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ARTICLE INFO ABSTRACT

Associate editor: Shuhei Ono Active volcanoes often discharge hot (T > 100 °C) magmatic gases whose original composition has been

modified through partial interaction with an externally fed hydrothermal system. The study of methane (CHy4) in

Keywords: these volcanic discharges may provide useful information on the interplay between deep magmatic gases and
x:.thane ) shallow circulation of hydrothermal fluids. However, the origin of CH, in high-temperature volcanic gases and
iogenesis

the factors exerting control on its abundance and stable isotope composition are still largely unknown. Here, we
present the abundances and stable isotopic composition of CHy4 in hot (99-387 °C) volcanic gases from the La
Fossa volcanic crater of Vulcano Island (Southern Italy).

Our investigation revealed low (<1.5 pmol/mol) CH4 concentrations and an extraordinarily large variability in
CHy stable isotopic composition, with §!3C and 8%H values being positively correlated and varying from —35 to
—9.2 %0 and —670 to —102 %o, respectively. Notably, CHy4 isotopes measured at Vulcano almost encompasses the
global-scale variability observed in natural fluids, with 82H values < —500 %o being the first ever reported in
nature. Gases showing extremely negative 5°C-CH, and 8H-CH, values systematically display higher CHg4
abundances.

We propose two possible scenarios in order to explain the observed huge variation in 5'3C and 8%H: (1) mixing
of 13C- and ?H-depleted CH4 with 3C- and ?H-enriched CHy of thermogenic origin formed under hydrothermal
conditions; (2) post-genetic removal and isotopic alteration of 13C- and ?H-depleted CH, occurring during the
ascent of volcanic gases. Comparing our dataset with available isotopic data from naturally occurring and
artificially produced CHy4, a thermogenic origin for the isotopically light CH4 seems unlikely. We postulate that
the 13C- and 2H-depleted CH4 may have formed via kinetically-controlled abiotic synthesis through CO (or CO3)
hydrogenation reactions in the hot ascending gas phase, possibly at temperatures intermediate between those
typical of magmatic and hydrothermal conditions. Further investigations of methane in high-temperature vol-
canic gases are necessary to test this hypothesis.

Magmatic-hydrothermal fluids
Volcanic gases
Vulcano Island

1. Introduction

At active volcanoes, the interaction between magmatic gases (i.e.,
volatiles derived from degassing magma chambers) and an externally-
fed hydrothermal phase occurring intermediate between the magma
and the surface, play an important role in modulating the physical and
chemical features of volcanic degassing at the surface. Fumarolic dis-
charges whose original magmatic composition has been intensively
modified through the interaction with a hydrothermal reservoir (i.e., so
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called hydrothermal gases) are characterized by the absence of acidic
gas species, like SO,, HCl and HF, due to extensive magmatic gas
scrubbing (Symonds et al., 2001). Conversely, magmatic gases which
only had limited interaction with a hydrothermal phase, in the following
referred to as volcanic gases, still contain significant amounts of acid
gases (e.g., SO2). Methane is considered a key species to discriminate
between hydrothermal gases, where it is usually present in relatively
high concentrations (CO3/CH4 of 10-10%* Chiodini, 2009), and
magmatic gases where thermodynamic calculations predict barely
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Fig. 1. Map of Vulcano Island showing the two main areas of degassing: La Fossa crater (A.1-A.5) and Levante beach (B). (A.1) Schematic division of the fumarolic
field at the La Fossa crater into three main zones: IC = Inner Crater, CR = Crater Rim, and OC = Outer. (A.2) Locations of the sampled fumaroles with color-code as in
panel (A.1). (A.3) Lateral view (from ESE to WNW) of the fumarolic field at the La Fossa crater; photo taken on June 2013. (A.4) Close-up photo of a high-temperature
fumaroles located on the outer-crater area; photo taken on October 2022. (A.5) Photo of the sampling method (see Section 3.1. for further details). (B) Aerial view of
the Levante beach area. The base maps used in the figure are from Google Earth.

detectable amounts (CO2/CHs = 10°-10'% Chiodini, 2009). Volcanic
gases typically contain low (<1 pmol/mol), though detectable, amounts
of CHy4 (Taran and Giggenbach, 2003). Consequently, the occurrence of
CH4 in volcanic gases has often been interpreted to record entrainment
of fluids from the surrounding hydrothermal envelope into the central
uprising flux of CH4-poor magmatic gases (Taran and Giggenbach,
2003). Technical advances have recently made possible and feasible
real-time continuous measurements of CH4 abundance in volcanic gases
using Multi-GAS systems equipped with a TDLS-based (Tunable Diode
Laser Spectroscopy) CHy4 sensor (Salas-Navarro et al., 2022). However,
the ability to grasp valuable information from such time series relies on
accurate understanding of CH4 formation mechanisms and conditions (i.
e., abiotic synthesis vs. thermogenesis) and the effects of post-genetic
processes (e.g., oxidative conversion; Taran and Giggenbach, 2003).
The stable isotopic composition of CH4 represents an important tool
for tracing the origin, secondary reactions, and transport of CH4 in
natural fluids (e.g., Etiope and Sherwood Lollar, 2013; Fiebig et al.,
2019). Based on a global data set of carbon and hydrogen isotopes of
CH4 and C-isotopes on Co—Cy4 n-alkanes in emissions devoid of any acid
magmatic components, the occurrence of CH4 and light hydrocarbons in
hydrothermal systems was predominantly ascribed to the thermal
decomposition of organic matter under open-system conditions (Fiebig
et al., 2019). However, Beaudry et al. (2021), by applying CH4 clumped
isotopologues and stable isotopes in hydrothermal fluids from Iceland
and Nisyros Island (Greece), suggested that abiotic hydrocarbon
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formation via CO; reduction may be occurring at very high temperatures
(>400 °C), for example at the magmatic-hydrothermal interface. At the
venting surface, volcanic gases are commonly characterized by high
temperatures, often exceeding 350 °C, and contain significant amounts
of CO and Hy. These high temperatures and large availability of reactive
surfaces (e.g., mineral and metal catalysts) could allow abiotic reactions
to proceed by overcoming the high kinetic barriers of CO5 hydrogena-
tion (Giggenbach, 1997; Taran et al., 2007, 2010; McCollom et al., 2010,
2013, 2016).

Notwithstanding the relevant implications of deciphering the origin
of CHy, its extremely low concentrations in volcanic gases have impeded
stable isotope analyses. As a result, to date, the stable isotope signature
of CHy4 in volcanic gases is virtually unknown. A systematic review of
available studies shows that carbon isotopic composition of CH, in such
volcanic emissions has only been determined at five sites worldwide:
White Island (New Zealand; Giggenbach, 1995), Mutnovsky volcano
(Russia; Taran et al., 1992), Satsuma-Iwojima volcano (Japan; Sato
etal., 1999, 2002), Guallatiri Volcano (Chile; Inostroza et al., 2020), and
Damavand volcano (Iran; Zelenski et al., 2020). Similarly, the hydrogen
isotopic composition of volcanic CH4 is only reported from five loca-
tions: White Island (New Zealand; Giggenbach, 1995), Mounts Nasu,
Mount Zao, Mount Issaikyo, and Mount Kusatsu (Japan; Kiyosu, 1983).
Interestingly, these studies show that carbon and hydrogen isotopic
composition of volcanic CH4 displays an extraordinarily large vari-
ability, with §!3C and §2H ranging from —55.9 to —16.7 %o vs. V-PDB
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and —487 to —99 %o vs. V-SMOW, respectively. Furthermore, the I
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Hydrocarbon concentration ratios of volcanic gases collected at the La Fossa crater (Vulcano Island, Southern Italy) between 2015 and 2021. The sum of alkanes and
alkenes having the same carbon number is expressed as C5* (C;Hg + CoHy) and C¥* (CsHg + CsHe).

Fumarole name Sampling Date Sample ID CH,4/CoHg CoHg/C3Hg CoH4/CoHg C3Hg/C3Hg CH,4/(CoHg + CoHy) CH,/(C5* 4 C¥Y
mm-yyyy
F202 05-2017 F202a 346 0.7 203
F202 07-2017 F202b 185 1.1 4.4 8.3 34 13
F27 05-2015 F27a 239 12.6 0.2 2.0 198 165
F27 05-2017 F27b
FNA 05-2015 FNAa 484 1.1 231
FNA 06-2016 FNAb 133 2.5 38
FNA 05-2017 FNAc 171
FNA 11-2021 FNAd 150 1.9 0.5 1.0 100 59
FNB 05-2017 FNB
FNC 10-2016 FNC 129 8.8 13
F5 10-2016 F5a 591 1.7 220
F5 05-2017 F5b 30 0.8 17
F11 06-2016 Flla 99 4.6 18
F11 05-2017 F11b
FCB 11-2021 FCB 822 1.2 381
FZIO 06-2016 FZIOa 83 1.7 31
FZIO 10-2016 FZIOb 95 2.2 30
FZIO 05-2017 FZIOc 91 1.1 43
Table 3

Stable isotopic composition of volcanic gases collected at the La Fossa crater (Vulcano Island, Southern Italy) between 2015 and 2021. Isotopic compositions of Hand C

are reported in delta notation (%o) relative to V-SMOW and V-PDB, respectively. The isotopic composition of the total C; and Cj fraction (C

tot

L CYY is calculated

according to mass conservation equation: 8!3C-Cptot = 613C-CnH2n+2 x(x) + 8'3C-CyHay x (1-x), where x is the mole fraction of CpHop i 0. The difference between the
carbon isotopic composition of two gas species is reported as A'3C. When the carbon isotopic composition of CO is not available, the average 5'°C value is used to

calculate the A'3C value.

Fumarole Sampling Sample 52H (%o vs. V-SMOW) 5'3C (%o vs. V-PDB) A'3C (%o vs. V-PDB)
name Date D
mm-yyyy H,0 H, CH,4 CO, CH,4 CoHg C3Hg CoHy C3Hg cxt cyt CO,-CHy  CH4CH*

F202 05-2017 F202a 8 —627 —646 -0.5 —27.2 —28.3 26.7
F202 07-2017 F202b -208 -205 -21.9 -258 -163 —248 -169 20.1 4.0
F27 05-2015 F27a -27.7 -285 -31.1 -31.4 -31.7 -29.0 -31.5 27.0 1.3
F27 05-2017 F27b 1 -116 -0.5 —-9.4 8.9
FNA 05-2015 FNAa -0.9 —28 —27.4 —28.6 —28.0 27.1 0.03
FNA 06-2016 FNAb -394 -0.8 -19.6 -20.8 -26.1 -24.6 18.8 5.0
FNA 05-2017 FNAc 4 —-299 —586 -0.4 —26.1 —-21.1 25.7
FNA 11-2021 FNAd -102 02 -9.2 —-14.5 9.4
FNB 05-2017 FNB 12 -592 -257 —0.3 -21.7 21.4
FNC 10-2016 FNC 1 —553 —214 -0.8 -11.5 -13.6 —24.4 —-23.3 10.7 11.8
F5 10-2016 F5a -1 —525 —657 -1.1 —29 —-27.3 —-26.7 —-26.9 27.9 -2.1
F5 05-2017 F5b 6 —347 —-157 -0.7 —29.7 —26.6 29.0
F11 06-2016 Flla —143 -1.1 —-11.2 -13 -16.6 -16.0 10.1 4.8
F11 05-2017 F11b 2 —638 -0.9 —23.2 22.3
FCB 11-2021 FCB —670 -35 —28.6 34.3
FZIO 06-2016 FZIOa -1.2 -236 -225 -26 —24.7 22.4 1.1
FZIO 10-2016 FZIOb -27 —147 -1.1 -129 -15.1 —24.2 —-21.4 11.8 8.5
FZIO 05-2017 FZIOc -38 —185 -0.9 —21.4 20.5

Table 4 and §°H-H,0 of around —15 %o vs. V-SMOW, resembling the chemical
able

Hydrocarbon concentration ratios and stable isotope composition of methane
and ethane of gases collected from fumarole F5b (i.e., fumarole F5 sampled on
May 2017) with or without using the titanium tube.

Fumarole F5b

Measured Sampled with Sampled without Average

parameters titanium tube titanium tube values

CH,/C,Hs 317 28.9 30.3

CyH4/CoHg 0.75 0.89 0.82

CH4/(CoHg + 18.1 15.3 16.7
C2Hy)

5°H-CHq (%o vs. V- —163 -152 -157
SMOW)

513C-CH, (%o vs. V- —29.2 —30.2 —29.7
PDB)

5'3C-CoHg (%o vs. -25.3 -27.8 ~26.6
V-PDB)
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and isotopic features of a typical subduction-related andesitic water
(Giggenbach, 1992). Several authors (e.g., Tedesco and Scarsi, 1999;
Taran, 2011; Paonita et al., 2002, 2013) showed that the CO5-rich end-
member also has high 3He/*He ratios (R/R, up to 6.0), 5'3C-CO5 of 0 +
0.5 %o, and low 40Ar/36Ar values (~300-400), which are similar to those
measured in fluid inclusions hosted in olivine and clinopyroxene from
the recently erupted volcanic rocks (Magro and Pennisi, 1991; Man-
darano et al., 2016). The hydrothermal component is instead charac-
terized by higher Hy0 (295 mol%), lower COy (~3-5 mol%), §2°H-H,0
of around 0 £ 10 %, lower §'3C-COy (—3 %o), significantly lower
amounts of Ny and He (around 200 and 0.1 pmol/mol, respectively),
high Ny/Ar values (~1000), and an excess of radiogenic isotopes (4He,
40Ar, 2INe and 22Ne), suggesting a marked crustal signature (Chiodini
et al., 1995; Tedesco and Scarsi 1999; Paonita et al., 2002, 2013; Taran,
2011). Based on the isotopic composition of fumarolic condensates, a
marine origin of the water sourcing the hydrothermal system has been
inferred by several authors (e.g., Chiodini et al., 2000; Paonita et al.
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Fig. 2. Violin plots showing the carbon (A) and hydrogen (B) isotopic
composition of CH, in hydrothermal fluids (Fiebig et al., 2019); global volcanic
gases (Table S2) and fumarolic gases discharged at the La Fossa crater of Vul-
cano Island (Table 3). Shaded regions behind data points delineate sample
frequency and are generated using the Kernel smoothing approach. Measured
isotopic values are reported as solid diamonds. The isotopic compositions are
reported in delta notation ( %o) relative to V-PDB and V-SMOW for carbon and
hydrogen, respectively.

2002; Leeman et al., 2005). Along with the magmatic and hydrothermal
components, minor contributions from meteoric water have been hy-
pothesized to occasionally contaminate the fumarolic gases (Chiodini
et al., 1995; Capasso et al., 1997; Tedesco and Scarsi, 1999; Paonita
et al., 2002; Taran, 2011).

3. Materials and methods
3.1. Gas sampling

Gas samples from 9 fumaroles (Fig. 1) were collected in May 2015,
June 2016, October 2016, May 2017 and November 2021. During this
time span, six fumaroles were sampled multiple (2-4) times. The
sampled fumaroles are located along the fractures that extend outwards
from the rim (FNC, FCB and FZIO), on the rim itself (FNA, FNB, F5 and
F11) and in the inner part of the rim (F27 and F202) of the La Fossa
crater. Venting temperatures were highest for those on the rim (from
299 to 387 °C), medium for the ones at the inner part of the crater
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(199-222 °C) and highly variable for outer-rim fumaroles (99-270 °C).
Sampling of volcanic gases was performed following the protocols
described in Vaselli et al. (2006). At fumarolic vents, pre-evacuated 60
mL glass flasks, equipped with a Teflon stopcock and filled with 20 mL of
4 N NaOH and 0.15 M Cd(OH); solution (Montegrossi et al., 2001) were
used in line with a titanium tube and double-wall glass Dewar tubes to
sample gases for determination of bulk gas composition. In order to
evaluate the potential late generation of CHy4 through the interaction of
fumarolic gases with the titanium tube at the metal-gas interface, an
additional gas sample has been collected at fumarole F5 in May 2017 by
directly inserting the glass line into the ground. During sampling, water
vapor and acidic gas species (CO2, SO, HCl and HF) dissolved in the
soda solution, whereas H5S precipitated as insoluble CdS. Low-solubility
gas compounds, such as Ny, Oy, CO, Hg, He, Ar, CH4 and light hydro-
carbons, were concentrated in the sampling flask headspace. Steam
condensates (for the analysis of the 2H/H ratio of H,0) and dry gases
(for the analysis of 13¢/12¢ ratio of CO, and 2H/'H ratio of Hy) were
sampled using a water-cooled condenser connected to the sampling line
adopted for the soda flasks. At each sampling site, an additional gas
sample was collected in 100-250 mL glass flasks filled with 30-80 mL of
4 N NaOH solution for the analysis of 13¢/12¢C ratios of CH4 and Cy.
hydrocarbons and 2H/'H ratio of CH, and the determination of relative
abundances of C;—C3 hydrocarbons.

3.2. Chemical and isotopic analyses

The concentration of CH4 and inorganic gas species (H20, CO2, SOo,
H,S, HCl, HF, Ny, Ar, O, He, CO) was determined by ion chromatog-
raphy (IC) and gas chromatography (GC) at the Department of Earth
Sciences at the University of Florence (Italy). The inorganic compounds
stored in the sampling flask head-space were analyzed by a Shimadzu
15A gas-chromatograph equipped with a thermal conductivity detector
(TCD), using a 10 m long stainless-steel packed molecular sieve column
and helium or argon (the latter being used for He analysis) as carrier
gases. Argon and Oy were analyzed using a Thermo Focus gas chro-
matograph Equipped with a 30 m long capillary molecular sieve column
and a TCD (Vaselli et al., 2006). The caustic solution was separated from
solid CdS by centrifugation, oxidized with Hy0, and used for the
analysis of: 1) CO, as CO% by automatic titration with 0.5 M HCI
(Metrohm 794 Basic Titrino), and 2) HF, HCl and SO, as F', CI" and SO%’
by IC (Metrohm 761 Compact IC), respectively. Solid CdS was then
dissolved with H20; to analyse HyS as SO%’ by IC (Montegrossi et al.,
2001). The analytical errors for GC and IC analyses were better than 5 %.

The stable isotopic composition of CHg, light hydrocarbons, CO5, Hy
and water was analyzed in the Stable Isotope Laboratory at Goethe
University Frankfurt (Germany). The carbon isotopic composition of
CO4 was analyzed using a Flash-EA 1112 (Thermo) interfaced with a
MAT 253 isotope ratio mass spectrometer according to the protocol
provided in Fiebig et al. (2004, 2007). Reproducibility was better than
+0.2 %o. Carbon isotope analysis of CH4 and light hydrocarbons were
performed using analytical setups and protocols described by Fiebig
et al. (2015, 2019). Gas samples were injected into to a GC-C-II
(Thermo), equipped with GC column GS CarbonPlot (Agilent), which
was connected to the continuous flow inlet system of a Thermo Scientific
MAT 253 ‘gas source’ mass spectrometer. In order to generate mass
spectrometric signals for accurate and precise carbon isotope analysis,
all gas samples encompassed a preconcentration line equipped with two
cryofocus units, packed with Porapack Q (50-80 mesh), before being
injected into the GC column. External precision was £0.5 %o. Concen-
trations of Cy-C3 hydrocarbons relative to methane were determined
from the peak areas of mass spectrometric chromatograms, comparing
ratios of peak areas of samples with those of a standard with known
absolute concentrations of C;—C4 hydrocarbons. Analytical precision for
hydrocarbon concentration ratios was <410 %. The hydrogen isotope
analysis of CH4 was carried out using analytical setups described in
Fiebig et al. (2019). Methane was first preconcentrated using the setup
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Fig. 3. Biplots of CO, versus He (A.1), N5 (A.2), 613C—C02 (A.3) and 52H—H20 (A.4), and outlet temperatures versus CO (B.1), log(CO/CO,) (B.2), H, (B.3) and log
(H2/H20) (B.4) for volcanic gases discharged by the crater fumaroles of Vulcano Island. Data are from previous studies (Table S1) and this work (Tables 1 and 3).
Biplots in the left column (A) show the geochemical parameters that are interpreted (e.g., Chiodini et al., 1995, Taran, 2011, Paonita et al., 2013) to be controlled by
a mixing process (light-purple curves) between magmatic volatiles (red star) rich in CO, and CO»-poor hydrothermal fluids (sky-blue star). Based on previous studies
(e.g., Taran, 2011; Paonita et al., 2013), values of CO, (pmol/mol), He (pmol/mol), N, (umol/mol), 8'3C-COy, ( %o vs. V-PDB) and &§2H-H,0 ( %o vs. V-SMOW) are
assumed to be 300000, 3, 2500, +0 and -15, and 30000, 0.1, 200, -3 and -10 to +10 for the magmatic and hydrothermal end-member, respectively. On the contrary,
in the right column (B) geochemical parameters considered to be controlled by temperature, pressure (PH,0) and redox conditions (e.g., Chiodini et al., 1993, 1995)
are shown. Theoretical curves of equilibrium values of 1og(CO/CO2) and log(H./H20) in function of temperature at different redox conditions (i.e., FeO-FeO, s,
Hematite-Magnetite and SO5-H,S) are reported for comparison. The relevant functions of the applied redox buffers are from and Capaccioni et al. (2004). The
theoretical curves of SO,-H,S gas buffer are computed for PH,0 of 1 bar and SO,/H,S ratio of 0.5 (a) and 15 (b). Our data well compare with previous measurements.
The only notable exception is helium which, in most of the samples, shows lower concentrations than those commonly found when CO, contents are around 100000
pmol/mol. This might be caused by time-dependent loss of helium via diffusion through the glass walls of the sample storage flasks having occurred before the gas
chromatographic analysis. Our gas samples were not meant for volcanic surveillance purposes and, therefore, there was no need to minimize the sampling-
measurement time interval. Data from previous studies are shown with symbols having colors assigned based on the density of data points in the scatter plots.
The color-scale is shown as colored vertical columns. This setting helps visualizing where the most frequent measured compositions are.
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Fig. 4. CO5-H,0-S™" (where S*" = SO, + H,S) ternary scatter plot showing the
gas composition of volcanic gases discharged at the La Fossa crater of Vulcano
Island during the last episode of unrest (data from June 2021 until June 2022;
circles) and in the previous decades (data from 1978 to May 2021; diamonds).
Data from previous studies are from both Multi-GAS measurements and direct
sampling of fumaroles (Table S1). Our data well compare with previous mea-
surements and also show an increase in CO- and, to a lesser extent, S contents
during the last episode of unrest as reported by other studies (Aiuppa et al.,
2022, Federico et al. 2023). The compositional trend is commonly interpreted
as the result of a mixing process (light-purple curve) between a HyO-rich hy-
drothermal component (sky-blue star) and magmatic volatiles higher in CO,
and S (red star). Total sulfur ($**), CO, and H,O concentrations (in mol%) of
2.5, 30 and 67.5 and 0.2, 3 and 96.8 have been used for the magmatic and
hydrothermal end-member, respectively. There is no consensus in the literature
on the actual composition of the two end-members, hence, different sets of
values can also be used (e.g., magmatic gases with slightly higher total sulfur
contents). However, this is expected to cause only minor changes.

outlined above for the carbon isotope analysis, separated from Hj, No
and CO by cooling the GC column down to —30 °C and keeping it
isothermal during measurements and finally introduced into a MAT 253
gas source mass spectrometer (Thermo Finnigan) using He as carrier gas.
External precision for §2H-CHy4 analysis was <+5 %o. Determination of
2H/'H ratio in Hy was performed following the analytical protocols
outlined by Ricci et al. (2022). A variable amount of dry gas sample was
expanded into a sample loop having a fixed volume (100 pl) through a
pre-evacuated injection line. The sample was then transferred towards
the GC column (Molecular sieve 5A) by means of an He carrier gas flow.
Hy was separated from the other gas compounds by holding the column
at —50 °C. The hydrogen isotope ratios were then determined from the
3/2 intensity ratios (HD/H3) of sample H, compared to that of a refer-
ence gas with known isotopic composition, calibrated against the pri-
mary reference standard V-SMOW. In order to be able to correct for scale
contraction, different Hp-standards with known isotopic composition
were analyzed along with the samples [+133.7 %o (OzTech), —366 %o
(OzTech) and —710 %o, all vs. V-SMOW]. A further correction was
applied to the hydrogen stable isotope analysis to remove the mass 3
contribution from H3-ion produced in the source (Sessions et al., 2001).
Internal reproducibility was better than +5 %o (10). The analysis of the
hydrogen isotopic composition of water was performed on a TC-EA
(Thermo Finnigan) coupled with a MAT 253 stable isotope ratio mass
spectrometer. The external precision was better than +3 %o (15). The
measured stable isotopic compositions are reported in delta notation
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(%o) relative to V-PDB and V-SMOW for carbon and hydrogen,
respectively.

4. Results
4.1. Chemical gas composition

Geographical coordinates, sampling date, outlet temperatures, bulk
chemical composition and hydrocarbon concentration ratios of collected
volcanic gases from Vulcano are reported in Tables 1 and 2.

The principal constituent of fumarolic gases is HyO (>837000 pmol/
mol) followed by CO, (83085-154000 pmol/mol). Contents of acidic
gases, namely SO,, H,S, HCI and HF, are up to 10448 pmol/mol, 6292
pmol/mol, 1430 pmol/mol and 85 pmol/mol, respectively. Ny and Hy
contents range from 489 to 4212 pmol/mol and from 14 to 124 pmol/
mol, respectively. Ar, O, He, and CO vary between 0.57 and 2.75 pmol/
mol, 0.08 and 8.6 pmol/mol, 0.15 and 1.5 pmol/mol, and 0.16 and 9.75
pmol/mol, respectively. Methane contents are relatively low and range
from 0.07 to 0.61 pmol/mol. Based on the hydrocarbon concentration
ratios, contents of ethane (CyHg) and ethene (CyHy4) were determined for
14 and 13 samples, respectively and are found to vary between 0.3 and
20.4 nmol/mol, and 0.2 and 17.9 nmol/mol, respectively. Concentra-
tions of propane (C3Hg) and propene (CsHg) range from 0.1 to 0.4 nmol/
mol and from 0.2 to 0.4 nmol/mol, respectively.

4.2. Carbon isotopic composition of CO2, CH4 and C2—Cs hydrocarbons

Carbon isotopic composition of C-bearing gas compounds in volcanic
gases discharged at Vulcano are listed in Tables 3 and 4. §!3C-CO; ex-
tends from —1.2 to +0.2 %o, in good agreement with the isotopic range
(—3 to +0.5 %o) reported by Paonita et al. (2013) for the 1988-2009
period. Carbon isotopic composition of CH4 displays a large variation,
with 8'3C-CHy values varying from —35 to —9.2 %o. It is worth noting
that the carbon isotopic composition of CH4 for a given vent location is
not constant over time. For example, at F27 and FNA vents large isotopic
variations of up to around 18 %o are observed over a 2- and 4-year
period, respectively. Furthermore, the extraordinary wide range of
5'3C-CH, values reported for the Vulcano gases cover around 70 % of the
current global variability observed in terrestrial hydrothermal fluids
(Fiebig et al., 2019; Fig. 2A). Light hydrocarbons also show a highly
variable carbon isotopic composition. The 5'3C values of CyHg, CsHsg,
CoHy4 and C3Hg vary between —28.6 and —13 %o, —31.1 and —21.9 %o,
—31.4 to —16.6 %o, and —31.7 and —16.3 %o, respectively.

4.3. Hydrogen isotopic composition of H20, Hz and CH4

Hydrogen isotopic composition of HyO (water vapor), Hy and CHy in
Vulcano gases are reported in Tables 3 and 4. §2H-H,0 of most con-
densates of Vulcano crater ranges from —1 to +12 %o vs. V-SMOW, i.e.,
within the range (—20 to +15 %o) already observed at Vulcano in pre-
vious studies (e.g., Paonita et al., 2013). Fumarole FZIO exhibits
significantly more negative §?°H-H,0 values (—32.5 + 5.5 %o vs. V-
SMOW), possibly indicating steam condensation or shallow meteoric
water addition, as also suggested by its lower venting temperatures (99
°C) and more peripheral position compared to the other crater fumaroles
(Fig. 1). §°H-H, and 5?H-CH,4 vary considerably from —638 to —299 %o
vs. V-SMOW, and —670 to —102 %o vs. V-SMOW, respectively (Table 3).
Notably, the range of §°H-CH,4 measured at Vulcano encompasses the
global-scale variability observed in nature (Milkov and Etiope, 2018),
with 8%H values < —500 %o being, to the best of our knowledge, the
lowest isotopic values ever reported (Fig. 2B).
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Fig. 5. Evaluation of factors controlling CH,4 abundances in the volcanic gases discharged from the Vulcano crater fumaroles. Data are from this study (red-edged
circles, Table 1) and previous measurements reported elsewhere (Table S1). The latter dataset is reported as colored circles, with colors assigned based on the density
of data points in the scatter plots (color-scale as vertical columns). (A) Biplot of CO, (pmol/mol) versus CH,4 (pmol/mol). Mixing between CHy-bearing (1 pmol/mol)
and CO,-poor (50000 pmol/mol) hydrothermal fluids and CH4-devoid and CO»-rich (300000 pmol/mol) magmatic gases is shown as a solid gray arrow (M-H
mixing). (B) Biplot of outlet gas temperatures versus CH,4 concentrations. A weak direct correlation can be seen. (C) Biplot of outlet gas temperatures versus measured
log(CH4/CO>) ratios. Two clusters of data are identified with central T-log coordinates of 283 °C and -6.61, and 390 °C and —6.03, respectively. The best linear fit
(short-dashed black line) is computed considering the central points of the two above-mentioned clusters and the T-log values of the data having temperatures >500
°C. Theoretical equilibrium curves computed for different T-PH,0-fO, conditions are shown for comparison. Solid and dashed red curves describe temperatures,
pressures and redox conditions prevailing in the deep magmatic gases and close to the surface at vents, respectively. Solid and dashed black curves depict the
variation of log(CH4/CO>) equilibrium values with temperature, calculated for redox conditions governed by rock buffers (FeO-FeO; 5 and Hematite-Magnetite) and
at water pressure (PH30) of 1 bar or fixed by the vapor-liquid-halite (V + L + H) coexistence (Driesner and Heinrich, 2007). (D) Violin plots showing the Kernel
distribution of the log(CH4/CO,) values measured in global volcanic gases (Table S2) and volcanic gases from Vulcano crater fumaroles (Tables 1 and S1), as gray and

red shaded areas, respectively.
5. Discussion

5.1. Insights into the factors controlling CH4 abundances in volcanic gases
of Vulcano crater: concentration data vs. geochemical modeling

The chemical and isotopic characteristics of the crater fumaroles
from Vulcano Island have been extensively discussed in previous studies
(e.g., Chiodini et al., 1993, Taran, 2011, Paonita et al., 2013 and ref-
erences therein). Mixing and reaction controlled parameters have been
identified based on temporal and spatial variabilities in geochemical
data (Chiodini et al., 1993) (Figs. 3 and 4). The main gas constituents
(H20 and COy), the inert gases (He and Ny), the isotopic composition of
CO, ©20) and, to a lesser extent, the isotopic composition of HoO (6°H)
and the relative HyO CO, and S (where St = SO, + HsS) concen-
trations, are interpreted to be fixed by the mixing between a magmatic
and a hydrothermal component (Figs. 3A and 4). In contrast to the
mixing-controlled parameters, minor reactive species (Hy and CO) are
controlled by temperature, pressure (i.e., water pressure, PH,0) and
redox conditions (fO2). In particular, Hy and CO abundances appear to
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be primarily governed by the SO,-H,S “magmatic” gas buffer (Giggen-
bach, 1987), at temperatures and pressures close to those of the surface
vents (Fig. 3B.2 and B.4). However, deviations of measured log(CO/
CO») and log(H2/H20) concentration ratios from the equilibrium values,
as observed in Fig. 3B.2 and B.4, reveal the occurrence of other pro-
cesses. These departures may be due to quenching effects or to sec-
ondary control exerted by “hydrothermal” rock buffers (Giggenbach,
1987), probably FeO-FeO; 5 and HM (hematite-magnetite) as suggested
by their ability to enclose most of the compositional variability
(Fig. 3B.2 and B.4).

Methane shows a more complex behavior. According to the hy-
pothesis of a mixing between a CHjy-bearing hydrothermal and a
magmatic component, the latter being basically devoid of CH4, CH4 and
CO4, are expected to show a negative correlation in a CO; vs. CH4 biplot.
To test this hypothesis, data are compared against a magmatic-
hydrothermal binary mixing curve obtained assuming CH4 and COg
concentrations of 1 and 50000 pmol/mol, and 0 and 300000 pmol/mol
for hydrothermal and magmatic gases, respectively. As illustrated by the
CO2-CH4 binary plot in Fig. 5A, CO2 and CH4 concentrations are not
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Fig. 6. Binary plots (A) log(CH4/CO>) vs log (H2/H20), and (B) log(CH4/CO5)
vs. 1og(CO/COy) for the fumaroles of the La Fossa crater of Vulcano Island. Data
are from this study (Table 1) and previous measurements (Table S1). Different
colors distinguish the measured outlet temperatures of the gas vents.

correlated and the data plot far from the mixing curve (gray curve in
Fig. 5A). It is worth noting that using hydrothermal gases with consid-
erably higher CH4 concentrations (e.g., 50 pmol/mol; COy/CH4 = 10%)
would not change the main outcome of the data vs. model comparison.
Hence, mixing of a magmatic component that is devoid of methane and a
hydrothermal component contributing all the methane cannot be
regarded as the only responsible for the observed CH4 variation.
Compared to Hy and CO, CH4 abundance shows a less clear corre-
lation with venting temperature (Fig. 5B). Nevertheless, crater fuma-
roles with venting temperatures of 200-350 °C and > 350 °C exhibit CH4

Table 5
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average concentration of 0.06 and 0.15 pmol/mol, respectively.
Furthermore, despite the large dispersion of data, higher log(CH4/CO5)
ratios seem to be associated with higher log(Ho/H20) and log(CO/CO5)
ratios (Fig. 6), which, in turn, are generally correlated with higher outlet
temperatures (Fig. 3B).

However, after closely examining the scatterplots, it is not immedi-
ately apparent how these variables are correlated with each other. To
make the interpretation easier, we decided to identify the variables or
combination of variables that are responsible for the large observed
variability in the data. Consequently, we conducted a correlation-based
Principal Component Analysis (PCA) on a set of parameters (H2O, COo,
N>, He, §!3C-CO,, Hy, CO, CH,4 and fumarole vent temperature) in order
to identify a group of linearly uncorrelated variables, referred to as
principal components (PCs), and rank them based on their ability to
control the variance. In our case, the firsts four PCs cumulatively retain
82.78 % of the total variance in the data, while the remaining PCs
(PC5-PC9) explain only a minor fraction (<20 %) of the variance
(Table 5; Fig. 7A). The results of the PCA show that the variance in the
data is mainly governed by two different components: (1) PC1 explains
45.25 % of the variance and describes a dimension correlated with H50O,
CO», Ny, He and 613C—C02; and (2) PC2 retains 20.62 % of the variance
and delineates a dimension correlated with vent temperature, CH4, Ho
and CO (Fig. 7B). These results clearly indicate that variables previously
ascribed to magmatic-hydrothermal mixing processes contribute almost
equally and exclusively to the PC1. The remaining variance in the data is
instead mostly governed by the component PC2 (and also PC3 and PC4)
which, in turn, appears to be mainly related to reactions controlled by T-
PH,0-fO; conditions. This finding supports the idea that CH4 concen-
tration from volcanic gases discharged at Vulcano crater is not
controlled by the contribution of hydrothermal fluids to the magmatic
ones (i.e., a simple binary mixing process), since other processes (e.g.,
chemical re-equilibration, oxidative conversion, contribution from
multiple unknown sources) can strongly affect the CH4 abundance.

By comparing the measured CH4 contents, in the form of log(CH4/
CO») ratios, with those expected for chemical equilibrium with co-
discharged CO; attained via the widely used Sabatier reaction (COy +
4H, = CHy4 + 2H20; Giggenbach, 1997, Taran and Giggenbach, 2003) at
different T-PH50-fO, conditions, we can get valuable insights on its
origin and thermodynamic state in the volcanic gases. It is important to
mention that recent findings have questioned the occurrence of overall
fluid-mineral or fluid—fluid equilibria, suggesting, instead, that con-
centrations may rather reflect metastable equilibria or non-equilibrium
conditions influenced by elemental fluxes, initial composition of fluids
and rocks, and reaction pathways and progress (Stefansson, 2017; Ricci
et al., 2022). However, a comprehensive reactive transport model of the

Principal Component Analysis (PCA) of H>O, CO,, N», He, 5'3C-CO,, T (fumarole vent temperature), Hp, CO and CHy. “Percentage of variance” indicates the amount of
the variation represented by the different eigenvalues. “Cumulative percentage” indicates the proportion of variance cumulatively retained by the eigenvalues.

Eigenvectors
Variables PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
H,0 —0.48072 0.04698 —0.06617 —0.00707 0.14243 0.06476 0.30547 0.39569 0.6985
CO, 0.47838 —0.0581 0.0839 0.01783 —0.14112 —0.09309 —0.32992 —0.33688 0.71379
N, 0.32431 0.0639 —0.15845 0.41114 0.64933 0.52242 0.04374 —0.00466 0.01072
He 0.48019 —0.02623 0.01731 —0.04686 —0.11253 —0.0902 —0.17145 0.84528 —0.03914
5'%C-CO, 0.42815 —0.00809 0.1 —0.10925 —0.19466 0.01985 0.8638 —0.09925 0.01989
T 0.02853 0.52299 —0.46151 —0.32204 —0.37638 0.50699 —0.09615 —0.02285 0.02222
H, —0.07087 0.49982 0.24673 0.73867 —0.36052 —0.07756 0.0301 0.04116 —0.00732
co 0.12272 0.50553 —0.38827 —0.08819 0.36998 —0.65257 0.0695 —0.05726 —0.000117
CH4 0.0091 0.459 0.72701 —0.39917 0.28124 0.12956 —0.07346 0.00834 —0.00174
Importance of components
Eigenvalue 4.07287 1.85603 0.82573 0.69514 0.63466 0.57774 0.28404 0.05138 0.00242
Percentage of variance 45.25% 20.62% 9.17% 7.72% 7.05% 6.42% 3.16% 0.57% 0.03%
Cumulative percentage 45.25% 65.88% 75.05% 82.78% 89.83% 96.25% 99.40% 99.97% 100.00%
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magmatic-hydrothermal system of the La Fossa crater is not currently
available, and building one was beyond the scope of this study. There-
fore, for the following discussion, we decided to stick to the more
“classical”, yet robust, approach.

Vulcano gases show low CH4 amounts (<1.5 pmol/mol; Tables 1 and
S1), with log(CH4/CO>) ratios ranging from —7.8 to —4.5 (mean = —6.2,
one standard deviation = 0.6), in agreement with the lowest values of
the compositional range from other volcanic gases worldwide (Fig. 5D
and Table S2). By studying the volcanic gases discharged from White
Island (New Zealand), Giggenbach (1987) suggested that CH4 may form
in hydrothermal systems where rock-buffering conditions prevail and
then remains quenched upon its entrainment into the rapidly ascending
magmatic gas carrier. As suggested by previous studies (e.g., Chiodini
et al., 1993, 1995; Nuccio et al., 1999; Di Liberto et al., 2002; Federico
et al., 2010), at Vulcano, deep magmatic gases and hydrothermal fluids,
before interacting with each other, are characterized by different T-
PH50-fO, conditions. Accordingly, we have defined the conditions
prevailing in the two source fluids as follows: (1) high temperatures and
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pressures (700-950 °C, 200 bar), redox conditions set by the SO5-HsS
magmatic gas buffer, SO2/H3S = 15 (thick red curve in Fig. 5C), and (2)
T-PH,0 fixed by vapor-liquid-halite coexistence and redox conditions
fixed by hematite-magnetite (HM) redox buffer (dashed black curves in
Fig. 5C). Inspection of Fig. 5C reveals that measured CH4/CO5 ratios of
Vulcano gases are orders of magnitude higher than those predicted for
deep magmatic gases. Similarly, measured log(CH4/CO3) ratios are also
several orders of magnitude higher than theoretical values predicted by
the attainment of equilibrium under hydrothermal conditions fixed by
hematite-magnetite redox buffer. Furthermore, Fig. 5C shows that
chemical re-equilibration upon cooling with rock buffers (e.g., FeO-
FeO; 5 or HM; black curves in Fig. 5C) should always lead to an increase
in CH4/CO, ratio with decreasing temperature, in clear opposition to
what is indicated by the data. In fact, measured log(CH4/CO53) ratios and
vent temperatures are positively correlated, crosscutting the rock-buffer
equilibrium curves. Additionally, Fig. 5C shows that measured CH4/CO2
ratios are around 5-13 orders of magnitude higher than the theoretical
values calculated at T-PH0-fO» conditions prevailing at the surface in
the fumarolic gas discharges of Vulcano crater (100 < T < 700 °C, PH;0
~ 1 bar, SO5-H>S redox buffer and SO5/H5S = 0.5; dashed red curve in
Fig. 5C). Therefore, we conclude that CH4/CO, ratios in the ascending
and cooling volcanic gas carrier is not governed by chemical equilibria.
It may follow that excess CHy4 is predominantly produced by processes
that do not accompany CH,4-CO3, equilibration, such as thermal cracking
of organic matter or kinetically-controlled abiotic synthesis.

5.2. Origin of large 5'°C and §°H variability of CHy in volcanic gases of
Vulcano crater

To further investigate the origin of CH4 and the potential effects of
post-genetic processes, the isotopic composition of CH4 from Vulcano
crater fumaroles is firstly compared to 5'3C-5°H compositional fields
conventionally ascribed to microbial, thermogenic, and abiotic CHy
sources. (Milkov and Etiope, 2018). It is important to mention that the
validity of such diagram to distinguish between different CH4 sources
has recently been questioned (e.g., Fiebig et al., 2019; Xia and Gao,
2022). In particular, Xia and Gao (2022) clearly demonstrated that
abiotic signals can also be produced by thermal decomposition or mi-
crobial hydrogenolysis of organic matter. Therefore, close attention
should be paid on the interpretation of such a plot. As shown in Fig. 8,
some measured isotopic compositions apparently plot in the “abiotic
field”, while others could be associated with either thermogenesis or
abiotic production or even require presently unknown formation
mechanisms (Fig. 8). It is therefore evident that such approach provides
inconclusive information on the origin of CH4 in Vulcano crater gases. As
illustrated in Fig. 8, the 8'3C and §2H values of Vulcano CHg are posi-
tively correlated, with the best linear fit having an angular coefficient of
25. Differences in data gathered from the same fumarole at different
times (FNA fumarole, Fig. 8) point to a considerable temporal variability
of the described isotopic characteristics and allowed to more robustly
define the §'C-5?H linear correlation which has a slope of 29.
Furthermore, in our dataset we observe that as §'°C and 5°H of CH,4
increase, CH4 concentrations decrease (Fig. 9). As reported by Etiope
and Sherwood Lollar (2013), kinetic isotope fractionations, i.e., 13¢ and
’H enrichment in a residual fraction of CH,, are associated with
degradation and removal of CHy (e.g., microbial and abiotic oxidation).
Apart from removal of methane, mixing of multiple CH4 sources could in
principle also generate data distributions as in Fig. 9. Therefore, two
possible scenarios emerge: (1) mixing of multiple CHy4 sources, or (2)
post-genetic alteration of single-sourced CHy4 characterized by extraor-
dinary light isotopic signature.

5.2.1. Assessment of the existence of multiple CH4 sources

The 5'%C-5°H positive trend in Fig. 8 could reflect a mixing between
two components. In fact, a binary mixing process in a §'>C-52H diagram
would produce a §'°C-5%H linear relationship. The observed variability
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would then result from the variations in the relative contribution from
each of these methane sources, in our case: (S1) a 13¢. and ?H-enriched
CHy, and (S2) a 3¢ and 2H—depleted CHgy.

Late addition of artificial CH4 generated by CO/CO hydrogenation
at the metal-gas interface during the interaction of the fumarolic gases
with the sampling titanium tube might constitute one end-member.
However, tests made without using the titanium tube clearly demon-
strate that such process, if it occurs at all, has no influence on the con-
centration ratios and stable isotope compositions of C;-Cy hydrocarbons
(Table 4).

If methane bulk isotope compositions are plotted against methane
concentration (Fig. 9), most data plots far from simple binary mixing
curves, implying that the two end-members may exhibit variable
methane concentrations and/or that 5°H-CH, is largely affected by
secondary hydrogen isotope exchange with H,O and/or Hs. In order to
further evaluate the mixing hypothesis and following the approach
firstly introduced by Bernard et al. (1978) for identifying microbial-
thermogenic mixing in natural gases, the 13C/12C and 2H/'H ratios of
CH4 from Vulcano gases are plotted against CH4/CyHg ratios (Fig. 10A
and B). Data distribution appears to follow hyperbolic mixing trends,
especially if it is taken into consideration that ethene (CyoHy4) in the
samples may fully derive from oxidation of ethane (C2He) and assuming
§'3C-CH, and CH4/(CoH; + CoHg) ratios of samples most and least
enriched in methane to be characteristic of the two end-members
(Fig. 10C and D).

The S1 end-member has 5'°C and §°H values of CH4 of —9.2 %o and
—102 %o, respectively. Furthermore, it shows carbon isotopic composi-
tion of the total Cy-fraction (5'3C-C") of —16 %o, and inverse carbon
isotopic trend between C; and C¥* hydrocarbons (i.e., 5'%c-c; > 8'3c-
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CH¥Y. According to the genetic classification of Milkov and Etiope
(2018), such characteristics would be ascribable to an abiotic origin.
However, following the method described in Fiebig et al. (2019), late-
stage (low fraction of residual organic precursor) open-system
cracking of organic carbon of marine origin can also produce C;-Cy
hydrocarbons with isotopic characteristics of S1 end-member (Fig. 11).
Interestingly, gases discharged from the low-temperature (<100 °C)
subaerial and submarine gas vents along the Levante beach, at the
foothills of the La Fossa cone (Fig. 1B; Capaccioni et al., 2001), displays
isotopic compositions close to those of S1, with §!°C and 5°H average
values of —5.1 %o and —84 %o, respectively (Fiebig et al., 2019). More-
over, gases from the Levante beach have 5'3C-C,Hg values similar to
those of 8'3C-C¥* of the S1 end-member, and exhibit marked C1-Cy in-
verse carbon isotope distribution patterns (Fiebig et al., 2019). These gas
emissions are considered to be exclusively fed by a multi-layered hy-
drothermal system mainly recharged by external seawater with esti-
mated reservoir temperatures as high as 400 °C in its deepest part
(Federico et al., 2010). Accordingly, these might be further indications
that S1 methane end-member is formed via high-temperature thermal
cracking of marine organic carbon occurring within the deep seawater-
fed hydrothermal reservoir enveloping the central volcanic edifice. The
striking similarity in the isotopic signature of C;-Cy hydrocarbons be-
tween S1 end-member and the Levante gases might be indeed indicative
of the entrainment of CH4 from the hydrothermal envelope located at
the foothill of the La Fossa cone. However, it is important to mention that
gases discharged at the Levante beach have CH,/C¥' 1-2 orders of
magnitude higher than those inferred for the S1 end-member (Chiodini
et al., 1995; Capaccioni et al., 2001). Should the S1 end-member origi-
nate from the hydrothermal envelope at Levante, these differences would
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are computed solving the following equation: Syix = [CH4ls1/[CH4lmix % (8s1 —
8s2) + dg2. In our model the CHy-low (0.07 pmol/mol) S1 source is character-
ized by 8'3C and 5°H of CH4 of -9 %o and —~100 %o, respectively. The S2 source is
defined as a CHy-rich component (>1 pmol/mol) and with 613C-CH4 and §%H-
CH,4 ranging from —40 and —-30 %o and from -950 and -750 %o, respectively. The
Rayleigh fractionation model describes the change of CH,4 concentration and
isotopic signatures from an arbitrarily selected initial conditions (gray half-
circle) as the CH4 consumption reaction proceeds (i.e., fraction of remaining
CHy) and in function of the kinetic carbon and hydrogen isotope fractionation
factors (a¢ and oy). The Rayleigh function can be approximated by the general
form (Coleman et al., 1981): §; = §; + 1000 x (1/a — 1) x In(f); where & is the
isotopic composition in delta notation of initial (i) CH, (8'3C = —35 %o and 5°H
—838 %o) and that at time t (t); f is the fraction of initial substrate remaining
at time t, and « is the kinetic isotope fractionation factor.

indicate that methane has been preferentially removed or ethane been
preferentially added on its way and entrainment into the La Fossa
system.

The origin of the remarkably '3C- and ?H-depleted methane source
S2 is discussed in more detail in Section 5.3.

5.2.2. Evaluation of the effect of post-genetic alteration processes on single-
sourced CHy

5.2.2.1. Isotopic re-equilibration in the CH4-CO2-H20 system. As shown
in Fig. 12, the most 13C. and 2H-enriched CHy samples plot close to the
theoretical curve of CH4-CO2-H>0 isotopic equilibrium at around 700
°C. This equilibration temperature is roughly in agreement with those
inferred by Nuccio et al. (1999), using mass and energy balance equa-
tions, for the magmatic-hydrothermal mixing zone (T = 600-650 °C,
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PH,0 = 200 bar). Hence, the observed data distribution in Fig. 12 could
be interpreted as a progressive attainment of isotopic equilibrium of the
CH4-CO2-H,0 system at high-temperatures (>700 °C) starting from out-
of-equilibrium signals (i.e., 'C- and 2H-depleted CH4 samples). How-
ever, in the 8'3C vs. 5°H diagram, such process would be described by a
linear function only if the kinetics of 2H-'H and !*C-!2C exchange for
CH4-H30 and CH4-CO,, respectively, were the same. Based on experi-
ments performed at different temperatures, expressions for the tem-
perature dependence of carbon and hydrogen isotope equilibrium
fractionation factors and for isotopic exchange rates between CH4 and
CO4 (Giggenbach, 1997, Horita, 2001, Kueter et al., 2019) and CH4 and
H0 (e.g., Reeves et al., 2012, Wang et al., 2018, Turner et al., 2022),
respectively, have been devided. As suggested by Beaudry et al. (2021),
rates of carbon exchange between CO, and CH4 are expected to be much
slower than those of hydrogen exchange between H,0 and CHy, with, for
example, rate constants, as log(k), at 700 °C of —2.4 and +1.57 yr™! for
the former and the latter, respectively. Accordingly, as shown in Fig. 12,
data distribution cannot be explained by a progressive attainment of
isotope equilibrium at high temperatures from an initial disequilibrium
condition. This is in accordance with findings of Sato et al. (2002) who
did not observe isotopic equilibrium between CH4 and CO, in the
fumarolic gases from Satsuma-Iwojima volcano (Japan), even where
venting temperatures exceeded 800 °C. Moreover, Giggenbach (1997)
estimated that the rate of attainment of isotopic equilibrium between
CO5 and CHy is 400 times slower than that of CO,-CHy4 chemical equil-
ibration. Hence, the absence of co-occurring CH4-CO» chemical and
isotopic equilibrium in the Vulcano gases strongly implies that near-
equilibrium isotope fractionation observed for some samples might be
coincidental.

5.2.2.2. Thermochemical sulfate reduction (TSR) and abiogenic methane
oxidation (AMO). As stated by Taran and Giggenbach (2003), CH4
transported in the gas phase may undergo oxidative conversion via
numerous reaction pathways when in contact with oxides and at
elevated temperatures (>400 °C). Methane can also be oxidized by
sulfate (e.g., aqueous SO3, anhydrite) in high-temperature (>200 °C)
hydrothermal aquifers during a process called thermochemical sulfate
reduction (TSR; He et al., 2020 and references therein). Abiogenic
methane oxidation (AMO) in the presence of metal oxides and TSR lead
to enrichment of remaining CH, in 13C and ?H with kinetic isotope ef-
fects controlling the isotopic composition of residual CH4 (e.g., Kiyosu
and Imaizumi, 1996, He et al., 2020). The relative changes of isotope
concentrations during AMO, expressed as AH/AC values, are 11.5 and
20.9 for AMO in the presence of MnO; at 400 and 200 °C, respectively,
and -2.5 at 400-530 °C for AMO mediated by Fe;O3; (Kiyosu and
Imaizumi, 1996). These two trends are reported in Fig. 12 as AMO(1)
and AMO(2), respectively. In a series of lab experiments of TSR of CH, at
temperature of 400-575 °C, He et al. (2020) observed that kinetic
isotope effect governs the '3C content of CH,, while no evident 2H en-
richments were observed. This resulted in an increase of 3C coupled
with broadly constant °H contents of residual CHy during TSR of CHy4
(TSR(2) in Fig. 12). Other authors (e.g., Milkov and Etiope, 2018) re-
ported instead a slight hydrogen fractionation during CH4 TSR (TSR(1)
in Fig. 12). Ratios of hydrogen and carbon kinetic fractionation factors,
expressed as AH/AC, are 1 and ~3.7 for TSR reported by He et al. (2020)
and Milkov and Etiope (2018), respectively. The isotopic data distri-
bution of CH4 from Vulcano crater fumaroles follows a linear trend
having a slope (i.e., AH/AC) of ~24-29 (Fig. 8), considerably higher
than those reported for TSR and AOM in the previous studies. This ev-
idence likely rules out AMO or TSR to be responsible for the observed
isotopic variability of Vulcano crater fumaroles.

5.2.2.3. Heteroatomic reactions: sulfonation and chlorination. Degrada-
tion of CHy in the gas-phase at elevated temperatures via sulfonation
involving typical volcanic species (e.g., SO, and HyS) was suggested as a
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the equations described in Bini et al. (2022).

possible reaction pathway for the formation of carbon disulfide (CS5) in
Vulcano gases (Schwandner et al., 2013). The irreversible CH,4 sulfo-
nation could be responsible for the observed enrichment in 13C and %H
and co-occurring decrease of CH4 abundance (Fig. 9). These authors
reported much lower concentrations of S-substituted relative to Cl-
substituted volatile organic compounds in Vulcano fumaroles. Indeed,
these authors found significant amounts (few to tens of nmol/mol) of
dichloromethane (CH»Cly) and trichloromethane (CHCl3). The forma-
tion of these Cl-substituted compounds was ascribed to free radical
substitution of gaseous molecular chlorine (Cl,) for hydrogen atoms in
CHy. Similarly, Tassi et al. (2012) reported the occurrence of chlorinated
hydrocarbons in Vulcano gases from extra-atmospheric volcanogenic
sources. Zelenski and Taran (2012) detected 2-60 ppm-vol. of Cl; in
volcanic emissions of Central Kamchatka and suggested catalytic
oxidation of volcanic HCl and oxidative decomposition of chloroferrates
as Cl, formation mechanisms. Interestingly, Vulcano gases contain up to
>1000 pmol/mol of HCI (Table 1) and the occurrence of metal-chloride
complexes have been inferred by several authors (e.g., Wahrenberger.
1997, Chiaradia et al., 2018). Substitution of H-atoms with Cl-atoms in
the CHy4 structure is expected to cause a kinetic isotope effect because
such process involves the breakage of relatively stable C—H bonds.
Generally, 13C—?H and '2C—?H bonds are more stable than '3C—'H and
12c—1H bonds, respectively. Thus, during chlorination *C—'H and
12c—1H bonds are preferentially broken when compared to those of
13¢—H and '?c—?H, respectively. In a series of lab experiments,
Strunin et al. (1975) observed that the ratio of the rate constants k1p/kon
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(i.e., the kinetic isotope fractionation factor o), measured for the re-
action of atomic chlorine with C'H, and C?H, at temperatures >200 °C,
was much >1 (e.g., around 3 at 300 °C) and inversely correlated with
temperature. Therefore, strong kinetic hydrogen isotope fractionation is
expected during CH4 chlorination. Similarly, several studies (e.g., Strode
et al., 2020, Thanwerdas et al., 2022) on the reaction of CH4 oxidation
by chlorine atoms in the atmosphere at low temperatures (<24 °C)
observed a strong carbon kinetic isotope effect, with, for example, ki-
netic isotope fractionation factors as high as 1.066 at 24 °C (Saueressig
et al., 1995). As a result, such hydrogen and carbon kinetic isotope
fractionations will leave the unreacted residual CHy enriched in ?H and
13C. We are aware that these observations are related to a different
environment and are, hence, possibly not applicable to hot volcanic
gases. However, even though the magnitude of the kinetic isotope effects
may change at high temperatures and in the presence of HCI and other
gas species, the general direction of the fractionation (i.e., heavy iso-
topes enrichment) is not expected to drastically change. Interestingly,
using a Rayleigh fractionation model (Figs. 9 and 12) and considering
relatively high CH,4 abundances (1 pmol/mol) and '2C-, 'H-enriched
compositions (—35 %o and —838 %o, respectively) as initial conditions, we
can indeed reproduce the §'3C-CH,4 and 5°H-CH, values and CHy4 con-
centrations of the Vulcano crater gases when carbon and hydrogen ki-
netic fractionation factors (a¢ and ay, respectively) are significantly >1.
For example, by considering a conservative value of oy equal to 2,
Rayleigh fractionation modeling can reproduce most of the observed
isotopic variability when o ranges between 1.015 and 1.020 (Fig. 12). It
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Fig. 11. Carbon and hydrogen isotopic composition of instantaneously pro-
duced C; and C, hydrocarbons as a function of the fraction of hydrocarbons
generated via open-system cracking of marine organic matter. Large fractions of
generated hydrocarbons (>0.64) are required to match the isotopic composi-
tion of the most isotopically enriched CH, and C¥* in Vulcano fumaroles. For
open system cracking of marine organic matter, carbon and hydrogen frac-
tionation factors between CH,4 and its precursor site are set to 0.983 and 0.909,
respectively; as constrained from pyrolysis experiments of marine kukersite
(Berner et al. 1995). Carbon isotope fractionation factor between C, and its
precursor site is set to 0.991 according to experimental results of Berner et al.
(1995). Carbon and hydrogen isotopes of initial marine organic matter were
selected as follows: 8'°C of — 23.4 %o, equal to the average composition of DOC
(dissolved organic carbon) in the Tyrrhenian Sea (Santinelli et al., 2015), and
52H of 100 %o corresponding to the average hydrogen isotopic composition of
marine DOC (Schoell, 1984).

is plausible, therefore, to conclude that chlorination reaction of CH4 may
explain the trend of decreasing concentrations and '2C and 'H contents
of CH4 observed in the Vulcano gases. However, it is important to
emphasize that experimental studies on the occurrence and effects of
CH4 chlorination in volcanic gases are presently lacking. Thus, more
information on the kinetic isotope effect of Cl-substitution on CH4 and
the determination of abundances and isotopes of both CH4 and heter-
oatomic compounds in volcanic gases are required to prove/disprove
this hypothesis.
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5.3. Extraordinary 13C- and ?H-depleted CHy in Vulcano crater gases:
evidence of abiogenic methane formation?

All the scenarios described in the previous sections have a lowest
common denominator: an extraordinary 3C- and 2H-depleted CHj is
required as CH4 source. As far as known, 62H-CH4 values below — 500 %o
have not still been related to natural sources (Fig. 8). However, they are
mentioned in connection with artificial CH4 generated via a process
called “drill-bit metamorphism” (DBM) during borehole drilling (Faber
et al., 1988, Whiticar, 1990, Wenger et al., 2009, Strapoc¢ et al., 2020)
and with experimental Fischer-Tropsch-type (FTT) abiotic CH4 synthesis
under hydrothermal conditions (McCollom et al., 2010). The former
occurrence has been related to cracking of oil-based drilling mud under
high temperatures (up to 1200 °C), pressures and strain rates at the
interface between the metal-surface of the drill-bit, rock and drilling
fluids during borehole perforation (Wenger et al., 2009). Accordingly, it
may be possible that similar 2H-depleted CH, is formed owing to thermal
cracking of organic matter hosted in sedimentary rocks or transported
by circulating groundwater at extreme conditions within the magmatic-
hydrothermal system of Vulcano. However, such 2H-depleted values
have never been generated by pyrolysis experiments (e.g., Berner et al.,
1995) or reported in modeling of open-system cracking of organic
matter under hydrothermal conditions (e.g., Fiebig et al., 2019), with
lowest 2H/H ratios of CH4 commonly being around —200 to —300 %o. In
order to generate CH, with §%H values < —600 %o via open-system
cracking, assuming an initial 5°H of the organic matter of —100 %o
(Fiebig et al., 2019), the hydrogen isotope fractionation factor between
instantaneously produced CH4 and its precursor site (ay) has to be
<0.444. Such threshold is considerably lower than values of ay, re-
ported in open-system pyrolysis experiments, of 0.8333-0.9090 (Berner
et al., 1995). Accordingly, thermogenesis seems unlikely and mecha-
nisms other than cracking of organic matter may be needed to explain
the origin of H-depleted CH,.

In a series of catalyzed FTT hydrothermal experiments with CO as
carbon source, McCollom et al. (2010) abiotically generated CH4 with
2H/H ratio < —450 %o and found very similar values of §2H between Ha
and CHy, indicating that little to no fractionation occurred during the
abiogenic CH4 formation. Similarly, Taran et al. (2010) observed
negligible isotope fractionation between initial Hy and generated CHy
during open-system experiments of CO hydrogenation at 255 °C in the
presence of iron (Fe) as catalyst. Furthermore, isotopic data on the 52H
values of C;—Cj3 alkanes produced during closed-system aqueous FTT
experiments at 400 °C and 500 bars (Fu et al., 2007) suggest that alkanes
(including methane) form with relatively minor kinetic H isotope frac-
tionation relative to Hy. Analogously to results of FTT experiments, two
Vulcano gases show little hydrogen isotopic fractionation (ags.cys4) be-
tween Hy and CHy4 (og2-cys = 1.05-1.38). However, hydrogen isotopic
composition of Hy at Vulcano varies greatly: from —638 to —299 %o
(Table 3). Given the fast hydrogen isotope exchange between Hy and
H30 at high temperatures (Pester et al., 2018, Ricci et al., 2022), values
around —325 + 25 %o can be explained with the attainment of isotopic
equilibrium between Hy and Hy0 at 360-450 °C, close to measured
venting temperatures. On the contrary, 62H—H2 < —500 %o (i.e., 0H20-H2
> 2) gives apparent equilibrium temperatures of 80-190 °C, lower than
the sampling temperatures. Some sort of kinetic effect has to be invoked
to explain such low values. Recently, results of multi-component ther-
mochemical modelling by Henley and Fischer (2021) showed that Ry [i.
e., log(fHy/fH20)] of volcanic gases can be affected by reaction progress
and kinetics of gas-solids interactions (e.g., CaAlySi3Og + 2505 + 2Hy =
CaSO4 + AlySiOs + SiOz + Hz0 + HjS) and rock-surface/volcanic gas
ratio (i.e., fracture network of fumarolic conduits). Accordingly, it is
plausible that, during such gas-solid reactions, kinetic isotope frac-
tionation occurs, leading to 'H enrichment of Hy in the volcanic gases.
Furthermore, it is also possible that the presence of HoO in the dry gas
samples might have triggered unwanted after-sampling hydrogen
isotope exchange reactions between Hs, HyO and H»S in the gas storage
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Fig. 12. Correlation plot between 8'>C and 82H for CH, from Vulcano fumaroles. Vulcano data are compared with results from equilibrium and kinetic modeling. The
best linear fit of Vulcano data (FNA-only function), whose equation is reported in Fig. 8, is also shown. Carbon and hydrogen isotopic compositions of CH,4 in
equilibrium with CO, and H,O at different temperatures are shown as solid gray curves (a and b). Such curves were calculated assuming isotopic equilibrium with (a)
hydrothermal fluids having 8'3C-CO, = —3 %o and 52H-H,0 = +10 %o, and (b) magmatic volatiles having 8'3C-CO, = 0 %o and §?H-H,0 = —15 %o. The equilibrium
isotopic composition of CH4 was obtained using the T-a equations provided by Horita (2001) and Turner et al. (2022) for CO,-CH4 and HoO-CH,4 system, respectively.
The blue curve describes the progressive attainment of CH4-CO5-H,O isotopic equilibrium at 700 °C starting from out-of-equilibrium conditions (blue star). Methane
isotopic composition at different times (1 day, 1 week, 30 days, 1 year and 100 years) are shown for reference. The initial CH, isotopic signature (§'3C = —35 %o; °H
= —838 %o) was arbitrarily selected along the best linear fit. Rates of isotopic exchange between CH4 and H,O and CH4 and CO at 700 °C were calculated using
equations reported by Turner et al. (2022) and Beaudry et al. (2021), respectively, and by assuming PH,O of 200 bars and steam density equal to 2.6267 mol/L
(calculated at 200 bars and 700 °C). The results of the Rayleigh fractionation modeling are reported as black curves. The initial carbon and hydrogen isotopic
compositions of CH, used in our Rayleigh modeling were — 35 %o (6*3C) and —838 %o (6°H), respectively (blue star) The Rayleigh fractionation curves are drawn by
fixing the kinetic hydrogen isotope fractionation factor (o) at 2 and making the kinetic carbon isotope fractionation factor (a¢) varies from 1.005 to 1.02. The
isotopic effect of abiogenic methane oxidation (AMO) in the presence of MnO, at 200 and 400 °C [AMO(1)] and Fe;03 [AMO(2)] is reported as purple arrows (Kiyosu
and Imaizumi 1996). The isotopic effect of thermochemical sulfate reduction (TSR) is reported as TSR(1) and TSR(2) orange arrows with slopes according to
considerations from Milkov and Etiope (2018) and He et al. (2020), respectively.

vessels at room temperature, which would result in a decrease of the extremely high temperature (up to 882 °C) volcanic gases of the
original 62H-H2 values if HoO was still the dominant-bearing constituent Satsuma-Iwojima volcano in Japan (Sato et al., 2002). Here, extremely
in the dry gases. Hence, at this time, profound conclusions on CH4 for- 12C_enriched CH4 (—55.9 %o < 513C < —36.9 %o) was found, possibly
mation mechanisms cannot solely be drawn on the basis of CH4-Hy indicating that abiotic CHy4 at Vulcano might have carbon and hydrogen
hydrogen isotope fractionation. pristine isotopic signatures considerably lighter than those measured in
Carbon isotope measurements of FTT experiments at >245 °C indi- our study. Also, the finding of measurable concentrations of consider-
cate that abiotically generated CHy is considerably depleted in '3C ably '2C-enriched CHy4 in 855 °C volcanic gases at Satsuma-Iwojima
compared to the initial carbon source (CO or CO,) with Al3c (.e., 513C- volcano (Japan; Sato et al., 2002) indicate that abiotic synthesis may
CO,/CO - §'3C-CH,) values roughly ranging from +20 to +60 %o (Fu occur at close-to-magmatic temperatures. At these sites, additional
etal., 2007, Taran et al., 2007, 2010, McCollom et al., 2010). Moreover, collection/analysis of gases and investigation of 62H—CH4 and 62H—H2 are
during open-system catalytic COy hydrogenation experiments at necessary to understand if strong depletion in '3C and 2H might be
245-350 °C, Taran et al. (2010) observed little (2-6 %o) carbon isotope characteristic of methane abiotically formed at temperatures interme-
fractionation between CH4 and CyHg and almost no difference in the diate between those characteristic of magmatic (>900 °C) and hydro-
carbon isotopic composition among the C,—Cs hydrocarbons. Similarly, thermal (<450 °C) conditions.
Taran et al. (2007), in a series of open-system catalyzed CO hydroge-
nation experiments at 260-310 °C, observed that carbon isotope frac- 6. Conclusions
tionation between CH4 and CpHg changes from +6 to —2 %o as the CO
conversion into hydrocarbons increases. Interestingly, Vulcano gases High-temperature volcanic gases discharged at the La Fossa crater of

with 8°H-CHg <1;600 %o Sh?‘?’ A'3C (CO;—CHj) between +26.7 and Vulcano Island offer the unique opportunity of studying the origin and
+34.3 %o and A”C (CH4—CZ") of —2.1 %o (Table 3), which are well reactions of CH4 under magmatic and hydrothermal conditions. The

comparable with the results obtained by hydrothermal experiments sampled fumarolic gases display a wide range in CH4 concentration
involving FTT synthesis. It is worth noting that a strong isotope frac- (0.07-0.61 pmol/mol) and 8'°C and §°H values of CHy, showing a
tionation (A*>C > 30 %o) between CO, and CH, was also observed for positive linear correlation and varying from —35 to —9.2 %o vs. V-PDB
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and —670 to —102 %o vs. V-SMOW, respectively. Our study reveals that
CHy4, contrary to other parameters such as the Hy0-CO2-Ny-He sub-
system, is not controlled by mixing processes between magmatic vola-
tiles, devoid of methane, and gases supplied by circulating hydrothermal
fluids. Furthermore, comparison of data with geochemical models
highlights that CH4 concentrations considerably exceed those defined by
theoretical equilibria expected for T-PH,0-fO2 conditions prevailing at
the surface discharge, in deeper parts of the magmatic gases and in the
hydrothermal envelope. However, the dataset and the performed PCA
analysis demonstrate that CH4 abundances are positively correlated
with venting temperatures and Hy and CO contents of the fumarolic
gases. Moreover, gases showing extremely negative 5!°C-CH4 and 5°H-
CH4 values systematically display higher CH4 abundances.

In an attempt to reconcile our chemical and isotopic observations, we
propose two possible scenarios: (1) mixing of two CHy4 sources having
extremely different isotopic signatures, and (2) post-genetic alteration of
single-sourced CH,4 characterized by an extraordinarily light initial iso-
topic composition. With respect to scenario (1), CH4 showing the most
13C- and 2H-enriched compositions (i.e., —9.2 %o and —102 %o, respec-
tively) might be supplied to the crater fumaroles by the entrainment of
small amounts of thermogenic CH4 formed in seawater-sourced hydro-
thermal fluids. Such CHy4 variably mixes with isotopically light CHy4
within the fumarolic conduits before being discharged to the atmo-
sphere. Comparison with available isotopic data from naturally occur-
ring and artificially produced CHy4, seems to rule out a thermogenic
origin for the isotopically light end-member. We speculate that this end-
member CHy is formed at high, possibly close-to-magmatic, tempera-
tures and under reducing conditions by kinetically-controlled catalytic
reduction of CO (or CO) by H; during ascent towards the surface of hot
magmatic gases interacting with mineral surfaces. Such conditions
might help overcoming the strong activation barriers of the abiotic
synthesis of CH4 and allow the reaction steps involved in the CO/CO4
hydrogenation to proceed. According to scenario (2), instead, the
isotopically light abiotic methane, once formed at extremely high tem-
peratures, undergoes substantial post-genetic degradation (coupled with
strong isotopic fractionation) during its ascent towards the surface.

Our investigation suggests that conditions favorable for abiotic for-
mation of CH4 via kinetically-controlled CO/CO hydrogenation might
be encountered in the deep roots of magmatic-hydrothermal systems
and that the so formed abiotic CH4 may have an isotopic signature well
distinguishable from that of CH4 encountered in purely-hydrothermal
fluids, with extreme deuterium depletion being the most notable
feature. Further investigations of methane in high-temperature volcanic
gases are necessary to test this hypothesis.
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Appendix A. Supplementary material

The Supplementary Material contains a compilation of data from
previous published studies on the chemical composition and stable
isotopes of volcanic gases discharged from high-temperature fumaroles
at the La Fossa crater of Vulcano Island (Table S1). In addition, a detailed
survey of published data of outlet gas temperature, methane and carbon
dioxide concentrations and stable isotopic composition of CH4, Hy, H2O,
CO3 and CO of volcanic gases from active volcanic systems worldwide is
also reported in Table S2. Corresponding references are also reported.
Supplementary material to this article can be found online at htt
ps://doi.org/10.1016/j.gca.2023.10.019.
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