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ABSTRACT

Degradation mechanisms affecting non-methane volatile organic compounds (VOCs) during gas uprising from
different hypogenic sources to the surface were investigated through extensive sampling surveys in areas
encompassing a high enthalpy hydrothermal system associated with active volcanism, a CHy-rich sedimentary
basin and a municipal waste landfill. For a comprehensive framework, published data from medium-to-high
enthalpy hydrothermal systems were also included. The investigated systems were characterised by peculiar
VOC suites that reflected the conditions of the genetic environments in which temperature, contents of organic
matter, and gas fugacity had a major role. Differences in VOC patterns between source (gas vents and landfill gas)
and soil gases indicated VOC transformations in soil. Processes acting in soil preferentially degraded high-
molecular weight alkanes with respect to the low-molecular weight ones. Alkenes and cyclics roughly
behaved like alkanes. Thiophenes were degraded to a larger extent with respect to alkylated benzenes, which
were more reactive than benzene. Furan appeared less degraded than its alkylated homologues. Dimethylsulf-
oxide was generally favoured with respect to dimethylsulfide. Limonene and camphene were relatively unstable
under aerobic conditions, while a-pinene was recalcitrant. O-bearing organic compounds (i.e., aldehydes, esters,
ketones, alcohols, organic acids and phenol) acted as intermediate products of the ongoing VOC degradations in
soil. No evidence for the degradation of halogenated compounds and benzothiazole was observed. This study
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pointed out how soil degradation processes reduce hypogenic VOC emissions and the important role played by
physicochemical and biological parameters on the effective VOC attenuation capacity of the soil.

1. Introduction

Non-methane volatile organic compounds (hereafter VOCs) have
received growing attention from the scientific community as well as
from intergovernmental and national organisations. Multiple lines of
evidence have highlighted that most VOCs pose detrimental effects on
the surface environment (Chen et al., 2020), atmospheric chemistry
(Kansal, 2009), air quality (Conti et al., 2020; Gallego et al., 2012) and
human health (Gostner et al., 2016; Montero-Montoya et al., 2018).

VOCs, originating from (1) biogenic, (2) geogenic, and (3) anthro-
pogenic sources, are ubiquitous in Earth’s natural systems and accu-
mulate in the atmosphere due to their high volatility and relatively low
affinity with liquids and solids (Koppmann, 2020).

Biogenic VOCs, accounting for about 90 % of the total annual VOC
load in air (Unger, 2014), mainly consist of isoprene and monoterpenes,
and include relatively low amounts of aliphatic O-substituted com-
pounds (esters, alcohols, aldehydes, ketones and ethers), alkanes, al-
kenes, aromatics and sesquiterpenes (Guenther, 1995). They are
synthesised by vegetative parts of woody plants, flowers, fruits, leaves
and roots and derive from the biodegradation of biomass in soil
(Greenberg et al., 2012; Lun et al., 2020; Tang et al., 2019).

Geogenic VOCs are related to (i) volcanic and hydrothermal CO,-
dominated degassing and (ii) CH4-dominated seepages from deep oil
and natural gas deposits (Bonini et al., 2013; Tassi et al., 2013a). Even
though significant amounts of alkane, alkene, aromatic, cyclic, haloge-
nated and heteroatomic (e.g., O-, N-, and S-substituted) compounds
have been revealed in deep-sourced gas vents (e.g., Ricci et al., 2023;
Schwandner et al., 2004; Tassi et al., 2015a, 2012c), data concerning the
broad spectrum of VOCs in geogenic fluids is still incomplete and scarce.
As a result, conceptual models describing global atmospheric VOC
budgets generally neglect geogenic contributions (Frische et al., 2006;
Guenther et al., 2000; Vichi et al., 2021). Geogenic VOCs are mostly
produced by thermal and microbially driven degradation processes of
organic matter embedded in rocks, whilst abiogenic VOC production is
still debated (McCollom and Seewald, 2006; Tassi et al., 2012c, 2012d).
Geogenic gases are released into the atmosphere through (i) open vents
(e.g., fumaroles, bubbling pools, mud volcanoes and macroseepages),
which are related to the advective mechanism in which the transport of
gas occurs through highly permeable structures including fractures,
joints or faults by pressure gradients (Chiodini et al., 1998; Chiodini and
Frondini, 2001; Taussi et al., 2021) and (ii) diffuse degassing from soils,
consisting of relatively slow gas release from permeable routes within
the soil towards the surface in response to concentration gradients (i.e.,
diffusive mechanism; Etiope and Martinelli, 2002).

The contribution of anthropogenic VOCs to the global atmospheric
VOC budget is still uncertain and reliable estimates are lacking so far
(Goldstein and Shaw, 2003), although it is expected to be significantly
lower than that derived from biogenic processes (Duan et al., 2023;
Messina et al., 2016). Nevertheless, anthropogenic VOCs are raising a
growing interest caused by their strong impacts on air quality, at both
local (Crippa et al., 2021; Knox, 2005; Lewis, 2018; Sonne et al., 2022;
Wei et al., 2008) and global scale (Unger, 2014; Yanez-Serrano et al.,
2020). Industry, on-road and off-road transport, biomass burning, power
plants and waste treatment facilities have been recognised as the largest
anthropogenic VOC emitters (Gu et al., 2021; Keita et al., 2018; Waked
et al., 2016). Among these sources, municipal waste landfills deserve
special mention. CH4 emissions from municipal waste landfilling, ac-
counting for about 18 % of the global anthropogenic CH4 emissions
(Huang et al., 2022a), are expected to grow by around 12 % by 2050
(Global Methane Initiative, 2023). Besides CHy4, landfill emissions, being
lost from pipe collection systems and permeating through cover soil

(Fredenslund et al., 2010), include significant amounts of different
polluting and odorigenous VOCs, mostly consisting of alkanes and aro-
matics with minor alkene, cyclic, halogenated, terpene, O- and S-
substituted compounds (Duan et al., 2021; Gao et al., 2021; Nair et al.,
2019).

The rapid uprising of hypogenic gases (i.e., geogenic and landfill gas)
up to the surface through highly permeable fractures within soils
(advection mechanism) limits the VOC degradation operated by sec-
ondary processes (Tassi et al., 2015a, 2015b). In contrast, during slow
uprising (diffusive mechanism) through low permeable soil, the hypo-
genic VOCs, sensitive to physicochemical conditions, are strongly
degraded (Giggenbach, 1996; Pallasser, 2000; Randazzo et al., 2020;
Schwandner et al., 2004, 2013; Tassi et al., 2012c). Typical VOC
degradation processes are (i) dissolution in soil pore water, (ii) ab-
sorption on/in soil particles (Asensio et al., 2007; Nyrop Albers et al.,
2018; Tang et al., 2019), (iii) hydration/dehydration, and (iv) oxida-
tion/reduction processes (Shock et al., 2013). Moreover, VOCs can be
affected by biological processes carried out by a wide variety of mi-
croorganisms (Abbasian et al., 2015; Alvarez-Cohen and McCarty, 1991;
Alvarez-Cohen and Speitel, 2001; Chaignaud et al., 2018; Cleveland and
Yavitt, 1997; Hanson and Hanson, 1996; Kjeldsen et al., 1997; Koh et al.,
1993; Lee et al., 2011; Rojo, 2009; Van Beilen and Funhoff, 2007).

Insights into shallow biogeochemical soil processes acting on VOCs
are mostly provided by laboratory experiments, generally carried out by
using pure cultures and a few selected different VOCs under fixed con-
ditions (Boopathy, 2004; Brown et al., 2021; Kadri et al., 2021; Zuo
et al., 2022), with no validation with field measurements. Such an
approach has strong limitations for the prediction of VOC biodegrada-
tion in soils, due to the unpredictable development of different microbial
communities and chemical reactions. As a result, the behaviour at
shallow depths of hypogenic VOCs from hydrothermal/volcanic areas,
hydrocarbon-bearing sedimentary basins, and landfills is still poorly
understood.

The main aim of this study was to investigate the effect of biogeo-
chemical processes occurring within the soil on the composition of
hypogenic VOCs in COy- and CH4-dominated gases from medium-to-
high enthalpy to volcanic systems and municipal waste degradation,
in relation to: (i) the gas flux, i.e., the residence time of gases at shallow
depths; (ii) redox conditions, i.e., Oy contents; (iii) the composition of
the source gases. Insights into the genetic processes of VOCs in these
geogenic and anthropogenic systems were also provided. The study was
based on original data encompassing different geochemical parameters,
including CO4 (®CO2) and CHy4 (®CHy) diffuse fluxes from the soil, and
the composition of organic and inorganic interstitial soil gases along
vertical profiles within soils. Gas samples were collected from four study
areas located in Italy, belonging to peculiar environmental contexts: (i)
an active volcano and the associated high enthalpy hydrothermal sys-
tem, i.e., Vulcano Island (the Aeolian Archipelago, southern Italy); (ii) a
CHy-rich sedimentary basin, i.e., Terre Calde di Medolla (Modena,
central Italy) and (iii) a municipal waste landfill, i.e., Belvedere Inc.
landfill sited in Peccioli (Pontedera, Pisa, central Italy). Published data
of gases from medium-to-high enthalpy hydrothermal systems, i.e., (i)
Solfatara di Nepi and Caldara di Manziana (central Italy; Venturi et al.,
2024), Solfatara crater (southern Italy; Tassi et al., 2015a) and Poggio
dell’Ulivo (central Italy; Tassi et al., 2015b), were included.

2. Study sites
2.1. Vulcano Island

Vulcano Island is the southernmost volcanic edifice of the Aeolian
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archipelago located approximately 25 km N of the Sicilian coast
(southern Italy) (Fig. 1). The Aeolian archipelago is the result of the
back-arc volcanism related to the subduction of the Ionian plate beneath
the Tyrrhenian Sea (Polonia et al., 2011). Currently, Vulcano Island is a
closed-conduit volcano characterised by intense fumarolic activity,
mostly occurring at Baia di Levante (hereafter, BdL; Fig. 1a) and the top
of the northern flank of the La Fossa crater (hereafter, LFC; Fig. 1b)
(Baubron et al., 1990). Gases discharged from LFC are characterised by
temperatures up to 400 °C and a typical magmatic-derived composition
(i.e., H2O > CO2 > HyS/SOy > HCl > HF; Chiodini et al., 1993) origi-
nating from the interaction of fluids from magmatic degassing with a
shallow aquifer partially fed by seawater (Carapezza et al., 1981;
Chiodini et al., 1995). Fluids discharged from BdL, characterised by
temperatures close to that of boiling water at atmospheric pressure
(Chiodini et al., 1995), are inferred to originate from multilevel boiling
aquifers heated by magmatic fluids (Diliberto et al., 2021; Sommaruga,
1984). As a result, BdL exhalations are dominated by H>O and CO; with
relatively high contents of CHy4, and the absence of acidic gases (i.e., SOo,
HCl and HF) that dissolve into the hydrothermal reservoirs before
reaching the surface (Capaccioni et al., 2001; Capasso et al., 1997;
Chiodini et al., 1995).

Given the high temperature characterising both the magmatic and

Vulcano
Island

Source gas
M (gas vents and
landfill gas)

Soil gas
sampling site
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hydrothermal fluid reservoirs, VOCs emitted from LFC and BdL fluid
discharges are commonly ascribed to thermogenesis rather than
biogenesis, whilst the supply from abiogenic processes is still not clear
(Schwandner et al., 2004, 2013; Tassi et al., 2012c).

2.2. Terre Calde di Medolla

“Terre Calde di Medolla” (literally “Hot Lands of Medolla”; hereafter,
TCM) is a local name used for describing a farming field area (< 0.5 km?)
located within the southern sector of the Po River plain (northern Italy)
and characterised by ground temperatures up to 51.8 °C (Sciarra et al.,
2021) (Fig. 1c). TCM exhibits discrete subcircular CH4-dominated
seepages (< 5 m diameter) marked by the lack of healthy vegetation and
the presence of a clay-altered cover. The anomalous heating of the
ground is ascribed to the massive exothermic oxidation of CH4 to CO5 by
methanotrophic bacteria in the shallower soil layers (Capaccioni et al.,
2015; Cappelletti et al., 2016). TCM lies at about 10 m above the thrust-
ramp anticline Mirandola thrust (Boccaletti et al., 2011; Paolucci et al.,
2015; Tarabusi and Caputo, 2017) that belongs to the most external
active fold-and-thrust system named Ferrara arc (Turrini et al., 2015,
2016); the last is the outermost front of the NNE-verging Northern
Apennine belt (Maesano et al., 2015). The stratigraphic logs provided by

ﬁBdL/LFC -

Terre Calde di Medolla (TCM)

Mound of earth

Landfill active face

Flooded area

0m 100 200 Legoli landfill (LL)

Fig. 1. Location of sampling sites in Vulcano Island i.e., (a) Baia di Levante (BdL) and (b) La Fossa crater (LFC), (c) Terre Calde di Medolla (TCM) and (d) Legoli

landfill (LL).
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three nearby (within 1.5 km) deep boreholes (i.e., Camurana 001 drilled
in 1943, Bignardi 001 drilled in 1933, and Bignardi 001 DIR BIS drilled
in 1944; ViDEPI, 2022) have revealed occurrences of discontinuous
natural gas reservoirs at about 700 m depth and from 2100 to 2650 m
depth in the correspondence of brackish-marine deposits and the exis-
tence of intense faulting systems related to the tectonic stresses from
which gases can preferentially migrate upwards (Capaccioni et al.,
2015).

Given the low thermal gradients characterising the Po plain area
(15-30 °C/km; Vigano et al., 2012), TCM gases are generally interpreted
as biogenic, whilst thermogenic contribution from the Mesozoic suc-
cession at depths >3000 m have been solely hypothesised (Capaccioni
et al., 2015; Sciarra et al., 2017).

2.3. Legoli landfill

The municipal waste landfill of Legoli (hereafter, LL) is located in
Peccioli (Province of Pisa, central Italy) (Fig. 1d). Overall, LL covered a
surface area of 340,000 m? and consisted of three main independent
cells (Fig. 1d): (i) cell I (L1), with a total surface area of about 140,000
m?, closed in 2007, which received a total of about 3.1 million ton of
municipal waste, (ii) cell II (L2), more recent and not exploited at the
time of the sampling campaigns, which extended for approximately
53,000 mz, and (iii) the exploited cell III (L3), partly overlapped to L2,
having a total surface area of about 126,000 m2. The closed L1 cell was
provided with a final cover consisting upwards of clay, soil and grassing,
whilst both the L2 and L3 cells were equipped with a thinner provisional
cover constituted by only soil. The covering soil was generally obtained
from the excavated clay materials derived from cuts for the construction
of the landfill itself, amended with variable proportions of bio-stabilised
organic fraction of municipal waste, sludge or allochthonous soils. A
total of about 300,000 tons of waste was yearly disposed of at LL,
including: (i) undifferentiated municipal waste (ca. 60 % of the total
disposed of waste); (ii) waste materials for amending definitive/provi-
sional/daily soil covers including the bio-stabilised organic fraction of
municipal waste, sludge, reclaimed land and excavated soils (ca. 40 %),
and (iii) tyres (ca. 10723 %).

3. Materials and methods
3.1. Sampling strategy

The number of sampling sites for interstitial soil gas collection was
commensurate with the extension of the diffuse degassing areas, whilst
their locations were selected to provide a complete scan of the study
areas. To investigate whether redox conditions influence soil degrada-
tion processes, soil gases were collected at two levels along vertical
profiles in which the shallow one is expected to be more oxidising than
the deep one, as follows: (i) 20 and 40 cm depths at LFC and BdL; (ii) 30
and 60 cm depths at TCM; (iii) 40 cm depth and from the accumulation
chamber (where only VOCs were analysed) at LL, the latter to assess the
effective abatement of the discharge of VOCs from cover soil to the at-
mosphere. At TCM, soil gas sampling was extended further down due to
the high fracturing of soil owed to ploughing activities, periodically
taking place in the area, which enhanced air permeation in the first tens
of centimetres. Before soil gas sampling, CO, and CHj4 soil flux mea-
surements were carried out. Complete datasets of inorganic and organic
compositions from the corresponding gas vents (e.g., fumaroles,
bubbling pools, dry vents) and landfill gas were also reported for each
study area, being representatives of the source gas composition.

3.2. &COz and @CH4
The ®CO, and ®CH,4 values were measured using the “non-station-

ary static accumulation chamber” (AC) method with West Systems™
portable fluxmeters (Fig. 2a). An open-bottom cylindrical metallic
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container (chamber) with a basal area of approximately 300 cm? and an
inner height of about 10 cm was firmly placed on the ground. Gases
escaping from the soil accumulated in the chamber volume that was
continuously transferred by a low-flux pump (20 mL/s), after passing a
water trap and a particulate filter, to the gas detectors consisting of an
infrared sensor for CO, and a tuneable diode laser absorption spec-
troscopy for CHy; then, the gas was re-injected into the chamber. The
values of CO5 and CH4 concentrations were continuously recorded by a
palmtop computer and displayed in a binary plot concentration vs time.
The flux values (®) were computed by the slope of the straight line
fitting the early increase of the gas concentration over time (dC/dt)
inside the chamber and the proportionality factor k, according to the
following equation (eq. 1; Cardellini et al., 2003; Chiodini et al., 1996,
1998):

@::k><;? (€8]

The proportionality factor k was determined at the manufacturing
company (West Systems™) before each sampling survey by means of
laboratory tests. Overall, the obtained reproducibility was >5 % for
®COy > 44 gm 2d ! and ®CH4 > 16 g m~2 d~! and about 10 % for
lower flux values.

The “static accumulation closed-chamber” (CC) method (Fig. 2a) was
preferred over the AC method to measure ®CHy at Vulcano Island due to
its better sensitivity and accuracy in the measurement of low soil CH,4
effluxes (Tassi et al., 2011). Operatively, the CC method is based on
polypropylene open-bottom chambers (basal area = 177 cm? and inner
volume = 4415 cm®), equipped with a sampling port on the top, placed
on the ground. A series of gas samples (approximately 20 mL volume
each) were taken from each positioned chamber at regular time in-
tervals, i.e., just after the chamber was positioned (time 0) and after 5
and 10 min, by using a 60 mL luer-lock syringe. Gas samples were then
transferred into 12 mL glass vials (Labco Exetainer®) (Fig. 2a). CHy
concentrations were determined in the laboratory by using a gas chro-
matograph. The flux values were computed by the following equation
(eq. 2; Tassi et al., 2011):

_V_dc

P =—x_——
Axdt

(2)
The dC/dt ratio represents the concentration increase over time as
computed from the linear regression of the three concentrations detec-
ted within the chamber at the three sampling times. V and A are the
volume and the basal area of the chamber, respectively.
The computed flux values were finally corrected with ambient tem-
perature and air pressure recorded at each sampling site.

3.3. Sampling methods for gases

3.3.1. Gases from the non-stationary static accumulation chamber

Sampling campaigns at LL were carried out by using an AC chamber
equipped, on its top, with a port, connected to a three-way valve, to
allow the collection of gases accumulating within the chamber itself. At
the end of each flux measurement, gases enclosed within the chamber
were collected by connecting a 60 mL luer-lock syringe to the chamber’s
three-way valve and transferred into the 12 mL glass vial (Labco Exe-
tainer®) (Fig. 2a).

3.3.2. Interstitial soil gases

Interstitial soil gases were collected from a 90 cm long stainless-steel
probe (inner diameter = 4 mm) inserted within the soil down to the
selected depths (Fig. 2b). The top of the probe was equipped with a
silicon tube connected to a PTFE three-way valve. Soil gases were pulled
out by using a 100 mL plastic syringe, connected through the PTFE
three-way valve, and transferred into the 12 mL glass vial (Labco Exe-
tainer®). Prior to the sampling, the air contained in the sampling line
was flushed with soil gas.
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(a) Gas collection
procedure
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Fig. 2. Sketches of: (a) the apparatus for the measurement of gas fluxes by the non-stationary static accumulation chamber (AC) and static accumulation closed-
chamber (CC) method, including the scheme of gas collection by using the double-needle method; (b) the procedure for interstitial soil gas collection, as
described in the text (Section 3); the sampling of (c) fumarolic and (d) bubbling main (on the left) and C4, organic (on the right) gas components as reported in the

text (Section 3).
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3.3.3. Fumarolic gases

Gases from the fumarolic fluid from LFC were sampled following the
method reported by Vaselli et al. (2006) (Fig. 2¢). A 70 cm long titanium
tube was inserted into the fumarolic conduit and gases were convoyed
into the storage vessel through a dewar glass tube line. On the basis of
the analytes to determine, two different sampling techniques were
adopted. For the determination of the main gas components (CO, acidic
species, Ha, O, N,), the titanium tube was connected, through dewar
glass tubes jointed by ball-and-socket-type joints, to a sampling flask
consisting of a pre-weighted and pre-evacuated glass bottle (60 cc)
equipped with a Thorion® valve and partially filled with ~20 mL of a 4
M NaOH solution to entrap acidic species and to enrich the headspace
volume with the non-condensable gases (Hg, N3, O3, CH4 and Ar). For
the analysis of C4 organic gas constituents, as an interaction of these
gas species with the alkaline solution was expected (Vaselli et al., 2006),
an aliquot of volcanic fluids was collected after removing the steam and
the acidic gases by using a Graham condenser cooled by water and
placed along the sampling glass line. The dry gas fraction was collected
from the headspace of the condenser by using a 100 mL conical syringe
and transferred into pre-evacuated 12 mL glass vials (Labco
Exetainer®).

3.3.4. Bubbling gases

Bubbling gases from BdL were collected by using a funnel, upside-
down positioned above the gas bubbles (Fig. 2d). The funnel was con-
nected through a silicon tube to (i) a pre-evacuated glass flask partially
filled with ~20 mL of a 4 M NaOH solution volume for the analysis of the
main components (COy, acidic species, Hy, N, O2, CH4 and Ar), and (ii)
to 12 mL glass vials (Labco Exetainer®) for the analysis of the C4
organic gas constituents.

3.3.5. Landfill gases

The landfill gas sample was collected from the main manifold that
comprised pipes for receiving landfill gas recovered by deep wells. Gases
were stored into a 12 mL glass vial (Labco Exetainer®) connecting to the
port of the pipe a simple sampling line consisting of (i) silicon tubes, (ii)
a three-way valve, and (iii) a 60 mL luer-lock syringe.

3.4. Analytical methods

The main gas components in the glass vials (CO3, CHy, Ny, O, and
Ar) and the inorganic gases (N3, Oz, Hy, and Ar) in the glass flasks were
measured by gas-chromatography (GC) using a Shimadzu 15 A gas
chromatograph with a 9 m long 5 A molecular sieve column and a
thermal conductivity detector (TCD). CO; and the other acidic gases
(here reported as a sum) dissolved in the alkaline solution of the glass
flasks were analysed as anions by automatic titration with 0.5 M HCl
solution (Metrohm 794 Basic Titrino) and ion-chromatography (Met-
rohm 761 Compact IC). Light hydrocarbons (C;—C4), except CHy at high
concentrations (> 0.5 % by vol), were analysed by GC using a Shimadzu
14 A gas chromatograph supplied with a hydrogen flame ionisation
detector (FID) and a 10 m long stainless-steel column (® = 2 mm)
packed with Chromosorb PAW80,/100 mesh coated with 23 % SP 1700.
Both GCs worked using He as a carrier gas. The analytical errors for both
GC-TCD and GC-FID were < 5 %.

The identification and quantification of C4; VOCs were performed by
employing the solid phase microextraction method (Arthur and Paw-
liszyn, 1990) and a Thermo Trace Ultra GC coupled with a Thermo DSQ
Quadrupole mass spectrometer. A 2 cm long three-phase fibre composed
of divinylbenzene and carboxen - polydimethylsiloxane mixture
(Supelco) was inserted into the glass vials through the pierceable rubber
cap and exposed to the gas samples for 30 min at ambient temperature
(20 °C). C44 VOCs extracted from the gas samples and retained on the
fibre were desorbed in the headspace of the GC column for 2 min at
230 °C and introduced into a 30 m x 0.25 mm (inner diameter = 0.25
pm) film thickness TR-V1 fused silica capillary column (Thermo), using
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He as a carrier gas. Analytes separated by the chromatographic column
were conducted to the quadrupole mass spectrometer (set in full-scan
mode, i.e., operating in the 40-400 m/z mass range) through a
transfer-line set at 230 °C. The mass detector worked in a positive
electron impact (EI) mode. The ionisation energy and the source tem-
perature were set at 70 eV and 250 °C, respectively. C4, VOCs were
identified on the basis of the retention times of the chromatographic
peaks and the comparison of the resulting mass spectra with those
provided by the database of the NISTO5 library (NIST, 2005). Quanti-
tative analysis implied the use of a proper external standard calibration
procedure. This was based on calibration curves constructed by
measuring Accustandard® standard liquid mixtures in methanol or,
alternatively, hexane solvents at increasing concentrations as described
by Tassi et al. (2012a). The relative standard deviation computed by five
replicate analyses of the standard mixture was <5 %. The limit of
quantification (LOQ) corresponded to the area of a peak having a signal/
noise ratio of 5. LOQ was extrapolated in agreement with the lowest
concentration of the standard mixtures used for the calibration curve.

3.5. Datasets from previous works

Published geochemical data from 3 different medium enthalpy hy-
drothermal systems was considered in this study, as follows: (i) Solfatara
di Nepi (NP) and (ii) Caldara di Manziana (MZ), including 99 and 96 soil
gas samples collected at 20 and 40 cm depth, respectively, ®CO5 and
®CH,4 measurements, and the chemical compositions of a gas vent
(NPgas) and a bubbling pool (MZgas) (Venturi et al., 2024); (iii) Poggio
dell’Ulivo (PdU), consisting of the chemical composition of 25 and 5 soil
gas samples collected at 40 and 20 cm depth, respectively, and a
bubbling pool (PdUgas) (Tassi et al., 2015b). The high enthalpy hy-
drothermal system of the Solfatara crater (SF) was also included in the
study. SF dataset consisted of the analytical data of 52 soil gas samples
collected at 30 cm depth and a fumarole (SFgas; being computed by
averaging the compositions of the two main fumarolic discharges of SF,
i.e., BG and BN; Tassi et al., 2015a), and ®CO5 and ®CH,4 measurements.

4. Results
4.1. Vulcano Island

4.1.1. Inorganic and organic compositions of fumarolic and bubbling gas

Fumarolic (LFCgas) and bubbling (BdLgas) gases were collected from
selected vents located at the northern flank of the LFC and close to the
shoreline, respectively (Fig. 1a, b). The dry composition of LFCgas was
dominated by CO2 (94 % by vol) and acidic gases (4.8 % by vol), fol-
lowed by Ny (1.7 % by vol), Ha (0.02 % by vol), CHg, (9 x 10™* % by
vol), Ar (8 x 10™* % by vol) and Oy (3 x 10~* % by vol; Table S.1).
BdLgas, dominated by CO, (98.6 % by vol), was relatively enriched in
CH4 (0.17 % by vol) and Hj (0.24 % by vol), whilst acidic gases (0.89 %
by vol), N (0.28 % by vol), Ar (2 x 10~ % by vol) and 0, (3 x 10™% %
by vol) occurred at relatively low amounts (Table S.1).

A total of 19 different VOCs were identified in both LFCgas and
BdLgas, accounting for a total of 14 and 398 ppbv, respectively. Overall,
alkane and S-substituted compounds were the most abundant organic
groups in LFCgas accounting for 49 and 21 % of total VOC composition
(3-VOCs), respectively. Aromatic and alkene compounds were found in
significant concentrations in LFCgas (13 and 11 % ) VOCs, respec-
tively), whilst the contents of halogenated, furan, phenol and aliphatic
O-substituted (i.e., only aldehydes) compounds were relatively low (2.6,
1.5, 0.7 and 0.7 % > VOCs, respectively). Alkanes, by far dominating the
organic composition of BdLgas (70 % ) _VOCs), were followed by aro-
matic and alkene compounds (16 and 11 % ) VOCs, respectively),
whilst S-substituted, halogenated, furan, phenol and aliphatic O-
substituted (i.e., only aldehydes) compounds constituted the lowest
fractions (1.9, 0.6, 0.08, 0.05 and 0.03 % »_VOCs, respectively).
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4.1.2. ®CO2 and ®CH, values and inorganic and organic compositions of
soil gases

Soil gas sampling and soil flux measurements of CO5 (AC method)
and CH4 (CC method) were performed in 45 selected sampling sites
located as follows: (i) 24 in LFC and (ii) 21 in BdL, of which 10 were next
to the beach and 11 in the tuff cone area nearby the harbour (Fig. 1a, b).
A total of 78 interstitial soil gas samples were collected at 20 and 40 cm
depths; the soil in 13 sampling sites was too compacted to permit the
insertion of the sampling probe down to 40 cm depth.

The measured ®CO, values were generally lower in LFC (ranging
from 4.6 to 2260 g m~2 day™; Fig. S.1a) with respect to those detected
in BdL (ranging from 36.4 to 4140 g m~2 day ™ ; Fig. S.1b). Similarly, the
®CH,4 values in LFC (ranging from 2 x 107% to 0.03 g m~2 day };
Fig. S.1a) were overall lower than those in BdL (ranging from 4.4 x 107*
t0 0.19 g m~2 day™; Fig. S.1b). The highest ®CH,4 values were found in
the correspondence of the highest ®CO; values, whilst CHy4 fluxes were
virtually undetectable in sampling sites experiencing the lowest ®CO,
values.

The chemical composition of interstitial soil gas samples from both
LFC and BdL spanned from Ny-dominated to CO2-dominated. Most gases
collected at 20 cm depth were enriched in N; (ranging from 2.01 to 77.1
% by vol; Fig. S.2a, b) with respect to the corresponding deeper gases
(ranging from 2.77 to 75.4 % by vol; Fig. S.2a, b). An opposite trend was
shown by CO2 whose levels generally increased downwards along ver-
tical profiles (i.e., from 5.92 to 97.9 % by vol at 20 cm depth to
7.62-97.0 % by vol at 40 cm depth; Fig. S.2a, b). The amounts of Oy and
Ar, overall ranging from 0.03 to 19.8 % and from 0.02 to 0.89 % by vol
(Fig. S.2a, b), were linearly correlated to the Ny contents. The contents of
CH,4, which represented the least abundant component among those
measured in soil gas samples, were positively correlated to the contents
of CO3 and were higher (about one order of magnitude) in BdL soil gases
(ranging from 4.4 x 10~ to 0.08 % by vol, at 40 cm depth, and from 5 x
107 to 0.07 % at 20 cm depth; Fig. S.2b) with respect to the soil gases
collected from LFC (ranging from 3.5 x 10~ to 7.8 x 1073 % by vol, at
40 cm depth, and from 5.0 x 10 °t0 5.6 x 10> % by vol at 20 cm depth;
Fig. S.2a).

Up to 37 and 54 different VOCs were detected in soil gas samples
from LFC and BdL. Overall, the LFC soil gas samples showed lower
contents of VOCs (ranging, as a sum, from 1.1 to 264 ppbv; Fig. S.3a)
compared to those from BdL (ranging, as a sum, from 1.5 to 1370 ppbv;
Fig. $.3b).

The VOC composition in the soil gases from LFC varied largely
among the different sampling sites compared to the soil gases collected
from BdL. Overall, the VOC composition of soil gases from LFC and BdL
were dominated by alkanes that ranged, with variable trends with
depth, from 36 to 76 % and from 36 to 86 % > VOCs at 20 cm and 40 cm
depth, respectively (Fig. S.4a). Aromatic, S-substituted, aliphatic O-
substituted (including aldehydes, esters and ketones) and furan com-
pounds were detected in relatively lower amounts, i.e., up to 45 %, 33 %,
14.5 %, and 24.5 % Y VOCs, respectively (Fig. S.4a). Overall, soil gases
from BdL exhibited relatively low levels of S-substituted, aliphatic O-
substituted and furan compounds with respect to those from LFC
(Fig. S.4b). Halogenated, cyclic, alkenes and phenol compounds, except
in rare cases, occurred in subordinate relative contents with respect to
the other organic groups in all soil gas samples, accounting for <6.8 %,
<11 %, < 2.1 % and < 1.8 % ) VOCs, respectively (Fig. S.4a, b). Soil
gases collected at 20 cm depth were relatively enriched in aliphatic O-
substituted, furan and halogenated compounds and depleted in S-
substituted and alkenes compounds compared to deeper gases along the
corresponding vertical profiles (Fig. S.4a, b).

4.2. Terre Calde di Medolla
4.2.1. Inorganic and organic compositions of deep gas

Since no punctual vent exhaled in TCM, the gas sample (TCMgas)
collected at 90 cm depth from the site exhibiting the highest ®CO2 and
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®CH, values (170.0 and 34.40 g m~2 day !, respectively; Table S.2) was
adopted as the best representative of the deep gas composition (Fig. 1c).

TCMgas was by far dominated by CHy4 (97.1 % by vol), followed by
N3 (2.34 % by vol), CO2 (0.43 % by vol), Oz (0.11 % by vol) and Ar (0.03
% by vol) (Table S.2). A total of 42 different VOCs were identified,
constituting as a sum about 1,180,000 ppbv of the total gas composition.
Alkanes represented the most abundant organic group followed by cy-
clics and alkenes, accounting for 94, 5.6 and 0.9 % > VOCs, respectively.
Aromatic, aliphatic O-substituted (including aldehydes, esters, ketones
and alcohol), phenol, halogenated and terpene compounds occurred at
minor amounts, representing 7 x 10’3, 1 x 10’3, 1 x 10’3, 8 x 107*
and 6 x 107> % Y_VOCs, respectively.

4.2.2. ®COz and ®CH4 values and inorganic and organic compositions of
soil gases

The ®CO, and ®CH4 measurements (AC method) and soil gas sam-
pling at 30 and 60 cm depths were carried out in 5 sampling sites within
a subcircular CH4-dominated macroseepage, which was noticeable from
the relatively high ®CH,4 and the occurrence of senescent vegetation
(Fig. 1c). The ®CO, and ®CH4 values ranged from 14.8 to 28.8 g m ™2
d~! and from 16.3 to 52.7 g m24d7! (Fig. S.1¢).

Soil gas samples collected at 30 and 60 cm depths were characterised
by relatively high CH4 concentrations (ranging from 19.3 to 87.8 % by
vol and from 36.7 to 88.5 % by vol, respectively), which decreased
upwards along vertical profiles, followed by N5 (ranging from 11.0 to
63.7 % by vol and from 8.90 to 50.7 % by vol, respectively), CO2
(ranging from 0.25 to 12.36 % by vol and from 0.13 to 10.8 % by vol,
respectively), Oy (ranging from 0.82 to 3.59 % by vol and from 0.52 to
1.15 % by vol, respectively) and Ar (ranging from 0.14 to 0.79 % by vol
and from 0.11 to 0.63 % by vol, respectively) (Fig. S.2c).

A total of 44 different VOC species were identified in soil gases. The
TCM soil gas samples at 30 and 60 cm depths contained large amounts,
as a sum, of VOCs that ranged from 228,000 to 871,000 ppbv (Fig. S.3c).
The organic composition of soil gases was rather coherent with that seen
for TCMgas: alkanes were by far the most abundant organic group ac-
counting for 89 to 96 % > VOCs, with higher values on average at
deeper depths, followed by cyclic and alkene compounds (ranging from
3.7 to 10 % and from 0.44 to 0.95 % > _VOCs, respectively) with no clear
trend with depth. Aliphatic O-substituted (variable proportion of alde-
hydes, esters, ketones and alcohols) and terpene compounds ranged
from 6 x 1072 to 0.04 % and from 1 x 10~* to 1 x 1072 S.VOCs,
respectively, with higher contents found at the shallow depth (Fig. S.4c).
Aromatics, halogenated compounds and phenol were found in trace
amounts (ranging from 4 x 1072 t0 0.01 %, from 5 x 10 % to 2 x 1073 %
and from 3 x 1073 to 0.01 % Y_VOCs, respectively), varying with no
clear trend with depth (Fig. S.4c).

4.3. Legoli landfill

4.3.1. Inorganic and organic compositions of landfill gas

The chemical composition of the landfill gas sample (i.e., LLgas) was
dominated by CH4 (52.4 % by vol), followed by CO3 (32.0 % by vol,
respectively), No (13.3 % by vol, respectively), O (2.12 % by vol,
respectively) and Ar (0.16 % by vol, respectively) (Table S.3).

A total of 53 different VOC species, accounting, as a sum, for
1,120,000 ppbv were detected. The organic composition was largely
dominated by aromatic and alkane followed by cyclic, halogenated and
terpene compounds that accounted for 58, 18, 12, 11 and 0.4 % > VOCs,
whilst the relative amounts of S-substituted, aliphatic O-substituted
(including aldehydes, esters, ketones and alcohols), phenol and N-
substituted compounds were lower than 0.2 % VOCs.

4.3.2. ®COz and ®CH, values and inorganic and organic compositions of
soil gases

A total of 69 sampling sites (i.e., 38 within L1, 20 within L2 and 11
pertaining to L3) were arrayed at interval distances ranging from 35 to
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80 m (Fig. 1d). At each sampling site, both ®CO, and ®CH,4 fluxes were
measured by using the AC method and gas samples were collected (i)
from the accumulation chamber just after the flux measurements for
VOC analyses and (ii) at 40 cm soil depth. Given the extremely low
permeability of the soil that hindered gas withdrawal, no soil gas sample
was collected in 19 sites.

Overall, ®CO, and ®CH4 values ranged in wide intervals, i.e., from
1.00 to 209 g m 2 day ! and from 0.06 to 111 g m~2 day !, respectively,
with the sole exception of the LL #58 and #68 sampling sites where the
values of ®CO, and ®CH4 were > 917 and > 369 g m 2 day !,
respectively (Fig. S.1d).

Interstitial soil gas samples collected at 40 cm depth were charac-
terised by high contents of Ny (ranging from 29.9 to 93.9 % by vol),
directly correlated to the concentrations of Oz (ranging from 0.21 to
16.1 % by vol) and Ar (ranging from 0.33 to 1.12 % by vol; Fig. S.2d).
The concentrations of CO5 and CHy, positively correlated to each other,
varied in relatively large ranges, i.e., from 0.02 to 33.0 % and from 2.1
x 1072 to 36.5 % by vol (Fig. S.2d).

Up to 54 and 39 different VOC species were identified in the gases
from the soil and from the accumulation chamber, respectively. In the
interstitial soil gas samples, VOCs constituted from 129 to 1,410,000
ppbv, whilst the concentrations in the corresponding gases collected
from the accumulation chamber were proportionally lower (ranging
from 73 to 122,000 ppbv) (Fig. S.3d). The VOC compositions of soil
gases were reciprocally dominated by either aromatics and alkanes
(ranging from 15 to 69 % and from 12 to 37 % »_VOCs, respectively) or
by the aliphatic O-substituted (mainly esters with variable proportions
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of aldehydes and ketones and minor amounts of alcohols) and terpene
compounds whose relative abundances reached 34 % and 33 % ) VOCs,
respectively (Fig. S.4d). Cyclic and halogenated compounds occurred in
relatively significant amounts (accounting for up to 12 and 25 %
>"VOCs, respectively), whilst S-substituted, phenol and N-substituted
compounds overall occurred in minor relative amounts, i.e., < 2.7, < 0.5
and < 0.01 % Y VOCs, respectively (Fig. S.4d). Compared to the cor-
responding soil gas compositions, the organic composition of gases
collected within the accumulation chamber was enriched in aliphatic O-
substituted (including variable amounts of aldehydes, esters and ketones
with no alcohols) and terpene compounds that, in most cases, were the
most abundant organic groups, spanning from 4 x 10~ to 87 % and
from 0.27 to 43 % ) _VOCs, respectively (Fig. S.4d). On the other hand,
the contents of aromatics and alkanes in these gases varied over ranges
of 5.6-84 % and 0.82-22 % > VOCs, respectively (Fig. S.4d). Cyclic,
halogenated compounds and S-substituted compounds were sporadi-
cally detected, and their contents did not exceed 7.9, 17 and 0.86 %
>"VOCs, respectively, whilst no phenol nor N-substituted compounds
appeared (Fig. S.4d).

5. Discussion
5.1. Origin and composition of hypogenic VOCs
The sum of VOC concentrations (£VOCs) in fluids from the hypo-

genic gas sources (LFCgas, BdLgas, TCMgas, MZgas, NPgas, PdUgas,
SFgas, and LLgas) increased at decreasing temperatures of the associated
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Fig. 3. CH4/(C.Hg + C3Hg) ratios vs total concentration of VOCs (expressed as ppbv) of gas vents and landfill gas collected from (i) La Fossa crater, Baia di Levante,
Terre Calde di Medolla and Legoli landfill (LFCgas, BdLgas, TCMgas and LLgas, respectively; this study); (ii) Solfatara di Nepi and Caldara di Manziana (NPgas and
MZgas, respectively; Venturi et al., 2024); (iii) Poggio dell’Ulivo (PdUgas; Tassi et al., 2015b); (iv) Solfatara crater (SFgas; Tassi et al., 2015a). Bar charts of organic
functional group concentrations, as a sum, of VOCs (expressed as % > VOCs) are also reported. Legend: ALKA = alkanes; ALKE = alkenes; CYC = cyclics; ARO =
aromatics; S-s = S-substituted compounds; HAL = halogenated compounds; OXY = aliphatic O-substituted compounds (including aldehydes, esters, ketones, alcohols
and organic acids); PHE = phenol; FUR = furans; TER = terpenes; N-s = N-substituted compound, i.e., benzothiazole.
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system, i.e., from volcanic systems (LFC; Costa et al., 2020) to CHg4-
dominated fluids (TCM; Sciarra et al., 2017) and the landfill (LL; Fig. 3),
with intermediate values shown by medium-to-high enthalpy systems,
including BdL, NP, MZ, PdU and SF (up to 360 °C; Capaccioni et al.,
2001; Cinti et al., 2018; Tassi et al., 2015a, 2015b). The paucity of VOCs
in the COz-dominated gases originating at hydrothermal and, especially,
volcanic conditions was not surprising, since VOCs are rapidly degraded
by chemical reactions at increasing temperatures (Capaccioni et al.,
1995; Linton and Turnbull, 1984). On the other hand, VOCs in the
CH4(COy)-dominated gases were favoured by the relatively low tem-
peratures and the abundance of organic matter typical of the natural
(TCM) and anthropogenic (LL) environments associated with these
fluids (Mattavelli and Novelli, 1988; Ricci et al., 2023; Chu et al., 2021;
Sciarra et al., 2021).

As reported in the literature (e.g. Tassi et al., 2012d and references
therein), microbial degradation of organic matter tends to produce gases
characterised by relatively high CH4/(CoHg + CsHg) ratios (> 1000),
whilst lower values (<100) are commonly ascribed to thermogenic gases
since thermogenesis is less selective in generating light-molecular
weight alkanes. While these intervals crystally confirmed the biogenic
origin of VOCs for TCMgas and LLgas, they appeared misleading for gas
vents from the medium-to-high enthalpy systems (Fig. 3): only SFgas fell
strictly within the thermogenic range. The apparent shift of gases from
medium-to-high enthalpy systems to the microbial-sourced field from
the pertaining thermogenic interval was likely caused by secondary
processes during the gas upwelling and/or transformations of molecules
in the gas reservoir rather than high contributions of microbially driven
degradation of organic matter, being it severely compromised at the
temperatures expected in their origin reservoirs (> 100 °C) (Rice and
Claypool, 1981). These processes could include: (i) molecular fraction-
ation (Milkov and Etiope, 2018); (ii) CH4 production by CO3 reduction
(Chiodini, 2009; Tassi et al., 2012b); (iii) dehydrogenation of light al-
kanes, favoured at high temperature and oxidising conditions typical of
volcanic environments (Tassi et al., 2012c).

Relevant similarities and interesting differences were observed
among the chemical composition of VOCs in the geogenic gases from
different sites, indicating the action of local site-specific constraints
(Fig. 3). The composition of VOCs in all geogenic gases was dominated
by alkanes (Fig. 3), consistently with other natural gaseous exhalations
worldwide (e.g., Tassi et al., 2012a, 2012c, 2010; Whelan and Hunt,
1983). The alkane series invariably exhibited a general decreasing trend
of concentrations with increasing carbon numbers (Tables S.1 and S.2;
Tassi et al., 2015a, 2015b; Venturi et al., 2024). This evidence implied
either a preferential generation or a relatively high stability of short
saturated acyclic compounds regardless of the enthalpy of the geogenic
environment of formation. In fact, thermodynamic computations indi-
cate that the heavier is the molecular weight of alkanes the higher is the
free energy of formation per carbon atom at any temperature (Capa-
ccioni et al., 1995). Moreover, the alteration of buried organic matter in
hydrothermal systems can selectively extract short-chain alkanes
depending on temperature and pressure (Petrov et al., 2021). At rela-
tively high temperatures, such as those typical of active volcanoes,
abiotic carbon compound polymerisation (Fischer-Tropsch synthesis),
which generates an organic compound suite mainly consisting of CH4
and short-chain n-alkanes, was also invoked (McCollom and Seewald,
2007).

Light alkenes were found in significant concentrations in all volcanic
and hydrothermal geogenic gases (Fig. 3), where the formation of C3-Cs
alkenes is commonly attributed to alkane dehydrogenation reactions
(Capaccioni and Mangani, 2001; Seewald, 2001; Tassi et al., 2012c).
Differently, the Cg-Cg alkenes, the only alkenes recognised in TCMgas
(Table S.2), may have been produced by the decomposition of buried
organic matter at relatively low temperatures (Mahlstedt, 2020), since
alkane dehydrogenation is not efficient at temperatures <150 °C
(Gomez et al., 2019; Mango et al., 1994).

Cyclic compounds in volcanic/hydrothermal gases (LFCgas and
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BdLgas) did not occur or were found in low concentrations (Fig. 3), in
agreement with previous findings (Tassi et al., 2010), whilst these VOCs
are generally enriched in oil and biogenic gases (Guzman et al., 2022;
Hu et al., 2010; Polyakov and Horita, 2021). In volcanic-hydrothermal
fluids, i.e., at relatively high temperatures and oxidising conditions,
the catalytic dehydrogenation and aromatisation of cyclics are favoured
(Konn et al., 2015; Tassi et al., 2012a; Venturi et al., 2017), whilst this
process is not efficient in gases from systems at decreasing enthalpy
(MZgas, NPgas, PdUgas, SFgas, and TCMgas) that showed, conse-
quently, increasing concentrations of cyclics (Fig. 3).

Aromatics were detected in significant amounts in the volcanic and
hydrothermal exhalations, whilst they were found in subordinate
amounts in TCMgas (Fig. 3). Many processes have been invoked to
explain their origin in geogenic fluids: (i) degradation of sugars under
hydrothermal conditions (Konn et al., 2015); (ii) abiotic clay-catalysed
synthesis (McCollom, 2013); (iii) catalytic aromatisation of CHj4
(Taran and Giggenbach, 2003); (iv) catalytic dehydrogenation of
cycloalkanes (Venturi et al., 2017). These processes are favoured by (i)
medium-to-high temperatures and (ii) chemical catalysts (e.g., sulfur
gases, Al-silicates, iron oxides and sulphide minerals; Capaccioni et al.,
2004, 1995; Tassi et al., 2010), both conditions being typical of volcanic-
hydrothermal systems. The relatively low concentration of aromatic
compounds in TCMgas (Fig. 3) may be interpreted as related to the low
temperature characterising this environment, i.e., too low to complete
the aromatisation of cycloalkanes and cycloalkenes (Behar et al., 1992;
Hu et al., 2014; Venturi et al., 2017). Low temperature conditions
characterising the TCM source likely hindered the thermal demethyla-
tion of branched aromatics, explaining the dominance of toluene over
benzene compared to the medium-to-high temperature gas vents
(Table S.1, S.2; Tassi et al., 2015a, 2015b; Venturi et al., 2024).

The significant contents of S-substituted compounds marking the
volcanic and hydrothermal fluids (Fig. 3) may reasonably be related to
the high fugacity of sulfur due to S-bearing gases from magmatic
degassing and volcanic gas-water-rock interactions (Sanchez-Avila
et al., 2021; Schwandner et al., 2013; Tassi et al., 2010). Accordingly,
the lack of S-substituted compounds in PdUgas and TCMgas (Fig. 3)
reflected the low availability of reacting sulfur volatile species in these
systems (Tassi et al., 2015b; Table S.2), although organosulfur com-
pounds in a sedimentary domain mainly originate from (i) degradation
of sulfur-contained organic matter, (ii) metabolic activity of sulfur-
reducing bacteria, and (iii) thermochemical sulfate reduction mecha-
nisms at temperatures >100-140 °C (Amrani, 2014; Machel, 2001; Shi
and Wu, 2021).

The occurrence of halocarbons in the geogenic gas samples of this
study (Fig. 3) may have been ascribed, to a variable extent, to (i) the
availability of halides in the reservoir and the proceeding degrees of
halogenation processes (Aarnes et al., 2011; Jordan et al., 2000; Keppler
et al., 2000; Schreiber et al., 2017; Svensen et al., 2009) and (ii) air
contamination (Frische et al., 2006). However, bio-halogenated com-
pounds in deep natural systems could not be ruled out (Silk et al., 1997;
Zhang et al., 2021).

Aliphatic O-substituted compounds pertaining to ketone, ester,
aldehyde, alcohol and organic acid groups were found in relatively low
contents in the investigated geogenic gases (Fig. 3), in agreement with
the composition of VOCs in gases from hydrothermal and volcanic sys-
tems worldwide and sedimentary basins (Isidorov et al., 1990; Bonini
et al., 2013; Tassi et al., 2010, 2009a, 2012c), and clearly related to the
reducing conditions characterising the geogenic fluid source. Such
limited amounts of aliphatic O-substituted compounds may have been
generated by hydration and subsequent oxidation of alkanes at hydro-
thermal conditions (Seewald, 2001; Yang et al., 2012) and by diagenesis
and pyrolysis of organic matter (Leif and Simoneit, 1995, 2000; Sandi-
son et al.,, 2003; Volkman et al., 2000). Bio-oxidation of geogenic
non-oxygenated VOCs (e.g., alkanes, aromatics, thiophenes, alkenes,
cyclics) at both surficial and sub-surficial environments, where Oy
supply is not limited, likely acted as an additional source of esters,
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ketones, aldehydes, organic acids and phenol in geogenic fluids (Kokh
et al., 2017; Sanchez-Avila et al., 2021; Tassi et al., 2013b). The last O-
bearing compound exhibits a peculiar behaviour with respect to
aliphatic O-substituted compounds due to the presence of an aromatic
ring. Indeed, it is commonly found in hydrothermal/volcanic gases
(Schwandner et al., 2013; Shock et al., 2013; Tassi et al., 2009a) and in
fluids originating from the maturation of organic-rich source deposits
(Dieckmann et al., 2006; Taylor et al., 1997; Fig. 3). Experimental evi-
dence has demonstrated the hydrothermal formation of phenol as an
intermediate product of decarboxylation of toluene (McCollom et al.,
2001) and as a final product of the reaction of sodium hydrogen car-
bonate with water in the presence of iron powder (Tian et al., 2007).

Furans were detected only in gas vents from LFC, BdL and SF (Fig. 3).
They are typical high-temperature aromatic O-bearing compounds and
are supposed to be formed through the Paal-Knorr synthesis that in-
volves the closure of oxygenated alkanes under highly acidic and oxi-
dising conditions (Tassi et al., 2010, 2012c).

No terpenes were found in the investigated geogenic gases, except
a-pinene in the TCMgas (Fig. 3; Table S.1) that is the main constituent of
the VOC suite of living plant mechanisms (Mofikoya et al., 2020; Tri-
pathi and Sahu, 2020). Terpenes are mainly synthesised by plants’
metabolisms (Calogirou et al., 1999; Gershenzon and Dudareva, 2007;
Silvestre and Gandini, 2008) as well as degradation of vegetative parts of
plants typically releases terpenes (Randazzo et al., 2022) and when
found in deep-sourced gases, they are generally ascribed to litter
decomposition at shallow depths (Isidorov et al., 1990; Schwandner
et al., 2004).

A special mention was deserved to benzothiazole, an aromatic
compound with S and N as substituents, which was found in SFgas
(Fig. 3) likely due to anthropic pollution (Franklin et al., 2021). In fact,
this compound is usually marked as a human-synthesised chemical,
finding application in pharmaceutical and manufacturing industries (De
Wever et al., 2001; Irfan et al., 2020), whereas its biogenic origin has not
been demonstrated so far.

Compared to geogenic gases, the compositional features of VOCs in
LLgas were marked by a significant fraction of aromatics, halogenated
and terpene compounds as well as benzothiazole (Fig. 3). This pattern
reflected a significant contribution of xenobiotic compounds and prod-
ucts from fresh organic matter degradation: VOCs from synthetic prod-
ucts commonly disposed of in municipal waste landfill (e.g., insecticides,
solvents, paints, dyes, herbicides fungicides, air fresheners, pharma-
ceutical and antibacterial products, hydraulic and heat-transfer fluids)
are dominated by these species, including alkanes (Bhatt et al., 2007;
Gallego et al., 2014; Muenmee et al., 2016; Pan et al., 2023; Randazzo
et al., 2020). Moreover, degradation of the organic fraction of municipal
waste (e.g., yard trimmings, food waste) releases significant contents of
alkane, aromatic, cyclic, aliphatic O- and S-substituted compounds as
well as phenol, but in different proportions with respect to those typi-
cally found in geogenic gases (Randazzo et al., 2022, 2023). Alkenes,
which can be emitted by the degradation of the multi-component waste
commonly disposed of in municipal waste landfills (Randazzo et al.,
2022), were surprisingly not detected in LLgas (Fig. 3), presumably due
to the reactivity of these compounds under aerobic conditions that can
be established by the circulation of air and meteoric water within the
landfill body.

5.2. Soil degradation processes affecting hypogenic gases

In the framework of this study, we referred to the soil as the surficial
earthy layer, consisting of solid (organic and mineral matters), liquid
and gaseous phases, interacting with the atmosphere, hydrosphere and
biosphere. Bio-physicochemical conditions in soil dramatically differ
from those characterising hypogenic gas reservoirs. For instance, air
permeation and water infiltration boost oxidising conditions (Tassi
et al., 2009b) and favour autotrophic and heterotrophic respiration
(Kuzyakov, 2006) through the promotion of different types of Oo-
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utilising microorganisms (Jabtonska and Tawfik, 2019), including
methanotrophs and VOCs-degrading bacteria.

5.2.1. Main hypogenic gases (COz and CHy) in soil vs ®CO2 and ®CHy

All soil gases, except for most LFC and some of SF, exhibited
noticeable depletions of CH,4 and to a lesser extent of CO,, compared to
those expected from the theoretical mixing between air and the hypo-
genic gas endmembers (Fig. 4). Methane depletion could reflect both
CO4 production by soil respiration (Le Mer and Roger, 2001) and CH4
oxidation by methanotrophic bacteria (Fig. 4; Hanson and Hanson,
1996; Wang et al., 2023). The relative CH4 enrichment with respect to
their deep sources of most LFC and some SF soil gases (Fig. 4) was un-
likely caused by CH4 production through the anaerobic mineralisation of
buried organic matter by strictly anaerobic bacteria at relatively shallow
depths (Reay et al., 2018; Yang and Chang, 1998). Presumably, the
LFCgas and SFgas composition may not exhaustively represent the deep
gas source of the correspondent soil gases, as CH4 concentrations may
have shown significant variations in different discharging points of the
same degassing system, depending on the consumption of this labile
compound at relatively high temperatures such as those of the LFC and
SF systems (Caliro et al., 2007; Chiodini, 2009; Tassi et al., 2012a).

Although it is commonly accepted that high ®(CO, + CHy4) values
counteract soil air permeation and limit gas-microbe and gas-soil in-
teractions (Capaccioni et al., 2015; Randazzo et al., 2020; Venturi et al.,
2019), with the sole exception of SF, CO5 and CH4 concentrations in soils
were not (or only roughly) dependent on the extent of (CO2 + CHy)
fluxes (Fig. 4). It suggested that spatial inhomogeneities in the physi-
cochemical soil characteristics, local permeability barriers, and soil
waterlogging, may have led to the decoupling of gas fluxes from the soils
and interstitial gas compositions. For instance, compacted clay layers,
which are typical in soil affected by hydrothermally induced alteration
(del Potro and Hiirlimann, 2009; Galan, 2006; Madonia et al., 2019)
such as those of LFC, BdL, NP, MZ and PdU, can form horizontal soil
permeability barriers limiting the soil gas effluxes and causing gas
accumulation within the soil. Ploughing activities, possibly occurring at
TCM, may have strongly changed local soil gas diffusivity and air
permeation by modifying the soil structure (Ball et al., 2008). In addi-
tion, the numbers, species, and activities of soil microorganisms typi-
cally vary significantly in the soil as strongly influenced by many labile
parameters, including: Oy concentration (Haque et al., 2020), moisture
content (Boeckx and Van Cleemput, 1996; Zhao et al., 2021), temper-
ature (Borjesson et al., 2004; Visvanathan et al., 1999), soil pH (Kou
et al., 2021), availability of nutrients (Chowdhury and Dick, 2013;
Knief, 2019), soil texture and soil organic matter content (Witzgall et al.,
2021). As a result, changes in these soil attributes influence unpredict-
ably the rate of biological processes in soils. Differently, the noticeable
relation between ®(CO; + CHy) and the soil concentrations of CO, and
CH4 observed for the SF (Fig. 4) was likely due to the general homo-
geneity of soil features characterising the bottom of this volcanic crater.
According to these considerations, the ®(CO2 + CHy4) values cannot be
considered as a reliable proxy to assess the residence time of the gas
within the soil.

Variability in the environmental soil conditions had effects also
along soil vertical profiles (Fig. 4): gas samples from NP, MZ and PdU
suffered, to variable extents, a CH4 depletion with respect to CO5 at
shallow depths, reflecting both air mixing and enhanced CH4 oxidation
due to O, availability, whilst at both LFC and BdL, the reciprocal levels
of CH4 and CO, were instead basically undistinguished indicating weak
soil aeration and low methanotrophic activity, the latter presumably due
to the high S fugacity in the endogenous gas emissions (Table S.1; Jiang
et al., 2023). The lack of vertical trends of both CO, and CH4 concen-
trations at TCM (Fig. 4; Table S.2), confirmed the strong dependence of
their reciprocal abundance on the CHy4 conversion rates.

5.2.2. Hypogenic VOCs
Methane is generally considered one of the most reactive
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Fig. 4. CH4 vs. CO, binary diagrams of soil gases from La Fossa crater (LFC), Baia di Levante (BdL), Terre Calde di Medolla (TCM), and Legoli landfill (LL; this study);
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respectively.

hydrocarbons in the soil (Scheutz et al., 2004, 2008). Accordingly, the
behaviour of the VOC groups in the different sampling sites was first
assessed through the evolution of the CH4/) VOC; ratios (where Y VOC;
is the sum of specie concentrations belonging to individual VOC groups)
from the hypogenic sources to soil gases. In the absence of shallow
additional sources, this ratio increases in the soil gases if the considered
VOC group undergo degradation at higher rates than CHy in the soil.

The CH4/> VOC; ratios of the soil gases from the different study
areas only roughly resembled those characterising the corresponding
source gases and were comprised in wide ranges within the individual
study areas and strongly varied along vertical soil profiles (Fig. 5). This
indicated a different response of VOC groups to changing environmental
conditions (from the deep source to the surface) and supported the
strong influence of local soil bio-physicochemical characteristics on the
extent of biogeochemical soil processes.

Owing to the large variability in the concentration and composition
of gases pertaining to the different investigated systems, the comparison
of the effects of biogeochemical soil processes on the hypogenic VOCs
among the study areas is challenging. The normalisation of the con-
centrations, as a sum, of selected VOC species (3 _VOC;) computed in soil
with those of the corresponding source (eq. 3) allowed to scale the
values to a common range describing the extent of compositional de-
viations with respect to the source gas. The ) VOC;/) VOGC; ratios,
where ) VOG; is the concentration of one or the sum of selected species
pertaining to the functional group of the i compounds or, as an alter-
native, to another functional organic group, were used for these com-
putations (eq. 4): values <1 indicate either a relative depletion of

11

>_VOC; or a relative enrichment of ) 'VOC; with respect to the source
gas, the opposite is for values >1.

(> voc),,.
norm VOC;) = ="l @)
(32v0e) = oc).c.0
(E voc,)
. voc; |
norm Z VoG, — E soil gas @
> voc; S voc;

(Z voc,)
source gas

The selection of the VOC;-VOC; couples was guided primarily by the
identification of reactant-product relationships in the degradation re-
action pathways of the target organic molecules, through an in-depth
exploration of the existing empirical and theoretical investigations re-
ported in the international literature. When potential degradation re-
action pathways of such organic groups were unavailable or
undetermined, we compared the relative stability of their pertaining
functional groups.

5.2.2.1. Alkanes and aliphatic O-substituted compounds. The ) alkanes-
to-> oxy (aliphatic O-substituted compounds) norm-ratios (i.e.,

ALKA
norm (Zz:: oxr
along vertical soil profiles (Fig. 6a). It agreed with effective biodegra-
dation of alkanes during the slow uprising of hypogenic gases through
the soil, especially occurring in the shallowest soil strata, where Oo, i.e.,
the major electron acceptor, is particularly abundant. An inverse

) ) were mostly <1 and decreased approaching the surface
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here reported. Solid colour and diagonal stripe patterns represent deep (d) and shallow (s) soil gas samples, respectively.

correlation between the contents of alkanes and aliphatic O-substituted
compounds is generally expected as the extent of oxidation processes
increases (Randazzo et al., 2020, 2023; Tassi et al., 2009b). Regardless
of microorganisms and electron acceptors, alkane biodegradation pro-
ceeds through a series of succeeding oxidising reactions producing
aliphatic O-substituted compounds (i.e., alcohols, aldehydes, organic
acids, ketones and esters) as metabolites (Bian et al., 2015; Rabus et al.,
2001; Rojo, 2009; Wang and Shao, 2013).

> ALKA
> oxy
samples from NP, MZ, PdU and LL (Fig. 6a) were possibly due to occa-
sional secondary addition to the uprising gases of alkanes from the soil,
where they likely originated from metabolic activities of living organ-
isms, such as bacteria and fungi able to degrade plant constituents such
as leaves, stems, and flowers (Choi and Lee, 2013; Randazzo et al.,
2022).

The relatively high norm( > ratios characterising some soil gas

As clearly shown by the norm <%

(Fig. 6b), the degradation of alkanes proceeded to a greater extent as the
chain length increases, whilst the short-chain molecules are considered
relatively less reactive (Prince et al., 2007; Siddique et al., 2006). While
biodegradation of short-chain alkanes (Cy-C4) occurs through enzymes
belonging to MMOs, biodegradation of longer-chain alkanes (Cs-Cy7) is
catalysed by enzymes related to cytochrome P450s and integral mem-
brane non-heme iron monooxygenase (Wang and Shao, 2013). Hexane

) ratios in NP, MZ and SF

12

generally breaks this trend due to its Ce-structure that makes it recal-
citrant compared to the other long-chain alkanes (Randazzo et al.,
2020). The lack of noticeable differences in the norm (Z%> ra-
D JALKA G54
tios between shallow (20 cm depth) and deep (40 cm depth) soil gases
from both NP and MZ (Fig. 6b) suggested that the long-chain alkane
depletion was mostly occurring below the shallower part of the soil in
these systems. Differently, the norm (%) ratios of the deep soil
gases from PdU and LL were, on average, consistent with those of the
source gases and significantly decreased upwards along vertical soil
profiles (Fig. 6b). It indicated that long-chain alkanes were generally
preserved up to the shallower soil strata, where they underwent signif-
icant degradation likely caused by the establishment of thriving bacte-
rial communities highly selective for Cs-Cyo alkanes, i.e., the ones
containing the soluble CYP153 enzymes that belong to the cytochrome
P450 superfamily (Van Beilen and Funhoff, 2007). The deep soil gas
samples from PdU and LL characterised by norm <%) ratios >1
(Fig. 6b) suggested intake of long-chain alkanes during the upwelling of
hypogenic gases from the deep fluid source: hydrothermal alteration of
buried organic matter can selectively extracts long-chain alkanes
depending on temperature and pressure (Petrov et al., 2021), whilst
landfill gas can get enriched in long-chain alkanes by passing through
different overlapped waste banks at different degrees of decomposition.
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No long-chain Cs 7. alkanes were detected in fumarolic gases from LFC
and BdL (Table S.1): high temperatures (> 300 °C) characterising these
volcanic/hydrothermal systems presumably favoured thermal cracking
processes that preferentially degrade long-chain alkanes (Capaccioni
et al., 1995). Accordingly, the occurrence of long-chain alkanes in the
LFC and BdL soils (Table S.1) may derive by mixing with low-
temperature shallow gases enriched in these VOCs from decomposi-
tion of buried organic matter (Fig. 6b). A similar explanation may also

ALKA C . L
& 5’”) ratios >1 measured in soil gases from

explain the norm (m

TCM (Fig. 6b).

5.2.2.2. Alkenes and cyclics. Although alkene and cyclic degradation at
aerobic conditions is generally carried out with enzymes also supporting
alkane degradation, i.e., MMOs and alkane hydroxylases (Abbasian
et al., 2015; Ahmed et al., 1999; Chaineau et al., 1995; Stepanova et al.,
2022; Van Beilen and Funhoff, 2007), these organic groups behaved
quite differently with respect to alkanes in the investigated soils (Fig. 6c,
d). Biodegradation pathways for alkenes start from the oxidation of the
subterminal or terminal methyl group to the corresponding unsaturated
alcohols and organic acids (Watkinson and Morgan, 1990), while the
typical biodegradation pathway for cyclohexane proceeds through a
primary oxidation to the homologous alcohol that is dehydrogenated to
cyclohexanone (Koma et al., 2004).

Alkanes and alkenes (> ALKE) showed a similar behaviour only in
the NP, MZ and most PdU soil gases, i.e., norm (%
(Fig. 6¢), whilst soil gases from the other investigated areas were marked
by an enrichment in alkanes compared to the source gases

)) ratios ~1

(norm (%) > 1; Fig. 6¢). This was possibly due to: (i) mixing with

alkane-rich shallow source, and/or (ii) hydrogenation of alkenes during
the uprising of the deep-originated gas (Cruse and Seewald, 2006; See-
wald, 2001; Taran and Giggenbach, 2004), the latter hypothesis being
more likely for LFC and BdL gases given the extremely high temperature
expected in the gas reservoirs. Despite surface conditions tend to favour
alkanes with respect to alkenes (Li et al., 2021; Tassi et al., 2012d; Zhang

et al., 2019), no significant variation was observed for the norm

(ZALKA> ratios along vertical soil profiles. The absence of alkenes in LL

> ALKE

soil gases was consistent with their lack in LLgas (Table S.3).

On average, only soil gases from PdU and TCM exhibited norm

(%%) ~1 (Fig. 6d), suggesting that in these systems these organic

groups were affected by secondary processes to a similar extent.
Differently, in soil gases from NP, MZ and LL the norm (Z—ZACL}I,(:) ratios
were, on average, > 1 with no strong vertical variations along the soil
profiles. It confirmed supply of alkanes from soil in NP and MZ and
implied additional sources of alkanes to the uprising gases in LL, being
these compounds released at relatively higher levels from degradation of
organic fresh waste (Komilis et al., 2004; Randazzo et al., 2022, 2023).
The larger solubility of cyclics than alkanes (Gallicchio et al., 2000) may
have further contributed to the relative enrichment of alkanes in soil of
NP and MZ, which host large regional aquifers (Cinti et al., 2017; Manca
etal., 2017). On the contrary, SF soil gases showed norm <Z—EACL;<:> ratios
<1 (Fig. 6d), which have been interpreted as related to mixing with
shallow circulating fluids enriched in cyclics originating from microbial
activity and diagenetic processes, a process coupled with cyclic aro-
matisation expected in the SF gas reservoir (Tassi et al., 2015a). The
occurrence of cyclic compounds in soil gases from BdL and LFC, which
were not detected in the gas endmembers (Table S.1), may support
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mixing with low-temperature shallow gases.

5.2.2.3. Aromatics and phenol. The norm wg ratios <1
characterising soil gas samples from LFC, NP, MZ, PdU and LL (Fig. 6e)

confirmed a higher reactivity of alkylated benzenes with respect to that
of benzene (Vogt et al., 2011; Weelink et al., 2010), the latter being
recalcitrant under a wide range of environmental conditions due to its
stable carbon ring structure (Aihara, 1992; McCollom et al., 2001).

Accordingly, soil gases from BdL, SF and TCM showing norm
(Z ALK—benzenes

benzene

) ratios >1 (Fig. 6e) hinted addition of alkylated ben-

zenes from microbial transformations of lignin derivatives as well as
organic matter degradation at shallow depth (Beckmann and Lloyd,
2001; Turan et al., 2007).

Under aerobic conditions, aromatics undergo biodegradation
through three sequential steps involving different microbial enzymes
(Diaz et al., 2013; Ladino-Orjuela et al., 2016): (i) activation of the ar-
omatic nucleus through hydroxylation and oxygenolytic processes; (ii)
breaking of the C—H chemical bonds through intradiol or extradiol
(type I and II) dioxygenases; (iii) degradation of central intermediates to
biomass. Anaerobic biodegradation proceeds using COo, SO%~, Fe(IlD),
Mn(IV) and NO3 as terminal electron acceptors during the activation of
the aromatic nucleus and follows with the de-aromatisation and ring-
cleavage and then generation of biomass (Ladino-Orjuela et al., 2016;
Weelink et al., 2010). As far as benzene is concerned, it can also be
metabolised by anaerobic and, to a higher extent, aerobic bacteria (El-
Naas et al., 2014; Foght, 2008; Hunkeler et al., 2001), proceeding
through hydroxylation and formation of phenol as an intermediate
metabolite, which is finally converted into the high-reactive catechol
(Coates et al., 2002; Holliger and Zehender, 1996; Jindrova et al., 2002;
Karich et al., 2013; Vogt et al., 2011; Weelink et al., 2010). Accordingly,
the reciprocal proportions among benzene and phenol in soil depend on
the rates of both benzene-phenol and phenol-catechol conversions.
These processes, in their turn, depend on biochemical-physical condi-
tions, including: (i) redox potential, (ii) temperature, (iii) concentration
of the substrates, (iv) microbial community and (v) gas mixture
composition (Al-Khalid and El-Naas, 2012; Coates et al., 2002; El-Naas
et al., 2014; Hamed et al., 2003; Shibata et al., 2006; Vogt et al., 2011).

benzene
phenol

Therefore, the general inconsistency of the norm( ) ratios among

investigated areas was not surprising (Fig. 6f). In contrast, the recurrent

decreasing trend, except for BdL, of the nonn(”pe,’:jsgf) ratios upwards

along the vertical profiles (Fig. 6f) may suggest a relative less reactivity
of benzene under high oxidising conditions.

5.2.2.4. S- and N-substituted compounds. The norm(2MS) ratios <1,
shown by soil gases from LFC, BdL, SF and LL and their decreases up-
wards along NP and MZ vertical profiles (Fig. 7a), confirmed the high
reactivity of DMS with respect to its oxidised counterpart at increasing
O, availability (Lomans et al., 2002; Tassi et al., 2009b). Several soil
microbial strains have been recognised to metabolise DMS, which can be
used as either carbon or sulfur sources (Schafer et al., 2010): the bio-
logical assimilation proceeds mainly via DMS-monooxygenase through
the production of formaldehyde, which is directly assimilated into
biomass or further oxidised to CO5, and methanethiol, which is then
converted to formaldehyde, hydrogen peroxide, and sulfide. Further-
more, DMS can be converted by bacteria, including methanotrophs, to
DMSO that in turn can be biologically reduced to DMS (Alef and Kleiner,
1989; Saari and Martikainen, 2003; Schafer et al., 2010). Exceptions of
NP and MZ soil gases (Fig. 7a), whose norm (%) ratios >1, have been
ascribed to a progressive DMS intake from shallow biological processes
e.g., interaction of organic compounds with HyS or S-enriched organic
matter degradation (Venturi et al., 2024).

Thiophene is known to be highly recalcitrant since no microbial
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strain is found to be able to grow by using it as a sole source of carbon
and energy (Dyreborg et al., 1998). However, given its structural simi-
larity with benzene, cometabolic degradation of thiophenes with aro-
matics as the primary substrate is expected (Dyreborg et al., 1998; Kropp
and Fedorak, 1998; Rivas and Arvin, 2000). Interestingly, we observed a
relative depletion of thiophenes with respect to alkylated aromatics in
soil gases from BdL, NP and SF and, on average, moving from 40 to 20
cm depths in the MZ vertical soil profiles (Fig. 7b), indicating that
thiophenes were more reactive than alkylated compounds. Koleva et al.
(2011) have proposed a possible reaction pathway for thiophene com-
etabolisation from multi-level predictions based on the functional group
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and biotransformation rules. It includes six subsequent steps: (i) aro-
matic ring hydroxylation, (ii) isomerism, (iii) aromatic ring cleavage,

(iv) desulfurization, (v) hydrolysis, and (vi) decarboxylation. The norm

(%) ratios <1 characterising the LFC soil gases (Fig. 7b) may

support a certain spatial variability in the composition of the feeding gas
at LFC.

Benzothiazole was found only in soil gases from LL and SF
(Table S.3., Tassi et al., 2015a), according with the corresponding source
gases (Fig. 3). Even if some bacterial strains able to degrade
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benzothiazole have been isolated (De Wever et al., 2001; De Wever and
Verachtert, 1997), no evidence to bear this process was observed.

5.2.2.5. Halogenated compounds. No compositional trend from the
source to the soil supported the degradation of halogenated compounds.
Most of the NP, MZ, PdU, TCM and LL soil gases showed most norm( >
HAL) < 1 (Fig. 7c), suggesting that halocarbons in soil were supplied by
their deep source instead of atmospheric air and/or a shallow process,
such as abiotic methylation of soil halogens (Keppler et al., 2000).
Differently, the excesses of halogenated compounds observed for LFC,
BdL and SF soil gas samples with respect to their source gases (Fig. 7c)
may have been ascribed to secondary halogenation during the ascension
of gases towards the surface rather than an atmospheric contribution,
considering the relatively high temperatures and high fugacity of Cl and
F of these systems (Jordan, 2003).

5.2.2.6. Furans. Furans were detected only in LFC, BAL and SF soil
gases, consistently with the corresponding source gas composition
(Fig. 3). The detection of alkylated furans (3> ALK-furans) in the LFC and
BdL soil gases and not in the corresponding source gases (Fig. 7d) may
support a large variability in the chemical composition of the uprising
furan
ZALK—furans
wards along the vertical soil profiles at LFC and BdL suggested recalci-
trance of furan with respect to its alkylated counterpart in shallow
environments (Fig. 7d). Previous studies have reported biodegradation
of furans carried out by numerous microorganisms and fungi (Abdul-
rashid and Clark, 1987; Prajwal and Murari, 2022; Rathna et al., 2018;
Zanellati et al., 2021). Differently, no significant variation in the
reciprocal ratios of these compounds was observed for SF. The reason
may be found in the peculiar local speciation of soil microbial commu-
nities (Lopez et al., 2004).

geogenic gases. However, the increase of the ( ) ratios up-

5.2.2.7. Terpenes. Among terpenes, only a-pinene was detected in the
PdU and TCM soil gases (Tassi et al., 2015b; Table S.2) where it was
reasonably supplied by permeating air. This VOC is generally considered
persistent and ubiquitarian in the atmosphere, with concentrations
ranging from fractions of ppb to ppm (Huang et al., 2022b; Mermet
et al., 2019; Spielmann et al., 2017; Sumitomo et al., 2015), depending
on the occurrence of plant species emitting a-pinene and on environ-
mental and meteorological conditions (Loreto et al., 1996; Tripathi and
Sahu, 2020). The lack of detectable amounts of a-pinene in soil gases
from LFC, BdL, NP, MZ and SF (Table S.1, Tassi et al., 2015a; Venturi
et al.,, 2024) may have been owed to a scarce production of terpenes
from the surroundings arboreal and shrubby covers.

The additional occurrence of camphene (CAM) and limonene (LIM)
in both LLgas and LL soil gases supported an extra-atmospheric contri-

bution (Table S.3). Notably, the norm (M) ratios in LL soil gases

a—pinene
were < 1 and, on average, decrease moving upwards along vertical soil
profiles (Fig. 7e). Such a trend inferred a relatively high reactivity of
CAM and LIM in soil, in agreement with previous studies (Perry and
Gibson, 1977; Bicas et al., 2008; Duetz et al., 2003). However, a-pinene
addition to the LL soil gases from the air-fresheners sprayed over the
landfill surface could not be excluded.

5.2.2.8. Overview of degradation soil processes on hypogenic VOCs.

Biogeochemical processes dramatically modified the composition of
VOCs in the hypogenic gases permeating through the soil from deep
natural sources located in different geological settings and from an-
thropic (municipal waste landfill) contexts. Hypogenic gases uprising
from their source regions were exposed to changing physicochemical
conditions and, hence, affected by a variety of environment-dependent
chemical reactions mostly mediated by microbial communities (e.g.,
hydrogenation, dealkylation and oxidation). Under strongly changing
physicochemical conditions among the investigated environment
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contexts, consistencies and interesting differences were observed in the
behaviour of organic hypogenic gases in soils (Fig. 8).

Alkanes, especially Cs 7., molecules with respect to the shorter chain
ones, were found to be strongly unstable within every investigated soil.
Alkenes and cyclics followed the fate of alkanes, although shallow
supplies of both alkanes and cyclics from biological processes did not
make it clearly noticeable. Noteworthily, in the volcanic context,
hypogenic alkenes got particularly unstable during the ascension to-
wards the surface due to the drastic decrease in temperature that fav-
oured the hydrogenation process. On the other hand, aliphatic O-
substituted organic compounds (including aldehydes, esters, ketones,
alcohols and organic acids), being metabolites of hydrocarbon degra-
dation pathways, traced the ongoing degradation of geogenic VOCs. Our
data confirmed the typical recalcitrance of benzene compared to its
alkylated counterparts, although degradation of benzene was also
hypothesised to support the relative enrichment of phenol, an inter-
mediate in its metabolisation, especially in the shallowest layers of the
soil. DMS was highly reactive in the soil, whereas its oxidised counter-
part DMSO was relatively stable. Thiophenes suffered degradation soil
processes to a larger extent than alkylated benzenes due to cometabolic
reactions. Benzothiazole was basically preserved during the uprising of
landfill gases, whilst its occurrence in natural systems was ascribed to
anthropogenic contamination sources. No compositional trends were
observed to support halogenated compound degradation in natural nor
anthropogenic systems. Consistently with aromatics, furan exhibited a
lower reactivity than alkylated furans only in volcanic systems, while in
the investigated high enthalpy system no evidence supported this
statement. This suggested that the temperature and the establishment of
different microbial communities exerted a forcing role for furan degra-
dation. Hypogenic terpenes only occurred in landfill gases being related
to the degradation of fresh organic vegetal matter. Among them,
camphene and limonene were found to be relatively more reactive than
o-pinene.

Regardless of environmental contexts, transformations occurred
both in the subsoil and in shallow depths, where overall hypogenic gases
got relatively enriched in oxidised and lighter compounds. Soil processes
acted to a variable extent in the different investigated areas and within
the same systems, highlighting how local variabilities in the character-
istics, physicochemical conditions and microbial communities of soil
strongly constrained the patterns and proceeding of degradation pro-
cesses on hypogenic VOCs. Surprisingly, the compositional differences
between source and soil gases were observed to be not dependent,
except for a few cases, on ®CO; and ®CHjy values, notwithstanding these
parameters are commonly considered a reliable proxy of the residence
time of geogenic gases within soils.

6. Conclusions

Biogeochemical processes exhibited a pivotal control for the suites of
VOCs diffusively released from volcanic, hydrothermal, and CHy-rich
sedimentary basins, including those from landfills. As a consequence,
the degradation soil processes can significantly limit the emissions into
the atmosphere of hypogenic VOCs. However, potentially harmful,
polluting, and toxic species pertaining to short alkanes, benzene, halo-
genated compounds, DMSO, benzothiazole and a-pinene remained
slightly to not at all affected by soil processes whilst potentially haz-
ardous and different oxidised compounds were produced by the degra-
dation of hypogenic VOCs. Investigations dealing with risk assessments
are claimed to evaluate the effective impact of hypogenic VOC diffu-
sively emitted into the air on human health and the environment.

Since diffuse soil degassing has been recognised to be a major way to
release geogenic gases (Etiope et al., 2002; Fischer et al., 2019; Moorner
and Etiope, 2002), frequently greater than punctual gas vents, the ex-
changes of hypogenic VOCs in the soil-atmosphere interface may be an
important driver for the global carbon cycle. Coming efforts should be
focused on reliably quantifying and characterising hypogenic VOC soil
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Fig. 8. Summary of the fate of the hypogenic-sourced VOC species in soils from the investigated systems: a volcanic system (LFC) and its associated hydrothermal
system (BdL); a high enthalpy hydrothermal system (SF); medium enthalpy hydrothermal systems (NP, MZ and PdU); a CH,-rich sedimentary basin (TCM); a
municipal waste landfill (LL). No grey cell means that the organic group (or species) was not detected in the hypogenic source gas.

releases as well as investigating main constraints controlling the sta-
bility of carbon compounds in soil.

The findings of the present study stress further investigations,
combining geochemical, microbiological, ecological and pedological
approaches to shed light on (i) the interplay between hypogenic VOCs
and soil microbial communities in a wide range of physicochemical
conditions and (ii) the reciprocal interconnections between soil micro-
heterogeneities and gas mixture composition with microbial activities
and hypogenic VOC biodegradation processes.

The best understanding of soil processes affecting hypogenic VOCs
may lead to new insights into developing optimised biofilters for the
removal of polluting and toxic VOCs from airstream or contaminated
soils, posing new challenges for the treatment of recalcitrant species.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.171483.
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