
1.  Introduction
Hydrothermal systems usually form in active volcanoes as a result of the condensation of a saline liquid phase 
upon decompression of H2O-rich fluids degassed from magma or by absorption of HCl-rich and SO2-rich fluids 
in aquifers fed by meteoric or seawater and the contact of these acidic and hot fluids with the surrounding rocks 
(Webster & Mandeville, 2007). The shallowest level of hydrothermal systems is often heated by the acidic vapor 
separated from deeper aquifers. Gas-water-rock interactions occur and trigger a set of chemical-physical processes 
and reactions that often lead to significant changes in the pristine composition of magmatic fluids. Hydrother-
mal systems can be found in many volcanoes on Earth, irrespective of the geodynamic setting of formation, as 
they form in open- or closed-conduit volcanoes, in subaerial or submarine conditions, and consist of one or two 
phases (liquid and/or vapor) developed into convective fluid cells (Antoine et al., 2009; Caliro et al., 2004, 2007; 
Chiodini et  al.,  1995,  2001,  2005; Federico et  al.,  2010; Finizola et  al.,  2002; Lupton et  al.,  2008; Mauri 
et al., 2018; Osinski et al., 2001; Rizzo et al., 2019; Taran et al., 2017). Hydrothermal systems dissipate much 
of the energy produced by the volcanic system and may display the first indications of impending crises (e.g., 
Chiodini et al., 2016). The nature and extent of hydrothermal systems (Finizola et al., 2009; Lénat et al., 2012; 
Mauri et al., 2018; Revil & Linde, 2006; Revil et al., 2011) influence the occurrence of hazards such as phre-
atic and phreatomagmatic explosions, and flank collapses (Lorenz & Kurszlaukis, 2007; Weinstein, 2007). The 
geochemical characterization and monitoring of hydrothermal fluids are of great importance to constrain (a) the 
composition, temperature, pressure, and redox conditions of the system, (b) the state of activity of the volcano, 
(c) the evolution of unrest, particularly in those systems where access to high-temperature fumaroles is unsafe 
(Caliro et al., 2004, 2007; Capasso et al., 1999, 2005; Chiodini et al., 1995, 2001, 2005; Federico et al., 2010; 
Giggenbach, 1975; S. Inguaggiato & Rizzo, 2004; S. Inguaggiato et al., 2000, 2005, 2010; Lupton et al., 2008; 
Mauri et al., 2018; Rizzo et al., 2015, 2019; Taran et al., 2017). In many cases, the shallow fluids of meteoric or 
marine origin feeding the volcanic aquifers may modify the pristine signature of the deep fluids and the signals 
linked to volcanic activity. Understanding gas–water interaction processes, which modify the pristine physico-
chemical characteristics of fluids, sheds light on both the origin of the fluids and the degree of this interaction at 
depth. In recent years, the study of the volatiles dissolved in the thermal waters of several volcanic systems has 
provided useful indicators of the origin of these fluids and the processes that modify their chemical and isotope 
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composition during their ascent toward the surface (Capasso et al., 2005; Federico, Inguaggiato, et al., 2017; S. 
Inguaggiato et al., 2000, 2005, 2010; Paonita et al., 2016).

Stromboli Island (Aeolian Volcanic Arc, Italy) is an open-conduit volcano characterized by persistent explosive 
activity, which makes the regular monitoring of fumarole gases in the crater area hazardous (Capasso et al., 2005; 
Carapezza & Federico,  2000; Rizzo et  al.,  2009). However, the thermal aquifer identified at the base of the 
subaerial part of the edifice (Capasso et al., 2005; Carapezza & Federico, 2000; Finizola et al., 2002, 2003, 2009; 
Revil et al., 2011) represents a safe point of observation to acquire insights into the volcano-hydrothermal system 
through sampling.

Many geochemical studies on the thermal aquifer, which is accessible via privately drilled wells, have been 
carried out in the last two decades (Capasso et al., 2005; Carapezza & Federico, 2000; Carapezza et al., 2004; 
Federico et al., 2008; Grassa et al., 2008; S. Inguaggiato & Rizzo, 2004; Liotta et al., 2006; Madonia et al., 2021; 
Rizzo et al., 2008, 2009, 2015). These studies revealed (a) the main composition of thermal waters and gases 
dissolved therein, (b) the influence of shallow marine and meteoric waters (MWs) on the hydrothermal composi-
tion, (c) the presence and extent of gas-water-rock interaction processes, and (d) a magmatic signature concerning 
helium isotopes. These studies brought an invaluable understanding of fluid geochemistry at Stromboli, but most 
of them took place over short periods, often limited to single effusive eruptions.

In this work, we report on the chemical and isotopic composition of thermal waters and dissolved gases from 
Stromboli Island over 14 years of observations from 2004 to 2018. We characterize the hydrothermal system 
of Stromboli, highlighting the main processes occurring therein. The aim is to provide an interpretative frame-
work for the variations in water and gas chemistry, which incorporates the processes of meteoric input, seawater 
contamination, gas-water-rock exchange, and water mixing, before relating them to volcanological processes. 
We report on eight thermal water wells located in the area of Stromboli village monitored via 112 sampling 
campaigns. We show that magmatic fluids re-equilibrate at hydrothermal conditions and the gases collected in 
the monitored wells show variable relative contents of CO2, He, and CH4, the latter being of hydrothermal origin. 
The variable extent of rock-leaching and seawater/meteoric mixing modulate the chemistry and isotopic ratios 
of the shallow water. The dissolved gas shows a magmatic signature of  3He/ 4He, comparable to that measured in 
olivine and pyroxene minerals (Martelli et al., 2014), whose temporal monitoring revealed systematic variations 
during effusive eruptions and phases of intense volcanic activity.

2.  Study Area
2.1.  Volcanological Background of Stromboli

Stromboli Island is an active volcano in the Aeolian Archipelago (Italy), which is located in the southeast-
ern Tyrrhenian Sea (Figure 1), and associated with the Quaternary subduction of the African plate below the 
European plate (e.g., Gasparini et al., 1982). Stromboli was built on a 17-km-thick continental crust (Morelli 
et al., 1975; Panza et al., 2007) and is characterized by persistent explosive activity from the summit craters 
(usually every 10–20 min), known throughout the world as “Strombolian activity” (e.g., Rosi et al., 2000). This 
Strombolian activity is occasionally interrupted by lava effusions and/or violent explosions referred to as “major 
explosions” and “paroxysms,” which eject large bombs and may occasionally cause hot avalanches, landslides 
and tsunamis. In the last 35 years, four effusive eruptions occurred in 1985, 2002, 2007, and 2014 (S. Inguaggiato 
et al., 2018) in addition to many major explosions and lava overflows. Paroxysmal explosions were recorded in 
2003, 2007, and two in 2019 (Andronico et al., 2021).

Stromboli erupts magmas belonging to four distinct series, that is, calc-alkaline (CA), high potassium calc-alkaline 
(HKCA), shoshonitic (SHO), and potassic (KS) (e.g., Francalanci et al., 1988, 1989). All erupted magmas are 
mafic (SiO2 <55%, MgO >4%) and exhibit similar subduction-related patterns of trace elements (Francalanci 
et al., 1993, 2007; Tommasini et al., 2007). The geochemical signature of the primitive batches of the Stromboli 
magmatic series (CA, HKCA, SHO, KS) is attributed to the partial melting of a mantle wedge, made heteroge-
neous by the variable metasomatism by fluids released by the subducting slab (Schiavi et al., 2012; Tommasini 
et al., 2007). Moreover, crustal contamination likely occurred in the KS magmas (Ellam et al., 1989; Francalanci 
et al., 1993, 2004; Martelli et al., 2014; Schiavi et al., 2012; Tommasini et al., 2007).

The present-day activity of Stromboli belongs to the shoshonitic series and consists of two types of magmas: (a) 
a high porphyritic (HP) volatile-poor magma, stored at 2–4 km depth below sea level (bsl) that undergoes slow 
but continuous degassing-induced crystallization and (b) a low porphyritic (LP) volatile-rich magma stored at 
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7–10 km depth bsl, refilled by CO2-rich magmas rising from the mantle (e.g., Bertagnini et al., 2008; Francalanci 
et al., 2004; Métrich et al., 2010, 2021). The persistent Strombolian activity of the volcano is maintained in a steady 
state, driven by the continuous refilling of the shallow magmatic reservoir with deep volatile-rich magmas, together 
with almost continuous magma emission during ordinary activity (e.g., Landi et al., 2009; Métrich et al., 2010). 
Magmatic volatiles, which represent the engine of the explosive volcanic activity, are largely emitted from the 
summit craters during both quiescence and eruptive phases, but they also escape from the soil in the summit area 
and along the upper flanks of the edifice and at the base of the cone, focused along tectonic lineaments (Carapezza 
& Federico, 2000; Carapezza et al., 2009; Finizola et al., 2006; S. Inguaggiato et al., 2019, 2020, 2021).

2.2.  The Stromboli Thermal Aquifer

2.2.1.  Hydrogeology

Previous hydrogeological studies (Madonia et  al.,  2021; Revil et  al.,  2011) described the characteristics of 
the aquifer in this sector of Stromboli. Based on electrical resistivity measurements, soil CO2 concentrations, 
temperature, and self-potential measurements, Revil et  al.  (2011) provided insights regarding the position of 
shallow  aquifers and the extension of the hydrothermal system. They found that self-potential data reveal the 
position of an unconfined aquifer above the villages of Scari and San Vincenzo. Moreover, they gave evidence 
of a conductive zone in the central portion of the volcanic edifice, interpreted as the main hydrothermal system, 
and an adventive hydrothermal circulation downward E and NE, in the area of Scari. The boundary between 
hydrothermal water and groundwater was estimated at about 100 ± 60 m asl, while the intrusion of the seawater 

Figure 1.  Location of sampling points and main regional faults N41°; N64° (Finizola et al., 2002). The map reference system is ETRS89/UTM 33 N. The red square 
marks the position of Stromboli Island in Southern Italy.
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was assumed to be as low as −3 km in depth. More recently, Madonia et al. (2021) indicated that there is a unique 
groundwater body in the form of a thin lens of fresh water floating above the infiltrating seawater and suggested 
the existence of a multi-level aquifer, consisting of alternating lavas and pyroclastic deposits.

2.2.2.  Chemistry of Groundwater

The thermal waters were studied by Carapezza and Federico (2000), Carapezza et al. (2004), Capasso et al. (2005), 
and Grassa et al. (2008). The authors found that the chemical composition of thermal waters is the result of mixing in 
different proportions between seawater and MW, heated by vapor ascending from depth, with limited interaction with 
the volcanic rocks. They reported temperatures in the range of 35–47°C, the water table at depths of 5–20 m b.g.l., 
and a wide range of dissolved salt content ranging from 8,200 to 40,000 mg/L, as the result of variable fractions of 
seawater. The reported average pH values were in the range of 6.31 and 6.97. The chemical composition of both 
end-members is modified by the dissolution of a CO2-rich gas phase and by leaching the aquifer-hosting rocks. Liotta 
et al. (2006) also studied the chemical composition of the rainwater which is mainly controlled by the contribution 
of marine aerosol near the coast, whereas it is strongly influenced by volcanic activity near the summit vents. The 
hydrogen and oxygen isotopic composition of rainfall shows seasonal variability and correlates with air tempera-
ture, while deuterium excess, computed as d = δD‰ − 8δ18O‰, has a positive correlation with altitude. Liotta 
et al. (2006) suggested that the production of volcanic aerosol close to the craters could favor the non-equilibrium 
condensation of water droplets by diffusional growth of hydrometeors that causes a great deuterium excess as a result 
of the higher diffusivity of HD 16O compared to that of H2 18O. The isotope composition of the meteoric recharge was 
retrieved from the mean annual volume-weighted values, being between −6.2 and −8.4‰ for δ 18O and between −35 
and −45‰ for δD (vs. the Vienna Standard Mean Ocean Water, V-SMOW) (Liotta et al., 2006).

2.2.3.  Chemistry and Carbon Isotopes of Dissolved Gas

The chemical and isotopic composition of dissolved gas in the Stromboli shallow aquifer was discussed by 
Capasso et al. (2005) and Federico et al. (2008). The air-free composition of the dissolved gas is dominated by 
CO2, with variable amounts of He and CH4. While the authors claim a magmatic origin for both CO2 and He, 
the  CH4 contents were ascribed to a contribution of fluids from a hydrothermal system.

A wide compositional variability characterizes both the whole aquifer and each sampling site (Capasso 
et al., 2005; Federico et al., 2008). This variability was ascribed to the heterogeneity of volcanic deposits, made 
of alternating levels of pyroclastics of different grain sizes, porosity, and permeability, which host small water 
bodies variably contaminated by seawater and volcanic fluids. The variable enrichment in He and CH4 compared 
to an original CO2-dominated volcanic gas could be a consequence of modification of the gas during dissolution 
in the aquifer. Both vapor separation from a hydrothermal aquifer and dissolution in the shallow meteoric aquifer 
would promote the preferential partitioning of the less-soluble gas species into the vapor phase, namely He and 
CH4 compared to CO2, and also the isotopic fractionation of gaseous CO2 compared to dissolved carbon species 
(Capasso et al., 2005; Federico et al., 2008).

Some of the variability in the sampled fluids was also ascribed to the changeable input of volcanic fluids over 
time. Carapezza et al. (2004) and Capasso et al. (2005) reported significant variations in the chemical and isotopic 
composition of CO2 in all the monitored thermal wells associated with the effusive eruption that occurred in 
2002–2003. Values of dissolved CO2 as high as 75–220 cc/L at STP in March–July 2002 were measured 6 months 
before the onset of the eruption, which was shortly preceded by a one order of magnitude increase in the soil CO2 
flux in the summit area (S. Inguaggiato et al., 2011). Moreover, before the 5 April 2003 paroxysm, Carapezza 
et al. (2004) and Rizzo et al. (2008) observed a marked decrease in the pH values of 0.1–0.5 pH units in the 
thermal water wells located in the Stromboli village, ascribed to the increased input of CO2 in the shallow ther-
mal aquifer. S. Inguaggiato, Vita, et al. (2017) and C. Inguaggiato et al. (2017) reported on variations in pCO2 
in two wells for a limited period, related to variations in soil CO2 fluxes recorded both in Scari (C. Inguaggiato 
et al., 2017) and at the summit of the volcano in the same period (S. Inguaggiato, Vita, et al., 2017).

2.2.4.  Noble Gases

Noble gases are chemically inert, have a low solubility in silicate melts (comparable to that of CO2) and behave as 
incompatible elements during mantle melting and magma differentiation (Hilton & Porcelli, 2013). Among noble 
gases, helium isotopes reported as  3He/ 4He normalized to the same ratio in atmosphere is the most used tracer due 
to the different origin of the two isotopes:  3He is primordial, not renewed and stored in the Earth's interior,  4He is 
radiogenic and originates from the radioactive decay of U and Th.
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Carapezza and Federico (2000) reported on the noble gas composition (concentration of  4He and  20Ne,  4He/ 20Ne 
and  3He/ 4He) of fluids from Stromboli in a fumarole located at Pizzo Sopra La Fossa (Figure 1), called SC5. This 
fumarole was monitored from 1992 to 1998 and showed  3He/ 4He values in the range of 2.71–3.55 Ra, indicating 
a clear magmatic signature. However, the gases showed a variable but significant air contamination, as suggested 
by  4He/ 20Ne between 1.0 and 3.2, implying an uncertainty in the corrected  3He/ 4He values. The  3He/ 4He values 
measured at SC5 were appreciably lower than those measured at Vulcano Island and Mt Etna, inferring a contri-
bution of radiogenic crustal  4He to the local fumarolic gas (Carapezza & Federico, 2000).

For the first time in 2002, S. Inguaggiato and Rizzo (2004) studied the noble gas composition of thermal waters 
from Stromboli within a methodological study aimed at developing and consolidating a technique to determine 
and monitor the isotope ratio of dissolved He in groundwater. Three wells were selected (Cusolito, Fulco, and 
Zurro; Figure 1) where water samples were collected. Helium concentrations were in the range 1.4–6.2 × 10 −4 
cc/L at STP, in the same order of magnitude as that measured by Carapezza and Federico (2000). Neon concentra-
tions ranged between 3.5 × 10 −5 and 1.6 × 10 −4 cc/l at STP. The  4He/ 20Ne was 3.7–9.6. The  4He/ 20Ne corrected for 
air contamination (Rc/Ra) was in the range 4.06–4.23 Ra.  3He/ 4He values of 4.06–4.23 Ra have been found in ther-
mal waters sampled at the base of the subaerial volcanic edifice (S. Inguaggiato & Rizzo, 2004). To explain the 
lower isotopic signature of SC5, they argued that the water-rock interaction in a hydrothermal system recognized 
in the summit area by Finizola et al. (2002, 2003) could enhance the contribution of radiogenic  4He from U and 
Th decay, thus decreasing the pristine  3He/ 4He in Pizzo Sopra La Fossa fumaroles. Finally, it has been highlighted 
that the study of dissolved gases in the thermal waters in Stromboli could be strategic for monitoring purposes, 
besides validating the technique for the determination of dissolved noble gases (S. Inguaggiato & Rizzo, 2004).

The first data set of noble gas monitoring in thermal waters collected with a roughly monthly frequency between 
2002 and 2014 has been reported by Capasso et al. (2005) and Rizzo et al. (2009, 2015). During that period of 
monitoring, (a) an effusive eruption occurred at Stromboli in 2002–2003 as well as a paroxysmal explosion on 
5 April 2003; (b) an effusive eruption occurred in February–April 2007, including a paroxysmal explosion that 
occurred on 15 March; and (c) an effusive eruption occurred in August–November 2014.

The above-reported studies on time series found that  3He/ 4He values ranged from 3.4 to 4.5 Ra, with slight or negli-
gible differences among the wells, while the  4He/ 20Ne was in the range of 1–11. These values were comparable to 
those found by S. Inguaggiato and Rizzo (2004), except for the natural variability related to the persistent activity 
of Stromboli. In addition, Capasso et al. (2005) showed that the  3He/ 4He measured in the thermal waters were 
comparable to the unique value of 4.3 Ra found during the eruption in newly formed fumaroles located close to the 
north-east crater (Finizola et al., 2002; Finizola & Sortino, 2003). These findings further confirmed that the range 
of  3He/ 4He values found in thermal waters is representative of the magmatic signature and can be used for eval-
uating the state of activity of the volcano. In terms of application to volcano monitoring, the temporal variations 
of  3He/ 4He occurred simultaneously in all the thermal water wells (Capasso et al., 2005; Rizzo et al., 2009, 2015). 
Importantly, the highest  3He/ 4He values (4.50–4.56 Ra) were always measured during the eruptive phases and 
were interpreted as due to new input of undegassed LP-like magma and the transfer of its gas toward the surface. 
After the eruptive phases, relatively high  3He/ 4He values at all the sampling sites suggested continued fresh input 
of magma from depth and resumption of Strombolian activity (Capasso et al., 2005; Rizzo et al., 2009, 2015).

The elemental (He, Ne, and Ar) and isotopic (He and Ar) compositions of fluid inclusions hosted in olivine and 
clinopyroxene from lavas, pyroclastics, and cumulate xenoliths erupted by Stromboli in the last 60 ka contributed 
in constraining the signature of the magmatic source (Martelli et al., 2014). The authors found that most of the 
investigated samples exhibit a  3He/ 4He ratio in the range of 4.0–4.9 Ra, with only the minerals of the KS series 
showing lower isotopic values (≤3.5 Ra). This variability was interpreted as being due to a heterogeneous mantle 
source. In detail, the maximum  3He/ 4He ratio found in the LP fluid inclusions (i.e., 4.6 Ra) corresponds to the 
maximum ratio measured in the hydrothermal fluids (Capasso et al., 2005; Rizzo et al., 2009), suggesting that this 
value can be considered as a marker of the maximum contribution from the LP magma in surface gases.

3.  Materials and Methods
3.1.  Sampling and In Situ Measurements

Most of the sampling sites are wells located on the northeast side of Stromboli Island (Figure 1), drilled for private use. 
Limoneto and COA wells were drilled for purely scientific use aimed at groundwater monitoring. We also collected 

 15252027, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
010931 by C

ochraneItalia, W
iley O

nline L
ibrary on [05/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

FEDERICO ET AL.

10.1029/2023GC010931

6 of 24

two samples of dripping water from a cave in the neighborhood of Fulco well (FCDW). The highest piezometric level 
(0.86 m asl) is measured in the COA well, the farthest from the coast, whereas in the other wells, closer to the coast, 
a piezometric level of around 0.5 m is measured, with a hydraulic gradient of 1.7 m km −1 at COA and 2.0 m km −1 
at Limoneto. Groundwater monitoring was performed using portable equipment, an electric submersible pump, or 
on-site plumbing when present. The chemical-physical parameters (pH, temperature, electrical conductivity, and 
redox potential) were measured in the field using Orion Star A series instruments, equipped with Hamilton electrodes. 
At the beginning of each sampling activity, the pH-meter was calibrated using at least two buffers. Over the sampling 
period, the calibration of the pH-meter was verified between one sampling and another by a single-point calibration at 
pH 7. Calibration of the conductivity meter Orion Star A 122 was performed using the standard of a known concen-
tration that is close to the expected range of conductivity of the water being sampled. The same sampling procedure 
was used over the entire study period. A submersible pump was placed approximately in the mid-portion of the water 
column in the wells and switched on for a sufficient duration (15–30 min) to purge the well of the stagnant water, 
before the sampling. During this stage, pH, electrical conductivity, and turbidity of the water were monitored in order 
to verify the achievement of adequate purging. Adequate purging is achieved when the pH and electrical conductivity 
of the water show constant values, and the turbidity has disappeared, resulting in water clarification. The condition of 
stability requires pH variations within 0.1 unit and conductivity variations within about 5%.

For the determination of dissolved major ions, water samples were filtered with 0.45 μm filters and stored in LD-PE 
(low-density polyethylene) bottles. The aliquots to be analyzed for cation content were also acidified to pH ≈ 2 with 
Suprapur(R) HNO3. The alkalinity was determined by titration with HCl (0.1 N) on an untreated aliquot.

Water samples, used for dissolved gas and isotope determinations, were collected in serum bottles and sealed 
underwater with Teflon-faced rubber septa and aluminum seals, to minimize atmospheric contamination. Glass 
bottles were filled while avoiding turbulent water flow by keeping the pump flow rate low. In addition, silicon 
tubes were inserted directly down to the bottom of the serum bottle while it is immersed in a basin filled with the 
same water to be sampled (Liotta & Martelli, 2012). The bottles were sealed by crimping the Teflon-faced rubber 
septum using an aluminum seal.

3.2.  Chemical and Isotopic Analyses

Major elements were analyzed in the laboratory of INGV-Palermo using ion chromatography systems (Dionex-Thermo 
ICS 1100) in suppressed mode, equipped with a column AS14A and a precolumn (AG14A) for anions (F −, Cl −, Br −, 
and SO4 −−), and a column CS12A and precolumn CG12A for cations (Li +, Na +, K +, Mg ++, and Ca ++). The columns 
work under a continuous flow of a carbonate–bicarbonate eluent for anions and a methanesulfonic acid eluent for 
cations. The precision and accuracy of the method are described in Prano and Liotta (2018) and are usually below 
5%. During each analytical session, a certified material was analyzed to check the accuracy.

Dissolved gases were sampled and analyzed according to the method described by Capasso and Inguaggiato (1998), 
which is based on the equilibrium partitioning of gas species between a liquid and a gas phase after the introduc-
tion of a host gas (Ar) into the sample. The analysis was performed in the INGV-Palermo laboratories using a 
gas chromatograph (Perkin Elmer Clarus 500) equipped with a double detector (a thermal conductivity detector 
(TCD) and a flame ionization detector (FID) with a methanizer) and Ar as the carrier gas. H2, O2, N2, and CO2 
were measured using the TCD detector, while CH4 and CO were determined using the FID detector coupled to 
the methanizer (Capasso & Inguaggiato, 1998). Standard mixtures were routinely analyzed before any analytical 
session, and the analytical precision was always better than 5%. An automated procedure was used to determine 
the δ 13C of total dissolved inorganic C in water (δ 13CTDIC) (Capasso et al., 2005). C-isotope ratios ( 13C/ 12C) were 
measured using a mass spectrometer (Delta V Plus) connected online to the GasBench II system. The results were 
reported in δ‰ versus the V-PDB standard, with a precision better than ±0.1‰.

The analysis of He and Ne concentrations,  3He/ 4He, and  4He/ 20Ne of the gases dissolved in thermal waters was 
performed in the laboratories of INGV-Palermo (Vita et al., 2023). Noble gases were extracted from the water 
following an optimized method developed by S. Inguaggiato and Rizzo (2004) and based on that proposed by 
Capasso and Inguaggiato (1998) for the study of gases dissolved in water. Two aliquots of water samples were 
sampled. After introducing the extracted gases in a system of ultra-high-vacuum purification lines,  3He,  4He, 
and  20Ne and the  4He/ 20Ne ratios were determined by separately admitting He and Ne into a split flight tube 
mass spectrometer (GVI-Helix SFT, for He analysis) and a multi-collector mass spectrometer (Thermo-Helix 
MC plus, for Ne analysis). He and Ne purification and separation were carried out based on standard purification 
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procedures (Rizzo et al., 2015, 2016). The  3He/ 4He ratio is expressed as R/Ra (Ra being the He isotope ratio of air 
and equal to 1.39 × 10 −6), and the analytical error is generally below 0.7%. The  3He/ 4He values were corrected 
for the atmospheric contamination based on the measured  4He/ 20Ne ratio, as follows:

𝑅𝑅𝑐𝑐∕𝑅𝑅𝑎𝑎 =
[

𝑅𝑅𝑀𝑀∕𝑅𝑅𝐴𝐴

(

4He

20Ne

)

𝑀𝑀

−
(

4He

20Ne

)

𝐴𝐴

]

∕
[(

4He

20Ne

)

𝑀𝑀

−
(

4He

20Ne

)

𝐴𝐴

]

� (1)

where subscripts M and A refer to measured and air-saturated water (ASW) theoretical values, respectively 
[(4He/20Ne)A = 0.285]. The corrected  3He/ 4He ratios reported in the text are expressed as Rc/Ra values.

4.  Results
4.1.  Chemistry of Groundwater

The whole data set covers the period 2004–2018 and includes data relating to the wells Fulco, Cusolito, Zurro, 
Limoneto, Ossidiana, Saibbo, COA, and Piscità. All the data produced in this work are publicly available in the Earth-
chem data repository (Vita et al., 2023). We also report and discuss the geochemical data relative to two samples of 
dripping water from a cave in the neighborhood of Fulco well (FCDW, Fulco Cave Dripping Water) that we consider 
representative of the infiltrating water in that area. The water temperature is almost constant over time at each site (as 
previously observed by Grassa et al. (2008)); mean values are 35.8°C at Zurro, 41.5°C at Fulco, 40.1°C at Saibbo, 
40.1°C at Limoneto, 41.9°C at COA, 42.8°C at Cusolito, 34.8°C at Ossidiana, and 32.7°C at Piscità. The pH values 
range between 5.72 and 7.43 and are systematically lower at COA, Saibbo, and Fulco sites, with average values of 
6.33, 6.33, and 6.39, respectively. All the other sites exhibit higher average pH values: 6.70 at Cusolito, 6.75 at Limon-
eto, 6.93 at Ossidiana, 6.86 at Zurro, and 7.11 at Piscità. All the samples fall around the line representative of the Na/
Cl ratio in seawater, between the FCDW sample and the Mediterranean seawater composition (Figure 2) (Capasso 
et al., 2005; Carapezza & Federico, 2000; Carapezza et al., 2004; Grassa et al., 2008). When taking into account the 
isotope composition of thermal waters, all the samples fall between the meteoric end-member and seawater (Figure 3).

4.2.  Chemistry and Carbon Isotope Composition of the Dissolved Gas

We present the dissolved gas composition and carbon isotope composition of dissolved carbon (Vita et al., 2023). 
The dissolved gas is dominated by CO2 in all wells, with contents rang ing from 1.5 to 290 cc/L at STP. Nitrogen 
contents range from 3 to 23 cc/L at STP, whereas dissolved O2 was always below the concentration of ASW (7 
cc/L at STP) with N2/O2 ratios much higher than in ASW at STP (N2/O2 ∼ 2). The CH4 contents range from 
1 × 10 −4 to 5 × 10 −2 cc/L at STP.

Figure 2.  Well data plotted on a chlorine (Cl)—sodium (Na) diagram. The mean amount-weighted composition of rainwater 
(Liotta et al., 2006) and dripping water from a cave in the neighborhood of Fulco well are also plotted.
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The triangular diagram of Figure 4 shows a wide variation in the relative proportions of He, CO2, and CH4 in the 
dissolved gas phase, in both the whole aquifer and each sampled well. In particular, Fulco and Ossidiana wells 
are characterized, on average, by the highest relative amounts of CO2, although some samples from both wells 
are richer in CH4. The wells COA, Cusolito, and Zurro show a stronger enrichment in both He and CH4, with 
few samples richer in CH4. Limoneto and Piscità wells are characterized by the most evident enrichment in He.

The Stromboli thermal aquifer is characterized by a wide range of CO2 contents, observed even in wells located 
in a restricted area and, in some cases, in a given well over time. The high CO2 contents in the aquifer are 
matched by correspondingly more positive values of the isotope composition of the dissolved CO2 (δ 13CCO2, 
Vita et al., 2023), computed from the measured δ 13CTDC (Vita et al., 2023). The pristine isotope composition of 
gaseous CO2 is retrieved from the measured δ 13CTDC by applying the fractionation factor between total dissolved 
carbon (TDC) and gaseous CO2 (𝐴𝐴 𝐴𝐴TDC−CO2,𝑔𝑔

 ), computed according to the weighted contribution of the enrichment 
factors ε between CO2 and each dissolved carbon species, as described by Capasso et al. (2005) and Federico 
et al. (2008). As observed in Figure 5, the highest dissolved CO2 contents, measured in Fulco well, are associated 
with values of δ 13CCO2 of about −1.5‰. The lowest CO2 contents, characterized by relatively more negative 
δ 13CCO2 values, were measured in the wells Piscità and Zurro.

4.3.  Chemistry of Noble Gases

Here, we integrate the existing data on He and Ne concentrations,  4He/ 20Ne and  3He/ 4He with new data that 
cover part of the inter-eruptive periods between 2004 and 2018 (Vita et al., 2023). Helium concentrations are in 
the range of 9.2 × 10 −5–2.3 × 10 −3 cc/L at STP (Figure 6), with the highest values measured in COA, Limoneto, 
and Piscità wells and the lowest in the Fulco well. Neon concentrations range between 4.2 × 10 −5 and 2.4 × 10 −4 
cc/l at STP. The  4He/ 20Ne varies between 0.9 and 17.3 (Figures 6 and 7). In general, the Rc/Ra values do not show 

Figure 3.  Diagram showing δD versus δ 18O in the groundwater of Stromboli. The gray area defines the composition of the 
meteoric recharge (Liotta et al., 2006). The dashed lines are the Global Meteoric Water Line and the Eastern Mediterranean 
Meteoric Water Line (Gat & Carmi, 1970). Dripping water at Fulco cave (FCDW) is also plotted as well as the Mediterranean 
seawater (SW) (Gat et al., 1996).
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significant differences among the wells (Figure 7). The  3He/ 4He corrected for air contamination (Rc/Ra) is in the 
range of 3.89–4.53 Ra (Figure 8). These ranges are in the same order of magnitude as those measured by Carapezza 
and Federico (2000), S. Inguaggiato and Rizzo (2004), Capasso et al. (2005), and Rizzo et al. (2009, 2015).

5.  Discussion
5.1.  Processes Controlling Water Chemistry

Each site sampled shows chemical variability due to different degrees of mixing between meteoric recharge and 
seawater. Fresh groundwater usually lies upon brackish waters, and fluctuations of the water table can occur in 
coastal sites as an effect of tides (Singaraja et al., 2018) and the seasonal variability of the meteoric recharge 
(Liotta et al., 2006). As a consequence, even if the sampling of thermal water is always carried out using the same 
protocol (pumping flux, depth of the pump, duration of pumping before collecting samples, etc.), samples from 
the same sites show temporal variability in their salinity, the extent of which varies depending on the site features.

Among the elements that are enriched by the interaction with aquifer-hosting rocks (Capasso et al., 2005), K has 
the higher mobility since it does not precipitate as secondary phases, unlike Ca and Mg (e.g., calcite, Mg-calcite 
and gypsum), recognized in the hydrothermal alteration of the surface rocks (Finizola et al., 2002). Due to these 
characteristics, the element K offers the opportunity to evaluate the extent of water-rock interaction. In Figure 9, 

Figure 4.  Relative contents of He, CH4, and CO2 (cc/L at STP). Curves 1, 2, and 3 represent the modeled composition of the 
dissolved gas, obtained by partial dissolution, in a shallow aquifer at 40°C, of a gas having initial CH4/CO2 ratios of 5 × 10 −5, 
1 × 10 −4, and 2 × 10 −4 respectively, and He/CO2 = 2.4 × 10 −5, hypothesized to be separated from an underlying boiling 
aquifer. The crosses on the red curves refer to different fractions of residual gas after dissolution (F2 in Equation A1, see 
Appendix A).
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K is plotted versus Cl. All the samples exhibit a clear enrichment in K with respect to seawater. Samples from 
Fulco, Cusolito, Limoneto, Ossidiana, and Saibbo wells (with few exceptions probably due to direct seawater 
intrusion) fall on a line between Cusolito and FCDW. The alignment is indicative of a mixing process between 
a saline end-member (among the samples of Cusolito, EM3 in Figure 9) and the infiltrating water (FCDW and 
the poor saline samples from well Fulco, EM1 in Figure 9), being both enriched in K. This implies that shallow 
fresh waters interact with the host-rocks and leach K. Conversely, samples from the Zurro well result from mixing 
between a saline end-member with high Cl content (one sample from Piscità well, EM2 in Figure 9) and a shal-
low end-member (represented by poor saline samples from well COA, EM4 in Figure 9). Samples from the COA 
well result from mixing between a saline end-member (EM3) enriched in K and a shallow end-member (EM4 in 
Figure 9). For both Zurro and COA samples, the shallow end-member (EM4) does not show a clear K-enrichment 
and probably reflects the rainfall composition, suggesting fast infiltration of MW and limited interaction with the 
hosting rocks.

The dissolution and hydration of magmatic CO2 promotes the chemical weathering of rocks. If equilibrium 
is attained in the measured pH range, the carbonic acid dissociates as HCO3 −. Total alkalinity is a measure 
of CO2-water interaction and provides information about the paths through which CO2 reaches the aquifer. In 
Figure 10 we show that samples from Fulco, Cusolito, Limoneto, Ossidiana, and Saibbo define a negative rela-
tionship between Cl concentration and total alkalinity. Since freshwater floats on saline water, such a correlation 

Figure 5.  δ 13CCO2 versus dissolved CO2. Values of δ 13CCO2 are computed from measured δ 13CTDC (method given in the text).

Figure 6.   4He/ 20Ne versus  4He cc/L at STP in the thermal wells of Stromboli. Air-saturated water with  4He/ 20Ne = 0.285 
and  4He = 4.55 × 10 −5 cc/L at STP is plotted for comparison.
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implies that most of the CO2 dissolved in water does not come from depth but is carried by infiltrating waters. The 
large flux (5,000–40,000 g m 2 d −1) of CO2 degassing from soils (S. Inguaggiato et al., 2019 and reference therein) 
as well as the identification of a low-resistivity body in the summit area of the volcano (Revil et al., 2011 and 
references therein), are consistent with the idea that meteoric waters infiltrating the summit area interact with CO2 
rising through fractures, favoring water-rock interaction and an increase of the total alkalinity. A fraction of the 
TDC reaches the basal aquifer as dissolved CO2. At the Zurro site, the freshwater end-member exhibits low total 
alkalinity, indicating limited interaction between meteoric waters and CO2. Consequently, we observe a negative 
relationship between Cl and total alkalinity (Figure 10). At the COA site, samples display a large dispersion of 
compositions since the well is the most elevated (70 m asl) and deepest. As a consequence, the well intercepts 
several lithological layers and receives different types of infiltrating waters with different CO2 contents.

The meteoric origin of fresh groundwater (highlighted by Grassa et al.  (2008) using water stable isotopes) is 
demonstrated in Figure 3. All the samples fall between the isotope composition of the Mediterranean seawater 
and the local meteoric end-member defined by Liotta et al. (2006).

Figure 7.   4He/ 20Ne versus  3He/ 4He expressed as R/Ra. The two curves indicate mixing lines between an atmospheric 
component with  4He/ 20Ne = 0.318 and R/Ra = 1 and two possible magmatic end members with  4He/ 20Ne = 100, as observed 
in other analogous investigations (e.g., Lages et al., 2021; Rizzo et al., 2015, 2022; Robidoux et al., 2020), and 3.8–4.6 Ra that 
includes all the data variability observed in 2004–2018. The rectangle reports the maximum range of values measured in fluid 
inclusions from low porphyritic magma minerals (Martelli et al., 2014).

Figure 8.  Time series of Rc/Ra values measured in gases dissolved in the thermal waters of Stromboli. Red bars indicate the 
periods of lava effusion, the red symbol the paroxysmal explosion occurred on the 15 March 2007.
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5.2.  Gas/Water Interaction Processes: Dissolution-Related Gas Fractionation

The relative proportions of CO2, CH4, and He vary in the different sites and, in the same site, over time (Figures 4 
and 5); moreover, the samples with the highest CO2 contents also have a δ 13C isotope signature close to −1.5‰, 
which is in the range of values measured in the SC5 and Fossa fumaroles, in the summit area (Capasso et al., 2005; 
Carapezza & Federico, 2000; Finizola et al., 2003; Rizzo et al., 2009), as well as in fluid inclusions of olivine 
and clinopyroxene crystals separated from the San Bartolo ultramafic cumulates (Gennaro et  al.,  2017). The 
CO2-poorer samples, namely Limoneto, Piscità, and Cusolito, have lower δ 13C values and are enriched in both He 
and CH4 by more than two orders of magnitude compared to ASW. Although the relationship shown in Figure 5, 
observed in other volcanic and non-volcanic aquifers (Chiodini et  al.,  2000; Federico et  al.,  2002; Ohsawa 

Figure 9.  Stromboli groundwater samples displayed on a plot of Cl against K. All the samples show enrichment in K 
compared to the seawater ratio. The mean amount-weighted composition of rainwater (Liotta et al., 2006) and dripping water 
(FCDW) from a cave in the neighborhood of Fulco well are also plotted.

Figure 10.  Stromboli groundwater samples displayed on a plot of Cl against total alkalinity. With the exception of Zurro and 
COA, samples exhibit a negative relationship between Cl and total alkalinity (see text for details).
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et  al.,  2002; Yamada et  al.,  2011), has generally been interpreted as resulting from mixing between volcanic 
CO2-rich gases and soil CO2- poor gases with more negative carbon isotope composition (typical of organic 
carbon) other studies have interpreted negative δ 13C values as due to the fractionation of CO2 during multistep 
dissolution of CO2 in water (Simmons & Christenson, 1994 and references therein). The data set presented here 
suggests that some portions of the aquifer are flushed by a He-CH4-rich gas phase, derived from a volcanic gas 
modified during interaction with a multilevel hydrothermal aquifer, where the gases could separate and dissolve 
from one level to another (Capasso et al., 2005; Federico et al., 2008). The multilevel aquifer is probably hosted 
by the alternating levels of lavas and pyroclastics in the subsoil of the Scari area, as suggested by Madonia 
et al. (2021). During gas-water interaction, different gas species fractionate according to their solubility in water, 
described in Appendix A.

The extent of the Rayleigh fractionation described above depends on the solubility of gases and the fraction of 
remaining gas (F) (Equation A1 in Appendix A), which could be considered as a proxy for the relative masses of the 
CO2-rich gas and the water with which it interacts. The larger the amount of gas interacting with a given volume of 
water in an interval of time, the smaller the relative amount of gas removed upon dissolution, and the fraction of resid-
ual gas F (Equation A1 in Appendix A) would be slightly lower than 1. In this case, the dissolved gas composition 
would not be significantly different from the initial composition and would represent the deep volcano-hydrothermal 
gas. The samples richest in CO2 from the Fulco well correspond to the highest values of F in Figure 4, which indi-
cates that this well taps water levels entered by volcanic gases that are little modified by gas-water exchange. The area 
of Scari is considerably affected by the input of volcanic CO2 (S. Inguaggiato et al., 2013; S. Inguaggiato, Diliberto, 
et al., 2017) and some wells in this area, namely Fulco and Saibbo, have the highest dissolved CO2 contents (290 and 
180 cc/L at STP, respectively). On the contrary, in areas where the amount of gas interacting with the groundwater is 
lower, the extent of fractionation is larger, the fraction F of residual gas is significantly lower than 1, and the residual 
gas composition is predicted to be significantly different from the initial gas composition. In the Stromboli aquifer, 
this modified gas composition characterizes the most saline samples, with Cl contents as high as about 550 mmol/L, 
namely those collected in the Piscità well and some samples from the Limoneto well. Due to the significant contri-
bution of seawater, these wells are characterized by relatively higher pH values (from 6.7 to 7.1), and this plays a 
significant role in the fractionation process due to the ability of basic aquifers to trap CO2.

In Figure 11, the groundwater He/CO2 ratios are plotted versus the Cl contents, chosen as a proxy for seawa-
ter contribution. The selected wells, namely COA, Limoneto, and Piscità, display variable Cl contents and, as 
discussed in Section 5.1, result from variable mixing between saline and meteoric-derived end members (between 
the end-members EM1 and EM2 and EM4 and EM3). The highest He/CO2 values, measured in the most saline 
well (Piscità), have the lowest CO2 and alkalinity contents (Figure  10) and the highest He contents, which 
implies a mechanism of helium enrichment in the saline aquifer in response to the lower solubility in water of He 
compared to CO2 (e.g., Capasso et al., 2005; Sander, 2015 and references therein). As observed in Figure 4, these 
samples show the highest He/CO2 ratios and correspond to values of the fraction F of residual gas lower than 0.01. 
This well taps water levels where the input of volcanic gases is probably minor and/or the effect of CO2 trapping 
in the aquifer at depth is locally enhanced by higher contamination of seawater.

5.3.  Variations of Water Chemistry and Dissolved Gases

The He/CO2 and CH4/CO2 ratios measured in water samples are shown, together with the theoretical curves 
derived from the processes of gas dissolution and mixing, in Figure 12. As in Figure 4, the theoretical curves 
are plotted by assuming three different initial CH4/CO2 values, from 5 × 10 −5 to 2 × 10 −4, and a He/CO2 ratio of 
2 × 10 −5. Gas dissolution is likely a cause of the variable gas concentrations in the aquifer. Moreover, as evidenced 
by water chemistry, mixing between end member waters of different salinities, and different gas contents, can add 
further variability in the different wells and in a single well over time. Salinity and gas contents are sometimes 
related, as shown in Figure 11, which makes the processes of fractionation and mixing seldom distinguishable.

We hypothesize various mixing trends which could account for the variability observed among the wells and 
in a single well over time (Figures 12 and 13). The composition of air-saturated MW and air-saturated seawater 
(SW) are plotted for comparison.The CO2 contents of samples decrease as Cl contents increase (Figure 13a), 
whereas CH4 and He increase with Cl contents. Neither the air-saturated MW nor the air-saturated seawater (SW) 
contribute significantly to the studied samples, which implies that a volcano-hydrothermal gas phase, variably 
enriched in CO2, CH4, or He, prevails over atmospheric gases, although the samples are meteoric or marine in 
origin. Samples from the Zurro and Cusolito wells display a fairly narrow range of Cl contents (except for some 
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samples mixed with purely MW), despite slightly variable CO2, CH4 and He contents. These two wells, both in 
the Scari area, are characterized by rather high He/CO2 values (Figure 12). The salinity of the samples from these 
wells is fairly homogeneous over time, so we might assume that the mixing of different water types is negligible. 
In this case, the changes in gas composition would be due to the variable contribution of gas enriched in He upon 
dissolution and gas less fractionated and richer in CH4 and CO2.

Mixing between end members of different salinities, and different CO2, He, and CH4 contents is demonstrated for 
wells Limoneto, COA, SAIBBO, and Fulco, as evident in the graphs of Figure 13, and could be the origin of the vari-
able composition detected in these wells. End member EM1 is meteoric in origin, rich in CO2, and relatively poor 
in CH4 and He; the gas has a CH4/CO2 ratio of around 2.5 × 10 −5 and a He/CO2 ratio of 2.4 × 10 −5, and is the less 
fractionated by dissolution in the shallow aquifer (curve 2 in Figure 12). End member EM4, meteoric in origin like 
EM1, has a CH4-He-richer and CO2 poorer composition, probably deriving from the fractionation after dissolution 
(curve 2 in Figure 12); EM3, prevalently of marine origin, lies on the same Rayleigh curve as EM4, at higher He and 
lower CO2 contents, due to further fractionation. The mixing of EM1 and EM4 end members (representing the poor-
est saline samples from Fulco and COA) with EM3, already noted in Figure 9 to explain the composition of samples 
from COA, is confirmed by the gas composition. The composition of some samples of COA may be explained by a 
further contribution of CH4, as evident in Figure 13b. The processes of fractionation upon dissolution and mixing are 
clearly closely related, and only when the water composition is constant would it be possible to isolate and examine 
the variations exclusively related to fractionation. The temporal variations, at least in some cases (e.g., Limoneto 
well, Figure 14), are probably more affected by the mixing between water bodies of different salinities and gas 
composition. In other cases, the effects of mixing or fractionation upon dissolution are not clearly distinguishable 
and the scatter in the data compared to the theoretical mixing curves confirms the occurrence of both processes.

The mixing between water bodies of different compositions is not surprising in a stratified aquifer, in a coastal 
area, where seawater-contaminated water levels lie below MW levels and extend inland for tens or hundreds of 
meters. Additionally, the contribution of the magmatic-hydrothermal gas is uneven in the shallow aquifer and 
likely variable over time, thus increasing the spatial and temporal variability. In a single well, the dominance of 
one type of water or another can result from the variable meteoric input over time, from variations of the seawater 
level (Capasso et al., 2014), or modification of water circulation due to variations of crustal strain, as an effect of 
volcanic activity (Federico, Longo, et al., 2017 and references therein).

5.4.  Chemistry of Noble Gases

As already highlighted and modeled in Section 5.2, the concentration (in cc/L at STP) of  4He dissolved in ther-
mal waters from different wells differs mostly in response to its preferential partitioning into the vapor phase 

Figure 11.  Chlorine versus dissolved He/CO2 ratios in the wells COA, Limoneto, and Piscità. Symbols as in Figure 2.
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compared to CO2. Instead,  20Ne concentrations do not show the same variability among the wells, although  20Ne 
and  4He solubility in water is comparable (Sander, 2015). In detail, the concentration of  20Ne varies over a range 
of values that includes the theoretical value in ASW and is comparable among the different wells, irrespective of 
the extent of the fractionation due to gas-water interaction. This indicates that the mixing between magmatic and 
atmospheric fluids modulates the variability in  20Ne concentration, further supporting the idea that hydrother-
mal vapor mixes with the shallower meteoric aquifer, variably contaminated by seawater (Capasso et al., 2005; 
Grassa et al., 2008 and this work). Consequently, atmospheric Ne entirely masks that of magmatic origin, which 
we expect to have a concentration of 2–3 orders of magnitude lower. We therefore argue that  20Ne cannot be used 
to evaluate the extent of gas-water interaction in the different wells and, more importantly, that the variability 
of  4He/ 20Ne is mostly modulated by the variability in  4He concentrations, as can be visualized in Figure 6. The 
Limoneto and Piscità wells, which show the highest enrichment in  4He, also display the highest  4He/ 20Ne values 
(Figure 6), which could impact the correction of atmospheric contamination, which is based on the  4He/ 20Ne 
ratios. Nevertheless, considering that  4He/ 20Ne values are generally at least one order of magnitude higher than in 
ASW ( 4He/ 20Ne = 0.285), even in those wells less modified by the fractionation due to gas-water interaction, we 
point out that the Rc/Ra corrected values generally differ from measured R/Ra values of less than 0.2 Ra, leading 
us to consider the correction we applied reliable. Some exceptions to this are a few samples from the Cusolito, 
Fulco, and Zurro wells sampled during 2004–2008 that showed among the lowest  4He content and  4He/ 20Ne next 
to or below 1, which probably led to an uncertainty in the correction of  3He/ 4He and an underestimation of Rc/
Ra values.

5.4.1.  Statistical Evaluation of  3He/ 4He Ratios in the Thermal Aquifer

The regular monitoring of  3He/ 4He at Stromboli allows a statistical evaluation of the data set. Because  3He/ 4He 
ratios are not fractionated by gas-water interaction in the hydrothermal aquifer, they preserve their original signa-
ture and are thus used within the INGV-Palermo monitoring protocol. We already noted that there is no difference 
in the  3He/ 4He signature among the various wells, therefore our discussion concerns the whole data set. Consid-
ering the discrete sampling of the seven thermal wells, a total of 511 measurements of  3He/ 4He were carried out 
during 2004–2018. The He isotopic ratios vary between 3.74 and 4.56 Ra with a mean ± standard deviation of 

Figure 12.  Scatter plot of CH4/CO2 versus He/CO2 ratios measured in well waters. Gas concentrations are expressed as 
cc/L at STP. Curves 1, 2, and 3 represent the modeled composition of the dissolved gas, obtained by partial dissolution, in 
a shallow aquifer at 40°C, of a gas having initial CH4/CO2 ratios of 5 × 10 −5, 1 × 10 −4, and 2 × 10 −4 respectively, and He/
CO2 = 2.4 × 10 −5, hypothesized to be separated from an underlying boiling aquifer. The crosses on the red curves refer to 
different fractions of residual gas after dissolution (F2 in Equation A1, Appendix A). Colored lines represent the mixing 
between different end members (green crosses), marine or meteoric in origin, characterized by different gas compositions. 
The composition of air-saturated water (MW) and seawater (SW) at 15°C is plotted for comparison (ASW: CO2 = 0.38 cc/L, 
He = 4.5 × 10 −5 cc/L, CH4 = 7.8 × 10 −5 cc/L at STP; ASSW: CO2 = 0.32 cc/L, He = 3.8 × 10 −5 cc/L, CH4 = 5.9 × 10 −5 cc/L 
at STP; Liotta & Martelli, 2012).
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Figure 13.  (a) Scatter plot of Cl versus CO2 contents measured in well waters. Colored lines represent the mixing 
between different end members, marine or meteoric in origin, characterized by different CO2 contents. The composition of 
air-saturated water (MW) and seawater (SW) is plotted for comparison; (b) scatter plot of Cl versus CH4 contents measured 
in well waters. Green lines represent the mixing between different end-members, marine or meteoric in origin, characterized 
by different CH4 contents; (c) scatter plot of Cl versus He contents measured in well waters. Green lines represent the mixing 
between different end members, marine or meteoric in origin, characterized by different He contents.
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4.24 ± 0.13 Ra. In terms of frequency, 63 measurements fall below 4.1 Ra, equivalent to 12% of the data set, 398 
between 4.1 and 4.4 Ra, equivalent to 78%, and 50 above 4.4 Ra, equivalent to 10% (Figure 15). Considering that 
(a) magma replenishments by poorly degassed melts are characterized by increasing  3He/ 4He values (Capasso 
et al., 2005; Martelli et al., 2014; Rizzo et al., 2009, 2015), (b) the maximum values measured in phenocrysts of 
LP magma are about 4.6 Ra (Martelli et al., 2014), and (c) the highest  3He/ 4He values (4.50–4.56 Ra) were always 
measured during eruptive phases characterized by weeks to months of lava effusion (Martelli et al., 2014; Rizzo 
et al., 2009, 2015), we conclude that  3He/ 4He values exceeding 4.4 Ra represent phases of dominant degassing of 
the LP magma, able to potentially feed high magmatic activity.

5.4.2.  Variations of  3He/ 4He Ratios in Relation to Volcanic Activity

To the best of our knowledge, this is the first time that a data set of 14 years of regular measurements of  3He/ 4He is 
presented and discussed in a single volcanic system, offering a unique opportunity to better comprehend the short- 
and long-term evolution of the magmatic activity of Stromboli. The sampled wells have a comparable range of Rc/
Ra values (3.7–4.5 Ra) and temporal variations of  3He/ 4He that occurred almost simultaneously (Figure 8) (Capasso 
et al., 2005; Rizzo et al., 2008, 2009, 2015). This is confirmed for the periods of monitoring 2004–2005, 2008–2009, 
and 2015–2018 that are presented in this study for the first time, supporting the idea that the magmatic fluids dissolv-
ing in the hydrothermal aquifer have a common source. However, an important difference in Rc/Ra values can be 
observed between 2002–2007 and 2008–2018: during 2002–2007, the range of  3He/ 4He varied between 3.7 and 4.5 
Ra with a mean ± standard deviation of 4.19 ± 0.13 Ra, whereas during 2008–2018 it moves from 4.2 to 4.6 Ra with a 
mean of 4.34 ± 0.08 Ra (Figure 8). The entire period of monitoring (2002–2018) has a mean  3He/ 4He of 4.24 ± 0.13 
Ra. In detail, since 2008 onward we have not measured  3He/ 4He lower than 4.2 Ra (except one sample from COA), 
in contrast to what was observed from 2001 to 2007, and there is a reduced variability in the  3He/ 4He ratios of each 
well (Figure 8). However, the highest Rc/Ra values never exceeded 4.6 Ra during 2002–2018. We suggest that the 
differences between the two periods could be due to a modification of the degassing path and the magmatic activity 
of the volcano (Calvari et al., 2014), which could have favored an enhanced contribution of the  3He-rich LP melt.

During 2004–2014, Rc/Ra values ≥4.4 were measured during and/or in the proximity of the effusive eruptions 
of 2007, and 2014, and in periods of an increased occurrence of major explosions (Bevilacqua et al., 2020), as 
in 2017–2018. These values approached the maximum  3He/ 4He (i.e., 4.6 Ra) measured by Martelli et al. (2014) 
in fluid inclusions hosted in olivine and clinopyroxene from LP volatile-rich pumices. Therefore, the temporal 
variations of the  3He/ 4He ratio can be explained as a mixing of volatiles persistently emitted from LP magma 
( 3He/ 4He ratio≥4.6 Ra) located in the deep (>7–10 km) portions of the plumbing system, with those degassed 
from batches of magma resident in the shallow portions of the plumbing system up to the HP reservoir (∼2 km 
below the sea level; e.g., Métrich et al., 2010, 2021 and references therein). This model was already proposed to 
explain the variability in the composition of plume gases emitted from the craters (Aiuppa et al., 2010). In addi-
tion, we recall that the continuous refilling of the shallow magma body by deep volatile-rich magmas, together 
with the continuous magma emission, controls the steady state of the Stromboli plumbing system (e.g., Landi 
et al., 2009; Métrich et al., 2010). The shallow batches of magma would reasonably have a  3He/ 4He signature (not 
yet constrained) lower than LP magma. This signature would result from the addition of radiogenic  4He, produced 
from U and Th contained in differentiated rocks in contact with the magma, to the residual helium dissolved at 

Figure 14.  Time trends of He (left axis) and Cl (right axis) in well Limoneto.
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low concentrations in the extensively degassed melts. We cannot exclude that part of this shallow contamina-
tion occurs within the hydrothermal system. The temporal variations as well as the absolute values of  3He/ 4He 
measured in the fluids resulting from the hypothesized mixing and last dissolving in the hydrothermal aquifer of 
Stromboli, would largely be regulated by the mass rate of volatiles degassed from the LP magma, which depends 
on the magma dynamics at depth. Further studies aimed at better constraining the  3He/ 4He signature of magmas 
residing in the shallowest portions of the plumbing system and feeding ordinary activity of Stromboli (i.e., HP 
magma), as well as the path and depth of helium degassing from the mantle, would enable quantitative refinement 
of this interpretative model.

From November 2014 until April 2016, the Rc/Ra values remained high (∼4.4 Ra) while the resumption of 
Strombolian activity was ongoing. After April 2016, the  3He/ 4He decreased to average values, similar to 
almost 80% of the data set (Figure  8). Since September 2017, an increase of  3He/ 4He ratios was observed 
with values as high as 4.5 Ra at the end of November 2017 (Figure 8). After this peak, Rc/Ra values varied 
around medium-to-medium-high values until June 2018. We highlight that during 2017–2018, the activity at 
Stromboli was characterized by an increase in the rate of occurrence of Strombolian explosions as well as by 
the occurrence of several explosions of major intensity and lava overflows (Giudicepietro et al., 2019). During 
the same period, S. Inguaggiato et al. (2019) reported a progressive increase of CO2 degassing from the soil 
in  the summit area, further supporting the idea that the level of activity of Stromboli was increasing again in 
that period.

Figure 15.  Frequency and cumulative frequency distribution of  3He/ 4He in Stromboli thermal wells, based on 511 
measurements carried out between 2004 and 2018. Considering the analysis of the frequency of occurrence of Rc/Ra values 
over 14 years of monitoring and taking into account the maximum value measured in fluid inclusions of low porphyritic (LP) 
minerals (Martelli et al., 2014), the variability of Rc/Ra values is reported as a function of variable extents of mixing between 
fluids degassed from an LP magma, having ratios as high as 4.6 Ra, and those from an high porphyritic magma, supposed to 
have the lowest Rc/Ra values recorded in the time series.
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6.  Interpretative Model and Conclusive Remarks
The long-term monitoring of the Stromboli basal aquifer has allowed the development of a comprehensive frame-
work of the interactions among magmatic-hydrothermal fluids and shallow water. The complexity related to the 
presence of MW, extensively contaminated by seawater and modified by water-rock exchanges, the reactivity of 
many of the volcanic gas species, and their different solubility in water, requires some caution when interpreting 
the observed variations in both water and gas chemistry. The monitored wells tap an unconfined meteoric aquifer 
variably contaminated by seawater and CH4-rich hydrothermal fluids (Figure 16) and are characterized by differ-
ent CO2 and He contents. As observed in the Piscità well, the CO2-poor and CH4-He-rich composition, together 
with a temperature higher than 30°C, would be compatible with the interaction with hot volcanic fluids, whose 
composition is modified by the removal of CO2 in deeper and, probably, saline water levels, promoted by a rela-
tively low gas flux, according to a mechanism of Rayleigh's fractionation, as described in Section 6.2. The contri-
bution of CH4 observed in all the monitored wells is probably derived from the boiling of a typical hydrothermal 
system. In some cases, (either in seawater-derived samples such as Zurro and Cusolito or meteoric-derived 
samples, such as COA and Limoneto), the hydrothermal gas undergoes further fractionation during its traveling 
toward the shallower levels of the aquifer.

The compositional variability of the groundwater leads to difficulty in ascertaining the variable contribution over 
time of the gas of different origins (hydrothermal or prevalently magmatic), possibly modified by dissolution. 
Probably, variations in gas composition not paralleled by variations in water composition could be ascribed to 
a variable input of magmatic or hydrothermal gases, to variation in their composition, and/or to Rayleigh's type 
fractionation, whereas variations in water chemistry point to the mixing between waters, different in both chem-
istry and gas contents. Rainfall, fluctuations of the seawater level and the water table head in the wells should 
be routinely monitored to determine the hydrological causes of the variations in water chemistry. The long-term 
monitoring of helium isotopes in thermal waters has demonstrated that (a) thermal waters have dissolved helium 
with a magmatic signature that varies in response to medium-to long-term changes in magmatic dynamics at 
depth and represents a safe method for monitoring the activity of the volcano; (b) low to ordinary activity is 
generally characterized by  3He/ 4He values below 4.4 Ra, whereas  3He/ 4He values greater than 4.4 Ra probably 
derive from a higher contribution of gas emitted from the LP magma, which may prelude an increase in the 
eruptive activity.

Figure 16.  Interpretative model of the shallow thermal aquifer obtained by merging the outcomes of Finizola et al. (2010), 
Revil et al. (2011), Madonia et al. (2021), and the elaborations of the present work.
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Appendix A
A1.  Chemical Fractionation of Gas as an Effect of Dissolution

The chemical fractionation upon dissolution can be reliably modeled by a Rayleigh's type process, according to 
the equation (Albarède, 1995; Capasso et al., 2005):

(

[𝐺𝐺1]

[𝐺𝐺2]

)

liq

=
𝐾𝐾𝐻𝐻𝐻2

𝐾𝐾𝐻𝐻𝐻1

⋅

(

[𝐺𝐺1]

[𝐺𝐺2]

)

gas,𝑖𝑖

⋅ 𝐹𝐹

(

𝐾𝐾𝐻𝐻𝐻2

𝐾𝐾𝐻𝐻𝐻1
−1

)

2
� (A1)

where G1 and G2 are two gas species, the subscripts liq and gas, i refer to the liquid and the initial gas phase, 
respectively; F2 is the residual fraction of the gas species 2, KH is Henry's constants of the two gas species.

In the following, we compute the evolution of He/CO2 and CH4/CO2 ratios according to Equation A1, by assum-
ing He and CH4 as species 1, and CO2 as species 2, respectively. In Figure 4, the theoretical composition of the 
dissolved gas, after the removal of an increasing amount of gas upon dissolution in water, is plotted. The initial 
gas compositions (i.e., 𝐴𝐴 ([𝐺𝐺1]∕[𝐺𝐺2])gas,𝑖𝑖 ) in Equation A1 are selected to best fit the observed data. The different 
curves refer to three different initial CH4/CO2 ratios.

The Henry's constants were computed at 40°C, and their values are 144,000 and 50,560 bar mol mol −1, for He 
and CH4, respectively. The KH computed for CO2 (2263 bar mol mol −1 at 40°C) is reduced by the effect of CO2 
hydration, which also depends on pH and on the dissociation of carbonic acid (see Capasso et al., 2005). The used 
value is 1,440 bar mol mol −1, computed at pH = 6 and 40°C.

As explained by Capasso et al. (2005), the retrieved initial He/CO2 ratios (2 × 10 −5) are higher than those meas-
ured on average in a fumarole sampled in the Pizzo area (SC5; Capasso et al., 2005) and measured in fluid inclu-
sions (Gennaro et al., 2017) (He/CO2 ratio ranging from 3 × 10 −6 to 10 −5), and this implies a probable enrichment 
in He during the vapor separation from an underlying biphase aquifer, and particularly for a small fraction of 
separated gas. The modeled initial CH4/CO2 contents span from 5 × 10 −5 to 2 × 10 −4 and are higher than those 
measured in the SC5 fumarole (Capasso et al., 2005; Carapezza & Federico, 2000), suggesting a variable CH4 
production in different portions of the hydrothermal aquifer or different periods, besides an additional enrichment 
after vapor separation.

Madonia et al. (2021) suggested the existence of a stratified (multilevel) hydrothermal aquifer, with temperatures 
that could be progressively higher, in the deeper and inner parts of the island. The hypothesized fractionation 
upon dissolution in the shallow aquifer would produce a progressive enrichment in He and CH4 and depletion of 
CO2, toward a gas composition, which in the studied aquifer is characterized by He contents as high as 2.5 × 10 −3 
cc/L at STP and CO2 contents as low as 10 cc/L at STP.

Data Availability Statement
All the data produced in this work are publicly available in the Earthchem data repository (Vita et al., 2023).
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