
1 
 

 1

Geogenic and atmospheric sources for VOCs (Volatile Organic 1 

Compounds) in fumarolic emissions from Mt. Etna and Vulcano Island 2 

(Sicily, Italy). 3 

 4 

 5 

 6 

 7 

F. Tassi,1.2 F. Capecchiacci,1.2 J. Cabassi,1 S. Calabrese,3 O. Vaselli,1,2 D. Rouwet,4 G. 8 

Pecoraino,4 and G. Chiodini5 9 

 10 

 11 
1Department of Earth Sciences, University of Florence, Via La Pira 4, 50121, Florence, Italy 12 

2CNR-IGG Institute of Geosciences and Earth Resources, Via La Pira 4, 50121, Florence, Italy 13 
3DISTeM, University of Palermo, via Archirafi 36, 90123, Palermo, Italy 14 

4Istituto Nazionale di Geofisica e Vulcanologia, Palermo, Italy 15 
5Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Vesuviano, Naples, Italy 16 

 17 
 18 

 19 

 20 

 21 

Submitted to Journal of Geophysical Research 22 

 23 

 24 

 25 

 26 

 27 

 28 
 29 
Corresponding Author. F. Tassi, Department of Earth Sciences, University of Florence, 30 
Italy, Via La Pira, 4 – 50121 Florence – (Italy). 31 
Tel ++ 39 0552757477; Fax + 055284571; E-mail: franco.tassi@unifi.it 32 
 33 



2 
 

 2

Geogenic and atmospheric sources for VOCs (Volatile Organic 34 

Compounds) in fumarolic emissions from Mt. Etna and Vulcano Island 35 

(Sicily, Italy). 36 

 37 

F. Tassi,1.2 F. Capecchiacci,1.2 J. Cabassi,1 S. Calabrese,3 O. Vaselli,1,2 D. Rouwet,4 G. 38 

Pecoraino,4 and G. Chiodini5 39 

 40 

 41 
1Department of Earth Sciences, University of Florence, Via La Pira 4, 50121, Florence, Italy 42 

2CNR-IGG Institute of Geosciences and Earth Resources, Via La Pira 4, 50121, Florence, Italy 43 
3DISTeM, University of Palermo, via Archirafi 36, 90123, Palermo, Italy 44 

4Istituto Nazionale di Geofisica e Vulcanologia, Palermo, Italy 45 
5Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Vesuviano, Naples, Italy 46 

 47 

Abstract 48 

In this paper, fluid source(s) and processes controlling the chemical composition of VOCs 49 

(Volatile Organic Compounds) in gas discharges from Mt. Etna and Vulcano Island (Sicily, 50 

Italy) were investigated. The main composition of the Etnean and Volcano gas emissions is 51 

produced by mixing, to various degrees, of “magmatic” and  “hydrothermal” components.  52 

VOCs are dominated by alkanes, alkenes and aromatics, with minor, though significant, 53 

concentrations of O-, S- and Cl(F)-substituted compounds. The main mechanism for the 54 

production of alkanes is likely related to pyrolysis of organic matter-bearing sediments that 55 

interact with the ascending magmatic fluids. Alkanes are then converted to alkene and 56 

aromatic compounds via catalytic reactions (dehydrogenation and dehydroaromatization, 57 

respectively). Nevertheless, an abiogenic origin for the light hydrocarbons cannot be ruled 58 

out. Oxidative processes of hydrocarbons at relatively high temperatures and oxidizing 59 

conditions, typical of these volcanic-hydrothermal fluids, may explain the production of 60 

alcohols, esters, aldehydes, as well as O- and S-bearing heterocycles. By comparing the 61 
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concentrations of hydrochlorofluorocarbons (HCFCs) in the fumarolic discharges with 62 

respect to those of background air, it is possible to highlight that they have a geogenic 63 

origin likely due to halogenation of both methane and alkenes. Finally, CFC 64 

(chlorofluorocarbon) abundances appear to be consistent with background air, although the 65 

strong air contamination that affects the Mt. Etna fumaroles may mask a possible geogenic 66 

contribution for these compounds. On the other hand, no CFCs were detected in the 67 

Vulcano gases, which are characterized by low air contribution. Nevertheless, a geogenic 68 

source for these compounds cannot be excluded on the basis of the present data.  69 

 70 

1. Introduction 71 

A large number of studies have highlighted the existence of light hydrocarbons (C1-C10), 72 

mainly pertaining to the alkane, alkene and aromatic groups, in fluids discharged from 73 

volcanic-hydrothermal systems [Des Marais et al., 1981; Welhan and Lupton, 1987; 74 

Porshnev and Bondarev, 1989; Giggenbach et al., 1990; Mangani et al., 1991; Giggenbach 75 

and Corrales-Soto, 1992; Kiyoshu et al., 1992; Capaccioni et al., 1993, 1995, 2001, 2004; 76 

Seewald, 1994; Sugizaki and Nagamine, 1995; Darling, 1998; Capaccioni and Mangani 77 

2001; Burnett et al., 2003; Taran and Giggenbach 2003; Fiebig et al., 2009; Tassi et al., 78 

2007, 2009a,b, 2010a,b]. Global methane emissions from volcanoes and other natural and 79 

anthropogenic sources estimated by Etiope et al. [2008] were used to calculate those of 80 

other alkanes, such as ethane and propane [Etiope and Ciccioli, 2009], which resulted up to 81 

6 Tg year-1, i.e. significantly lower than the emission fluxes (~16 Tg year-1) required to 82 

explain the present atmospheric amounts of these gas species [Rudolph, 1995]. 83 

Thermogenic decomposition of pre-existing organic matter is widely accepted as the main 84 
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genetic mechanism for volatile organic compounds (VOCs) in volcanic environments [Des 85 

Marais et al., 1981, 1988; Capaccioni et al., 1993, 1995]. Nevertheless, abiogenic 86 

hydrocarbon formation was also proposed to occur in natural systems [e.g., Abrajano et al., 87 

1988; Szatmari, 1989; Sugisaki and Mimura, 1994; Giggenbach, 1997; Sherwood-Lollar et 88 

al., 2002; Taran et al., 2002, 2008; Etiope et al., 2011]. Among VOCs, the origin and 89 

behavior of halogenated species in volcanic environment is of great interest due to their 90 

strong environmental impact and health effects related to i) the key role they play as 91 

primary agents of tropospheric and stratospheric ozone depletion [Cicerone et al., 1974; 92 

Molina and Rowland, 1974; Farman et al., 1985; Rowland and Molina, 1994; Brune, 1996] 93 

and ii) their contribution to global warming [Houghton et al., 2001; Harnisch et al., 94 

2002a,b]. The occurrence of halocarbons in volcanic plumes [Cadle et al., 1979; Inn et al., 95 

1981; Leifer et al., 1981; Cronn and Nutmagul, 1982a,b; Brasseur and Granier, 1992] and 96 

gas emissions related to magmatic-hydrothermal reservoirs [Stoiber, 1971; Isidorov and 97 

Zenkevich, 1985; Isidorov et al., 1990, 1992; Gaffney, 1995; Waheremberger et al., 1998, 98 

2002; Jordan et al., 2000; Jordan, 2003; Schwandner et al., 2004; Frische et al., 2006] have 99 

extensively been studied.  100 

Halocarbons are naturally produced from biogenic activity in soils, from biomass 101 

combustion and from oceans [Lovelock, 1975; Andreae, 1996; Laturnus and Adams, 1998; 102 

Keene et al., 1999; Khalil et al., 1999; Lobert et al., 1999; Rudolph et al., 2000; Gribble, 103 

2010]. Halocarbons in soils and sediments can abiotically be produced during the oxidation 104 

of organic matter caused by reduction of redox pairs, such as Fe3+ and Fe2+ [Keppler et al., 105 

2000; 2002], and through Fenton-like reactions on humic substances [Huber et al., 2009]. 106 

However, the recent increase of halocarbon concentrations in air, especially that of 107 
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chlorofluorocarbons (CFCs), is commonly ascribed to anthropogenic activities [Gamlen et 108 

al., 1986; Butler et al., 1999; McCulloch et al., 2003]. In most cases, volcanic halocarbons 109 

were interpreted as related to an atmospheric source [Stoiber et al., 1971; Rasmussen and 110 

Rasmussen, 1980; Inn et al., 1981; Rasmussen et al., 1981; Pereira et al., 1982; Fink, 1983; 111 

Brasseur and Granier, 1992, Gaffney, 1995; Jordan et al., 2000; Jordan, 2003, Frische et al, 112 

2006]. However, Schwandner et al. [2004] reported geochemical evidence supporting the 113 

idea of a natural volcanogenic source for halocarbons measured in the soil of La Fossa cone 114 

at Vulcano Island (Italy).  115 

The debate on the origin of halocarbons and, in general, of VOCs in volcanic emissions is 116 

complicated by the fact that the proposed hypotheses are based on different datasets that 117 

can be compared only with difficulty, as a result of adopting different sampling and 118 

analytical approaches. 119 

In this paper, VOC geochemistry in volcanic fluids discharged from Mt. Etna and Vulcano 120 

Island (Southern Italy) was investigated by GC-MS (Gas Chromatography-Mass 121 

Spectrometry) on samples collected using solid traps (ST) [Tassi et al., 2012]. A major aim 122 

of this study was to elucidate the possible source(s) and processes controlling VOCs 123 

emitted from these volcanoes, emphasizing the genetic aspects of halocarbons. Measured 124 

concentrations of halocarbons in gas discharges from these two volcanic systems were 125 

compared to those expected considering the fraction of air present in our gas samples, 126 

calculated on the basis of their Ar concentrations. Such a detailed evaluation of halocarbon 127 

contribution due to background air, which represents the main novelty of the present paper, 128 

is of fundamental importance to assess if these gas compounds, commonly ascribed to 129 

anthropogenic activity, may have a geogenic source in volcanic fluids. 130 
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2. Volcanological background  131 

2.1. Mount Etna  132 

Mount Etna (eastern Sicily) is a strato-volcano built on a lower tholeitic shield unit 133 

[Chester et al., 1985; Tanguy et al., 1997] and located at the collision boundary of the 134 

African and European blocks [Barberi et al., 1974]. The activity of this volcano, which is 135 

the largest in continental Europe (~1,200 km2 of total surface with a maximum height of 136 

3,300 m a.s.l.), is controlled by the intersection of NNW- and NNE-trending fault systems. 137 

The actual thickness of the Etnean volcanic products, emplaced over the sedimentary 138 

basement, is about 2,000 m [Ogniben, 1966]. Mount Etna is one of the most active 139 

volcanoes in the world, being characterized by frequent eruptions and a persistent carbon 140 

dioxide (CO2)-rich plume, whose total emission was estimated to correspond to 10% of the 141 

global emission of volcanic CO2 [Gerlach, 1991]. The frequent eruptive activity [Allard et 142 

al. 2006] heavily affects the morphology of the summit area [Neri and Acocella, 2006; Neri 143 

et al., 2008], which presently consists of a central crater (Voragine) surrounded by three 144 

active cones (Bocca Nuova, NE Crater, and SE Crater; Fig. 1), and is cut by N-S oriented 145 

fracture systems, mainly related to by extensional stress produced by magma ascent [Neri 146 

et al., 2004]. Mount Etna lies in an anorogenic zone and it is characterized by OIB-type 147 

magmas with geochemical and isotopic features similar to those of arc-related volcanoes 148 

[Schiano et al., 2001; Tonarini et al., 2001]. According to Liotta et al. [2010], fluids 149 

released from the magmatic system are discharged into the atmosphere from both the 150 

summit craters and the fumaroles located at the crater rims. Severe air contamination due to 151 

the high permeability of the feeding fractures and modest fluid contribution from a 152 
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peripheral hydrothermal reservoir heavily mask the magmatic component of the gas 153 

emissions. 154 

2.2. Vulcano Island 155 

Vulcano is the southernmost island of the Aeolian Archipelago (Sicily, southern Italy), a 156 

volcanic arc generated by subduction beneath the Tyrrhenian Sea [Barberi et al., 1974; 157 

Beccaluva et al., 1985]. Since the last eruption in 1888-1890 [Mercalli, 1891; Keller, 158 

1980], Vulcano has experienced intense fumarolic activity, mainly from the La Fossa cone. 159 

Two main periods of volcanic unrest, marked by a strong increase of fumarolic activity, 160 

affected this volcano, in 1913-1923 [Sicardi, 1941] and in 1977-1993 [Martini, 1993; 161 

Chiodini et al., 1995], when temperatures up to 600 and 690 °C, respectively, were 162 

measured at the crater fumaroles. In 2004-2005, an anomalous seismic activity, as well as 163 

significant changes of both the composition of the crater fumaroles and the diffuse CO2 164 

degassing from the flanks of La Fossa cone were measured, providing evidence of a third 165 

volcanic unrest [Granieri et al., 2006]. These crises were interpreted as related to episodes 166 

of fluid transfer from stationary magma bodies, since no geophysical evidence of magma 167 

migration was detected [Barberi et al., 1991; Chiodini et al., 1992; Bonaccorso, 2002; 168 

Granieri et al., 2006]. Several geochemical conceptual models were proposed to describe 169 

the fluid circulation system feeding the gas discharges of Vulcano Island [Carapezza et al., 170 

1981; Cioni and D'Amore, 1984; Panichi and Noto, 1992; Bolognesi and D'Amore, 1993; 171 

Chiodini et al., 1993, 1995, 2000; Martini, 1996; Capasso et al., 1997]. It is generally 172 

accepted that the chemical composition of fumarolic fluids is characterized by the presence 173 

of magmatic and hydrothermal components, the latter showing significant seawater 174 

contribution, that mix at different degrees. The current exhalative activity mainly occurs in 175 
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the northern sector of La Fossa crater, where outlet temperatures of the fumarolic vents are 176 

<400 °C, and from boiling and bubbling pools located in the Levante beach (Fig. 2).  177 

 178 

3. Sampling and analytical methods 179 

3.1. Sampling method 180 

At Mount Etna, gas samples were collected from fumaroles located i) along the rims of 181 

Voragine (VOF7, VO1, VO2, SE1, SE2 and SE3 samples) and Bocca Nuova (BN1 and 182 

BN2 samples) craters (~3,300 m a.s.l.), ii) at Torre del Filosofo (TF sample), a touristic site 183 

in the SE sector of the summit area (~2,750 m a.s.l.), and iii) at the Bottoniera craters (BT 184 

sample) in the NW flank of the volcano (~2,500 m a.s.l.), which opened during the 185 

2002/2003 eruption (Fig. 1). Two air samples were collected from distal sites located few 186 

km NW of the NE crater (Oair) and at Bosco Ragabo (Wair) (Fig. 1).  187 

At Vulcano Island gas samples were collected from fumarolic gas discharges positioned in 188 

the northern sector of La Fossa cone (FNB and FZ samples) and from bubbling gas 189 

exhalations in the Levante beach (FM and IS samples), near the village of Vulcano (Fig. 2). 190 

Two air samples were collected from the proximity of Vulcano village (Vair) and from La 191 

Fossa crater rim (Cair), respectively. 192 

Gas sampling for the determination of the inorganic gas species, CH4 and C1-C4 alkanes 193 

and alkenes was carried out using pre-evacuated 60 mL glass flasks equipped with a 194 

Thorion® valve and filled with 20 mL of a 4 M NaOH and 0.15 M Cd(OH)2 suspension to 195 

trap soluble and acidic gas species in the liquid phase and separate SO2 (dissolved in the 196 

liquid phase) and H2S (precipitating as CdS) to prevent any reaction in the gas phase 197 

[Montegrossi et al., 2001]. Fumarolic gas was conveyed into the sampling flask using a 0.7 198 
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m long titanium tube, inserted as deeply as possible into the vent and connected to a 199 

sampling line constituted by dewared glass tubes, whereas bubbling gases were collected 200 

using a funnel positioned up-side-down above the emission (Fig. 3) [Montegrossi et al., 201 

2001; Vaselli et al., 2006]. The analysis of VOCs, excluding those species analyzed in the 202 

sampling flask head-space, was carried out on samples collected in solid traps (ST) 203 

consisting of stainless steel tubes packed with three adsorbent beds (Carbosieve 111, 204 

Carboxen B and Carboxen C; Supelco Inc., USA). Solid traps were preferred to SPME 205 

(Solid Phase Micro Extraction) fibers having a three-phase adsorbent assembly 206 

(divinylbenzene-Carboxen-polydimethylsiloxane) similar to that of the ST [Shirey, 1999], 207 

as a large quantity of sample can be stored in the ST, allowing the detection of compounds 208 

at very low concentrations, i.e. ten of parts per trillion by volume (pptv), such as the 209 

halocarbons [Tassi et al., 2012].  210 

Gases were conveyed to the ST using a sampling line consisting of the above described 211 

dewared glass tubes (or, alternatively, the funnel) at which an ice-cooled condenser 212 

(Graham type condenser) was connected (Fig. 3). The gas flux through the ST was 213 

regulated at 200 mL/min by a low-flux portable pump. At each sampling site (fumarolic 214 

vent and air samples) gases were flushed through the ST for 4 hours, corresponding to ~60 215 

L of sample. The condenser prevented the entrance into the ST of water vapor and the 216 

highly soluble gas species (SO2, HCl, HF and H2S), typically present at Vulcano and Mt. 217 

Etna fumaroles [Chiodini et al., 1995; Liotta et al., 2010]. This method minimizes the 218 

deleterious effects of these compounds on the ST and the hydrolysis of adsorbed VOCs 219 

[Tassi et al., 2012]. Sampled STs were kept at low temperature (<10 °C) to avoid thermal 220 

degradation of VOCs. 221 
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3.2. Analysis of the inorganic compounds and C1-C4 hydrocarbons 222 

The inorganic compounds stored in the sampling flask head-space, i.e. N2, O2, Ar, H2, He 223 

and carbon monoxide (CO), were analyzed by a Shimadzu 15A gas-chromatograph 224 

equipped with Thermal Conductivity Detector (TCD), using a 10 m long stainless steel 225 

packed molecular sieve column and helium or argon (the latter being used for He and Ne 226 

analysis) as carrier gas. C1-C4 hydrocarbons were analyzed by a Shimadzu 14a gas-227 

chromatograph equipped with Flame Ionization Detector (FID), using a 10 m long stainless 228 

steel column (φ = 2 mm) packed with Chromosorb PAW 80/100 mesh coated with 23% SP 229 

1700, and helium as carrier gas [Vaselli et al., 2006]. The caustic solution was separated 230 

from solid CdS by centrifugation, oxidized with H2O2, and used for the analysis of: 1) CO2 231 

as CO3
2- by automatic titration with 0.1 N HCl; 2) HF, HCl and SO2 as F-, Cl- and SO4

2-, 232 

respectively, by ion chromatography (Metrohm 761). Solid CdS was dissolved with H2O2, 233 

to analyze H2S as SO4
2- in a separate ion chromatography run. Water vapor was estimated 234 

by the difference (in weight) between the collected gas (W = Was - Wbs, where Was is the 235 

weight of the flask after sampling and Wbs is the weight of the flask before sampling) and 236 

the sum of the analyzed species [Montegrossi et al., 2001; Vaselli et al., 2006]. Quantitative 237 

analyses of the inorganic compounds and C1-C4 hydrocarbons stored in the flask headspace 238 

were carried out using an external standard calibration procedure based on analysis of 239 

standard gas mixtures provided and certified by Supelco Analytical. The analytical error 240 

was <5%. 241 

 242 

 243 

 244 
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3.3. Analysis of VOCs 245 

Conditioning of the ST was carried out at 250 °C for 20 min under a stream of purified 246 

helium using a DANI Master Thermal Desorber (TD). VOCs trapped in the ST were 247 

desorbed at 250 °C for 20 min using the TD, which was equipped with a focusing quartz 248 

trap having a three-phase absorbent assembly similar to that of the ST. The focusing trap 249 

absorbed the VOCs released from the ST at -5 °C and then they were thermally desorbed 250 

them at 220 °C for 2 min. VOCs released from the focusing trap were transferred through a 251 

transfer line maintained at 220 °C to the injection port, operating in splitless mode, of a 252 

Thermo Trace GC Ultra gas chromatograph coupled with a Thermo DSQ Quadrupole Mass 253 

Spectrometer (GC-MS). Chromatographic separation was achieved using a 30 m × 0.25 254 

mm i.d. 0.25 µm film thickness TR-5 fused silica capillary column (Thermo). The carrier 255 

gas was helium set to a flow-rate of 0.8 mL/min in constant pressure mode. The column 256 

oven temperature program was as follows: 25 °C (hold 10 min), ramp at 4.5 °C/min to 140 257 

°C (hold 3 min), ramp at 20°C/min up to 230 °C (hold 6 min). The quadrupole mass 258 

spectrometer operated in positive electron impact mode (EI) with an ionization energy of 259 

70 eV and a source temperature of 250 °C. The detector was set in full scan mode, at a scan 260 

rate of 1 scan per second, in the mass range 25-400 a.m.u. (atomic mass unit). The 261 

temperature of the GC-to-MS transfer line was set at 250 °C. 262 

Each VOC detected by the quadrupole detector was identified according to both the 263 

retention time of the chromatographic peak and the mass spectra of the molecule 264 

fragments. Library mass spectra [NIST, 1995] were used for comparison. 265 

Quantitative analyses were carried out using an external standard calibration procedure 266 

based on calibration curves constructed measuring the instrumental signal of 267 
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Accustandard® standard mixtures charged into the same type of ST used during the 268 

fumarole sampling. To determine the molar concentrations of the VOCs, 6 different 269 

standard mixtures were used: 1) alkanes (C5-C8 alkanes, at concentrations ranging from 5 270 

to 50 ppb), 2) alkenes (C5-C9 alkenes, at concentrations ranging from 5 to 50 ppb), 3) 271 

aromatic compounds (15 species at concentrations ranging from 50 to 500 ppb), 4) S-272 

bearing compounds (6 species at 20 ppb), 5) O-bearing compounds (15 species at 273 

concentrations ranging from 5 to 50 ppb), and 6) halogenated compounds (15 species at 274 

concentrations ranging from 0.05 to 5 ppb). The recovery values of the ST were determined 275 

on the basis of separate direct injection of the standard mixtures carried out using a 276 

volumetric gas syringe. The values of the Relative Standard Deviation (RSD), calculated 277 

from five replicate analyses of the standard mixtures, were <5%. The limit of quantification 278 

(LOQ) was determined by linear extrapolation from the lowest standard in the calibration 279 

curve using the area of a peak having a signal/noise ratio of 5 [Mangani et al., 2003; Tassi 280 

et al., 2012]. Possible loss of VOCs by dissolution in the condensate was tested by 281 

analyzing the separated liquid phase of the Vulcano samples by GC-MS coupled with a 282 

Tekmar Stratum Purge & Trap (PT) instrument. VOCs were displaced from the condensate 283 

(5 mL), by bubbling helium for 11 min at a flow-rate of 40 mL/min at ambient temperature, 284 

and transferred to a focusing trap having the same three-phase absorbent assembly of the 285 

TD. The released VOCs were absorbed by the PT focusing trap at -5 °C and then thermally 286 

desorbed at 220 °C for 2 min and transferred to the GC-MS injection port.  287 

 288 

 289 

 290 
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4. Analytical results 291 

4.1.  Main gas compounds 292 

Outlet temperatures (in °C), concentrations of the inorganic gases (CO2, HCl, HF, SO2, 293 

H2S, N2, Ar, O2, H2, He and CO) and CH4, (expressed in mmol/mol) in the dry gas fraction, 294 

steam concentrations (expressed in % by vol.) and percentages of air fraction (Af) of Mt. 295 

Etna and Vulcano gas discharges are reported in Table 1.  296 

The outlet temperatures of the Etnean fumaroles range from 75 to 337 °C, whilst those of 297 

the Vulcano fumaroles (FNB and FZ) are from 355 to 99 °C, respectively. The gases of the 298 

Levante beach at Vulcano Island, namely FM and IS, are bubbling in meteoric and 299 

seawater at <20 and 80 °C, respectively. The gas composition of the Etnean fumaroles is 300 

dominated by water vapor (>76% by vol.), whereas the dry gas phase mainly consists in 301 

comparable amounts of CO2 (up to 697 mmol/mol), and N2 (up to 525 mmol/mol), with the 302 

only exception of that of the VOF7 sample, being dominated by CO2 (955 mmol/mol) and 303 

showing relatively low N2 concentrations (20 mmol/mol). The Etnean N2-rich fumaroles 304 

are characterized by: 1) relatively high O2 (up to 62.9 mmol/mol) and Ar (up to 5.8 305 

mmol/mol) concentrations, indicating a strong air contamination; 2) H2 concentrations 306 

ranging from 0.81 to 4.17 mmol/mol; 3) significant contents of SO2, HCl and HF (up to 307 

6.51, 2.35 and 0.41 mmol/mol, respectively); 4) relatively low H2S (<0.62 mmol/mol), CO 308 

(<0.0087 mmol/mol) and CH4 (<0.0081 mmol/mol) concentrations. The VOF7 fumarole 309 

has the highest SO2 (15.3 mmol/mol) and H2S (8.45 mmol/mol) concentrations among the 310 

Etnean gases and relatively low HCl, HF, H2 and CO concentrations (0.71, 0.15, 0.011 and 311 

0.0002 mmol/mol, respectively). The two distal Etnean fumaroles (TF and BT; Fig. 1) have 312 

low H2 (<0.21 mmol/mol), high CH4 (up to 12 mmol/mol), whereas acidic compounds 313 
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(SO2, HCl, HF and H2S) and CO are below the instrumental detection limit that is 0.01 (for 314 

the acidic gas species) and 0.0001 (for carbon monoxide) mmol/mol.  315 

The fumaroles of La Fossa crater in Vulcano Island show dominant water vapor (up to 316 

96.3% by vol.), followed by CO2 (up to 977 mmol/mol), acidic gases (SO2, HCl, H2S and 317 

HF concentrations are up to 28.6, 21.2, 5.22 and 1.05 mmol/mol, respectively), N2 (up to 318 

16.6 mmol/mol) and H2 (up to 2.24 mmol/mol). Atmospheric gases (O2, Ar and Ne) CH4 319 

and CO are <0.1 mmol/mol. The beach gas exhalations are mainly composed of CO2 (up to 320 

990 mmol/mol), N2 (up to 12.7 mmol/mol) and CH4 (up to 3.09 mmol/mol), whereas water 321 

vapor is <7.89% by vol., and SO2, HCl and HF are lower than the instrumental detection 322 

limit, as these highly soluble species likely dissolve into seawater as they reach the surface. 323 

Oxygen and Ar concentrations (up to 0.58 and 0.17 mmol/mol, respectively) are slightly 324 

higher than those of the crater fumaroles, whereas H2 and CO were lower than 0.037 and 325 

0.0012 mmol/mol, respectively. The chemical composition of the main constituents of the 326 

gas discharges from both Mt. Etna and Vulcano Island determined for the present work are 327 

consistent with those reported for these systems in recent papers [Paonita et al., 2002; 328 

Liotta et al., 2010]. 329 

 330 

4.2. VOCs  331 

Up to 64 different VOCs, pertaining to the alkane (12 compounds), alkene (11 compounds), 332 

aromatic (11 compounds), sulfonated (4 compounds), oxygenated (12 compounds), and 333 

halogenated (14 compounds) groups, were identified and quantified. VOC concentrations, 334 

expressed in ppbv (part per billion by volume), are reported in Table 2. The sum of VOC 335 

concentrations ranges from 193 to 10,625 ppbv, and the highest concentration recorded for a 336 
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single compound (ethane) is 7,500 ppbv (BT sample). In the Vulcano condensates VOCs 337 

were below detection limits (~0.01 ppbv for all the compounds determined by GC-MS), 338 

indicating that the separation of the condensed phase during sampling did not cause 339 

significant loss of VOCs in the gas phase. This reflects the low solubility of VOCs in water, 340 

which is even less in volcanic condensates characterized by high ionic strength. The pie 341 

diagrams in Fig. 4 show that the most abundant VOCs of the Etnean fumaroles are alkanes, 342 

ranging from 56 to 87% of VOCs, followed by aromatic and oxygenated compounds (up to 343 

30 and 15%, respectively). Alkene and sulfonated compounds are a minor but significant 344 

VOC fraction (up to 5.8 and 6%), whereas halocarbons (Table 2) are <0.5%. Gases from La 345 

Fossa crater are dominated by sulfonated and oxygenated compounds (up to 27 and 57%, 346 

respectively), and show relatively high concentrations of alkenes (14 and 15% in the FZ and 347 

FNB gases, respectively), and low concentrations of alkane (3.8 and 13% in the FNB and FZ 348 

gases, respectively) and aromatic (up to 8.9%) compounds (Fig. 5a,b). Halocarbons (Table 2) 349 

are <0.6%. The VOC composition of the Vulcano beach gas discharges (Fig. 5c,d) is 350 

different with respect to that of the crater fumaroles: alkanes are by far the most abundant 351 

group (68 and 74% in the FM and IS gases, respectively), followed by aromatic compounds 352 

(up to 30%) and minor concentrations of oxygenated, alkene and sulfonated species (up to 353 

0.7, 0.8 and 1%, respectively). Halocarbons (Table 2) are 0.02 and 0.05% in IS and FM, 354 

respectively.  355 

Among the C2-C8 alkanes, ethane has the highest concentrations in all the samples (ranging 356 

from 5.2 to 7,500 ppbv). Branched compounds are less abundant than their linear 357 

homologues, a common feature in volcanic gases, likely depending on the relatively high 358 

stability of n-alkanes (linear chain) with respect to i-alkanes (branched chain) at increasing 359 
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temperatures [Astaf’ev et al., 1973; Darling, 1998]. Heavier alkanes (C9-C12) were also 360 

detected but not quantified. Linear/branched ratios of alkenes are significantly lower than 361 

that of alkanes, mainly depending on the relatively high concentrations of methylpropene and 362 

(3)methyl(2)pentene (up to 9.6 and 15 ppbv, respectively). Benzene concentrations (ranging 363 

from 3.7 and 1,240 ppbv) are significantly higher (up to three orders of magnitude) than 364 

those of its numerous methylated and ethylated derivatives, whereas naphthalene (from 0.2 to 365 

11 ppbv) is the only PAH (polycyclic aromatic hydrocarbon) detected. Sulfonated 366 

compounds are mainly constituted of thiophenes (C4H4S and C5H6S are up to 33 and 32 367 

ppbv, respectively), and CS2 (up to 36 ppbv), whereas C2H4S3, known as main constituent of 368 

floral fragrances [Fréot et al., 2008], has detectable concentrations (≤1.6 ppbv) only in some 369 

samples from the Etna summit craters. Heterocycles (C4H4O, C5H6O, C6H8O and C7H8O2 up 370 

to 79, 28, 23 and 9.2 ppbv, respectively) largely dominate the composition of oxygenated 371 

compounds in the samples, whereas the sum of the measured esters, alcohols and aldehydes 372 

(8 different compounds) is <10 ppbv. All the 14 halogenated species identified were in 373 

detectable amounts (>0.01 ppbv) in most of the Etnean gases, whereas in the VOF7 sample 374 

and in those from Vulcano Island the fully halogenated halocarbons (CCl3F, CCl2F2, CClF3 375 

and C2Cl3F3) and C2H4Cl2 and C2H3Cl3 were below the detection limit.  376 

The VOC composition of the four air samples (Oair, Wair, Vair and Cair) are similar and show 377 

relatively low concentrations of aromatic (from 0.2 to 2.9 ppbv) and oxygenated (from 0.2 to 378 

0.9 ppbv) compounds and terpenes (e.g., α pinene, limonene, camphene; not quantified), 379 

whereas halocarbons are at concentrations consistent (from 0.03 to 0.57 ppbv) with those 380 

commonly measured in the atmosphere [Derewent et al., 1998; Butler et al., 1999; Mangani 381 

et al., 2000; Hall et al., 2002; Mangani et al., 2003; IAEA, 2006]. 382 
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5. Discussion 383 

5.1. Source regions of fluid discharged from Mount Etna and Vulcano Island 384 

The chemical features of fluid discharges from volcanic systems are produced by a variety 385 

of primary sources, such as mantle, crust and magmatic degassing, and secondary processes 386 

that include gas-water-rock interactions, phase changes (mainly vapor-liquid) and mixing 387 

between deep-originated fluids and sea- and/or groundwater. Volcanic fluids basically 388 

show two main components: 1) a deep-originated “magmatic” end-member, which prevails 389 

in summit crater exhalations of active volcanoes, and 2) a shallower “hydrothermal” end-390 

member, lying above the magmatic-dominated zone.  391 

The chemical composition of the fumarolic emissions from the summit Etnean craters is 392 

related to strong contribution of magmatic gases (mainly CO2, SO2 and HCl) rapidly 393 

ascending from the deep degassing system throughout high-permeability fracture, and 394 

gases produced by high-temperature gas-gas and gas-rock reactions (H2, H2S and CO). 395 

These fumaroles (excepting VOF7) are also marked by significant amounts of atmospheric 396 

gases (N2, O2 and Ar) drained from the flanks of the craters by fracture systems, whereas 397 

the hydrothermal component, which was interpreted as the source of CH4 [Liotta et al., 398 

2010], seems to be relatively low. The peripheral emissions (BT and TF; Fig. 1), 399 

characterized by a significant CH4-enrichment (Table 1), are produced by boiling of a 400 

hydrothermal aquifer, mainly fed by meteoric water permeating through the fractured 401 

flanks [Liotta et al., 2010] that dissolves the highly soluble acidic species from the 402 

magmatic source.  403 

The crater fumaroles of Vulcano Island show dominating magmatic and high-temperature 404 

gases with minor contribution of hydrothermal fluids and air (Table 1), although relative 405 
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proportions of the magmatic and hydrothermal end-members may vary in time depending 406 

on the status of volcanic activity [Paonita et al., 2002]. On the contrary, the exhalations 407 

from Levante beach discharge typical SO2-, HCl- and HF-free hydrothermal fluids, 408 

enriched in CH4 and air compounds, the latter being likely related to interaction with air 409 

saturated seawater. Our results are in agreement with the most reliable geochemical models 410 

of the volcanic-hydrothermal system of Vulcano [Chiodini et al., 1995; Tedesco et al., 411 

1995], suggesting that the fumarolic discharges at Levante beach and La Fossa crater are 412 

fed from distinct fluid regions, i.e. a boiling hydrothermal reservoir and a 413 

magmatic(dominating)-hydrothermal degassing system, respectively. 414 

 415 

5.2. Origin of VOCs 416 

5.2.1. Hydrocarbons 417 

Organic compounds in volcanic fluids are generally interpreted as the result of 418 

hydrothermal contribution to the main magmatic-related fluid component. Hydrocarbons 419 

(e.g., alkanes, alkenes, aromatics) in hydrothermal environments are produced by 1) 420 

metabolic and biosynthetic activity of biological organisms (biogenesis), and 2) 421 

decomposition of pre-existing organic matter occurring at temperatures (>150 °C) too high 422 

for bacteria survival (thermogenesis) [Des Marais et al., 1981; Rice and Claypool, 1981; 423 

Oremland et al., 1987; Galimov et al., 1988; Whiticar and Suess, 1990; Mango 2000]. 424 

Notwithstanding the relatively high temperatures, volatiles produced by microbial activity 425 

such as VOCs can be released into the atmosphere [Schulz and Dickschat, 2007; Schulz et 426 

al., 2010], implying that air contaminated fumaroles may partly be affected by biogenic 427 

hydrocarbons. 428 
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Hydrocarbons can abiogenically be produced in laboratory experimental runs and industrial 429 

processes though mechanisms that may include Fischer-Tropsch-type (FTT) reactions 430 

[Fischer and Tropsch, 1926] at temperatures >200 °C, high pressures and on metal (Fe, Ni 431 

and Co), oxide (magnetite) or carbide catalysts [Biloen and Satchel, 1981; Anderson 1984; 432 

Galutza et al., 2002; Foustoukos and Seyfried, 2004; McCollom and Seewald, 2006; 2007; 433 

Fu et al., 2007; Taran et al., 2007; 2010]. Theoretical approaches have shown that 434 

thermodynamic conditions of volcanic-hydrothermal fluid reservoirs are consistent with 435 

those required for abiogenic synthesis of organic compounds [Shock, 1990; Symonds and 436 

Reed, 1993; Wahrenberger, 1997; Shock and Schulte, 1998; Zolotov and Fegley, 1999; 437 

Zolotov and Shock, 2000; Wahrenberger et al., 2002]. Formation of abiogenic 438 

hydrocarbons was proposed to occur in a range of natural environments in the Earth’s crust 439 

[Seward, 1974; Abrajano et al., 1988; Szatmari, 1989; Isidorov et al., 1990; Sugisaki and 440 

Mimura, 1994; Kenney, 1995; Basiuk and Navarro-Gonzales, 1996; Bernt et al., 1996; 441 

Giggenbach, 1997; Salvi and William-Jones, 1997; Gize, 1999; Kelley and Früth-Green, 442 

2001; Sherwood-Lollar et al., 2002; Taran et al., 2002; Taran and Cienfuegos, 2008; Etiope 443 

et al., 2011]. However, reliable geochemical parameters able to unequivocally identify 444 

abiogenic hydrocarbons in natural fluids have still not been identified. 445 

Light (C2-C6) hydrocarbons occurring in low-temperature gas discharges from Levante 446 

beach at Vulcano Island are ascribed to thermogenic processes [Mangani et al., 1991; 447 

Capaccioni et al., 1995, 2001]. Schwandner et al. [2004] found that the relative abundances 448 

of C7-C12 n-alkanes in fumarolic fluids from La Fossa crater has a modus at C8, followed 449 

by a strong decrease of C8+ concentrations resembling a Schulz-Flory type distribution 450 

[Satterfield and Huff, 1982], which is regarded as a indicator of catalytic Fischer-Tropsch 451 
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synthesis [Salvi and William-Jones, 1997]. On this basis, hydrocarbons in these gases are 452 

suggested to be possibly deriving from an abiogenic source [Schwandner et al., 2004]. Our 453 

data show that the C2-C8 n-alkane distributions of the two samples from La Fossa crater 454 

(Fig. 6a) are different with respect to the typical Shultz-Flory linear pattern, and are 455 

characterized by relatively high concentrations of alkanes with odd carbon number 456 

(pentanes and heptanes) consistent with those expected for hydrocarbon production by 457 

pyrolisis of kerogen [Pereira et al., 1982; Huizinga et al., 1988; Putschew et al., 1998]. The 458 

n-alkane distribution at Levante beach (Fig. 6b) and Mt. Etna (Fig. 6c) are similar to those 459 

of the La Fossa gases. This behavior supports the idea that in volcanic-hydrothermal 460 

systems thermogenesis can be regarded as a common genetic process for these organic 461 

compounds. Useful insights into the genetic mechanism of n-alkanes are provided by the 462 

carbon isotopic signatures of the C1-C3 alkane series [Des Marais et al., 1981, 1988; Chung 463 

et al., 1988; Sherwood Lollar et al., 2002, 2008; Potter et al., 2004; Fu et al., 2007; Taran et 464 

al. 2007, 2010, Proskurowski et al., 2008; McCollom et al., 2010]. Unfortunately, neither in 465 

the present study nor, to the best of our knowledge, in literature, are these data available for 466 

Mt. Etna and Vulcano fumaroles, likely because the abundances of such compounds are too 467 

low to allow isotopic analyses using methods adopted by most of the analytical 468 

laboratories. 469 

Production of alkenes by alkane dehydrogenation is favored under oxidizing conditions and 470 

relatively high temperatures [Giggenbach and Corrales-Soto, 1992; Seewald, 1994; 471 

Capaccioni et al., 1995, 2004, 2011; Taran and Giggenbach, 2003, 2004; Tassi et al., 472 

2009a,b], i.e. thermodynamic conditions characterizing the volcanic-hydrothermal systems 473 

of both Mt. Etna and Vulcano Island. This would explain the relatively high concentrations 474 
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of alkenes measured in our gas samples, significantly higher than those commonly found in 475 

hydrothermal fluids [Tassi, 2004]. High contents of aromatic compounds, such as those 476 

measured in all the analyzed gas samples (Figs. 4 and 5), are consistent with those 477 

measured in gas discharges from various hydrothermal and volcanic systems worldwide 478 

[Simoneit et al., 1988; Giggenbach and Corrales-Soto, 1992; Darling, 1998; Capaccioni et 479 

al., 2004; Tassi, 2004, 2007, 2009a, 2010b]. Formation of aromatic compounds may 480 

proceed through catalytic ‘‘reforming’’ processes, such as dehydrogenation of 481 

cycloalkanes, dehydrocyclization of alkanes and cyclization of acetylene [Tamers, 1976; 482 

Rucker et al., 1986; Mango, 1994; Capaccioni et al., 1995; Mèriaudeau and Naccache, 483 

1997]. These reactions are favored in presence of catalytic agents, such as free acids, 484 

allumosilicates and sulfur gas species, largely available in a volcanic environment, where 485 

monoaromatics may also form from thermal decomposition of alkylated aromatic 486 

compounds with long side chains [Savage and Klein, 1987; Smith and Savage, 1991; 487 

Kissin, 1998]. Efficiency of oxidative aromatization of methane to produce benzene was 488 

proven only experimentally [Claridge et al., 1992]. The ubiquitous occurrence of aromatic 489 

compounds, especially benzene, in volcanic-hydrothermal fluids is likely related to the high 490 

stability of the aromatic ring (C6H6) under a large range of temperature and redox 491 

conditions [Katritzky et al., 1990], although the abundance of aromatics in natural fluids 492 

also depends on i) the type of source matter [Leythaeuser et al., 1979], and ii) migration-493 

related compositional fractionation [Thompson, 1987]. Catalytic degradation of methylated 494 

mono-aromatic compounds [McCollom et al., 2001], involving benzaldehyde and phenol 495 

that were measured at significant concentrations in most gas emissions of the present study 496 

(Table 2), is likely the cause for the high ratios between benzene and the sum of its 497 
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methylated derivatives (up to 55). Zolotov and Shock [2000] found that in a cooling 498 

volcanic gas, naphthalene, which is consistently present of all the samples from both Mt. 499 

Etna and Vulcano, and other PAHs have the thermodynamic potential to be formed via 500 

Fischer-Tropsch reaction. However, this process is efficient at temperatures <250 °C, i.e. 501 

lower than the outlet temperature of some of the sampled fumaroles. This suggests that 502 

formation of naphthalene in these fluids mostly depends on thermal degradation of organic 503 

matter. 504 

 505 

5.2.2. Oxygenated and sulfonated compounds 506 

In volcanic gases, production of CS2 may occur through sulfonation processes involving 507 

compounds typical of magmatic degassing (SO2 and CO2), as well as gases from secondary 508 

gas-water-rock interactions (H2S and CH4) [Petherbridge et al., 2002]. Among the various 509 

catalytic processes able to synthesize thiophenes [Southward et al., 1998; Tomov et al., 510 

2000; Li et al., 2008], ring closure of dienes, known as Paal-Knorr synthesis, through 511 

addition of H2S in presence of H+ and metals [Campaigne and Foye, 1952], is to be 512 

considered the most reliable genetic mechanism in active volcanoes that are rich in these 513 

catalysts [Tassi et al., 2010a]. Similarly, ring closure of oxygenated alkenes may represent 514 

the main genetic mechanism for furans, which are the most abundant fraction of 515 

oxygenated species (Table 2). Natural abiotic formation of furans in soil can also be related 516 

to oxidation of organic matter induced by iron(III) and hydrogen peroxide in the presence 517 

of chloride [Huber et al., 2010]. Alkene oxidation may produce alcohols, aldehydes and 518 

esters [Muenow, 1973], a process that may be favored at depth by oxidizing conditions 519 

determined by the presence of magmatic compounds, although it can also occur when 520 
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ascending fumarolic fluids approach the surface, where free O2 is available due to air 521 

contamination. Acetic acid may also form by methylation of formate produced by CO 522 

dissociation. Oxygenated compounds were detected in the air samples at concentrations 523 

similar to those of the fumaroles, thus their presence in fumarolic fluids, especially in those 524 

from Mt. Etna, can also be directly due to air contamination. 525 

Previous studies [Tassi et al., 2010] have found that in volcanic-hydrothermal fluids the 526 

concentrations of thiophenes show an inverse correlation with species released from 527 

magmatic degassing, whereas they are enriched in fluids from hydrothermal systems, 528 

where high H2S concentrations and reducing conditions favor thiophene formation. In 529 

contrast, furans have a strong correlation with magmatic fluids. In the present study, the gas 530 

samples are characterized by comparable abundances of sulfonated and oxygenated 531 

heteroaromatics (Table 2), suggesting that both magmatic and hydrothermal sources 532 

significantly contribute to the gas discharges of Mt. Etna and Vulcano Island. 533 

 534 

5.2.3. Halogenated compounds 535 

Halogenated compounds, intensively produced during several industrial processes, occur in 536 

atmospheric air at significant concentrations due to their extraordinary environmental 537 

stability. Jordan et al. [2000] measured CFCs in gases from different volcanic systems, 538 

including Mt. Etna and Vulcano Island, at concentrations equal to background air. Fritsche 539 

et al. (2006), on the basis of analysis of fumarolic gases from Momotombo, Cerro Negro 540 

and Mombacho volcanoes (Nicaragua), excluded the presence of significant concentrations 541 

of geogenic halocarbons. According to these results, halocarbons are commonly used as 542 

tracers for the atmospheric component within a fumarole sample. Some authors [Stoiber et 543 
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al., 1971; Cadle et al., 1979; Isidorov et al., 1990; Isidorov, 1992] suggested that reaction 544 

between magmatic hydrogen halides (e.g., HCl and HF) and organic compounds are 545 

capable to produce halocarbons in active volcanoes. Occurrence of volcanogenic 546 

halocarbons may explain the relative enrichment of CFC-11 found by Schwandner et al. 547 

[2004] in gases discharged from La Fossa crater, although thermodynamic calculations 548 

seem to exclude this hypothesis [Symonds et al., 1988]. In the present study, particular 549 

attention was paid to halocarbons to understand whether the presence of these compounds 550 

in volcanic environment could be related to a geogenic source. As also shown by the VOC 551 

analysis of the air samples from Mt. Etna and Vulcano Island (Table 2), significant 552 

concentrations of halogenated compounds are present in the atmosphere. Considering that 553 

atmospheric components typically contribute to the composition of fumarolic gases at 554 

various degrees, a correct evaluation of the origin of halocarbons in volcanic fluids needs a 555 

reliable quantification of air contamination in the collected samples. Nitrogen, i.e. the main 556 

air constituent, may partially derive from organic rich sediments buried within subducting 557 

material [Jenden et al., 1988], especially in volcanoes located along plate boundaries 558 

[Giggenbach, 1996] such as Vulcano, whereas O2 is rapidly consumed during subsurface 559 

gas-water-rock interactions. Neon, which can be considered entirely atmospheric, was 560 

below the detection limit (0.001 mmol/mol) in several samples. According to these 561 

considerations, Ar is to be regarded as the best candidate for evaluating the atmospheric 562 

fraction in the fumarolic samples, although radiogenic contributions cannot be excluded, at 563 

least in the Vulcano gases where 40Ar/36Ar ratios higher than that of air (295) were 564 

occasionally measured [Tedesco and Nagao, 1996]. Assuming that Ar concentration in air 565 

is 9.3 mmol/mol, the air fraction (Af) in fumarolic samples ranges from 0.7 to 1.8% in 566 
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Vulcano gases, whereas that in fumaroles from Mt. Etna, excepting the VOF7 sample (Af 567 

=1.9%), is between 25.7 and 62.8%. Concentrations in fumaroles of halogenated 568 

compounds deriving from air contribution are calculated considering the Af values and the 569 

measured concentrations of halogenated compounds in air (mean values of the two air 570 

samples collected from each investigated volcano). The Etnean gases have measured 571 

concentrations (meas) of most hydrogenated halocarbons (C2H3Cl, C2HCl3, CHCl3, 572 

C2H2Cl2, CH2Cl2, CH3Cl, and C6H5Cl) and CCl4 significantly higher than those expected 573 

considering air as their unique source (exp) (Fig. 7). The meas values of these halocarbons 574 

in the Vulcano fumaroles are up to three orders of magnitude higher than the exp ones (Fig. 575 

8). On the contrary, the differences between meas and exp concentrations for C2H3Cl3 and 576 

C2H4Cl2 are in the range of the analytical error for Etnean gases (Fig. 7), while they are 577 

below the detection limit for those of Vulcano (Fig. 8). It is worth noting that the exp 578 

values for Vulcano samples are likely overestimated, since Af calculation may be affected 579 

by an error deriving by presence of radiogenic Ar. Consequently, the halocarbon excess 580 

characterizing Vulcano fluids may be even higher than that estimated with our method. 581 

These results clearly show that, even in aerated fumaroles, such as those from Mt. Etna, 582 

most hydrogenated halocarbons and CCl4 have an extra-atmospheric source. This is in 583 

disagreement with previous authors [Jordan, 2000, 2003; Frische et al., 2006], who 584 

reported concentrations of several HCFCs and CFCs in fumaroles and lava gas samples 585 

from various volcanoes, including Vulcano and Mt. Etna, equal to or below background air. 586 

However, interactions between concentrated alkaline solutions and halocarbons are known 587 

to have significant degradation effects on these organic species [Needs and Selvendran, 588 

1993; Yu et al., 1996]. Therefore, halocarbon quantitative analysis in gases stored in the 589 
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headspace of Giggenbach flasks, i.e. the sampling method used by both Jordan [2000, 590 

2003] and Frische et al. [2006], may be affected by loss of analytes. Comparison between 591 

meas and exp concentrations of CFCs for Etnean gases (Fig. 9) seems to indicate that the 592 

geogenic fraction of these compounds is not significant. This indication cannot be 593 

confirmed by the CFC composition in Vulcano fumaroles, since the concentrations of these 594 

gas species, as well as their exp values, were below the detection limit (Fig. 10). However, 595 

analyses of CFCs and HCFCs in air extracted from Antartic firn [Sturrock et al., 2002] 596 

showed that CCl3F, CCl2F2, CClF3 and C2Cl3F3 were not detectable in samples older than 597 

the 1930s, when the industrial production of these gases started, suggesting that their origin 598 

is entirely synthetic. In contrast, the same authors reported the occurrence of significant 599 

concentrations of CCl4 and in samples of pre-industrial age. This supports our results 600 

clearly indicating that hydrogenated halocarbons and CCl4 can derive from a natural 601 

source.  602 

 603 

6. Conclusions 604 

VOCs pertaining to alkane, alkene and aromatic groups, as well as their O-, S- and Cl(F)-605 

substituted compounds, were identified in a large range of concentrations in volcanic-606 

hydrothermal fluids from Mt. Etna and Vulcano Island. Pyrolysis of organic matter buried 607 

in sediments interacting with the ascending magmatic fluids, is likely the main genetic 608 

mechanism for alkanes that, at their turn, are converted to alkene and aromatic compounds 609 

through catalytic reactions, such as dehydrogenation and dehydroaromatization, 610 

respectively. Occurrence of abiogenic light hydrocarbons cannot be definitely assessed (or 611 

excluded) without the support of carbon and hydrogen isotopic data whose analyses are 612 
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prevented by their low concentrations. The chemical-physical conditions characterizing 613 

both Mt. Etna and Vulcano volcanic-hydrothermal systems, i.e. relatively high 614 

temperatures, highly acidic and oxidizing conditions and abundance of inorganic sulfur 615 

gases, favor the formation of S- and O-bearing heteroaromatic compounds. In this highly 616 

reactive environment, oxidation of hydrocarbons to produce minor amounts of alcohols, 617 

esters and aldehydes may occur. Alternatively, addition of these compounds to the 618 

fumarolic fluids could derive from air contamination. 619 

Our data, compared with those expected for background air, have shown that in active 620 

volcanic systems, where large amounts of hydrogen halides and metal catalysts are 621 

available, geogenic halocarbons can be produced in significant amounts through 622 

halogenation of both methane and alkenes. This reaction seems to be not efficient when 623 

alkanes are involved, likely because these compounds are chemically inert, especially in 624 

comparison to alkenes, and are present in volcanic gases at concentrations relatively low 625 

compared to methane. CFC concentrations are consistent with background air in fumaroles 626 

from Mt. Etna, thus the occurrence of geogenic CFCs seems be excluded, in agreement 627 

with the lack of detectable concentrations of these compounds in air samples of pre-628 

industrial age. This suggests that processes of complete halogenation of organic 629 

compounds in a natural environment, even when conditions are favorable such as those of 630 

volcanic-hydrothermal systems, is not efficient, i.e. significantly lower than that required 631 

for natural production of HCFCs.  632 

Halocarbons are chemical species of great interest to global warming and climate change 633 

issues. Contradictory results are reported by different studies and suggests that 634 

compositional data of halocarbons in volcanic fluids, to be used for an estimation of the 635 
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input of these compounds to the atmosphere from natural sources, are to be taken with 636 

caution. Further investigations on these issues, aimed to improve the halocarbon 637 

quantification in volcanic gases even at very low concentrations, are strongly 638 

recommended, especially when considering the importance their geochemical cycle may 639 

have at global scale. 640 
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Figure captions 1168 

Fig. 1. Geographic map of Mount Etna summit craters with location of the sampled gas 1169 

discharges. 1170 

Fig. 2. Geographic map of Vulcano Island with location of the sampled gas discharges. 1171 

Fig. 3. Equipment for the gas sampling from fumaroles and bubbling pools for the analysis 1172 

of the main gases and VOCs.  1173 

Fig. 4. Pie diagrams showing the relative percentages of VOCs pertaining to alkane, alkene, 1174 

aromatic, sulfonated and oxygenated groups in gas discharges from Mount Etna volcano. 1175 

Fig. 5a,d. Pie diagrams showing the relative percentages of VOCs pertaining to alkane, 1176 

alkene, aromatic, sulfonated and oxygenated groups in a) FZ, b) FNB, c) FM, and d) IS gas 1177 

discharges from Vulcano Island. 1178 

Fig. 6a,c. C2-C8 n-alkane distribution in gas discharges from a) La Fossa crater, and b) 1179 

Levante beach (Vulcano Island), and c) Mount Etna volcano. 1180 

Fig. 7. Comparison between measured (meas) and expected (exp) concentrations (in ppbv) 1181 

of hydrogenated halocarbons (C2H3Cl, C2HCl3, CHCl3, C2H2Cl2, CH2Cl2, CH3Cl, C6H5Cl, 1182 

C2H4Cl2, and C2H3Cl3) and CCl4, in fumaroles from Mount Etna volcano. Exp values, i.e. 1183 

the concentrations of hydrogenated halocarbons deriving from air contamination of 1184 

fumaroles, are calculated on the basis of the air fraction (Af) present in the gas samples. 1185 

Fig. 8. Comparison between measured (meas) and expected (exp) concentrations (in ppbv) 1186 

of hydrogenated halocarbons (C2H3Cl, C2HCl3, CHCl3, C2H2Cl2, CH2Cl2, CH3Cl, C6H5Cl, 1187 

C2H4Cl2, and C2H3Cl3) and CCl4, in fumaroles from Vulcano Island.  1188 

Fig. 9. Comparison between measured (meas) and expected (exp) concentrations (in ppbv) 1189 

of CFCs (CCl3F, CClF3, CCl3F3, and CCl2F2) in fumaroles from Mount Etna. 1190 
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Fig. 10. Comparison between measured (meas) and expected (exp) concentrations (in ppbv) 1191 

of CFCs (CCl3F, CClF3, CCl3F3, and CCl2F2) in fumaroles from Vulcano Island. 1192 


