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A sharp increase in volatiles, especially SO2 fluxes from the solfataric plume and diffuse CO2 from the soils of the La Fossa crater area, started in June 2021, and subsequently from the Levante Bay area, suggests renewed unrest at Vulcano Island, Italy. This event has encouraged monitoring activities and stimulated new research activities aimed at understanding the recent evolution of the volcanic system. In this study, the chemical and isotopic composition of fumaroles, thermal waters, and soil gases from the main degassing areas of Vulcano Island with a special focus on sulfur isotopes, are used to investigate the fluid transfer mechanism inside the volcano. Sulfur is one of the most abundant volatile elements present in magmas and volcanic fluids from the La Fossa crater, where it mostly occurs as SO2 and H2S at variable relative concentrations depending on oxygen fugacity and temperature. The isotope composition and the chemical ratio of sulfur species depict a complex hydrothermal-magmatic system. In addition, we utilize the installed SO2 monitoring network that measures the total outgassing of SO2 with the UV-scanning DOAS technique. The SO2 fluxes from the La Fossa crater fumaroles, coupled with the SO2/CO2 and SO2/H2O ratios, were measured to evaluate the total mass of fluids emitted by the shallow plumbing system and its relationship with the status of volcanic activity. Combining the whole chemical composition of fumaroles analyzed with a discrete, direct sampling of high-temperature fumaroles located on the crater summit, the output of discharged water vapor has been estimated (5,768 t·d−1). On the basis of the water output, we estimated the total thermal energy dissipated by the crater during the last enhanced degassing activity (167 MW). This strong and sharp increase in energy observed during the current crisis confirms the long-growing trend in terms of mass and energy recorded in recent decades, which has brought the surface system of Vulcano Island to a critical level that has never been recorded since the last eruptive event of 1888–91.
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1 INTRODUCTION
The outgassing of volatiles from active volcanic systems is the only visible manifestation of volcanic activity in both eruptive and quiescent phases and represents a useful tool for assessing the level of volcanic activity. The degassing of volatiles in open conduit systems is mainly localized in the summit part of the volcanic edifices and normally represents approximately 90% of the total degassing of the volcanic system (Carapezza et al., 2011; Chiodini et al., 1998; Delgado-Granados et al., 1998; Di Martino et al., 2022; Inguaggiato et al., 2005; Inguaggiato et al., 2013; Inguaggiato et al., 2018). The two main sulfur gas species, SO2 and H2S, released from fumaroles and volcanic plumes only reveal part of the story of the trajectory volcanic gases are subjected to during their rise from the magma to the surface. It is widely accepted that the relative proportion of SO2 and H2S in volcanic gases is highly sensitive to the temperature and redox state of the magmatic-hydrothermal system the gases flush through (Giggenbach, 1987). SO2 derives from magmatic degassing at a high temperature under oxidizing conditions, whereas H2S, produced by the reduction of SO2, is released from hydrothermal systems at a lower temperature under reducing conditions.
A recent study by Henley and Fischer (2021) disputes the pioneering study by Giggenbach (1987) based on the fact that gas redox equilibria in the volcanic-hydrothermal rock realm are not only dictated by Fe minerals but also by the role of Ca minerals during gas–rock interaction processes. These authors state that the redox state of volcanic gases, expressed as RH = log(fH2/fH2O), is controlled by reactions involving a mineralogical paragenesis consisting of anorthite-pyroxene-anhydrite-sulfide. Such fluid–rock interactions buffer redox conditions controlling the SO2/H2S ratios of gases eventually released at the surface. Sulfur involved in these gas–mineral interactions will hence be partially sequestered as solid sinks, evidenced by porphyry-type ore deposits (Cu–Mo–Au) and their related alteration mineralogy.
Moreover, at “wet volcanoes,” hosting a hydrothermal system or even a crater lake, sulfur gases can be scrubbed as a solute (i.e., as sulfate, bisulfate, thiosulfates, or polythionates; Takano, 1987; Symonds et al., 2001; Delmelle and Bernard, 2015; Tamburello et al., 2015), thus creating another, this time, solute sulfur sink. Only at hyper-acidic systems (pH near 0), sulfur scrubbing can be reversed or is incomplete, manifested as gas release from a water body (Vaselli et al., 2009; Shinohara et al., 2015; Tamburello et al., 2015). It can be concluded that complex gas–water–mineral interactions inside the volcanic-hydrothermal system will create a deficit in the sulfur budget, which consequently leads to an underestimate of the total sulfur measurable in gases at fumaroles or volcanic plumes.
The role of elemental sulfur and sulfate minerals (alunite, jarosite, anhydrite, and gypsum) as sealers in volcanic-hydrothermal systems has been a key focus during the quest for precursory signals for phreatic eruptions (Takano et al., 1994; Christenson et al., 2010, Christenson et al., 2017; Montanaro et al., 2017, Montanaro et al., 2021, Montanaro et al., 2023; Rouwet et al., 2017; Rouwet, 2021; Pappaterra et al., 2022). Variations in gas chemistry often turned out to be indicative of the source and mechanism of phreatic eruptions at several volcanoes. Indeed, several temporal variations in gaseous emissions with a “more hydrothermal” (H2S-dominant) or “more magmatic” (SO2-dominant) input in sealed or unsealed systems have been provided (de Moor et al., 2016a, de Moor et al., 2016b, de Moor et al., 2019; Stix and de Moor, 2018; Battaglia et al., 2019). A full picture of the sulfur budget from the magma to the surface, as a gas, solute, or solid, is still lacking for any volcanic system on Earth, setting a target for future research.
In active volcanoes, sulfur isotopes can provide useful information to model the extent of fractionation due to magma degassing (Sakai et al., 1982; Yongfei, 1990; Mandeville et al., 1998; Marini et al., 2011; Liotta et al., 2012) and to identify mantle, crustal, and hydrothermal contributions to volcanic fluid discharges (Marini et al., 2011; Oppenheimer et al., 2011). Marini et al. (2011) clearly showed how sulfur fractionation strongly depends on the redox conditions being reduced species usually isotopically depleted. At Vulcano Island, Southern Italy, Cortecci et al. (1996) analyzed fumarole samples, elemental sulfur, hydrothermal pyrite and anhydrite, and whole rock samples for their elemental and sulfur isotope composition. The authors collected fumarole samples over the period of 1978–1995 and observed nearly constant δ34S values of +3.0‰ ±0.3‰ for total sulfur (SO2+H2S) from fumaroles at the crater rim during the period of 1979–1984. Since then, they observed depletion to approximately 0‰, followed by short-term variations from −2.7‰ to 2.2‰ vs. CDT. Based on the whole dataset, the authors suggested that during the period 1979–1983, fumarolic sulfur was related to degassing of enriched latitic-rhyolitic magma, and since then, additional sulfur sources, such as due to hydrothermal leaching of pyrite and perhaps degassing of primary basalt at depth, could have played a major role. The authors also reported δ34S values for the fumaroles from the Vulcano beach area. They measured values between −3 and 0‰ for the period of 1978–1984 and between 0 and +5‰ during the period of 1985–1995, suggesting that the beach fumarolic system could be fed by crater-type fluids modified during the interaction processes occurring in the thermal aquifer. Cortecci et al. (2001) investigated the isotope composition of SO42− in cold and thermal waters. The authors interpreted dissolved sulfate as deriving mainly from the oxidation of fumarolic SO2 in deep and shallow aquifers with a minor contribution of H2S.
Despite the high-frequency monitoring of the Vulcano fumaroles (monthly to bimonthly over the past four decades) (Carapezza et al., 1981; Capasso et al., 1997; Chiodini et al., 1998; Capasso et al., 1999; Paonita et al., 2002, Paonita et al., 2013; Paonita et al., 2002), neither SO2/H2S nor d34S is routinely reported.
The present study aims at laying another piece in the puzzle of sulfur dynamics at Vulcano Island. Furthermore, the last anomalous degassing event, which began in 2021 in the summit area of the volcano (La Fossa crater) and spread throughout the volcanic edifice, is analyzed in terms of mass and energy variations.
Vulcano Island is located in the Aeolian Archipelago (southern Italy) and is characterized by solfataric activity after the last explosive eruption activity that occurred in 1888–1891. The main shallow expression of this solfataric activity is represented by a wide and strong high-temperature fumarolic field (around 450°C) located on the summit area in the crater of La Fossa (Figure 1), and by the hydrothermal fluids degassing at a boiling temperature in the area of Levante Bay in the northern-west side of the island. Moreover, many thermal wells with temperatures up to 70°C occur in the Vulcano Village, and anomalously high soil CO2 diffuse degassing from the soil is recognized in the areas of the summit, Palizzi, and Baia Levante areas (Inguaggiato et al., 2012a) (Figure 1). After the last paroxysmal event that occurred in 1888–1891, several “geochemical crises” characterized by anomalous and sudden increases in volcanic outgassing and by strong increases in the maximum temperatures of the summit fumaroles have been observed and studied. In particular, the major geochemical crises occurred in 1978–1980 (Carapezza et al., 1981), 1988–1991 (Barberi et al., 1987; Cioni and D’Amore, 1984; Chiodini et al., 1992; Badalamenti et al., 1991), 1996 (Capasso et al., 1999), 2004–2007 (Capasso et al., 2014; Diliberto, 2017), 2009–2010 (Inguaggiato et al., 2012b; Vita et al., 2012), and 2021 (Inguaggiato et al., 2022a, Inguaggiato et al., 2022b; Vita et al., 2023; Aiuppa et al., 2022; Di Martino et al., 2022; Federico et al., 2023).
[image: Figure 1]FIGURE 1 | Vulcano Map: location of the SO2 UV Scanning DOAS network; the yellow circle indicates the UV scanning-DOAS stations (Palizzi and Levante); the blue circle indicates the environmental station; the white–red circle indicates the Volcanologic Center. The fumaroles of the summit and Levante Bay are indicated, respectively, by red and yellow areas. The blue–white circle indicates the thermal water of Camping Sicilia. The other two thermal water areas (Pozzo well and Vasca) are located inside the beach fumarole area.
Furthermore, these geochemical crises have highlighted increases in the gas/steam ratio (Paonita et al., 2002, Paonita et al., 2013),high-temperature fumaroles (Diliberto, 2017), significant changes toward magmatic pristine values of He and CO2 isotopic composition (Federico et al., 2023), and changes in compositional ratios (CO2/SO2 and SO2/H2S) toward more oxidizing conditions characteristic of volcanic fluids (Aiuppa et al., 2022).
Recent studies have demonstrated that phreatic eruptions—an eruption type that resulted fatally elsewhere in recent years (e.g., Ontake 2014; White Island 2019)—have occurred in Vulcano’s past (Rosi et al., 2018; Selva et al., 2020).
As such, there is a need to hypothesize how the volcanic-hydrothermal system would react from a stage of quiescence (2009) into a potentially more hazardous stage (since 2021) (Inguaggiato et al., 2022a; Aiuppa et al., 2022; Di Martino et al., 2022; Federico et al., 2023), based on variations in fumarole chemistry (SO2/H2S ratios) and in mass and energy increases (Inguaggiato et al., 2022b).
2 MATERIALS AND METHODS
To characterize the chemical and isotope composition of fluids, a geochemical survey to sample the main fluids discharged from Vulcano Island was carried out in 2009, including 1) three types of thermal water, 2) three high-temperature fumaroles located in the summit fumarolic area of the La Fossa crater, and 3) one boiling fumarole in the Levante Bay area (Figure 1). Moreover, other five surveys were carried out in the period of 2013–2022 to collect high-temperature fumaroles at the La Fossa crater.
Here, we present the chemical and isotopic composition (S, He, C, and N2) of the high-temperature fumaroles of the La Fossa crater and low-temperature fumaroles of the Baia di Levante hydrothermal system in the long term, from 2009 to 2021 (Supplementary Table S1). Moreover, the chemical and isotopic composition of thermal wells sampled in 2009 is reported in Supplementary Table S2.
Samples of high-temperature fumaroles located on the summit crater (Figure 1) have been collected for the determination of the whole chemical composition of emitted fluids. From 2009 to 2022, six surveys that focused on high-temperature crater fumaroles have been performed (Supplementary Tables S1, S2).
The modified Giggenbach (1975) method (Montegrossi et al., 2001), consisting of a pre-evacuated flask filled with 4 M NaOH and a flask filled with Cd(OH)2 solution, has been utilized to collect the fumarole samples.
Near-continuous flux measurements of the SO2 plume have been carried out using a network system installed in the framework of the NOVAC project, i.e., the Network for Observation of Volcanic and Atmospheric Change; Galle et al., 2010. Two UV-scanning DOAS stations were located, respectively, at NE and SW of the La Fossa cone (Figure Figure1) (Vita et al., 2012, Vita et al., 2020; Inguaggiato et al., 2022a). This configuration allowed us to track over 80% of plume emissions during the solar year.
NOVAC is a network created for the permanent monitoring of volcanic gas, which emerged in 2005 from a European project to create and install automated prototype instruments capable of monitoring different species of gases emitted by volcanic plumes around the world (Arellano et al., 2021). The remote sensing technique of passive Differential Optical Absorption Spectroscopy (DOAS) (Platt, 1994; Platt and Stulz, 2008) allows quantifying different volcanic gases within the columns emitted from active volcanoes, by collecting the spectra in the ultraviolet region (UV), in order to supply indirect measurements of magmatic volatiles (Edmonds et al., 2003; Vita et al., 2014). The DOAS method is based on the principles of absorption spectroscopy (the Bouger–Beer–Lambert law) and is used for the quantification of different gases in plumes (e.g., SO2, NO2, and BrO).
The estimation of the mass and energy output from the La Fossa crater has been carried out by coupling the extensive (SO2 fluxes) and intensive (SO2/CO2 and SO2/H2O ratios) parameters.
In particular, we utilize the SO2 monitoring networks installed on Vulcano Island that measures the total outgassing of SO2 and the chemical composition of the high-temperature fumaroles located on the volcano summit (Figure 1).
3 RESULTS
3.1 Crater fumaroles
The crater area is characterized by a wide fumarolic field with outlet temperatures ranging from 100°C to 450°C (Figure 1B). The chemical composition of fumaroles shows variable concentrations and compositional ratios on the basis of the solfataric activity level with gas/steam and CO2/SO2 molar ratios of 4–11 and 30–67, respectively (Capasso et al., 1997; Paonita et al., 2002; Aiuppa et al., 2005; McGonigle et al., 2008; Inguaggiato et al., 2012a). The chemical composition of the fumaroles shows variable concentrations and compositional ratios with gas/steam and CO2/SO2 molar ratios of 7.3–17.23 and 14–41, respectively (Table 1). It should be noted that the chemical composition of the highest temperature fumarole showed marked changes in the years 2021–2022, with an abrupt and high increase in the gas/steam ratio starting in June 2021.
TABLE 1 | Statistical data analysis of SO2 fluxes (t d−1) for the period January 2021–April 2022. The data are classified as pre-event (normal solfataric activity) from 1 January 2021 to 16 August 2021 and event (abnormal increase in outgassing) from 17 August 2021 to 28 April 2022.
[image: Table 1]The most prominent clues of magmatic fluid contribution to crater fumaroles sampled in 2009 are the isotopic compositions of helium R/Ra = 5.73 and δ13CCO2 = −1.29‰ vs. V-PDB, while the positive nitrogen isotopic composition (δ15Ncorr = 4.5‰) indicates mixing between magmatic fluids (δ15N = −5‰) with a prevalent percentage contribution of fluids of sedimentary origin (δ15N = +7‰) for this gas (Supplementary Table S2).
3.2 Fumarolic plume
The SO2 flux of the plume produced by the strong fumarolic discharge from the crater was measured using the continuous UV-scanning DOAS system positioned on the flank of the La Fossa cone (Figure 2). The SO2 fluxes showed values ranging from 4.5 to 239 t·d−1 with a mean value of 22 t·d−1 in the first period of 2021 up to August. Then, in the second period up to the end of April 2022, SO2 outgassing shows a mean value of 88 t·d−1 with a maximum of 239 t·d−1 in November 2021 (Table 1).
[image: Figure 2]FIGURE 2 | SO2 fluxes of the La Fossa crater are expressed in t d−1. A clear, strong, and abrupt increase in SO2 plume degassing has been recorded from August 2021.
3.3 Sulfur isotopes
In this study, we dedicated special attention to investigating the processes regulating the isotopic composition of sulfur from fumarolic gases, sublimate elemental sulfur, and thermal water. Analytical results, where the isotope ratios were expressed in the δ34S notation relative to Canyon Diablo Troilite (CDT), are given in Supplementary Table S3 and plotted in Figure 3.
[image: Figure 3]FIGURE 3 | Isotope composition of sulfur at Volcano Island. The gray symbols are data from Cortecci et al. (1996) and Cortecci et al. (2001). The black symbols are this study’s data. HT, high temperature fumaroles; LT, low temperature fumaroles. Data relative to total sulfur in HT fumaroles are computed based on the isotope composition of H2S and SO2 (see text for details).
The whole δ34S dataset covers a wide range of values, from −3.6‰ vs. CDT, measured for elemental sulfur up to 8.8‰ vs. CDT, for SO2 from high-temperature fumaroles. With respect to the data on Cortecci et al. (1996) and Cortecci et al. (2001), our results relative to H2S and SO2 are enriched in 34S. On the contrary, data relative to elemental sulfur from high-temperature fumaroles and to H2S from low-temperature fumaroles (Levante Bay), as well as total sulfur dissolved in thermal water, fall in the ranges previously defined by Cortecci et al. (1996) and Cortecci et al. (2001).
3.4 Mass and energy output
Extensive parameters (mass and energy outputs), such as the fluxes of CO2, H2O, and SO2, and heat released in volcanic areas are paramount in providing information about the extent of the ongoing volcanic phenomena and the amount of the involved magma (Harris et al., 2012; Harris and Maciejewski, 2000; Inguaggiato et al., 2012a; Inguaggiato et al., 2018; Harris, 2009; Meza Maldonado et al., 2017). Moreover, coupling the intensive and extensive parameters yields basic information that is useful when formulating models of volcanic fluid degassing (Inguaggiato et al., 2011; Inguaggiato et al., 2012b; Inguaggiato et al., 2013; Inguaggiato et al., 2018).
3.4.1 Crater area mass release
The estimation of the mass flux emitted from the solfataric area was carried out according to the indirect method proposed by Inguaggiato et al. (2011) and Inguaggiato et al. (2012a), which is based on the plume SO2 flux and the SO2/CO2 and SO2/H2O ratios, applying the following equation:
[image: image]
ΦniFarea is the ni flux of a single volatile evaluated for the crater plume; ΦSO2Plume is the SO2 flux of the plume; and (ni/SO2)fumarole is the weight ratio of each volatile in the fumarole composition.
A wide range of CO2 and H2O fluxes have been estimated in the 2021–2022 period (Table 2) with increases of, respectively, 5 and 6 times with respect to the values of 2007 (Inguaggiato et al., 2012a).
TABLE 2 | Mass output of the La Fossa crater fumarole field expressed in t d−1.
[image: Table 2]We estimated an increase in plume CO2 fluxes from 362 t·d−1 (September 2021; Inguaggiato et al., 2012a) to 2,209 t·d−1 (February 2022). A similar increase was observed in the discharged water vapor from 1,330 t·d−1 to 5,768 t·d−1 in February 2022 (Table 2).
The soil summit CO2 diffuse output, from the no-fumarolized areas, estimated with degassing surveys reflects the deep input indicated by the increasing plume flux, showing a maximum value of 248 t·d−1 measured in September 2021 (Inguaggiato et al., 2022b).
Eventually, based on the output of estimated discharged water (5,768 t·d−1) and the only latent heat of water evaporation (2,500 kJ/kg), we estimated an energy value, dissipated by the crater solfataric area, ranging from 3.33 × 109 kJ·d−1 (Inguaggiato et al., 2012a) to 1.44 × 1010 kJ·d−1 (Table 3), corresponding to 167 MW.
TABLE 3 | Energy output (KJ d−1) of the La Fossa crater fumarole field expressed in MW. The data for 2007 are from Inguaggiato et al. (2012b).
[image: Table 3]3.4.2 Levante Bay area mass release
The peripheral area of Levante Bay is characterized by solfataric emissions and diffuses soil CO2 degassing onshore and offshore. The soil CO2 output in the onshore area showed a strong increase in an order of magnitude (like that observed in the summit area) ranging from 1.2 t·d−1 in May 2011 to 16.4 t·d−1 in May 2022 (Inguaggiato et al., 2022b). The visible effects of this strong increase in degassing were seen in the sea stretch of Levante Bay, in front of the mud pool, which turned white due to the acidification of the seawater from pH = 8.2 to around pH = 5.3 and the presence of sulfurous material flocculating on the sea (Figure 4B).
[image: Figure 4]FIGURE 4 | Pictures of the summit and Levante Bay areas. (A) Picture of La Fossa crater solfataric emissions (October 2021) highlighting the strong degassing fumaroles with an extension of the fumarolic field over the crater rim; (B) picture of the Levante Bay area (May 2021) where the white color of the sea can be observed due to the presence of suspended sulfurous material.
4 DISCUSSION
4.1 Sulfur isotopes
In order to compare our results with those previously reported in the literature, we computed the isotopic composition of total sulfur from high-temperature fumaroles based on the isotope ratios of H2S and SO2 and their relative fractions (H2S/SO2 ratios). The calculated d34S values of the total sulfur ranging from 3.6‰ to 8.8‰ are plotted in Figure 3 and cover the d34S value of local rhyolite of 6.0‰. The isotopic composition of SO2, H2S, and total sulfur differs from the data by Cortecci et al. (1996) and Cortecci et al. (2001), with our data more enriched in 34S. Since temporal variation was also reported by Cortecci et al. (1996), our data could reflect such variability. Cortecci et al. (1996) explained data recorded in fumaroles from June 1980 to July 1984 (δ34S values of +3.0‰ ± 0.3‰) discussing several hypotheses and concluded that the major source of sulfur in crater fumaroles prior to 1984 was supplied by degassing of a latitic-rhyolitic melt. They also explained subsequent temporal variations assuming stream-driven leaching of secondary pyrite in the hydrothermal zone. However, the isotopic fractionation of sulfur species strongly depends on redox conditions and temperature. Although the attempt of retrieving information on the deep sulfur source is a desirable perspective, we cannot neglect that temporal variations in temperature and redox conditions in the Vulcano fumaroles are well-documented (Paonita et al., 2013; Federico et al., 2023). In light of this, the temporal variations observed by Cortecci et al. (1996), as well as our enriched values, could be the result of a hydrothermal-magmatic system much more complex with respect to that depicted by Cortecci et al. (1996). Even if our computed total sulfur isotope composition from high-temperature fumaroles fits the rhyolite isotope composition, we have to take into account that the compositions of emitted fluids depend on different relative contributions of magma degassing and hydrothermal fluids (Di Liberto et al., 2002). Concerning the groundwater, we highlight that our results fit those previously reported. This could reflect almost steady-state conditions of the system where the sulfur input of deep magmatic gases, the contribution of hydrothermal fluids, and the occurrence of interaction processes between fluids and mineral phases do not produce large variations over time. Taking into account that the water in the hydrothermal system exhibits a high content of sulfur, possible changes due to some input of magmatic gases to this shallow system could be masked.
4.2 La Fossa crater CO2 fumarole output
We compared Vulcano Island’s “new” 2021–2022 increased CO2 summit fluxes with other volcanic systems of Italy (Figure 5). In particular, we observed that Vulcano Island in 2007 showed CO2 degassing fluxes in the same order as other quiescent volcanoes, like Pantelleria and Ischia (around 1,000 t·d−1), and the open conduit Stromboli volcano (500–700 t·d−1). The CO2 outgassing values recorded during the 2021–2022 crisis show a sharp increase (2,200 t·d−1) and classify Vulcano as the second highest CO2 emitter of Italian volcanoes, only after Etna (approximately 40,000 t·d−1).
[image: Figure 5]FIGURE 5 | Total CO2 output discharged from Vulcano Island in volcanic unrest in 2022 (red bar), compared to Vulcano Island in volcanic quiescence in 2007 (green bar), and to other Italian volcanic systems.
Previous studies (Favara et al., 2001; Pecoraino et al., 2005) have shown that the proportion of degassing from the summit crater (S) and that from the peripheral (P) area (R=S/P) at Ischia and Pantelleria is close to 0.1, reflecting degassing styles in closed-conduit systems with solfataric degassing activity, such as Ischia and Pantelleria (Favara et al., 2001; Pecoraino et al., 2005). On the other hand, open-conduit volcanic degassing systems, such as Stromboli and Etna (D’Alessandro et al., 1997; Inguaggiato et al., 2005, Inguaggiato et al., 2011, Inguaggiato et al., 2013), show the opposite behavior with the CO2 summit degassing with an order of magnitude higher than peripheral degassing (R = 10) (Figure 6).
[image: Figure 6]FIGURE 6 | Summit vs. peripheral CO2 degassing of Vulcano Island in 2022 (red star) compared with Vulcano Island in 2007 (green big star), and other closed- (yellow triangles) and open-conduit (blue star) volcanic systems in Italy. The dashed lines (R) represent the proportion of degassing from the summit (S) and peripheral (P) areas, R=S/P.
Although Vulcano is a closed-conduit system with solfataric activity, it has shown similar behavior to that of open-conduit systems, being the CO2 solfataric summit degassing with an order of magnitude higher than peripheral degassing (Inguaggiato et al., 2012a, Inguaggiato et al., 2013). Moreover, as shown in Figure 5, the total outgassing increased in 2022 (red star) by about an order of magnitude with respect to 2007 (green bar) but continued to maintain the same outgassing ratios between the summit and the peripheral systems (Figure 6). This indicates that the deep degassing input is affecting the entire volcanic edifice.
The sharp and significant recorded increase in the harmful volatile fluxes, from the soil and fumarole degassing toward the atmosphere, observed during this ongoing geochemical crisis suggests continuing monitoring and investigating for better quantification of the hazard posed by SO2 and other volcanic gas species (i.e., CO2 and H2S).
4.3 La Fossa crater H2O fumarole mass and energy output historical dataset
In order to investigate the long-time evolution of the discharged water vapor from the solfataric area of the La Fossa crater of Vulcano, we recompile the historical dataset of H2O steam measured by several authors from 1983 to 2007 (Figure 7).
[image: Figure 7]FIGURE 7 | Summit water vapor degassing at the La Fossa crater of Vulcano Island from 1983 to February 2022 expressed in t d−1. The data on water fluxes from 1983 to 1995 are from Italiano and Nuccio (1992) and Italiano et al. (1998); for September 2003, from Aiuppa et al. (2005); and for September 2007, from Inguaggiato et al. (2012a). The post-2007 data are from this study.
We can observe that the H2O fluxes, extracted from the scientific literature, range from 157 t·d−1 (February 1983; Italiano and Nuccio, 1992) to 1,330 t·d−1 (September 2007; Inguaggiato et al., 2012a), with a continuous long trend increases of water fluxes. Then, the last new dataset of this work, from September 2009 to February 2022, shows a further continuous long-term increase in water flux up to 3,570 t·d−1 in June 2019. Finally, in 2021–2022, a further abrupt increase in the water vapor flux was estimated, with values up to 5,768 t·d−1 in February 2022 (Figure 7).
The total geothermal potential estimated at Vulcano (179 MW) has to be compared with other geothermal systems, as shown in Figure 8. As we see, the Tacaná hydrothermal system, Mexico–Guatemala, shows a geothermal potential of approximately 98 MW (Collard et al., 2014; Rouwet et al., 2015); El Chichón, Mexico, near 171 MW (Taran and Peiffer, 2009); the Flegrean Fields, Italy, approximately 100 MW (Chiodini et al., 2010); Puracè, Colombia, approximately 360 MW; and Irazú-Turrialba, Costa Rica, near 110 MW (Rouwet et al., 2021), while for Vulcano it is approximately 50 MW (Inguaggiato et al., 2012a). Domuyo volcano, Argentina, shows a geothermal potential of 1,000 MW (Chiodini et al., 2014), whereas the Yellowstone hydrothermal system shows a geothermal potential of 5,300–6,100 MW (Fournier, 1989; Ingebritsen et al., 2001), which are both about one to two orders of magnitude higher than the thermal output of Vulcano Island. Considering the surface extent of each volcanic system, the theoretical lines of heat flux expressed in MW km−2 have been added. Flegrean Fields, El Chichón, and Puracé, approximately 1, 10, and 30 km2, respectively, show the highest heat flux per unit of area (20–100 MW·km−2), the system of Yellowstone (approximately 2,500 km2), and Tacanà (∼25 km2), have lower heat fluxes per unit area (about 2 and 3.9 MW·km−2). The heat flux of Vulcano (about 20 km2) in 2022 approximates 10 MW·km−2.
[image: Figure 8]FIGURE 8 | (A) Geothermal potential estimated at Vulcano Island in 2022 (169 MW) compared with other geothermal systems of the world and Vulcano Island in 2007. (B) Heat flux density (R= MW km−2) of Vulcano Island has been calculated from 1983 to 2022, showing that the heat flux at Vulcano increases the heat flux density from 220 to 8,450 mW m−2 from 1983 to 1995 (purples rhombus), 2007 (green rhombus), and 2009 to 2013 (yellow rhombus).
To follow the evolution of energy output discharged from Vulcano Island, the estimated energy in MW·m−2 from 1983 to 2022 is plotted in Figure 8B, where the continuous increases in heat fluxes are evident from 220 MW·m−2 in 1983 to 8,450 MW·m−2 in 2022.
The increased outgassing observed in the last few years marks a new degassing crisis, suggesting that Vulcano Island has entered a renewed stage of volcanic unrest. The large increase in volatile mass and energy output of the Vulcano system, both from the summit and in peripheral areas, indicates pressurization of the entire volcanic edifice, taking the degassing activity to a critical level that has never been reached in the last few decades. The high volatile pressure and energy in the shallow plumbing systems can lead to new energetic volcanic events in the future (e.g., phreatic eruptions that could culminate into magmatic eruptions). This new strong degassing framework deserves great attention from the scientific community and from the volcanic observatories to monitor any further variations in the degassing activity.
5 CONCLUSION
The isotope composition of sulfur from fumarolic gases, sublimate elemental sulfur, and thermal water reflects a complex hydrothermal-magmatic system where the pristine magmatic signature of the emitted magmatic gases is modified by post-magmatic processes occurring in the hydrothermal system.
The latest ongoing geochemical crisis at Vulcano Island, which began in 2021, has shown an increase of over an order of magnitude in the degassing of SO2 from the solfataric plume and from the soils of both the summit and the peripheral anomalous areas, respectively, the La Fossa crater and Levante Bay and Palizzi areas.
Furthermore, a strong increase in the energy dissipated by the volcanic system estimated only from the summit fumarolic area was recorded. The heat flux reached values that were never recorded in the past, reaching up to 8,450 mW/m2 with a total energy of 167 MW.
This degassing increase observed in 2021 does not represent an isolated case in the last four decades but is part of a broader evolution of the degassing activity of the volcanic system, representing a further input that since 1978 to date (seven strong inputs documented) has characterized and confirmed the continuous growth of the degassing activity of the island of Vulcano.
It is, therefore, necessary to continue monitoring the volcano’s outgassing activity to catch any signal of a further input that could irreversibly alter the delicate mass balance between the deep input and the surface output discharged toward the atmosphere, which could trigger volcanic activity.
The sharp increase in the degassing of volatile flows has also led to an environmental implication by producing an increase in the average concentrations of gaseous species harmful to human health in the atmosphere, such as SO2 and H2S (Diliberto. 2017; Vita et al., 2023).
The control of air quality, therefore, deserves attention from the official institutions responsible for the protection of public health.
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