operators to
toxic gases, and can help reconstructing the chemical diversity
of the fumarolic field by rapidly analysing a far larger number
of fumaroles than accessible with direct sampling.

In the extremely well monitored 2021—present La Fossa
unrest [Federico et al. 2023], Multi-GAS surveys can comple-
ment available gas information by imaging (Figures 2, 4-8) the
spatio-temporal evolution of the fumarolic field, hence con-
tributing to interpreting dynamics and evolution of the unrest.
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Figure 7: Moving-averaged C0,/S0, ratios along a crater rim transects stretching from FO to F11. Except for 2021, data obtained
in different campaigns in the same year are averaged to obtain averaged yearly trend. 1: June 5th 2018; 2: April 12th 2014; 3:
June 19th 2021; 4: September 10th 2021; 5: December 1st 2022; 6: February 23rd 2022; 7: October 13th 2023; 8: June 22nd 2023;
9: June 23rd 2023; 10: June 24th 2024; 11: January 24th 2023; 12: November 18th 2021; 13: June 25th 2024; 14: November 7th
2021; 15: June 21st 2023; 16: June 19th 2024; 17: June 22nd 2022; 18: October 12th 2021.

Our results show that, within the context of the large spatio-
temporal variability of the fumarolic field (Figures 2, 4-5),
the crater rim fumaroles have maintained a relatively uniform
(space- and time-invariant) CO4/SO; ratio signature through-
out 2021 to 2024 (Figures 5, 7-8). This contrasts with the
southwestern portion of the fumarolic field that has expe-
rienced instead wider spatio-temporal fluctuations in com-
position, alternating (in both space and time) high and low
C0O,/SO; ratio compositions (Figure 5 and Supplementary
Material 1 and Supplementary Material 4). These two dis-
tinct regions are broadly separated by a NW-SE-trending
boundary zone (Figure 1E), to the north-east of which more
magmatic, relatively uniform CO,/SO; ratios (in the 19 to
31 range) have been observed. Our results thus help con-
fining the boundaries of the most actively degassing zone at
La Fossa (Figure 3), and point to the crater rim sector as the
surface expression of the magmatic gas transport conduit (the
heat chimney of Pailot-Bonnétat et al. [2023]) feeding the 2021—
2024 unrest. The crater rim fumarolic area corresponds to the
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norther edge of the cr6 crater identified by Di Traglia et al.
[2013], interpreted as the outer rim of the crater that fed the
post-1739 open-vent activity of La Fossa [Selva et al. 2020,
including its last eruption in 1888—1890 (Figure 1D). This geo-
logical discontinuity may thus have served as a preferential gas
ascent pathway for deeply rising magmatic volatiles [Federico
et al. 2023], consistent with the peak fumarolic temperatures
recorded there [Diliberto et al. 2024]. The 2021—present un-
rest hence differs from the 1988-1993 unrest, during which
the peak temperatures and most magmatic gas compositions
were observed in the inner crater fumarolic zone, especially in
the FA fumarole area [Selva et al. 2020, and references therein)].
In contrast, during 2021-2024, the space-time compositional
variability observed in the FA region, and more broadly on
the south-western portion of the fumarolic field (Supplemen-
tary Material 1), may be interpreted to reflect the alternation of
phases of expansion (e.g. see June 2024 map) and contraction
(e.g. see October 2023 map) of the gas/heat feeding conduit,
in response to changes in magmatic gas supply from below,
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Figure 8: Mesh diagram showing the spatio-temporal evolution of the C0,/S0, ratio across the crater rim fumaroles during 2014
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(see legend). A remarkable compositional homogeneity of the fumarolic field is observed since the onset of the unrest in fall

2021. Letters identify the different campaigns.

and/or permeability changes in the shallow hydrothermal sys-
tem [Pailot-Bonnétat et al. 2023]. As previously noted [Pailot-
Bonnétat et al. 2023], the very dynamic (spatially and tem-
porally changing) nature of the south-western margin of the
fumarolic field makes it very useful target to deciphering evo-
lution of the unrest. A compositional shift of the south-western
fumaroles, from hydrothermal to magmatic, and hence a ten-
dency toward a general compositional homogenization of the
entire fumarolic field, should be viewed as potential signs of
heightened future unrest at Vulcano.

Our results also contribute to interpreting the temporal
evolution of the unrest. At La Fossa cone, there is a well-
documented record of periodic increases in degassing activity
since the late 1970s [Selva et al. 2020, and references therein)].
Some of these degassing pulses have manifested in evident,
macroscopic changes such as the emission of large plumes
from the volcano summit, increases in toxic gases in soil and
air at the volcano periphery, and/or changes in temperature,
acidity and salinity of water bodies onshore and offshore [Bar-

S

Presses universitaires de Strasbourg

beri et al. 1991; Federico et al. 2023}, while some others have
produced more subtle changes that could only be captured
thanks to careful monitoring [Paonita et al. 2013; Inguaggiato
et al. 2018]. One common aspect of these events has been
their abrupt initiation, a fact that has led to models [Paonita
et al. 2013] explaining unrest as caused by sudden outburst of
magmatic gases previously accumulated (during quiescence)
at some structural/permeability discontinuity in the shallow
hydrothermal system. The implication of these models would
be that unrest is essentially hydrothermal in nature, and that
hence there is no upward migrating magma involved.

The more recent unrest of La Fossa also started in mid-
September 2021 [Coppola et al. 2022; Di Martino et al. 2022;
Inguaggiato et al. 2022; Di Traglia et al. 2023; Federico et al.
2023; Inguaggiato et al. 2023; Pailot-Bonnétat et al. 2023; Cam-
pus et al. 2024; Diliberto et al. 2024; Miiller et al. 2024; Giuf-
frida et al. 2025], and reached its climax in October—November
2021, when a peak in degassing, seismo-volcanic activity and
fumarole temperatures was reached. The lowest (<10), most
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magmatic CO,/SO; ratios in our dataset [Aiuppa et al. 2022]
were consistently observed in this phase, associated with the
largest SO, fluxes (Figure 6A). From late 2021 onward, de-
gassing and seismicity at the summit slowly but progressively
declined, accompanied by a progressive expansion and shift of
the degassing unrest towards more peripheral areas (the Vul-
cano Porto plain and Baia di Levante area) in early/mid 2022
[Coppola et al. 2022; Federico et al. 2023; Inguaggiato et al.
2023]. Our results track well this declining unrest at La Fossa
summit, as indicated by CO2/SOy\iF) ratios increasing again
to intermediate values of 19 to 31 (Supplementary Material 1
and Supplementary Material 4) and SO, fluxes decreasing to
<100 tons/day (expect for a phase of SO, flux increase in fall
2021-summer 2022 concomitant with onset of the degassing
unrest at the peripheral Baia di Levante). Therefore, follow-
ing a steep activity increase and peak in late 2021, a three-year
long coda was observed.

In this context of vanishing unrest, we yet notice that the
C0O,/SO ratio levels observed at the crater rim in 2021-2024
(Figure 6--8) are still well below those observed during phases
of reduced (background) hydrothermal activity at La Fossa (see
for example the April 2014, May 2027 and Jun 2018 maps
of Supplementary Material 1 and Supplementary Material 4
and Figure 6B), during which gases with CO,/SO; ratios 330
(Figure 6B), and eventually <100 [see Paonita et al. 2013], are
emitted. This, combined with the intermediate SO, fluxes ob-
served especially since May 2023 (the May 2023 to June 2024
SO, flux average is 68 + 26 tons/day), indicates that the sulfur
output regime at La Fossa may have not completely recovered
to background levels yet [see also Inguaggiato et al. 2023; Vita
et al. 2023; Giuffrida et al. 2025]. It is important to keep in
mind that volcanic systems often exhibit complex, non-linear
behavior, and hence can stabilize at new baselines/states of
monitored parameters without necessarily returning to prior
conditions, e.g. at more evaluated sulfur degassing regime in
the Vulcano case. The drivers for this higher-than-normal sul-
fur release [Inguaggiato et al. 2023] are still debated, but can
potentially include a combination of (i) sulfur remobilization
from hydrothermal minerals [Chiodini et al. 1993; Di Liberto
et al. 2002], and (or) (ii) an increased supply of magmatic sul-
fur from mafic magma at depth b.sl. (=5 km) [Aiuppa et al.
2022; Giuffrida et al. 2025], perhaps combined with a reduced
scrubbing of magmatic sulfur in the hydrothermal system, due
to more rapid gas transit in the ascent conduit. Petrological
evidence has found that multiple episodes of mafic magma re-
supply to the shallow magmatic system have taken places in
the ~140-year temporal interval preceding the 1888—1890 La
Fossa eruption [Giuffrida et al. 2025] and, although ground up-
lift (~7 cm) has been interpreted [Di Traglia et al. 2023] as
caused by pressurization of a conduit-like gas feeding sys-
tem within the shallow hydrothermal system [Chiarabba et
al. 2004; Di Giuseppe et al. 2023], the fact this deformation is
permanent (in spite of vanishing degassing activity at surface)
leaves the possibility open that some (minor) reconfiguration
of the plumbing system (e.g. the addition of small volume
of magma at depth; Aiuppa et al. [2022] and Giuffrida et al.
[2025]) may have taken place. As a complement to ongoing
multi-parametric monitoring [Federico et al. 2023], periodic
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mapping of the fumarolic system may allow interpreting any
further evolution of the unrest.

6 CONCLUSIONS

We have presented results of periodic gas surveys made at La
Fossa cone on Vulcano Island, in which the spatial diversity
of the summit fumarolic field was mapped and reconstructed
over 2021 to 2024 using a portable Multi-GAS unit operated
in walking traverse mode. Our results demonstrate a signif-
icant spatio-temporal evolution of the fumarolic field during
the 2021—present degassing unrest. We have shown that the
fumarolic field is broadly separated in two regions, separated
by a NW-SE-trending boundary zone: (i) the crater rim area
to the NE that has exhibited relatively uniform, intermediate
CO,/SO; ratio compositions (range, 19-31), and (ii) the inner
crater fumaroles to the SW, that have exhibited wider tem-
poral fluctuations, and overall dominance of more hydrother-
mal (CO,/SO, ratios) gas signatures. This is interpreted as
caused by oscillating phases of expansion and contraction of
the gas chimney, centered underneath the 1888—1890 eruption
outer carter rim (the cr6 crater rim of Di Traglia et al. [2013]),
acting as the main transport structure of magmatic volatiles
toward the surface. The intermediate, below-background
CO,/SO, ratios observed in crater rim area throughout 2021—
2024, in conjunction with the higher-than-background SO,
fluxes recorded, suggest that, despite the progressive vanish-
ing of degassing activity since the acme of the unrest reached
in fall 2021, hydrothermal activity conditions may stabilised
at higher sulfur degassing levels than before the unrest.
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