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PREFACE

This PhD Project was developed in collaborationhvitiree departments: Dpt. of the
Science of the Earth and of the Sea head offitkeoPhD in Geochemistry ,in the
Environmental Microbiology and Microbial Ecology thfe department STEBICEF -
Biological Chemical and Pharmaceutical Science afdachnology where
microbiology experiment were carried out, and ING¢z. Palermo, where most of
the geochemical analyses were performed. This grtyern from an intuition of my
supervisors Prof. F. Parello and Dr. W. D’Alessaodhat on the basis of previous
data understood the importance of investigatingté&aal communities in geothermal
areas to explain anomalies in measured methane Values. Competence and
always new approach of science of my supervisor Br.Quatrini started my
challenge in carrying on this multidisciplinary, la¢ively new, fascinating project.
The most difficult challenge was to merge competeno different subjects and
reach the correct approach to work in a bio-geoctoain(or geo-microbiologic)
environment.

These pages are an attempt to summarize all thk dame during my PhD. In the 1)
introduction it is possible to find a rapid summany methane, focusing the attention
on methane microbial oxidation by methanotrophsl arvery synthetic description
of geothermal sites to retrieve some concepts isrype of system. The second part
of the dissertation reports on the results obtaif@tbwed by a general discussion
and conclusions. It is divided in four chapters usiog the attention on 2)
Pantelleria Island, 3) Nisyros Island, and 4) otteeas. The different areas were
not studied with the same extension and that iset@anation of this chapter
subdivision.

At the end of the results, 5) a general discusgias made to compare all the studied
areas and to reach a conclusion of the work.

My choice was to group materials and methods atetg to help the reader to

immediately reach the core of our work.



ABSTRACT

Yearly, 22 Tg of Cldare released in to the atmosphere from severaurabtand
anthropogenic sources. Methane plays an importasie rin the Earth’'s atmospheric
chemistry and radiative balance being the most mamd greenhouse gas after carbon
dioxide. Volcanic/geothermal areas contribute tee timethane flux, being the site of
widespread diffuse degassing of endogenous gasebmmary studies estimated a total
CH, emission from European geothermal and volcanitesys in the range 4-16 kt'aThis
estimate was obtained indirectly from €0r H,O output data and from GLCH,; or
H,O/CH, values measured in the main gaseous manifestatiims total estimated CH
emission from geothermal/volcanic areas is still well defined since the balance between
emission through degassing and consumption thraajh microbial oxidation is poorly
known. Moreover, methane soil flux measurementslaeratory intensive and very few
data have been collected until now in these ar&agh methods, although acceptable to
obtain order-of-magnitude estimates, completelyredgjigards possible methane microbial
oxidation within the soil carried on by the methanphs. At the global scale, microbial
oxidation in soils contributes for about 3-9% toetkotal removal of methane from the
atmosphere. But the importance of methanotrophgamisms is even larger because they
oxidize the greatest part of the methane producethé soil and in the subsoil before its
emission to the atmosphere. Environmental conditionthe soils of volcanic/geothermal
areas (i.e. low oxygen content, high temperaturé proton activity, etc.) have long been
considered inadequate for methanotrophic microoigiaus. But recently, it has been
demonstrated that methanotrophic consumption inssoccurs also under such harsh
conditions due to the presence of acidophilic ahermophilic Verrucomicrobia. These
organisms were found in Italy at the Solfatara azRuol (ltaly), at Hell's Gate (New
Zealand) and in Kamchatka (Russia), pointing toaldwide distribution. Here we report
on methane oxidation rate measured in Pantellesiarid (Italy), Vulcano Island (Italy),
Sousaki (Greece), Nea Kameni (Santorini) and Nsyfereece) soils. Clues of methane
microbial oxidation in soils of these areas candimady found in the CHCO, ratio of the
flux measurements which is always lower than théattlee respective fumarolic
manifestations indicating a loss of ¢luring the travel of the gases towards earth’s
surface. Laboratory methane consumption experimanede on soils collected at
Pantelleria, Vulcano, Nea Kameni, Nysiros and Skusa&vealed for most samples
consumption rates up to 950, 48, 15, 39 and 52@CHg h™* for each gram of soil (dry
weight), respectively. Only few soil samples digpthno methane consumption activity.
Analysis on soil gases and chemical-physical charatics of the soils allowed us to
discriminate the main factors that influenced thettmanotrophs presence and the methane
consumption rate. Soil gases composition, and ntiqudar the amount of the CHand HS,
represent the main discriminating factor for metbiophs. In fact, Vulcano and Nisyros
Island, whose soil gas contained up to 250000 pph,8, showed the lowest consumption
rate. Moreover, in geothermal/volcanic soilgSHcontribute to the soil pH lowering; highest
methane consumption were recorded in Pantellete@ntwere HS is less than 20 ppm and
pH close to the neutrality were measured. Micragit¢al and molecular analyses allowed
to detect the presence of methanotrophs affilisde@amma and Alpha-Proteobacteria and



to the newly discovered acido-thermophilic metheopits belong to the Verrucomicrobia
phylum in soils from Pantelleria. Culturable metb&ophic Alphaproteobacteria of the
genus Methylocystis and the Gammaproteobacteriahyi@dtacterium were isolated by
enrichment cultures. The isolates show a wide rawfgmlerance to pH and temperatures
and an average methane oxidation rate up to 450/lpp larger diversity ofd- and y-)
proteobacterial and verrucomicrobial methanotroptes detected by a culture-independent
approach based on the amplification of the methapao-oxygenase gene pmoA. This is the
first report describing coexistence of both the maabtrophic phyla (Verrucomicrobia and
Protebacteria) in the same geothermal site. The s@mee of proteobacterial
methanoptrophs, in fact, was quite unexpected tsec#tuey are generally considered not
adapted to live in such harsh environments andcdd explained by not really low pH
values (> 5) of this specific geothermal site. Saphcies could have found their niches in
the shallowest part of the soils of Favara Grand@emhe temperatures are not so high and
thrive on the abundant upraising methane. Undeditagn the ecology of methanotrophy in
geothermal sites will increase our knowledge ofirtheole in methane emissions to the
atmosphere.



SOMMARIO

Ogni anno, 22 Tg di CHvengono rilasciati in atmosfera da numerose sotigea naturali
che antropiche. Il metano riveste un ruolo moltgamante nella chimica dell’atmosfera
terrestre e nel bilancio dell’energia radiante adsita, essendo il secondo gas serra piu
potente dopo la COLe aree vulcaniche e geotermali contribuiscondlakso di metano in
atmosfera, essendo vaste aree di degassamentd. (Balishinari hanno stimato che le
emissioni globali di metano dai sistemi geoternealiulcanici europei sono nel range di 4-
16 kt a*. Questa stima & stata ottenuta indirettamentedasii delle emissioni di C{o H,O

e dal rapporto del flusso G£LH, oppure HO/CH, misurati nelle principali fumarole. La
stima del metano emesso globalmente dalle are@aniglte e geotermali non € ancora ben
definita in quanto il bilancio tra le emissioni peegassamento dai suoli e il consumo di
metano per ossidazione microbica € ancora poco.rotitre, le misure di flusso di metano
sono molto difficili da eseguire e si hanno a d&pioni pochi dati. Alcuni metodi, seppur
accettabili al fine di ottenere stime sul flusso rdetano, escludono completamente la
possibilita che il metano venga rimosso per viarobica dai batteri metanotrofi. A scala
globale, I'ossidazione microbica del metano conirsige alla rimozione di circa il 3-9% del
metano dall’atmosfera. Ma l'importanza dei batterietanotrofi € ancora maggiore in
quanto questi ossidano la maggior parte del metprmdotto nel suolo e nel sottosuolo
prima che questo raggiunga l'atmosfera. Le condiziambientali dei suoli vulcanici e
geotermali (ad esempio scarso contenuto in ossigalt® temperature, attivitd protonica,
ect.) sono stati da sempre considerati inospitali ippatteri metanotrofi. Tuttavia, di recente
e stata dimostrata la presenza di batteri acidodilitermofili appartenenti al phylum dei
Verrucomicrobia. Questi organismi sono stati indivati alla Solfatara di Pozzuoli (Italia),
ad Hell's gate (Nuova Zelanda) ed in Kamchatka &R)s

Qui riportiamo l'attivitd metanotrofa riscontrataan suoli dell'lsola di Pantelleria (Italia),
dell'lsola di Vulcano (Italia), di Sousaki (Greciaji Nea Kameni- Santorini (Grecia), e
dell'lsola di Nisyros (Grecia). Evidenze di rimoa& microbica del metano in questi suoli
era gia stata riscontrata nel rapporto dei flussi@O./CH,, che risultava sempre inferiore
rispetto a quello atteso, indicando una perditaGhi, durante il suo movimento verso la
superficie. Esperimenti per la misura del consurhendtano sono stati eseguiti usando i
suoli di Pantelleria, Vulcano, Nea kameni, NisyeoSousaki.

Questi esperimenti hanno rivelato tassi di constimo a 950, 48, 15, 39 e 520 ng Ch*
per ogni grammo di suolo (peso secco), rispettivemeSolo pochi campioni non hanno
indicato consumo di metano. L’analisi dei gas dedls e le caratteristiche chimico-fisiche
del suolo ci hanno permesso di discriminare i fatpsincipali che influenzano la presenza
dei metanotrofi e il tasso dei consumo del metdwaocomposizione del gas dal suoli, e in
particolare il contenuto di ClHe di HS rappresentano il fattore discriminate per i
metanotrofi. infatti, I'isola d Vulcano e di Nisygpil cui contenuto in k& raggiunge circa
250000 ppm, mostrano i consumi piu bassi. In aggiurei suoli geotermali e vulcanici
I'H,S contribuisce allabbassamento del pH dei suolalori di consuma maggiori sono
stati misurati nell'isola di Pantelleria dove 'HS € meno di 20 ppm e il pH e vicino alla
neutralita. Analisi microbiologiche e molecolari @ permesso di riscontrare nei suoli di
Pantelleria la presenza di batteri metanotrofi ki ai Gamma ed agli Alfa-Proteobatteri



ed agli acido-termofili Verrucomicrobia. Il metamoto coltivabile appartenete al genere
Methylocystis (Alfaproteobatterio) e il Gammaprdiatierio Methylobacterium sono stati
isolati attraverso colture di arricchimento. Glidkti mostrano ampi range di tolleranza di
pH e temperatura e un tasso di ossidazione finbGgppm/h. Attraverso I'amplificazione del
gene pmoA, basandosi sui metodi coltura-indipendestata rivelata un’ampia diversita di
batteri metanotrofi appartenenti ai Proteobatteri €y-) ed ai Verrucomicrobia.

Questo ¢ il primo report in cui si dimostra la csnza di entrambi i phyla di metanotrofi
in un sito geotermale/vulcanico. La presenza ddianmrofi Proteobatteri era inaspettata
perché le condizioni di sito sono state considenaseleguate e puo essere spiegata del pH
non eccessivamente basso (>5) di questo specificgeotermale. Queste specie possono
aver trovato la loro nicchia negli strati piu supeiali dei suoli di Favara Grande a
Pantelleria dove le temperature non sono cosi edt@ presente una forte risalita di metano.
capire I'ecologia dei metanotrofi nei siti geotertina vulcanici aumentera le conoscenze nel
loro ruolo nelle emissioni di metano in atmosfera.



1. INTRODUCTION
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1.1 METHANE (CH 4)

Methane, the most abundant hydrocarbon in the ghsoe, plays a key role in the
abrupt climate change being the second most impogizeenhouse gas after the £O
Over the last three centuries the methane mixitig nacreased from 700 — 750 ppb in
the 18" century to a global average of 1750 ppb in 2060 (L.1). The rate of increase
was close to 16 ppb per year in 1700s, but itedlaid decrease in 1990s, this variation
in the rate was attributed to the climate-alteragiations in emissions from biomass
burning (Van der Werf et al., 2004), wetlands (\Wakt al., 2001) and changes in the
chemical sink after the eruption of Pinatubo (Dlkegyacky et al., 1996).

CHa (ppb) Radiative forcing (Wm*2)
2000 - 086
Last 1000 Years IPCC 2001
1750 o 05

Change in methane abundance
1500

1000 1200 1400 1600 1800 2000

Fig. 1. 1- Variation of ethane abundance in the atmosphere (IPCC, 2001).

The increased amount of methane in the atmosplaerérportant implications for the
energy balance and the chemical composition othesphere. These effects are due
to the chemical and physical properties of the mm@hmolecule. In fact, methane
absorbs and emits longwave radiation at the wagétesn of 3.3lum and 7.66:m; the
difference between the vibrational states of the @blecule corresponds to the energy
of photons that can be absorbed by a @idlecule. This energy allows the transition of
the CH, bend-vibrational state to one of a higher enefdne vibrational transitions are
associated with rotational transitions. This precesreversed by the emission of a
photon or by the transfer of energy to other mdiesupy collision. The Earth emits
energy at wavelengths as determined by the locapéeature. This energy transfer is

most efficient at wavelengths that are intensivelyitted by the Earth, and at
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wavelengths that are in a relatively transparemnt pithe absorption spectrum of the
atmosphere. Both criteria are met betweemr7and 12um, known as the atmospheric
infrared window. Because the longwave absorptio€ldf at 7.66um occurs within the
atmospheric window region, GHs an important greenhouse gas (Herzberg, 1945).
Even if the atmospheric abundance of ,dbl about 200 times smaller than £0Oit
contributes significantly to the enhanced greenboeféect owing to a relatively high
warming efficiency. This efficiency is quantifiey khe Greenhouse Warming Potential
(GWP), defined as the induced radiative forcingtieé to CQ (Wkg /WkgCO,*)
integrated over a certain time period. If the dirgadiative) and indirect (chemical)
contributions of CH are added, a GWP of 21 is calculated for a 100 y#eagration
time. The contribution of CHto the enhanced greenhouse effect is estimatedatw
m2, or 22% of all greenhouse gases (36% for)dar the period 1850-1992 (Lelieveld
et al.,, 1998). Since the recent decline of the, @Qkbwth rate is poorly understood,
future contributions are difficult to predict (Hoelng, 1970).
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1.2 METHANE CYCLE, ORIGINS AND SOURCES

In the carbon cycle, methane plays an importarg baling one of the most important
greenhouse gases (Fig. 1.2). The total sourcegstrdor CH, amount at 598 Tg™a
while the total global sink is 576 Tg'#IPCC, 2001); the imbalance produces 22 Tg of
methane added in atmosphere every year, incre@gsegotal abundance (5000 Tgq,
IPCC 2001). Methane is produced by multiple medrasi grouped in abiotic, biotic
and thermogenic origins.

Abiotic methane can be considered {ioduced via Fischer-Tropsch-type reactions:

For alkanes, nCO + (2n+1)H> CHzn2+ NHO

The reactions consist in a reduction of the carbmmoxide by the hydrogen at the
temperature range of 170-220°C and at the presgu26 bar. This type of methane is
formed in few systems like mid-ocean-ridge (MORMiothermal systems, volcanic
hydrothermal systems and low temperature serpsation of ophiolythic sequences,
and predominate where organic matter deposits gpkettd. Nevertheless, Giggenbach
(1995) and Hernandez et al. (1998) highlighted sexweptions in methane origin’'s
mechanism in these systems; in fact, methane ca@ndoeiced in some low temperature
(<100 °C) geothermal areas and in some volcanls bgibiogenic processes by archea
bacteria.

Biogenic methane originates from the degradatiotheforganic matter by microbial
communities (methanogens), following two differepdtterns - Hydrogenotrophic
methanogenesis and Acetoclastic methanogenesigendmg by on soils and climatic

conditions:

Hydrogenotrophic methanogenesisCO, + 4 H, — CH, + 2 H,0

Acetoclastic methanogenesis CH3;COOH —» CH, + CO,

In absence of primary electron acceptors like XID;, SQ? and Fé&", the final step in

degradation of organic matter by microbial commiesitis the oxidation of small
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molecules, such as acetate andcblupled to the reduction of GQor the methyl group

of methane (Op den Camp et al, 2009). Thermogemithame is produced via non-
microbial decomposition of the organic mattersitonsidered biogenic because the last
source is organic material, but it is formed agsult of abiotic reactions, so it can be
considered abiogenic but not abiotic methane; tyjp® of methane predominates in
tectonic subduction zones where organic matteorgicually buried. It is possible to
discriminate the origin mechanism of the metharmmbse methane molecules maintain

an isotopic fingerprint left by the origin mechamigs shown in Fig 1.2.
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Fig. 1. 2 - 13C and deuterium concentrations in naturally occurring methane. Fields BR and BF are the areas
which encompass bacterial methanes that form by CO&duction and fermentation, respectively (see Fidl ).
The heavy outlined area encompasses methane of theygenic origin, wherein the shaded part depicts
methane associated with oils and the unshaded pathe non-associated methane. | = Sacramento Basin,
California (Jenden and Kaplan, 1988); 2 = Cooper Bas, Western Australia (Rigby and Smith, 1981 ); 3 =
Canadian Shield gases (Sherwood et al., 1988); 4geothermal methane (Des Marais et al., 1981; Lyonnd
Hulston, 1984; Welhan, 1988 in this special issueEPR=East Pacific Rise (Welhan, 1981); ZOM= Zambales
Ophiolite methane Philippines (Abrajano et al., ( 888 in this special issue); Migr. = migrated Rotligend gases,
G.D.R. (Runge, 1980); LC and HC and LD and HD are higest and lowest concentrations for®C and
deuterium, respectively, found so far in natural méane, Atmospheric methane (Wahlen et al., 1987 ).
(Schoell, 1988).

A wide range of sources, both natural (wetlandenites, ocean, fresh water, wild
ruminants, forest burning, gas hydrate and geoébgsources) and anthropogenic
(energy use, landfill, waste treatment, rice adtize and biomass burning) emit a large
amount of methane in to the atmosphere every yestoce it as solid methane hydrate
on the sea floor or in terrestrial sediment (Fi®).1 This latter case creates an unstable

reservoir in face of future global warming.
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Fig. 1. 3 - Methane emission from different source@venvolden et al., 2005).

Natural sources contribute emitting 170 Tg of meéh@er year in the atmosphere,
while anthropogenic sources emit at about 540 Tonethane per year (Kvenvolden et
al., 2005).

In this thesis, attention is focused on the gealmgsources of methane and in particular
on geothermal/volcanic sources. The estimatiorheftotal CH emission of geogenic
methane is currently not well defined since theabe¢ between emission through
degassing and sink within the soils is not well\kno

Methane is an important constituent of geothermadeg, but the origin is quite
controversial. The main origin mechanism of methamegeothermal area is the
inorganic synthesis in geothermal reservoirs isheyFischer-Tropsch reaction in which
temperature dictates the equilibrium of the reac{i@iggenbach, 1980) and represents
most of the methane production in geothermal dEs#ensive faults and fractures in
geothermal environments enhance the rate of thbanetflow. The mantle source of
methane in not really clear; These L£étigin seems to be related to mineral phase
transitions with the liberation of volatiles, inateof any primordial gas (Etiope et al.,
2002).

The biogenic methane in geothermal systems isduodand can be associated with
organic-rich sediments (Gunter, 1978). In any casethane emitted from geothermal
areas is released from aqueous hydrothermal sotuty boiling or degassing and
escapes from localized sites such as gas ventgtiesffumaroles, crater exhalation or
as pervasive leakage throughout large areas. Metimarmolcanic areas escapes from

magma and emanates diffusely to the surface (Hg). 1
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Total
% ~25% microbial*; > 65% thermogenic; <10% abiogenic
Emission ~53 Mt/y
% and Mt/y
microbial* ~0% ~0% 14% - 0.95 12%-042 12%-210 50% - 10
thermogenic unknown 86%-585 88%-308 88%-154 50% - 10
abiogenic unknown 100% 0% 0% 0% 0%
imission (Mty)| Y, @ @ Qe
mission v [~ | © .
ange & (mean) o : ©© Y& e &
— [75) St I . =t ]
T o 2 %
CAN N T
geothermal | onshore mud  seeps
(onshore & submarine) volcanoes microseepage marine
serpentinization? seepage
mantie? sedimentary basins
Fig. 1. 4 - Geological sources of methane
Area CH, output
- 3 g
CzechRep. 1500 ,~03 » \Kﬁ(
Gemany 900 2 D >180°C
Greece 34 ~800-3500 [ >240°C
(O CH, flux data
Italy ~100  1600-11500
Iceland 577 1300
Spam 2
Tota ~4000-16000 . 4
- <
Table 1. 1 - Methane output from European Fig. 1. 5 - Main European geothermal
country (Etiope et al, 2008) . (modifidoy Etiope et al., 2008).

On the global scale methane emissions from geotilérobcanic areas contribute on

the order of 1

.7 — 9.4 Tg'a(Kvenvolden et al., 2005; Lacroix et al, 1993).eTh
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geothermal emissions vary depending on the geatertie setting of the area: in the
region of crustal rifting and plate subduction, tp@omal and volcanic methane are
predominant.

Geological history suggests that at least 10 Ewmopeountries host geothermal
manifestations with methane emissions, and Itaiash Hellenic territories are the most
active geothermal sites (Fig 1.5 and Table 1Tihg amount of methane emitted from
geothermal/volcanic areas is currently not welineated because the methane output is

usually measured not directly but using indirecthod.

1.3 METHANE SINKS

Methane removal takes place mainly in the atmosphgmphotochemical depletion and
in the soils by microbial oxidation (Fig. 1.6). Mane is a molecule relatively stable
under standard conditions and direct reactions ofeoular oxygen with gaseous
hydrocarbons are difficult under atmospheric caodg, owing to the large activation
energies required. Instead, most reactions of methamoval from the atmosphere are
driven by highly reactive radicals such as OH an® Hn the global methane cycle the
largest atmospheric sink is represented by hydragicals reaction in the troposphere.
Further destruction takes place in the stratospbeteydroxyl reactions and by chlorine
oxidation and by electronically excited oxygen asormfhese reactions remove 90% of
the methane emitted in atmosphere. Microbial oxidais the main sink of methane in
soils. The uptake of atmospheric methane in s@tsbeen estimated to be 30 — 45 Tg
per year (Ehhalt and Prather, 2001). Microbial akimh is a remarkable biological filter
for methane because this process in the earthcegeand remove more than 50% of
the methane coming up through the soil beforeathes the atmosphere (Reeburgh et
al., 2003). The soil consumption of methane ocetiasoxidation by aerobic bacteria
(methane oxidizing bacteria or methanotrophs) sgwvearieties of which have been
identified (Hanson and Hanson, 1996). Methane rbiafcoxidation occurs in a small
subsurface region (3-15 cm of depth). The key fadtoat influence the methane uptake
and consumption rate are the rate of diffusiorhimm gubstrates of CHand Q, the rate

of biological oxidation and the soil properties (8én and Reeburgh, 1996; Savage et
al., 1997).



Introduction Gagliano, A.L., 2013

MICROBIAL OXIDATION
. > s CO,+ Biomass : solL  -10-45Tg

- i (Fung etal., 1991;Houghton et al., 1996).
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Fig. 1. 6 - Methane sinks in soil and in atmospher

1.4 METHANE OXIDIZING BACTERIA (MOB) AND THEIR ECOLOGY

Methane oxidizing bacteria (or methanotrophs) arereorganisms with the ability to
use methane as the sole source of carbon for enangly biomass production.
Methanotrophs represent a subgroup of Methylotiojlaicteria, aerobic bacteria that
use one-carbon compounds (methane, methanol, ragtyamines, halothanes, and
methylated compounds containing sulfur) as a msgoirce of cellular carbon (Hansen
and Hansen 1996). Distribution, ecology and aistiof methanotrophs are important to
understand the global methane cycle, and the marageo reduce methane emissions
in the atmosphere. Methane oxidizing bacteria (M@iB3 ubiquitous and play an
important role in the global carbon cycle acting asnatural filter between the
underground and the atmosphere. They were isofeded several environments such
as, soils, wetlands, freshwater, marine sedimeméder columns, groundwater, rice
paddies, and peat bogs (Kolb and Horn 2012, Mcl@bealal., 2005, Cebron et al.,
2007).
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Methanotrophs are, from an ecological point of vigkouped on the basis of their
affinity for methane. A first group are identifies “high affinity oxidation” and are
able to consume methane at atmospheric concemréli@ ppm). This group is
ubiquitous in soils that have not been exposeddg NH,;" concentrations (Chowdhury
et al., 2013, Bender and Conrad, 1992). High dffimethanotrophs contribute at about
10% of the total atmospheric methane consumptiormieyhanotrophs in soils. The
second group, low affinity oxidation, are capablé oxidizing methane in
concentrations higher than 40 ppm. Low affinity hagtotrophs live mainly in soil with
neutral pH (Chowdhury et al., 2013, Bender and @dnt992). CH oxidation by
aerobic methanotrophs is ecologically controllednitiple factors including oxygen
availability, NH," concentration, pH, water availability, temperatarel other abiotic
factors. Most common and favorable conditions fathmane microbial oxidation are
water content of 20-35%, temperature in the rang@5s35°C, pH 5.8 — 7.5, NH
concentration between 12 and 61 mM and Cu less 4ltaimM (Bender and Conrad,
1995).

Methanotrophic bacteria were overall grouped ir¢hdifferent phylaProteobacteria
Verrucomicrobia and NC1Q Commonly, methanotrophs fall within the phylum
Proteobacteria but recently methanotrophs in the phylif@rrucomicrobiahave been
discovered in geothermal areas (Dunfieldal, 2007; Polet al, 2007; Islamet al,
2008). The novel phylum, NC10 represents bacteajpalble of anaerobic methane
oxidation coupled to denitrification (Ettwig et ,aR009). Methanotrophs belonging to
Proteobacteriawere usually grouped in Type IGé&mmaproteobacterja Type I
(Alphaproteobacterip and Type X, based on morphological, physiologieald
phylogenetic characteristics (Hansen and Hanser®)1@Bable 1.2). Proteobacterial
methanotrophs are adaptable to serveral enviroraheanditions; they can grow in a
temperature range between 3.7 and 67 °C ) (Tswdiah, 2005) and in a range of pH
from 4.5 and 7.5 (Dedysh et al., 2007). Verrucooba@l methanotrophs were identified
for the first time (2008) in three different geattmal areas. They are thermo-acidophilic
bacteria and are able to grow in very low pH (Ga8H at temperatures up to 65°C
(Islam et al., 2008).



Proteobacteria
(Alphaproteobacteria)

Verrucomicrobia

Proteobacteria Proteobacteria
Phylum and class . )
(Gammaproteobacteria) (Alphaproteobacteria)
Family Methylococcaceae Methylocystaceae

Methylococcus, Methylocaldum,
Methylohalobius, Methylothermu,
Methylobacter,

Genera Methylomicrobium, Methylomonas, Methylocystis, Methylosinus

Methylosarcina,
Methylosoma, Crenothrix,
Clonothri, Methylosphaera

Lowest reported growth

5.0 4.4
pH
Highest reported growth
J P J 11 7.5
pH
Lowest reported growth
3.5 5.0
temperature (°C)
Highest reported growth
J P g 67 40
temperature (°C)
sMMO
+/- +/-
pMMO + +
o Ribulose monophosphate pathway, )
Carbon fixation pathway Serine cycle

Calvin-Benson-Bassham Cycle (rarely)

Beijerinckiaceae

Methylocella, Methyjogza

4.2

7.5

4.0

30

+/-

+/-
Serine cycle, Calvin-Benson-

Bassham Cycle

Methylacidiphilaceae

Methylacidiphilum

0.8

6.0

37

65

+
Serine cycle, Calvin-

Benson-Bassham Cycle

Table 1. 2- Comparison of all described families ahethanotrophic bacteria. + = presence; - =absence
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1.5 TYPEI TYPE Il AND TYPE X METHANOTROPHS: PHYSIOLOG Y
AND BIOCHEMISTRY

Despite their diversity, methanotrophic bacteriarehseveral characteristics that
allow them to be classified as either a Type I,yp€erlll or Type X methanotrophs.
Type | methanotrophs, which fall under the Gammadsusion of Proteobacteria
typically have intracytoplasmic membranes throughbe cell that occur as bundles
of vesicular disks, utilize the ribulose monophaphRuMP) pathway (Fig. 1.7) for
carbon assimilation, and have signature phosplibfgity acids that are 4 and 16
carbons in length. Type Il strains, which fall undke Alpha subdivision of the
Proteobacteria typically have intracytoplasmic membranes tha aligned along
the periphery of the cell, utilize the serine padlgvior carbon assimilation, and have
signature phospholipid fatty acids of 18 carbonslength. Type X as type |
methanotrophs, utilized ribulose monophosphate tes primary pathway for
formaldehyde assimilation. But they also have l@wvels of the serine pathway
enzyme, ribulosebisphosphate carboxylase, an enpyesent in the Calvin- Benson

cycle (Hanson and Hanson 2006).

NADH+H*
CH4 / 02

N[ /)
cmm,; /,_rﬁow TYPE I METHANOTROPHS
CH3OH c,mo, C RuMP PATHWAY\
Wtcox T
/cwc,./
HCHO / [raon]
/ \/XH;
I HCOOH
CSERINE PATHWAY > / B8
TYPE Il METHANOTROPHS <
CO,

Fig. 1. 7 Pathways for the oxidation of methane and assimilan of formaldehyde. Abbreviations: CytC
cytochrome c¢; FADH, formaldehyde dehydrogenase; FDHormate dehydrogenaseHansen and Hanser
1996).

Despite the wide methanotrophs diversity, the methaonversion pathway is

common to all the methanotrophs and consists af feactions in which methane is
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oxidize intermediate products (methanol, formalakdhyformic acid to form carbon
dioxide. The remarkable reaction, in methane mdishas the first step, in which
methanol is produced from the methane molecules Btep is catalyzed by an
important enzyme, methane mono-oxygenase (MMO) (ER)a, b and c).

MMO exists in two different forms: soluble MMO (sMB located in the
cytoplasm) and membrane bound (to the cytoplasmatimbrane) particulate MMO
(PMMO). The sMMO is well characterized by threeyme components consisting
of an hydroxylase, a B component and NAD(P)H realset The hydroxylase
(MMOH, 285 KDa), is an oligomer of three differestibunits &, fand )) and
contains non-heme iron. The sMMO Operon contamgenes that codify for the
hydroxylase a, 3, and y subunit (hmoX mmoY mmoJ4, the reductase enzyme
(mmoC), and the regulatory protein (mmoB), thatnpes the assembling of the

unique di-iron center of the SMMO enzyme.

(a) [ pmo('>l pmoA >I pmoB > (C)

3 1 1 —
PmoC PmoA PmoB CH, CH,OH

23kDa 27kDa 45 kDa

(b)
[ mmoX > [ mmoY > l’nmul>

| 1 1
o B Y
60 kDa 45 kDa 20 kDa

Fig. 1. 8 — a) pMMO and b) sMMO encoding genes amslibunits; ¢)
pMMO: methane conversion in methanol.

The B component (MMOB) is a protein without cofast involved in engagement
— release processes (Colby & Dalton 1978); wiigeNAD(P)H reductase (MMOR)
is 38.4 kDa in size and contains flavin adenineudieotide and an E8;, cluster
(Hansen and Hansen 1996).

In contrast to sMMO, little is known about the nmi&r properties of pMMO;
however, it is understood that this enzyme cons$tshree, integral-membrane,
polypeptide subunitsABC) and has a catalytic center containing coppee AhB
and C subunits constitute one monomer of the enzyime pMMO operon contains

three genes that code for theB\ and C-subunitgmoB pmoA pmoQ.
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Even if both  sMMO and pMMO are involved in methaogidation, their
aminoacidic sequence of their protein are quitéedkht; moreover sMMO and
pMMO differ in the metals used as cofactors, inrthazation inside the cells and in
electrons donors used. Methane microbial oxidabigraerobic methanotrophs is
triggered by the bond CH MMO, this requires two reducing equivalents tbt$pe
O, bond. One atom of oxygen is reduced to forgtdnd the other is combined with
the methane to form methanol.

Methanol is oxidized in formaldehyde by MDHPdriplasmatic methanol
dehydrogenage Electrons from the reaction are transferredthatCL cytochrome,
the electron acceptor, that is oxidized by a C aytme. Formaldehyde is converted
to formate by a system of several enzymes (Anthd®@l). Finally, formate is
oxidized in CQ by the enzyme NAD-dependent formate dehydrogenase

The steps following the formaldheyde production dierent in methanotrophs
expressing sMMO and pMMO and it is possible toidggtish the ribulose pathway
and the serine pathway (Fig. 1.9).



a) RuMP PATHWAY FOR FORMALDEHYDE FIXATION
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Fig. 1. 9 - a) RuMP pathway for formaldehyde fixatbn. The reaction is catalyzded by the unique enzyreend this pathway, hexulose — 6- phosphate synthamed hexulose-

phosphate ismorase, are indicated. b) Serine pattay for formaldehyde fixation. Unique reactions catéyzed by serine hydroxymethyl transfersa (STHM), hydroxypyruvate
reductase (HPR), malare thiokinase (MTK), and malylcoenzyme A lyase (MCL) are identified (modified byHansennand Hansen, 1996).
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1.6 GEOTHERMAL SYSTEMS

Geothermal areas have been the subject of thisqirdpe to their unique characteristics
in geo-biosphere. Geothermal areas occur frequémthggions of active or recently
active volcanism and consist in a series of systemshich heat is transferred from
within the Earth to the surface though rocks byduamion or by transfer of heat
involving water, either in liquid or vapor statey@nothermal areas). Three geological
components are required for the formation of a lymmhal/hydrothermal system: fluid
(liquid or gas), heat, and permeability throughksoto permit the fluid to flow in the
subsurface and rise to or near the land’s surfgeetliermal field). Meteoric water, or
water that entered in a geothermal system at Eastirface, such as rainfall, snowmelt,
rivers, lakes, and seawater forms most of hydrathéfluids. Water recharge, or the
site where water soaks into the ground, may bamigup to tens of kilometers) from
the discharge site. Some waters reach several &ikn depth. The source of heat is
either magma, in the case of volcano-related systeon heat from the normal
temperature increase with depth in the earth. Brest in rocks often create
permeability, but in some systems interconnecte@gor large cave systems allow
fluids to flow. Often, geothermal system are assted with caldera structure because
crustal fracturing occurred during the caldera fation that allowed the deep
penetration of meteoric fluid, establishing the theomal activity. A Geothermal
system is generated where hot upflowing water agres the surface in a region of
anomalously high heat flow and where thermal cotisandominates the behavior of
ground water in the permeable crust (Elder, 19681)L Thermal energy is provided by
continuous intrusive activity, cooling of plutonsthe upper 10 km of the crust (Larsen
et al. 1979), and in minor part by mineral altemati devitrification and decay of
radioactive nuclides (Fehn et al., 1978). Geothésystems are very different due to
their chemical-physical characteristics (resergigmperature or enthalpy, nature and

geological setting). See Table 1.3 for classifmatn the basis of the temperature.
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TEMPERATURE | ENTHALPY |FLUID GEOLOGY

Low-Temperature
(LT): 150°C at 1 Liquid dominated
km of  depth. geothermal system with Sedimentary basins, fracture pr
Characterize by hof Low-enthalpy | water temperature  dtfault controlled convectior]

or boiling springs. | (<800 kJ/kg).| boiling point and the systems, active fracture zone on

Medium- water phase control theland.
Temperature (MT); pressure in the reservoir.
150 - 200 °C

Two-phase  geothermal
system where steam and

water co-exist and th

1%

High —Temperaturg
temperature and pressure
(HT): temperature >

200°C at 1 km off
curve

depth; Characteriz¢ High enthalpy i Rifting zone, hotspot volcanism,
Vapor-dominated ) )
by fumaroles, steam (> 800kJ/kg) compressional regime.
geothermal systemp

follow the boiling point

vents, mud poolg
) where temperature at, or
and high altereg . )
above, the boiling point at
ground . )
the prevailing pressure in

the reservoir. Some liquid

water may be present.

Table 1. 3 - Classifications of geothermal systenes the basis of temperature, enthalpy and physicaitate
(Bodvarsson, 1964; Axelsson and Gunnlaugsson, 2000)

Geothermal gaseous emissions consists of gasessedlefrom the aqueous
hydrothermal solution, by boiling or degassing,lacalized sites such as gas vents,
mofettes and fumaroles (Etiope et al., 2007). fOtal gas content in the steam phase
varies from about 0.01% to several tens perceng. &@ HBS are the main components
of the geothermal gases, but they include alsq, ©H Hy, NHz and trace gases (He,
Ne, Ar, Kr, and Xe). In liquid-dominated systemsegs are dissolved in the hot water,
but they pass in steam phase when steam is forgnbdiling.

Europe is one of the most geothermally active aire#fse world; 28 European countries
have geothermal systems and at least 10 countriest Burface geothermal

manifestations (hot springs, mofettes, gas vemslyding Italy and Greece.
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1.7 HYDROTHERMAL GASES

Volcanic gases are mainly composed bYDHCGO,, SO, H,S, HCI, and HF. Gases are
released both from active volcanoes when the magmepressurized and by quiescent
volcanoes by fumaroles or degassing throughousails. Fumarole gases riser toward
the atmosphere following convective motion due émperature that increases the
kinetic energy of the molecule in the fluid. Théesse of the gases depends on their
solubility in liquid phase. The solubility is thegperty of a solute (solid, liquid or
gaseous) to dissolve in a solid, liquid, or gasesmhgent to form a
homogeneous solution of the solute in the solvéint.depends on the physical and
chemical properties of the solute and solvent dsageon temperature, pressure and the
pH of the solution. Henry’s law rule the solubiligyd "at a constant temperature, the
amount of a given gas that dissolves in a giver tgpd volume of liquid is directly
proportional to the partial pressure of that gasduailibrium with that liquid.” Henry’s

law is expressed as:

p=kyc

wherep is the partial pressure of the solute in the gdmve the solutiornsis
the concentration of the solute agdis a constant with the dimensions of pressure
divided by concentration. The constant, known asHenry's law constant, depends on
the solute, the solvent and the temperature. Gagibty in hydrothermal fluids,

usually is:

Halogens > KIS > CQ > CH; = H,

Halogens, HS, and CQ are the most soluble gases while,,GiHd B are less soluble.
Liquid H,O content increases with its a decrease in tempergtondensation); GO
the second most important volcanic gas, followsnalar tendency. K and CO gas
concentrations drop upon cooling in accordance thighreactions:

2H, + O,——> 2HO

2CO+Q—> CQ

Sulfur in the fumarolic gas exists in two major @ps: SQ and HS. The variations in

SO, and HS contents at temperatures above 573 K are cagdrbif the reaction:
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SO+ 3H,—> HS + 2H0.

At lower temperatures, where elementary sulfurtable, the equilibrium is governed

by the reaction:

256yt 2HO—>  S@+H,S + H, .

Cl, F, Br, and, possibly, | are transported in aoic gases in the form of their
compounds with hydrogen: HCI, HF, and HBr. Thedwtr of HCI, HF, and HBr is
due to the fact that they do not take part in retgactions, and that the amount of
precipitated solid halogen-bearing phases is incensurably small as compared with
their concentrations in the gas. As temperatureedses, Ckj CO,, and $ pass their
maxima (1213 K for Chand 1073 K for C@and $), and then their concentrations
gradually decrease. These components are subadindttheir contents are controlled
by proportions of the major gas constituent©HCQ,, SO, H,S, and H (Churakov et
al., 1998).

1.8 SOIL (GEO)CHEMISTRY

Soils are multicomponent biogeochemical systemschvhieflect the influences of
weathering and living organisms on the parent nate$oil is more complex than
simply ground-up rock; in fact, it contains a langepulation of macro-, meso-, and
microscale animals, plants, and microorganismd.iSaharacterize by solid inorganic
and organic compounds in various stages of decatiposand disintegration, an
aqueous solution of elements, inorganic and orgams and molecules, and a gaseous
phase containing nitrogen, oxygen, carbon dioxwater vapor, argon, and methane
plus other trace gases. It represents the ineeff@bnveen geosphere atmosphere and it
Is important because all life supporting componelasve, either directly or indirectly
even from the soil. Chemistry and geochemistryhef $oils are very relevant because
they rule the presence or the absence of life iits sipoth in term of plant,
microorganisms and animals). The key chemical adteriatic of the soils is the pH. In
geothermal areas, chemistry and pH of the soil @ma@nly influenced by the

composition of fumaloric gases {8, HCI, HF, and so on). Considering that halogens



Introduction Gagliano, A.L., 2013

are very soluble and their concentration in fumartux is really low, BS represents
the main contributor to soil acidification in théguation (Tedesco and Sabroux, 1987;
Tedesco, 1994). Hydrogen sulphide is a weak aamyekier, when it reaches the
surface it is firstly oxidized to sulphur and theensulphuric acid (pK2 = 1.92), hence
lowering the pH of soil (Brock, 1978). This gradier pH can also be accompanied by
a temperature gradient. Soil pH and temperaturetla@emain limiting factors in

volcanic areas for microorganisms and vegetation.
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1.9 AM

Geothermal and volcanic areas have long been amesidimiting for methanotrophs
life. Their harsh environmental conditions suchhagh temperatures, low pH and high
concentrations of $6 and NH, seemed to be inadequate for methanotrophs rainge o
life. Despite their unfavourable environmental atiods, several evidences acquired in
different geothermal and volcanic areas remarkex gbssibilities of the microbial
oxidation of the methane in these areas. Firsilypitatory incubation experiments using
geothermal and/or volcanic soils indicated sigaificmethane consumptions. Castaldi
and Tedesco (2005) recorded consumption values fi@nto 150 mg Ckim? day*
after a series of incubation experiment using sbiten the Solfatara at Pozzuoli,
D’Alessandro et al. (2011 and 2009) demonstratectahial methane oxidation; after
laboratory incubation experiments with soils froouSaki recorded consumption values
up to 478 pmol ChH h' g*; Moreover, they obtained negative methane fluxain
degassing area at Favara Grande in Pantelleriadisiadicating the possibilities of
methane microbial oxidation during the measurerpenbd.

Secondly, a clear evidences of methanotrophs gciivigeothermal and volcanic soils
is given by the anomalies recorded in the expeC@gdCH, flux ratio. In other words,
the methane flux in a degassing area is measuraddylifferent method (direct and
indirect); the first method permit to measured clise the methane flux from a
degassing area,; the second is based on the methement and the C{LCH, flux ratio
measured in the fumaroles placed in the analysgdsseng areas. If no methane uptake
were occur, no difference in methane flux measwasd be recorded.

D’Alessandro et al. (2009, 2011) evidenced serang@malies in the C&CH, flux ratio

in measurements at Pantelleria Island, SousakiNasytos Island. Fig. 1.10 a, b and ¢

shows the C@ICHj, flux ratio obtained by direct method from thesgaksing areas.
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Measured values are shifted than the expected irafiomaroles, because the methane
flux is lower than the expected indicating a possiimethane removal mechanism
during the measurement period.

Finally, confirms of the methanotrophs presencgeaathermal and volcanic were given
by genetic analysis on soils performed by differgroup of research using soils from
the Solfatara (Pozzuoli — Pol et al., 2007), HeB'ate (New Zeland — Op den Camp et
al., 2009), Kamchatka (Russia — Islam at al., 2B08jova et al., 2012). These studies
permitted to discover the new acido-thermophilic tmaotrophs belong to the
Verrucomicrobiaphylum in all the investigated areas. Moreoverildva et al., (2012)

in the hot springs at Kamchatka confirm the present the more thermophilic
Proteobacterid' Methylothermusbelong to theGamma-proteobacteria

Clues of methanotrophs activity in geothermal aaltanic soils against few confirms
of the presence of these bacteria brought ourdsteo ascertain and add confirm on the
possibilities of these bacteria to be adapt to ilivextreme environment. The start point
was the evidences acquired by D’Alessandro et(2009 and 2011) at Pantelleria,
Sousaki and Nisyros, but we extended our fieldezfreh to Vulcano Island and Nea
Kameni (Fig. 1.11).

Pantelleria o Vulcano

Sousaki

Area Ground Temperature Soil pH CH, flux
Pantelleria High Neutral High
Nisyros High Acid Low
Sousaki Low Acid High
Vulcano Medium acid Low
Santorini Medium Neutral Low

Fig. 1. 11 - Sampled areas, a) Pantelleria Islanttaly b) Vulcano Island, Italy, ¢) Sousaki, Greeced) Nea
Kameni - Santorini, Greece, and €) Nisyros, Greegsland; table indicates chemical-physical conditios of the
selected areas.



Aim Gagliano, A.L., 2013

Pantelleria Island, Vulcano Island, Santotini Islaiisyros Island and Sousaki were
the five geothermal/volcanic system selected biothalian and Hellenic territories on
the basis of the methane flux from the undergrochdmical-physical characteristics of
the soils and kB content in the soil gases. Previous studies atelicthat Pantelleria
island and Sousaki area recorded the highest meetthax values among the selected
sites. Vulcano Island and Nisyros the harsher ¢mmdi. Very high value of 6 were
recorded in Nisyros Island, Vulcano Island, thedowalue were recorded at Pantelleria
Island.

The first goal was to understand how the envirortalesonditions could influence the
methanotrophic activity. The second goal was tdyaeathe methanotrophic potential
of geothermal and volcanic soils. The third goalswa explore the methanotrophs
diversity in the geothermal and volcanic soils a@odevaluate their efficiency in

reducing the methane released in to the atmosphere.



2. PANTELLERIA ISLAND
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2.1. GEOLOGICAL SETTING

Pantelleria island is the emergent part of a geiesQuaternary strato — volcano located
at about 100 km SW of Sicily and 70 km off the Taiaj in the Sicily Channel rift zone
(Fig. 2.1 and Fig. 2.2).

A Punla Pozzolana
0 2km

T — Pantelleria )

\x \ Cala dei Cingue Denti
2\ L.
M Fault p \\ Le Balate \}
- Volcano leclonic collapse : ) \ \
structure ) :

T Eruptive fracture

<~ Y Cinque Denti Caldera rm
- ¥ La Veccha Caldera rim
PT3 O  Shallow exploratory wells

PPT1d Deep geothermal wells

Tyrrhenian Sea

lonian

Fig. 2. 1- Geological structure of Pantelleria iskad.

The submergent part of the island is composed gl ki density products and the
subaerial products are mainly alkaline and peradkathyolites (pantellerites) with a
high silica content (Civetta et al 1984), true lhigsaccur only in the northwestern part
of the island. The oldest subaerial products ateddat 320 ka, successive explosive
events (114 ka and 45 ka) were followed by caldet@pses. Intra —caldera activity in
the last 45 ka associated with geophysical dateatel an active magmatic chamber at

crustal depth.
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Fig. 2. 2 - Geological map of Pantelleria Island.

The structural setting of Pantelleria is domindtgda resurgent active nested caldera in
central south part of the island, formed during tih@st important volcanic episode of
the island in the last 50 ka; and in the northwhstisland is dominated by basaltic
eruptions (Mahood and Hildreth, 1986; Civetta et 8988). Well drilling campaigns
(Fulignati et al., 1997; Giannelli et al., 2001¥tthguished a high—temperature active
hydrothermal system in the caldera and the presehee low temperature and low
permeability hydrothermal system developed outthdecaldera (Fig. 2.3).
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Fig. 2. 3.— Conceptual model of the geothermal sgsh of Pantelleria ; 1. Recent pyroclastic rocks; Zlrachyte;
3. Faults; 4. Isotherms; 5. Boundaries between zombaracterized by fluids of diverse origin; 6. Diretion of
meteoric recharge; 7. Direction of marine recharg€Modify by Giannelli et al., 2001).

The thermal structure of the SW part accounts lier gresence of a mixing zone of
marine and meteoric water and volcanic gas. Geopdlyslata suggest that the
geothermal anomaly is limited to the youngest qaldie the southern part of the island.
The upper part of the geothermal field is mainlynpesed of rocks sealed by silica and
clay minerals, that create the cover of the fi@d0d(— 500 m). The reservoir is a water—
dominated type and presents temperature closeiliagppoint. Trachitic — comenditic
lavas with high level of fractures are very hydesthalized. The low-temperature
hydrothermal alteration (<200 °C) is developed wmsditic—hyaloclastyic lithologic
sequences, that occur for 700 m and then is imgg¥duby a sequence of altered
doleritic dikes. The geothermal fluids of Panteflezonsist for the most part of seawater
(Giannelli et al, 2001); according to 2, sathe nhoofeGiannelli et al. (2001) the
increasing temperature depletes the fluid of Ca,aid SQ and deposits anhydrite,

quartz and clay minerals. The seawater flows thmofrgctures and faults attaining
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temperatures >300 °C in the southern part of tlamds where an area of volcanic gas
upflow is present. Volcanic gases increase the amotiC and S, decrease the pH,
temperatures and gas partial pressures. Dolomdlkejtee and anhydrite should be
deposited by the fluids derived from the mixinggakes with marine water.

Many hot springs and thermal wells occur in the NWH SW part of the island.
Persistent fumaroles are concentrated on the yeungive centers and/or along active
faults. In the central part of the island, withivetyounger caldera, many fumaroles with
temperatures between 40°C and 100°C are recogaizBibkévious surveys identified
many areas characterized by intense gas flux flesoil (Chiodini et al., 2005). The
most important fumarolic manifestations of thenslaan be detected at Favara Grande,
south of Montagna Grande. The area is locatedeaintiersection of a regional tectonic
lineament with many volcano-tectonic structurecoinprises the main fumarolic field
of Favara Grande with strong steam emission andyriamarolic manifestations all
with temperatures close to boiling water. Fumarokenissions have typical
hydrothermal composition (Chiodini et al., 2005elbig et al., 2013) with water vapor
as the main component (about 970,000 pmolntdllowed by CQ (about 23,000
pmol molY). Among the minor components the fumarolic gase§avara Grande
display relatively high contents of.Hand CH (about 1300 and 800 pmol rfol
respectively) and low contents 0b$1(<20 pmol mat). This leads, after condensation
of water vapor, to high CHconcentrations in the soils (up to 44,000 umol thaind
high CH, fluxes from the soil (up to 3550 mgfway’) in the area of Favara Grande
(D’Alessandro et al., 2009).

2.2.SAMPLING AREA

Favara Grande, the main exhalative area at Pamelt#and was one the areas studied
in this PhD project. Favare Grande, in a previdugyshad offered a starting point for
further investigations because of a loss in methaag recorded during the uprising
(D’Alessandro et al., 2009); As above, geothermal soils are able to host methane
oxidizing bacteria and the discovery of these nogganisms in Pantelleria soils could
explain the methane loss in sampled gases. Thelisgngampaigns were conducted in
June 2011 and in November 2011. Ten top-soil sasr(Pk3 cm), five from a field with
geothermal features (from now on called “geotheraned” and five from an abandoned

agricultural field (from now on called “agricultdrarea’- no data are recorded on the
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previous conditions of the agricultural area), were collected in June 2011 from sites
FAV1 — FAV10 (Fig. 2.4) - and in November from site FAV2 on a vertical profile 0-15
cm taking a sample at five different depths. Soil gas samples were collected from the
same ten site at three different depths to analyze the composition of the gases in which
bacteria were living when they were sampled. Temperatures were measured in situ and
used to obtain a statistical temperature profile of the area to verify the possibility of a
correlation between temperature and microbial presence (map were created by using the
GIS software ArcMap 9.3, ESRI); pH were measured in soil suspensions either with
deionised H,O. Major oxides of the soils have been determined by XRF analyses (Table

2.2). Table 2.1 summarize results of all the analyses applied to gas and soil samples.
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Fig. 2. 4 - Sampling site at the geothermal area V1 —FAV5) and at the agricultural area (FAV6 — FAV10),
Favara Grande, Pantelleria island



Pantelleria Island Gagliano, A.L., 2013

2.3.RESULTS

2.3.1. CHEMICAL - PHYSICAL CHARACTERISTIC OF THE SAMPLED
SITES

Soil and gas samples were taken from Favara Grahdemain exhalative area in
Pantelleria island. Ground temperatures were nmedsn situ from 2 to 50 cm of depth
(Table 2.1 and Fig. 2.5 a). In the geothermal #neaemperatures in surface level were
between 38 and 62 °C reaching temperatures at 50atween 74 and 112 °C. The
highest temperatures were always measured at FAXdepé for the deepest
measurement which was highest at FAV2. Temperaturete agricultural area in
surface level were between 31 and 34 °C decreasitigdepth (26-28 °C at 50cm)
towards the annual mean atmospheric temperatutteearea indicating the absence of
an anomalous geothermal gradient. In the geotheaneal temperatures are influenced
by the geothermal gradient as remarked by the asang of temperature with depth in
FAV?2 vertical profile also in November (33 — 83°&€ 15 cm of depth, Fig. 2.6). The
shallowest temperature was significantly lower than June due to the lower
atmospheric temperature but at 15 cm it was vargecthat of June. This indicates that
the shallowest portion of the soil in the geothdraraa is partially influenced by the
atmospheric temperature while at greater depthsc(iat FAV2) the temperature is

controlled exclusively by the hydrothermal system.
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Fig. 2. 5 — Distribution map of the temperature afFavara Grande.
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The soils of the agricultural area display a narmange of pH (6.29-6.80) close to
neutrality. On the contrary the soils in the geotied area show lower values and a
wider range (3.41-5.98) indicating a clear hydratie influence (Table 2.1). As

indicated in Fig. 2.6 pH lowering with depth inesFAV2 reaching the lower value at
13 cm of depth.

T pH oM H,0 CH, consumption
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Fig. 2. 6 - Variation of Chemical —physical charadaristics in FAV2 vertical profile.

Measured organic matter was in a range of 1 to ley%mass with the maximum value
measured in the soils sampled from the shallowaatriand decreased in the deeper
layers of the FAV2 vertical profile. Usually, orgarmatter can constitute a third or
more of the mass of poorly drained soils, thougittions from 6% to 10% are more
common in well-drained soils (White, 1997). Valueasured at Pantelleria Island soils
are lower of 6-10% indicating few amount of orgamatter both in geothermal and in
agricultural soils. Water content in the geotherswls was higher in the deeper layers
and decreased in the shallowest layers as cluetydfothermal flux from the
underground and the steam phase of the hydrothetaidl Vapor content with the
decrease of temperature passes in the liquid plragesoils increase in the amount of
water present (Table 2.1 and Fig. 2.6.).

Difference in trace and major (oxides) element leetw agricultural and geothermal
area has been highlighted. In samples FAV6-FAV1{bmand trace elements showed



Pantelleria Island Gagliano, A.L., 2013

very similar values. On the contrary, value frdme geothermal area showed greater
differences in major and trace elements conceotrsti

Oxides were used to calculate Chemical Alteratindek (CIA), which is the most
accepted of the available weathering indices wifethe best quantitative measure of
chemical weathering (Nesbitt and Young, 1982).

It represents a ratio of predominantly immobile@y to the mobile cations NaK" and

Ccd" given as oxides. The ClA is defined as

CIA=[Al ,04/(Al ,05+Ca0 +Na,0+K,0)]x100

where the major element oxides are given in mo&quioportions. CaO* represents

the CaO content of silicate minerals only (Fedalgt1995). Kaolinite has a CIA value
of 100 and represents the highest degree of weaghéNesbitt andioung, 1982; Fedo

et al., 1995). Calculated CIA on Pantelleria raafticate for Trachytes and Pantellerites
45 and 43 respectively (Di Figlia et al., 2007).ldd&ated CIA on Pantelleria soils
showed the highest value in FAV1, FAV4 soil sampheicating high level of alteration
with CIA up to 85; FAV2 vertical profile showed an increase of CIA hitlepth
indicating that alteration is favored by higher pmratures and stronger interaction
between hydrothermal flux and rocks. Soils froma@gtural area indicated CIA values
ranged from 59 to 61; Values in this range are higher than Trachytes and Pantellerites

indicating alteration of soils even in the agriaudtl area.



T (°C) at depth OM H20  NH; Gasdepth He H2 02 N2 CH4 C02

Sample X_UT™M Y_UTM pH

2cm 13cm 25cm 50cm (%) (%) (mg/gDW) (cm) (%)

13 0.00 085 1450 54.99 1.00 28.66
FAV1 232180 4073170 62 82.7 103.7 102.2 3.41 377 12.98.0142 25 0.00 778 416 986 3.92 74.27
50 0.00 732 263 495 3.71 81.39
13 0.00 030 16.02 61.08 0.86 21.74
FAV2 232177 4073160 60 75 85.9 1116 5.98 312 283 1000 25 0.00 132 371 7.06 3.64 84.27
50 0.00 424 330 637 3.95 82.14
13 oo 005 1860 7324 0.19 7.91
FAV3 232192 4073160 50 58.2 68.5 88.2 5.24 295 334 0080 25 0.00 016 1639 63.94 0.63 18.88
50 0.00 044 1064 3872 1.88 48.31
13 oo 001 1714 6938 0.28 13.19
FAV4 232168 4073180 38 46 55.2 74.3 3.93 271 422 8005 25 0.00 001 16.89 68.05 0.33 1471
50 0.00 011 1985 76.58 0.07 3.39
13 oo 000 380 1654 2.64 77.02
FAVS 232197 4073170 46 56.1 68 86.8 4.39 322 422 @008 25 0.00 002 344 905 3.52 83.98
50 000 o016 3.09 818 4.00 84.57
13 oo 000 2030 7941 0.00 0.29
FAVG 232146 4073200 31 30.6 29.9 285 6.38 502 180 0090 25 0.00 0.00 2014 79.44 0.00 0.42
50 0.00 o000 2015 79.29 0.00 0.56
13 oo 000 2050 7916 0.00 0.34
FAV7 232119 4073210 34 327 30.6 26.3 6.41 499 161 010 25 0.00 000 2053 79.02 0.00 0.45
50 0.00 o000 2018 79.14 0.00 0.69
13 oo 000 2096 7872 0.00 0.32
FAV8 232128 4073220 31 30 29.1 271 6.80 392 146 6001 25 0.00 0.00 2017 79.48 0.00 0.34
50 0.00 000 2024 79.02 0.00 0.74
13 oo 000 2078 7895 0.00 0.27
FAVO 232116 4073230 32 30.9 29.6 26.8 6.29 444 174 o010 25 0.00 000 2034 7933 0.00 0.33
50 0.00 o000 1980 79.71 0.00 0.50
13 oo 000 1061 8017 0.00 0.22
FAVI0 232139 4073240 31 30.4 29.5 27.6 6.78 365 121 o0w@0 25 0.00 0.00 2061 79.03 0.00 0.36
50 0.00 000 2055 7891 0.00 0.54

Table 2. 1- Chemical —physical characterization afoils and gases sampled at 0-3 cm of depth at theoghermal (FAV1-FAV5) and the agricultural field (FAV6 — FAV10)
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saSrT(::Ie CIA Na,0O Mg AlI,0;3 SiO, P,0Os K,O CaO TiO, MnO FeO; L.Ol
FAV1 85 159 115 1824 5045 0.1 107 063 087 016 9.9.39
FAV2 70 3.079 038 1539 598 0.12 283 0.7 0.95 0.3 9.5 14 8.
FAV3 73 3.021 054 168 5842 01 258 073 11 0.17 9.58.82 8
FAV4 81 2128 025 1888 5138 009 172 048 107 0.17 223.11.22
FAV5 75 2715 076 17.77 5417 0.17 206 1.02 1.05 0.14 0410.10.85
FAV6 61 3799 025 1318 6188 013 3.7 088 066 028 82894
FAV7 60 405 0.23 13.09 6155 0.12 387 088 069 031 8.33.58
FAV8 59 4264 022 1326 6232 011 395 085 0.7 0.27 7.86.89
FAV9 61 4037 024 1355 6206 011 373 085 081 025 27.87.21
FAV10 60 439 02 1403 6276 012 389 09 0.7 0.23 7.06.925
FAV2A 68 3438 034 1514 6072 011 3.07 0.72 087 029 88.96.91
FAV2B 70 3.061 048 1559 592 011 29 069 135 024 10462
FAV2C 70 3.241 043 1596 599 01 293 074 12 0.27 9.19.05
FAV2D 73 2515 036 1498 5541 01 23 071 097 037 13.8228
FAV2E 83 1794 063 2026 503 008 146 091 106 025 511.92.25

Table 2. 2 - Chemical Index of Alteration, Oxidesad L.O.l. (loss on ignition) in %
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2.3.2. SOILS GASES

Soil gases were sampled from three different degthsAV1- FAV10 sites. As first
result, Fig. 2.7 shows wide differences in the gamposition in samples from
geothermal and agricultural area.

100 7? + v ¥ FAv7
QO rav2 (@' ]
+ B Favs A FAV9
4 % A FAva FAV10
X FAVs i AR
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Fig. 2. 7 - Fumarolic and air gas distribution in ampled soil gases from Favara Grande.

Samples from geothermal area are mainly composefilirbgrolic gases, reaching
the 90% of the composition in some samples (FAVA BAV2). On the contrary,
air gases are the main contributor in the gas sssripbm the agricultural area (up
99%). Samples from geothermal field (FAV1-FAV5) daminated by the fumarolic
gases at each sempled depths. In samples fromege@tharea, Nand Q content is
very low; in particular, in site FAV5, Nand Q resperent the 3.8 and 16.5 % of the
gas compition at 13 cm, with an enrichment in,@O@mponet (77 %); highest value
of O, and N were recorded in site FAV2 and FAV3. The @nd N content never
exceed 20% and 73%, respectively, in all the ingastd depth. KHcontent is higher



Pantelleria Island Gagliano, A.L., 2013

in FAV1 and FAV2 samples (from 0.3 to 7%). In gasples fromgeothermal area,
methane content is very high, reachinbg value up%oin site FAV2 at 50 cm of
depth. At all the invesitgated sites, £©the enriched component; its content is high
in the deeper layer. Samples from the agricultoea are all mainly composed by air
gases at all investigated depth. £id at the atmospheric concentration and,CO
values are ranged from 0.22 to 0.54 %, with théhhiglue in the deeper layer.
Diagrams in Fig 2.8, show the variation in methacebon dioxide and nitrogen
content of the FAV1, FAV2, FAV3 and FAV8 soil gas&3arbon dioxide and
methane in FAVS, that represents the trend of el dgricultural samples, do not
significantly vary with depth; on the contrary thmount of CQ and CH in samples
from the geothermal areas are more abundant amdatm®unt even if vary with
depth maintain high value even in the shallowestrgFig. 2.8).

10
10 l
a _J) + b I
20
20 —
¢
o ) §
E ~—
< & 30 -
= 30 - s
3 8
(=]
40
40 —
50 ) 50
# 4 I 1
0 20 40 60 80 100 ° 1000 2000 3000 4000
CO, (%) CH, (ppm)

10 —

O
, + FAV1
¢ / / & FAV2

% g B Fav3
// T O FAVS
3
/ |
) ﬁfJ T 84— Jq
0 20 40 60 80
N; (%)

Fig. 2. 8 - Variation in a) CG, amount, b) in CH, amount and ¢) in N amount in soil gases.
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The amount of the nitrogen in sample from agrigalidield does not vary with
depth and maintains value similar to the air contmws In soil gases from
geothermal field nitrogen reach the highes valuthéshallowest layer reaching the
70% only in the sample FAV3. In the deeper layenogen represents the 10% of
the gas mixiture, in samples FAV1 and FAV2, whée highest amount of G@nd

CH, were measured.
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Fig. 2. 9 - Variation in CO,/CH, ratio with depth.

Fig. 2.9 shows the variation in GIOH, ratio with depth of the soil gases sampled at
Favara Grande. Samples from FAV1 to FAV5 indicateva CO,/CH, ratio (25 — 30,
typical of the fumaroles). In all the five sitesO£and CH content does not
significantly vary between 25 and 50 cm of depth; instead the ratio decreases in the
shallowest level (13 cm). In the right part of theph, CQ/CH, ratio (FAV6 —
FAV10 samples) is higher in the shallowest layat Entreases with depth. This ratio
depend on the C{content: as data on table 2.1 indicate, methaneuamis at
atmospheric concentration at all investigated delmtl the CQ content increases in

the deeper layers.
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2.3.3. CLUES OF METHANOTROPHIC ACTIVITY

During this PhD study, evidences of microbial methane oxidation activity were
provided by incubation experiments carried on soils sampled at Favara Grande, in
both sampling campaigns. Aliquots of samples, sealed in serum battles, were used for
incubation experiment (see par. 7 for material and methods); At the end the
incubation period, methane oxidation, in serum bottle, were measured by GC in

regular time and consumption were recorded (Fig.2.10 a and b, and Table 2.4).
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Fig. 2. 10 - a) variation of methane in laboratoryincubation experiments using FAV1, FAV2 and FAV3

soil samples; b) variation of methane in laboratoryincubation experiments using soils from FAV2 veital
profile.
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Fig. 2. 11 - methane consumption of the soils sanapl at FAV2 vertical profile, incubated at differert
temperatures.

Samples from agricultural soils, after an the incubation in methane enriched
atmosphere, did not show significant consumptions; samples from FAV1 to FAVS
revealed a different behavior. In some soils, consumptions are close to zero (FAV1,
FAV4 and FAVS5), and in some samples consumptions are very high (FAV2 and
FAV3) up to 950 ng g h™'. Incubation experiments on soil from FAV2 vertical
profile revealed maximum methane uptake in the shallowest layers (0-2 cm, 1200 ng
g h") maintaining high values (more than 100 ng g h™) at least up to depth of 11
cm, after incubation at controlled room temperature. When samples from the vertical
profile were incubated at different temperatures the CH4 consumption increased with
temperature from 5°C, to a maximum at 37° C and then decreased at 50°C. A very
low but still detectable methane consumption (20 ng g’ h™) was recorded in sample
FAV2A even at 80°C (Fig. 2.11).The oxidation potential of the soils, at least at FAV2,
strongly depends on the initial CH4 concentration in the serum bottles. Figure 2.12
shows that if the available CH4 increases also the CH4 consumption increases
reaching a value of 9500 ng g"' h™' with an initial CH, concentration of 85,000 pmol

mol™ at room temperature.
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SAMPLE CH, CONSUMPTION
ng g*h?
T5°C T 25°C T37°C T 50°C 80 °C
FAV1 n.r 4.90 n.r n.r n.r
FAV2 n.r 950 n.r n.r n.r
FAV3 n.r 620 n.r n.r n.r
FAV4 n.r 3.02 n.r n.r n.r
FAVS5 n.r 10.39 n.r n.r n.r
FAV6 n.r 3.55 n.r n.r n.r
FAV7 n.r 5.98 n.r n.r n.r
FAV8 n.r 2.63 n.r n.r n.r
FAVO n.r 0.89 n.r n.r n.r
FAV10 n.r 0.23 n.r n.r n.r
FAV2A 450 1249 1534 573 22
FAV2B 169 701 1066 356 n.r
FAV2C nr 186 n.r n.r n.r
FAV2D 60 107 n.r 52 n.r
FAV2E 90 100.5 n.r 63 n.r

Table 2. 3 - Methane consumption value after soil subation at different temperatures; n.r. = not
recorded.
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Fig. 2. 12 - FAV2A methane consumption at differenimethane initial concentration after 24h incubationat
controlled room temperature.
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Positive relation between methane initial concentration and methane consumption is
significantly important because, it indicates that with the increasing of the methane
flux, bacteria increase their methane oxidation rate (Fig. 2.12).

Finally, evidences of methane microbial uptake are provided from isotopic data, in
fact, variations in methane isotopic ratio were measured in the headspace gases both
in the serum bottles containing samples incubated in laboratory experiment and in
soil gases (Fig. 2.13). Data indicated in both type of samples an enrichment in
heavier isotopes as expected. Usually, methanotrophs prefer to use lighter methane

for their microbial processes.

Soil profiles Soil incubation experiments
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Fig. 2. 13 - Variation on CH, — C composition; the arrows indicate the positiviation of 8**C(CH,) due to
microbial methane oxidation.

2.3.4. MICROBIOLOGY AND MOLECULAR DETECTION OF METHANE
OXIDIZING BACTERIA

Methane oxidation bacteria can be detected by using microbial and molecular
techniques. Classic microbiology allows to obtained isolates in laboratory to use for
ecology experiments (range of temperature and pH in which isolate can growth,
different medium, methane consumption rate, and so on). But only the 1% of the
existing bacteria is cultivable in laboratory and molecular techniques based on
genetic methods are useful to identify uncultivable bacteria living in soils. Moreover
molecular techniques permit the genetic characterization of microorganism. Most
common techniques are quick, relatively simple and highly replicable. Soils from

Favara Grande were analyzed to investigate methanotrophs communities living in



Pantelleria Island Gagliano, A.L., 2013

these geothermal environment by using both microbiology and molecular techniques.
Polimerase Chain Reaction (PCR), Temporal Temperature Gradient Electrophoresis
(TTGE), cloning and sequencing of the DNA were applied to the total soil DNA (see

boxes for further information).

Box 1- Bacterial DNA

Bacteria, despite their simplicity, contain a wediveloped cell structure which is responsible
for many of their unique biological properties. Mastructural features are unique to bacteria
and are not found among archaea or eukaryoteshatierial chromosome is not envelopgd
inside of a membrane-bound nucleus, but residesgente bacterial cytoplasm. For th|s
reason all the cellular processes such as trams)atiianscription and DNA replication a
occur within the same compartment and can intesgitt other cytoplasmic structures, mopt
notably ribosomes. Prokaryotic chromosome exis imique circular and continue chain pf
DNA. Along with chromosomal DNA, most bacteria@tsontain small independent pieces (of
DNA called plasmids that often encode for traitattare advantageous but not essentia| to
their bacterial host. Plasmids can be easily gaarddst by a bacterium and can be transferfed
between bacteria as a form of horizontal transt@eoxyribonucleic acid (DNA) is 3§
macromolecule that encodes the genetic instrugtimed in the development and functionipg
of all known living organisms.

Capsule
Cell wall
Plasma membrane

Cytoplasm

Ribosomes
Plasmids

Bacterial Flagellum
Nucleoid (circula DNA

Most DNA molecules are double-stranded

helices, consisting of two long biopolymers

made of simpler units called nucleotides -

each nucleotide is composed of a nucleobase
(guanine,adenine, thymine, and cytosine),
recorded using the letters G, A, T, and C, as
well as a backbone made of alternating
sugars (deoxyribose) and phosphate groups
(related to phosphoric acid), with the

nucleobases (G, A, T, C) attached to the
sugars. Specific sequence of nuclides in the
DNA (gene) encode for specific protein used

by cell.

Base pairs (L —

Adenine  Thymine

— )

Guanine Cytosine
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Box 2 - Polimerase Chain reaction (PCR)

Polimerase Chain reaction (PCR) is a molecular niegtes that allow to obtain multipl

and the nuclides sequence of the final part ofyivee that is used as specific anchorage a|
for primers (complementary sequence of nuclidesheffinal part of the selected gene).
PCR reaction mix are also necessary free nucleotatedd a DNA-Polimerase that is
thermostable enzyme that start nucleotide synthesiseate multiple copies of the target ge

annealing, in which primers match with final pasfshe selected gene; and extension in wh
free nucleotides of mix reaction were chained irextt order to copy the target gene.

Three are the main step of a PCR: Denaturationwhiith double elic of DNA is opened,;

l 48 to 72°C

25 =32 copies
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interest p 111110111010 101011¢
l98°C
5'lllllllllllll ¥ i
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2.3.5. SOIL BACTERIAL DIVERSITY

In order to evaluate the total bacterial diversity, sites FAV1, FAV2 and FAV3 were
analyzed by Temporal Thermal Gradient gel Electrophoresis (TTGE) (see Box-3 for
further information) of PCR-amplified bacterial /65 rRNA gene fragments from total
DNA extracted from soil samples; TTGE band profiles indicate the presence of
several putative bacterial phylotypes in geothermal soils (Fig.2.14 a). Richness and
diversity were determined by used the executable PAST version 2.17c, obtaining a
richness in the range of 17 to 22 and a Shannon’s index H’=2.83. The highest
diversity in term of number of bands was observed in site FAV2 (21) and in site
FAV3 (22 bands); lower diversity was recorded in the sample from site FAV1 (17
bands). Most of the bands (18) at FAV3 are in common with FAV2 probably
reflecting their similar chemical physical conditions. Two bands were excised from
the TGGE gel from the FAV2 and FAV3 soil profiles and were sequenced (Fig. 2.14
b). The sequences were analysed with the Ribosomal Database Project using the
algorithm “Classifier” and were assigned both to the Archaea in the phyla

Crenarchaeota and Euryarchaeota.

FAV1
FAV2

FAV3

FAV1
FAV2

FAV3

Fig. 2. 14 - a) PCR — TTGE analysis df6S V3; b) position of excided bands in the gel.
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Box 3 — Temporal Temperature Gradient Electrophores (TTGE)

TTGE was first introduced by Yoshino, in 1991 amdsi fingerprinting technique thg
allows the study of microbial communities and thdymamics. It is possible to apply th
techniques to every type of samples (soils, plasg¢sliment, skin, etc..) of which it i
possible to extract bacteria total DNA. TTGE fingeénting is based on electrophoret
separation in a denaturing acrylamide gel of P@Rleons harboring the same length Hut
different sequences . Separation occurs by applyitegnperature gradient over time. When
amplicons reach their melting temperature, theyoberdenatured, decreasing their motility
in the gel and eventually stopping their migrati®@GE is generally used for separation |of
low-GC species. The allocation of each amplicora tepecific species is carried out after
successful electrophoresis, using two differenatetries. The first one is based on| a
database preliminary created using reference strhinthe second, the amplicon is directly
excised from the acrylamide gel, cloned and seqoinenabling the identification of
species that are not yet member of the database.

o UV n ~

2.3.6. DETECTION OF METHANE OXIDATION GENES

The presence of methanotrophs was verified by tiete¢he functional methane
oxidation gengpmoAby PCR on total DNA extracted from the three skés/1,
FAV2, FAV3 and also in all the samples from the EA¥ertical profile (from -1 to -
12 cm). Using the couple of primers targetprgoAgene encoding th@-subunit of
the proteobacterial methane mono-oxygenase A683R/{Bar. 7, Table 7.2, Fig.
2.15 a), a unigue band of the expected size (58@hbp obtained from FAV2 and
FAV3 and in all vertical FAV2 samples up to -12 diig. 2.5 a, Table 2.5).
Conversely, no PCR product was obtained from FAN.(2.15 a and b).

a) L FAV1FAV2 FAV3 K- FAV1 FAV2 FAV3 K- K+ L
pb
1500
1000

500 - -

—

e

m o e -

L: marker; K: negative control, water. L: marker; K: negative control, water

K+: positive control

Fig. 2. 15 - Gel electrophoresis of PCR products tdined a) using primers 189F/682R ti ting
proteobacterial pmoA gene and b) using primer 156F/743R targeting vermomicrobial pi gene.
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VerrucomicrobialpmoAwas searched by designing two newly couples iofigns
and targeting the Verrucomicrobial methane monogexyse genes in FAV1,
FAV2, FAV3 and FAV?2 vertical profile DNA extractedom soil. PCR produced
positive results only for FAV2 soil where PCRs prodof 300 and 600 bp were
obtained respectively for the couple of primers fZ88®r targetingpmoAl-A2and
the couple 156f/743r targetingmoA3(Fig. 2.15 b, Table 2.5). Accordingly soil
samples from FAV2 profile showed the presence afrueemicrobial methane
monooxygenase genes with the exception of FAV2D. axwplification products
were obtained from FAV1 and FAV3.

SOIL SAMPLE PROTEOBACTERIAL VERRUCOMICROBIAL

pmoA DETECTION pmoA DETECTION 2
FAV1 > -
FAV2 + +
FAV3 + .
FAV2A + +
FAV2B + +
FAV2C + +
FAV2D + -
FAV2E + +

Table 2. 4 - Detection of the functional genpmoA: a. amplification products with specific primer (e
Table 7.2); b = absence of amplicon of the expectsize; ¢ = presence of an amplicon of the expectades
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2.3.7. DIVERSITY OF METHANOTROPHS

In order to investigate the diversity of proteoleaiei methanotrophs at the most
active site FAV2, apmoA clone library was constructed using the PCR prbduc
obtained from sample FAV2 where the highest mett@msumption was recorded
(Table 2.6 and Fig. 2.16). ThmmoAlibrary in TOPO-TA consisted of 70 clones and
sequencing of fifteen randomly chosen clone insetv®aled abundance of type |
methane mono-oxygenase genes distantly relatedntmltured methanotrophic
bacteria and tdMethylococcussp. Two verucomicrobiapmoA clones were also

sequenced and showed 99% identity witetMlacidophilum fumarolicum.

Total pmoA gene Blast best match

1 0,
Name lenght lenght Genebank code Identity %
Uncultured bacterium clone 55-2000B-661r 91%
Clone 10 508 504 IN591273.1
Clone 6 500
Clone 11 500
Clone 13 496
Clone 12 496
Clone56 506 503 Uncultured type | methanotroph clone 05A-M40-78L 84%
Clones9 EU275110.1
one 504
Clone69 503
Clone68 496
Clone77 500
Clone84 Uncultured type | methanotroph clone 0507-G20-76
83%
PmoA(pmoA
506 503 . .
Clone76 gene, partial cds 84%
EU275114.1
Uncultured Methylococcus sp. clone XimoA CA51
particulate methane o
Clone61 508 508 monooxygenase protein subunitpn{oA gene 83%
JQO038178.1
Clone71 528 Methylococcus capsulatus str. Bath, complete genome ~ 82%
530 AE017282.2
Clone76 531 ' 84%

Table 2. 5 - Methane monoxygenase gene diversity rielved from FAV2 soil sample.
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Fig. 2. 16 - Steps of a gene cloninig; 1. Selecgehe fragement is amplified and inserted in a veatp2. The
vector is introduced in a bacterial cell (e.g. E. d9.3. Vector is amplified in bacteria 4. Recombimged
bacteria are selected and 5. Clone with selectedrgeare identified. (see Box 1)
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2.3.8. ISOLATION OF METHANOTROPHIC BACTERIA FROM THE
GEOTHERMAL SITE

In order to isolate methanotrophic bacteria from geothermally active site, soil
enrichment cultures in methane-enriched atmosphere were set. Soil crumbles were at
first incubated in an atmosphere rich in methane in order to enrich the community
with the methanotrophic component (Par. 7 for details on material and methods).
After 4 week 2 gr enriched soil crumbles were placed in M3 selective medium, the
cultures were incubated at 37°C and 65°C; the former showed a visible increase in
turbidity while no growth was observed at 65°C. The enrichment cultures were sub-
cultured under the same conditions and after streaking on M3 agar-slants, in sealed
serum bottles in a CHy-enriched atmosphere, a few single colonies, apparently very
similar to each other, were detected after 4-5 days. Five isolates were stably able to
grow on methane as sole C source. Observation at microscope showed isolate from
FAVA, FAVB, FAVC and FAVD soils were gram negative cocci (Fig. 2.17 a) and

isolate from FAV2E gram negative rods.

Fig. 2. 17 - a) observation at optic microscope ahe GRAM test on FAV2B isolate; b) growth on methanl
of FAV2B isolate.
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16SrRNA gene Blast best match

pmMOA gene

Growth on  Growth on fructose,

Isolate (identity %) Blast best match methanol glucose, ethanol
Yy (identity %)
. . Methylocystis sp.
FAV2A Acidobacterium sp (95) 10(J459038.1) (99) + +
Methylocystis parvus strain )
FAV2B OBBP(044946.1) (99) n.d. *
FAV2C Methylocystis parvus strain Methylocystis sp. + )
OBBP(044946.1) (95) 10(J459038.1) (98)
FAV2D Methylocystis sp. 10(AJ458500.1) (99) n.d. + -
Uncultured bacterium
EAV2E Methylobacterium sp. (HM484372.2) clone 73-50B-682r + +

(92)

particulate methane
(96%)(IJN591077.1)

Table 2. 6- Identification, substrate utilization ard pmmo gene identity detection of the methanotroph
isolated from enrichment cultures at 37°C from FAV2soil sampled at different depths.

Growth conditions Samples
M3 broth pH FAV2A FAV2B, C, D FAV2E
4 n.m + +
4.5 n.m + +
n.m + ++
n.m ++ ++
6.5 n.m ++ ++
7 n.m + +
7.5 n.m +/- +
8 n.m +/- ++
Incubation temperature (°C)
18 + + +
22 + + +
30 ++ ++ ++
37 ++ ++ ++
45 ++ + +
65 - - -

Table 2. 7 - Growth of the isolates at different pHand temperatures. n.m. not measures. Growth was
registered after 3 days of incubation.

Three isolates from FAV2B, FAV2C and FAV2D grew methanol and were unable

to grow on glucose, fructose and ethanol (Fig. 2. Table 2.7). They all could grow
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on a pH ranging from 3.5 to 8 and could grow up to 45°C but were unable to grow at
65°C. Their rRNA 76S gene sequence revealed that three FAV2 isolates are all
affiliated to the Alphaproteobacterium species Methylocysts parvus (id from 98 to
99%, with Methylocystis parvus strain OBBP, Table2.7). Isolate from FAV2B was
used to create a growth curve, results indicate a correlation between methane
consumption and the turbidity measured as ODgo9. Methane concentration decrease
exponentially with increase of the ODg and the average oxidation rate of the culture

is of 52 pmol mol™ h! (Fig. 2.18).

0.1

CH4 (umol mol-)

0-05 T l T ] T l T l T
0 10 20 30 40
Time (hours)

Fig. 2. 18- Growth ( blu line ) and correspondig methane consumption ( red line) of Methylocistisp
strain after 3 days of incubation. Average of the ptical density (OD600)+ standard error are shown irfive
duplicate 150 serum bottles at 37°C. The pH was 5.

The fourth CH4 consuming isolate was obtained from the deepest soil layer (FAV2E)
and beyond methane and methanol it could grow on glucose, fructose and ethanol
and also at a temperature of 45°C. Its /65 rDNA sequence is close to that of the
facultative methanotrophic genus Methylobacterium although with a low identity.
The pmoA gene was successfully amplified in all the five isolates and in three of the
five isolates (FAV2B, FAV2C and FAV2D) the sequence of pmoA gene is coherent
with the /65 rRNA phylogeny (Table 2.7). Isolates from FAV2A soil are able to grow
in all the investigate pH (4 — 8), temperatures (18 — 65 °C), in methane and in
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methanol; FAV2A and FAV2E also growth on fructose, glucose and ethanol (Table
2.8). Analyses on /6S rRNA reveal a similarity with Acidobacterium sp., this result
does not correspond with the pmoA gene sequence that is close to that of
methylocystis sp. Acidobacterium is typical soil bacterium that often was found in co-
culture with methanotroph and a co-culture of methanotrophs with Acidobacterium
was hypothesized. Attempts to isolate the strain with microbiological techniques
were carried on; FAV2A colonies were transferred for 3 week in selective medium
M3 with fructose without any methane to select only the Acidbacterium; after 3 week
colonies were re-transferred in medium with methane as only source of carbon and
bacteria were still able to grown. Microbiological attempts to separate the two strain
were unsuccessful; /65 rRNA and pmoA sequencing of colony amplicons gave

always the same results of apparent co-culture.

Fig. 2. 19 - SEM micrographs of FAV2A isolate.

To better investigate if FAV2A culture, /6S rRNA product of colony PCR were used
to create a clone library of the FAV2 strains and a clone libraries with 57 clone were
obtained; all plasmid were extracted and digested with afal restriction enzyme;
digestion profile indicates that all clone were the same and four of these plasmids
were sequenced resulting in positive match with Acidobacterium sp. Sample were
also observed with eSEM (Fig. 2.19). Further analyses on FAV2A culture are in

progress.
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2.4. DISCUSSION

Pantelleria island has a geological feature thanfe very high fluxes of geothermal
gases enriched in methane (D’Alessandro et al.9;2B@rello et al., 2000) releasing
5 — 10 Tons of CHinto the atmosphere by widespread diffuse deggsSine total
emissions obtained from methane flux measuremergsug to one order of
magnitude lower than those obtained through intiestimations (D’Alessandro et
al., 2009). Clues of methanotrophic activity wittihne soils of these areas can be
found in the CH/CQO; ratio of the flux measurements which is alwaysdothan that
of the fumarolic manifestations indicating a lo$<#l, during the travel of the gases
towards earth’s surface (D’Alessandro et al, 2009).

The CQ/CH, ratio in soil gas samples from the geothermal asemore or less
constant between 25 and 50 cm of depth, becauseecive motion of the
hydrothermal gas prevails on air dilution. The dasing in CQCH, ratio, in the
shallowest layer, is accompanied by a decreaskeirCQ and CH amount in soll
gases. The decrease of both gases is mainly dtieetair dilution, but the CH
content decreases also because of the bactenntyadptake. On the contrary, the
increasing the C&CHj, ratio recorded in samples from agricultural areald be due
to the increases of GQvith depth as a consequence of organic activay pnoduces
CO; in the soil. The Chemical Alteration index measufeom samples soils is
higher (up to 85) than that of the original rocksaCchyte and Pantellerites reach 45,
Di figlia et al., 2007; in geothermal soils alteration is due to hydrothermal flux and

to weathering process. Micronutrient concentrai®riPantelleria soils were in the
range of not toxicity for methane oxidation badaeri

The five different sites in the geothermal arekatara Grande analyzed in this PhD
thesis differ for temperature and pH from the abawentioned geothermal soils
where Verrucomicrobiawere found. FAV1 has higher temperature and loptér
than FAV2 and FAV3 sites that show temperature$<C7and only slightly acidic
pH (5.24-5.98). These latter conditions seem maverfble for methanotrophs that
were detected by PCR amplification of the methawmaaroxygenase gene, the key
enzyme of methane oxidation (McDonald et al., 20G8¥ites FAV2 and FAV3 but

not in FAV1. Both proteobacterial and verrucomicaboMMO gene could be
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detected in FAV2 and FAV3 while no amplificationoduct was obtained from
FAV1. This microbiological result is coherent withe extremely low methane
consumption detected in site FAV1 and this is pbbpdue to the high temperatures
and high fumarolic gas flux that prevent survivatlactivity of methanotrophs, even
for the most thermo-acidophili¢errucomicrobia FAV1, in fact, has a temperature
of at least 10°C higher than the hottest hot spring Kamchatka where
methanotrophicvVerrucomicrobiawere isolated (Islam et al., 2008). The extreme
physical chemical conditions however do not previemdlly the bacterial life as
assessed by TTGE analysis of the bactag&drRNA-amplified gene carried out on
total soil DNA. FAV1 site hosts a low complexitydtarial community that thrives
in those conditions. Measurements of the soil gasdisate a very high variation in
methane concentration in the first measured layet fire associated with an
increasing atmospheric content (air gases contobuh site FAV2 and FAV3 is
more than 50% in first 13 cm). This creates a viayorable environment for
methanotrophic bacteria allowing atmospheri¢ @ sustain microbial CH
oxidation. Many studies have, in fact, highlightdtht aerobic methanotrophs
increase their efficiency in very aerated soilshwiigh methane fluxes from the
underground.

Chemical-physical analysis and total bacterial g analyzed by TTGE
confirmed that sites FAV2 and FAV3 are very similar environmental conditions
and microbial diversity.

In both sites Proteobacterial methane mono-oxygegases were detected, however
VerrucomicrobialpmoAwas only detected in FAV2. Considering this prahany
results and also that FAV2 shows the highest metlaadation activity, further
investigations were carried out on this site.

Enrichment cultures with methane as sole C andggneource and culture-
independent techniques based on functional gengepravere used to describe the
diversity of methanotrophs at FAV2. Matching theules obtained from thpmoA
clone library and the isolation by enrichment cdiion the soil profile, site FAV2
at Favara Grande recorded the highest diversitynethanotrophs recorded in a
geothermal area (Pol et al., 2007; Islam et aD82®p den Camp, 2009; Kizilova et

al., 2012). In the same soil, in fact, we couldasmand cultivate pure culture type II
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Gammaproteobacterial methanotrophs of the géfethylocystisand the facultative
methanotrophs distantly related Methylobacterium;contemporarily we detected,
by amplification of the functional methane mono-geggase gene, a yet uncultivated
type | Alphaproteobacteria and type X Gammaproteobacteriarelated to
Methylococcus capsulatuMoreover using the newly designed primers we adetk
the presence of Verrucomicrobial methane mono-axgge genes of
Methilacidiphilum fumarolicumSolV isolated for the first time at Solfatara di
Pozzuoli in Italy (Pol et al., 2007). This is antrewrdinary high diversity of
methanotrophs that could ever be expected in ehgeuatl soil and this is the first
report in which the presence of both phyla of meti@phs,Proteobacteriaand
Verrucomicrobiais recorded and their coexistence is demonst(@edden Camp et
al., 2009). Different groups of methanotrophs aeegally associated to their ability
to survive, grow and oxidize methane in differentisonments. While the presence
of Verrucomicrobiain a geothermal soil was predictable due to thesrmophilic
and acidophilic character, the presence of bAdftha and Gamma Proteobacteria
was unexpected and suggests that high fibtes and differences in environmental
conditions shape the complex methanotrophic comiypusiructure at this
geothermal area. Interestingly the results obthifilem the clone library of
proteobacteriapmoA genes do not overlap with those from enrichmentues.
Type | and Type X were only detected in the clabeaty from soil DNA, while
only type Il and facultative methanotrophs couldida@ated after enrichment in a
highly concentrated methane atmosphere. This wodatate a preponderance of
type | and type X methanotrophs in the geothermif|\while Type Il methanotrophs
take over in the presence of high methane condemisaat 37°C. It has also been
observed that Type | methanotroppsnoA sequences could be preferentially
amplified over those from Type Il methanotrophs doiesariations in GC content
(Bodelier et al., 2009 in Murrel and Jetten 2009)pe | methanotrophs are reported
to be dominant in environments that allow the magtid growth while Type Il
methanotrophs that tend to survive better, are mbrgdant in environments with
fluctuating nutrient availability (Hansen and Ham©06). The conditions used for
enrichment culture setting were those describedvinrucomicrobiaisolation by

Islam and colleagues (2008). Our results confirmat thmethanotrophic
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Verrucomicrobiadominate highly acidic geothermal sites and aesahly group to
be isolated in culture, while soil pH above 5 akogolonization by a diverse group
of both cultivable and uncultivated methanotrophs. particular high CH
concentration and a temperature of 37°C favoredytbath of Methylocystisfrom
the first three top soil layers (1-13 cm) and oé tiacultative Methilobacterium
Moreover, we can affirm tha¥lethylocystishas a range of growth wider than that
reported in literature (Op den Camp et al., 20099.isolates could be obtained from
enrichments at 65°C notwithstanding a slight mett@aphic activity has been
detected in soils up to 80°C. No attempts were mtmeset enrichments at
intermediate temperatures, such as 45°C that iingnfor Methylocystisand would

probably allow growth of more thermophilic strains.



3. NISYROS ISLAND
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3.1. GEOLOGICAL SETTING

The island of Nisyros is a quiescent volcano belugpgo the Dodecanese and it is
located in the easternmost volcanic group of thatls Aegean active volcanic arc.

It was built up during the last 200 ka and is cdasd still active though at present
in quiescent status (Vougioukalakis and Fytika€)5)O(Fig. 3.1). The island of
Nisyros belongs to the Dodecanese and is locatélteirasternmost volcanic group
of the South Aegean active volcanic arc. It wadtlwg during the last 200 ka and is
considered still active though at present in queascstatus (Vougioukalakis and
Fytikas, 2005). Its volcanic activity has been elcterized by an early submarine
stage, a subaerial cone-building stage, culminaitnghe formation of a central
caldera, and a post-caldera stage, when sevelisicegolitic domes were extruded
(Keller, 1982). No historical magmatic activity ksown on Nisyros and the most
recent activity was of hydrothermal character (Maet al. 1993). Such activity
concentrated in the southern Lakki Plain and onstheheastern flank of the Lofos
dome both within the caldera. This hydrothermalivatgt formed a series of
hydrothermal craters whose age decreases from esgitho northwest. The last
events took place in 1871-1873 and 1887 partiabtrdying the small Lofos dome.
A large fumarolic field is now present in this ameainly within the hydrothermal
craters strongly controlled by fracturing along thain NW- and NE-trending active
fault systems (Papadopoulos et al. 1998). Two degyorative geothermal wells
drilled in the Lakki Plain revealed the existenck two distinct hydrothermal
aquifers. The shallowest at about 500 m depthdrapératures around 150 °C while
the deeper one (> 1500 m) reaches temperatures g °C (Brombach et al.,
2003) (Fig. 3.2).
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Geological Map of Nisyros

Project GEOWARN IST 12310 Palol

Geological data: University of Athens and NCMR
Cartography and data processing: ETHZ

Aviaki
Q 08 1 2
Scale 1:45,000

Legend
I Alluvium, coastal deposits The Early Caldera Stratovolcano (? 100 000 to 30 000 years) — Hycrothermal craters
I Scree, talus and fans Bl Argos Stawros Complex ~= Voicanic domes (second caldera phase)
Tl Caldera sod and o I Grey pyroclastics with volcanic pebbies as upper units ~= Voicanic domes (first caldera phase)
YP Yal Pumice I Elinika - Kyra - Lies Pyroclastic Complex s Major morphological discontinuity of caldera
Il Scoria (occurences in all phases) (grey pyroclastics as lower units) Dyke

I Velisseri - Evangelistra - Afionas Complex. Embornios Complex Fauks

KC Kastro Conglomerates

B Lacustrine and Pyroclastic Formations
. I Mandraki - Aviaki Lavas

I Lakki Py and Aviaki Comp

| Upper Pumice
aldera Phase The Basal Volcanic Complex (? 160 000 to 100 000 years)

I Hyaloclastites of Panagia Spiliani - Cholakol

I Basaltic to andesitic pillow kava of Panagia Spilian!

Fig. 3. 1 - Geological map of Nisyros island.
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Fig. 3. 2 - Conceptual model of the geothermal sysn of Nisyros; blue arrows represent meteoric
contribution of reservoir recharge, red arrow the marine contribution and green arrow the andesitic wéer
contribution.
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3.2. SAMPLING AREA

Nisyros island is a currently quiescent active &nlc system with strong fumarolic
activity due to the presence of a high geothermtiapy. Previous studies assessed
a widespread C{degassing in the SW sector of the island (LakkirPland in the
nearby areas (Caliro et al., 2005). The highest @@es (> 300 g rhday) were
measured within the hydrothermal craters in LaKkir? Methane flux, gases from
fumaroles, soil gases and soils were sampled durew campaigns of sampling.
Two sampling campaigns were carried on 2010, beferestarting of this PhD work,
and the third sampling campaign and the elaboratfdhe previous data completed
the work already started. In the first two campajgmeasurements were used to
estimate the total CHoutput of this hydrothermal system and to anatyages from
fumaroles. In the last campaign, methane flux messent were carried out to
improve the methane flux net of measurement, saseg were sampled and soils
were sampled to analyzed methanotrophic communitiRasults of the first
campaigns were summarize in the full paper pubtigbeAlessandro et al. 2013).
Basing on previous results, we decided to concenC#l, flux measurements in the
most representative craters (Kaminakia, Stefanod Bhlegeton) with some
additional measurements in the fumarolic field ofds (outside any crater) and a
few points in the low flux areas on 2010 campaigrg] in Micro Pyvotes, Lofos,
Kaminakia, Ramos and Phlegeton in the campaigi013 ZFig. 3.3).

Soil gases from craters in Lakki Plain were sampiledune 2013 from 50 cm of
depth and analysed by micro-GC (Par. 7 for mateaaldd methods and Appendix |,
Fig. 3.4). At each sampling site the soil tempemtuas also measured at 20 and 50
cm of depth.

Methane flux was measured by using accumulatiormblea method; 50 site were
sampled in 2013 integrating the 77 sites samplespiavious campaigns
(D’Alessandro et al, 2013) to increase the net ahgles and better investigate
methane emission from Lakki Plain. On the bas#hefCQ/CH, ratios and methane
fluxes previously obtained (D’Alessandro et al. 2)lten top-soils were sampled
during the campaign on June 2013. Five in the cadtEaminakia and five in that of
Stefanos (Fig. 3.5).



Lakki Plain
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Fig. 3. - a) Nsyros Island, Greece; b) Micro pglotes, crater; c) holes in the Stephanos crater;)d.akki plain and distribution of creters and degasing
areas.
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Fig. 3. 5 - Soil sampling area in Lakki plain.
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3.3.RESULTS
3.3.1. TEMPERATURE DISTRIBUTION

Temperature measurements were made in 105 different sites at Lakki plain; graund
temperatures were measured both at 20 and 50 cm of depth by using a digital
thermometers as described in Par. 7.

Temperatures obtained were used to create disbibutap of the temperature both

with temperatures measured at 20 and 50 cm of deh 3.6).

Lakki Plain Lakki Plain
T at 20 crrr ofutpi CT°° T at 50 crir or“utpi CF*

514900 515100 515300 515500

515300 515500

Temperature (°C)

& s”'o”

LB I N Y
P S F e

Fig. 3. 6 - Temperature maps at 20 and 50 cm of dép, Lakki Plain. Maps were created by the
geostatistical tool of ArcMap 9.3.
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Higher temperature were measured in Stephanos wiaéwe reached 95°C even at
20 cm of depth; at Lofos and Micro polyvotes, lghemperature were recorded at
50 cm, but they significantly decrease at 20 cnghHvalue were also recorded in

circus areas at Kaminakia, in corrispondenza ofitaan fumarolic manifestation.

3.3.2. FUMAROLES

Samples of the many fumarolic manifestations wetkected during both campaigns
in 2010 with soda filled bottles (Giggenbach andyGal, 1989) and analysed in the
laboratory for HO, H,S, He, H, O,, N,, CH; and CQ (Table 3.1). Two fumaroles

for each of the craters investigated for soil ,Gldxes were sampled both in 2009
and 2010.

Samplt H>O CG, H,S He H, O N, C CH, 002/CH4
% pumol mo™

K6 95.€ 87481: 9634: 18 1257: 0 397¢ 6 1227: 71
K6 91.2 89031° 9027¢ 28 791¢ 7 800¢ 2  344¢ 25¢
K7 92.2 89068: 7379¢ 22 521 8 704t 5 2322¢ 38
K7 94.7 89063t 7856 51 1097« 18 1338t 1 637C 14C
S1t 98.c 77445¢ 21192¢ 29 664( 8 421% 3 272 284
S1t 99.0 740627 217950 22 751t 27 3083( 1 302¢ 24F
S4 98.: 79466! 19000: 28 537: 13 691( 3 300¢ 264
S 99.1 73691¢ 22393 24 616¢ 41 2953¢ 1 338C 21¢
Al13 98.C 75393 22719 24 1083( 0 718¢ 2 82¢ 91z
Al3 98.¢ 73819°  24534. 28 1030 3 554: 1 58 126¢
AM 97.¢ 75573 22526¢ 25 1119( 0 696¢ 2 8l1¢ 924
AM 97.€ 73993 20468: 25 8751 3 4607 47 A8t 152¢

Table 3. 1 - Fumaroles composition; samples were tak in the 2010 sampling campaigns.

Results of the chemical composition of the fumarglases are shown in Table 3.1.
All samples are dominated by water vapour that aetsofor 91 to 99% of their
composition. For the remaining gases the compaosienerally follows the order
CO,> H;S > H = N~ CHy » He > Q= CO. Methane displays a wider range in
composition with respect to the other gases wtscteflected in the wide range in
CO,/CH, ratios. The main difference between the three folitaareas can be
summarised in a lower content in®and HS and a higher CQand CH content in

the fumaroles of Kaminakia (K6 and K7). This hasrexplained by previous
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authors (Marini and Fiebig, 2005) with condensatidnwvater vapour close to the
surface. Dissolution in the liquid phase changes ridative concentrations of the
remaining gases depending on their solubility. Taguilts in a depletion of the more
soluble species (#%) and a relative increase of €&nd especially of CH

3.3.3. SOIL GASES

Previous studies, on Nisyros Island, assessed asptidad C®degassing in the
whole fumarolic area and in the nearby areas Caliral., 2005). The highest GO
fluxes (> 300 g rhday) were measured within the above describeddtiyemal
craters in Lakki Plain.

Soil gases from craters and degassing area in [Rlkkn were sampled in June 2013
from 50 cm of depth and analysed by micro-GC (Apipeil).

Preliminary QQ Plots of CiH CO, and HS, obtained from Micro-GC analyses
(Appendix 1) gave indication on their distributiam Lakki plain (Fig. 3.7, 3.8, 3.9).
Result indicate that, on the basis of fntent in sampled gases can be divided in
two main families respectively with moderate/highp (to 60%) and very high
content of CQ (up to 75%); a third family shows value of &£€ose to the

atmospheric concentration.
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Fig. 3. 7 - QQ plot of CQ content in soil gases sampled at Nisyros.

The HS QQ plots indicated that sample it samples fatlna different groups. The
first group include samples with very low or abseontent of HS and the second

samples with kS up to the 17%
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Fig. 3. 8 - QQ plot of HS content in soil gases sampled at Nisyros.
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Fig. 3. 9—- QQ plot of CH, content in soil gases sampled at Nisyros.

As shown in Fig. 3.10, gas composition in sampesainly due to hydrothermal

gases (CQ CH,, H,, H,S); few samples of Stephonos, Kaminakia and Lofesew
reached in of air gases (from 90 to 99%).

2,58
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Fig. 3. 10 - Fumarolic and air gas distribution insampled soil gases.

Fumarolic gases are more abundant in Micro Polp/dihlegeton, Stephanos and
Kaminakia. But some of the samples from Kaminakid &tephanos recorded high
content of air gases. In triangular diagram of,CCOH4-H,S in which it is possible to
evaluate distribution of these hydrothermal compdsién the soil gases (Fig. 3.11).
CO, is the main gas in all the samples like in the csynponent of the fumarolic
gases. High concentrations of$are found at Phlegeton and Micro Polyvotes close
to the fumarolic compositions. Lofos and Stefanlosws variable concentrations of
H,S going from high concentrations, close to the awositppn of the relative
fumarolic composition, down to concentrations somes below the detection limit.
Finally samples taken at Ramos and Kaminakia adwshtow to very low HS
concentrations. The compositional trend of the figii@ gases has been previously
explained as due to vapor condensation close tsuhace and subtraction of the
most soluble gases from the mixture. The most $elabthe three gases £8l) is the
more depleted while the least soluble (CHs the most enriched. While the
remaining gases plot almost all along the,GHCQO, axis. These samples are those
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most contaminated by atmospheric air and modifyr t8&1,/CO, probably due to

microbial CH, oxidation.

Lofos
Phlegeton
kaminakia
Stephanos
Ramos

Micro Polibotes
Air

*XeD>OOe

Fig. 3. 11 - Triangular plot of the distribution of fumarolic gases of soil gases at the Lakki plain ctars.

Figg. 3.12 to 3.14 distribution maps of the gascemtrations in Lakki Plain soils and
are useful to identify areas in which gases contjpwsis more or less influenced by

the hydrothermal gas upflow.
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CO, and HS are correlated in the binary diagram in Fig. 3thge general trend
indicates that when CGQralues are lower than 30% 3%l content does not exceed 2%
due to the influence of the diffusive flux. On ttantrary in samples with Gigher
than 30%, HS can reach value up to 18%, indicating that gaecd is influenced

by convective motion and reducing condition.
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Fig. 3. 15 - Hydrogen sulfide vs carbon dioxide iNisyros soil gases.
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3.3.4. METHANE FLUX

Basing on previous results, we decided to concen@é, flux measurements in the
most representative craters (Kaminakia, Stefanod Bhlegeton) with some

additional measurements in the fumarolic field ofds (outside any crater) and a
few points in the low flux areas on 2010 campaigmg] in Micro Pyvotes, Lofos,

Kaminakia, Ramos and Phlegeton in the campaig®i8 ZFig. 3.16).Methane flux

was measured by using accumulation chamber me8tosite were sampled in 2013
integrating the 77 sites samples in previous cagmzafD’Alessandro et al, 2013) to
increase the net of samples and better investigeane emission from Lakki

Plain.

514600 514800

CHj, flux (mg m?2 day™)
® A 0-50 O 2013 sampling campaign
® A 50-100 A 2009 and 2010 sampling campaigns
© A 100-500
O 4~ 500-1000
® Ao >1000

Fig. 3. 16 - Methane flux measured by accumulatiochamber in the three sampling campaign; circle
indicates measurements made during the field campgn in 2013; triangle indicates previous samples.
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Results of the flux measurements are summarizéppendix Ill. CH, flux values
range from —33.52 to 1419 mg’na* from 0.1 to 383 g i d™ for CO,. Frequency
histograms in Fig 3.17 show magnitude of methane fh craters, in sampling
campaign in this work and measurements by D’Aledsaet al 2013. To get insight
in the methane output of the Lakki plain we foaadiour measurements in restricted
exhaling areas: Kaminakia, Stefanos and Phleg&amos, Micro Polyvotes craters
and the southeastern flank of the Lofos dome.

40

2010

35

n. Samples frequency
o

<1 0-1 1-10 10-100 100-1000 >1000

CH, (mg m2d-")

n. Samples frequency

<0 0-1 1-10 10-100 100-1000 >1000

CH,4 (mg m2d™)

Bl Lofos [ ] Stephanos [ cCalderarim
[[] Phlegeton I Ramos [ other

[ Kaminakia I Micro Polyvotes

Fig. 3. 17 - Frequency of the methane flux; samplghmade in 2010 were integrated with the sampling
campaing in 2013.
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Some measurements were also made in areas of loydeothermal output and
indicated in the figures as other. Methane measanéim the Lakki Plain exhalative
area showed that higher value of methane flux weeasured at Kaminakia (up to
247 mg i d%) and at Ramos (up to 570 md d1). The lowest methane flux were
recorded at Lofos (mean value 93, but in site fkas 930 mg rhd” and at Micro
Polyvotes 30 mg id™. Low hydrothermal sites display the lowest Qidx values
(Fig. 3.17, Appendix Il, Table 8.2) never exceedh§ mg nt d* and frequent
negative values. Of the investigated exhaling atbase where the most recent
activity occurred show the lowest GHux values (Lofos and Phlegeton ~ 0-100 mg
m? d%) while to the older craters reach progressiveghbi values (Stefanos up to
714 mg nf d* and Kaminakia up to 1419 mga™).

3.3.5. GEOCHEMICAL EVIDENCES OF METHANE MICROBIAL
OXIDATION

On the basis of the GfTH, ratios and methane fluxes previously obtained
(D’Alessandro et al. 2013), ten top-soils were skaehpluring the campaign on June
2013. Five in the crater of Kaminakia and fivehattof Stefanos (Fig. 3.5). Samples
were used for laboratory incubation experimentescdbed for Pantelleria soils and
results of methane consumption are summarized bieTa.2. Temperature were
recorded at 20 cm of depth; higher temperature wererded in STE1 (70 °C) and
lower in STEA4. pH is very low in all sampled sitanging from 1.37 in STE4 to 3.67
in KAM2.

The samples collected at Stephanos display theslowadue and a narrower range
(1.37-1.89) reflecting the higher,8 values measured in the soil gases. The obtained
potential methane consumptions are generally lowt0(4g g h'). The highest
values were measured in STE4, KAM2, KAM5, with th@mples coming from
Kaminakia showing on average a little bit higheduea. Soils were used for
methanotrophs isolation experiment with the sanwrguure used for Pantelleria

soils; methanotrophs cultures were set both wit®628nd 1% of methane
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considering that methane flux from Nisyros degagsarea is lower than at
Pantelleria, in an attempt to isolate possible lifjimity methanotrophs (Fig. 3.18).

Fig. 3. 18 - Methanotrophs culture in M3 mineral meium.

Sample ~ XUTM  YUTM T(°C) pH Consqutlion
(ng g~ h”)
STE1 515036 4048126 70 1.4 9.80

STE2 515051 4048103 70  1.66 10.90

STE3 515074 4048077 45  1.65 8.70

STE4 515081 4048120 27  1.37 37.70

STE5 515103 4048158 44  1.89 9.50
KAM1 515848 4048154 39  2.72 4.30
KAM2 515470 4048107 37  3.67 39.70
KAM3 515505 4048072 36  2.81 22.60
KAM4 515472 4048026 37  3.26 15.50
KAM5 515441 4048080 42  1.48 32.80

Table 3. 2 - Chemical — Physical characterization acfampling area in Stephanos and kaminakia craters
and methane consumptions.

After a month, Ol of the culture in M3 broth were measured by using
spectrophotometer (Table 3.3). Results indicat@dity in growth in the different
enrichment culture. Bacteria from M3 Broth werengf@rred in M3 Agar and very
slow growth was observed. Bacteria show a really gwowth and we observed in
some samples tiny and transparent cells living vmthid. Currently, isolation is in
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progress and when pure culture will be obtainedecwdbar analyses on samples will

started.
Samples Growth on M3 broth and 1% of Growth on M3 broth and 25% of
methane (Ol methane (OB

STE1 0.171 0121
STE2 0.445 0.310
STES 0.409 0.034
STE4 0.162 0.115
STE5 0.174 0.189
KAM1 0.070 0.013
KAM2 0.027 0.014
KAMS3 0.072 0.044
KAM4 0.072 0.039
KAMS 0.033 0.285

Table 3. 3 - OQgpmeasured from M3 broth culture after a month of enichemet under 1% and 25 % of
methane respectively.

3.4. DISCUSSION

Nisyros island is a part of an important volcanic dystem, and its present
hydrothermal activity is concentrated in the Lalkiain were gases are emitted by
exhalation from several fumarolic areas (Lofos, k@akia, Micro Polyvotes, Mega
Polyvotes, Stephanos, Ramos, Phlegeton) and diffiysalong the whole area. The
main fumarolic manifestation occurs at Phelege®irphanos and Kaminakia. Soil
gas samples display a wider range in,CEO, and HS contents (from 0 to 19,142,
from 9,900 to 752,707 and from O to 178,338 umol-inaespectively). This wide
range is mainly due to the mixing within the sdilgeogenic gases coming from
depth and atmospheric gases coming from air. Bat biologic processes influence
soil gas composition being responsible of the laiaege of CQCH, ratios. Soill
gases show an enrichment in hydrothermal gases asicbH, CO,, H,S and H
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mainly at Phlegeton and Micro Polyvotes. Less delgases (Ckland B) were
more abundant in Kaminakia and Stephanos, whestead, HS and to a lesser
degree also COwere solubilized with the lowering of the temperatas confirmed
by measurements in the soils. The [(Hix distribution maps have been used to
estimate the Cldoutput of the three investigated craters. Theetlareas according to
the very different flux values show also very difiet CH, outputs. Phlegeton shows
an output of about 0.01 t"drom an area of approximately 2508, rthat of Stefanos
is about 0.1 t'afrom an area of some 20,003 and that of Kaminakia about 0.3t a
! from an area of approximately 30,00¢.rThe remaining areas would not add
significant amounts of CHto the entire output of the geothermal systenfatt, of
the remaining area the highest hydrothermal flleaar(Micro Polyvotis, Megalos
Polyvotis, Logothetis), with strong fumarole emis®s, have characteristics that are
very similar to Phlegeton and their contributionliwe of the same order of
magnitude and thus probably negligible. Some flusasurement made at Micro
Polyvotis confirm this hypothesis. A more substantontribution could probably
derive form the area northeast and southwest ofiiakia along the caldera border
where soil gases could be enriched in,0dR the same way as at Kaminakia.
Previous studies on GGsoil degassing (Caliro et al., 2005) indicate timathese
areas the fluxes tend to decrease rapidly away theniKaminakia area especially in
the southwest direction lowering their possible tdbation to the total output.
Consequently our best estimation of the total, Gttput of the geothermal system of
Nisyros is less than 1 ttawhich is more than one order of magnitude loweantthe
previous estimation (54 t'a- Etiope et al., 2007). The latter was made simply
multiplying an estimated average @8O, ratio of the fumarolic emissions by the
total CQ output obtained by Chiodini et al. (2005). Anotlseurce of error in the
estimation of Etiope et al. (2007) derives from gjneat variability both in time and
space of the C&CH, ratios of the fumarole emissions at Nisyros ae alddenced
by Marini and Fiebig (2005). Such great variabilityuld introduce a great error in
the CO2/CH4 ratio used to obtain the total ,GHtput. The C@CHy, ratio used by
Etiope et al. (2007) is indeed low (167 by volumdEpse to the mean value of the
Kaminakia crater, which is by no means represemadf the whole area. Other

strongly degassing areas show all considerablyenigiean values accounting for a
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significant part of the difference in output esttroa. Moreover, as previously
evidenced (D’Alessandro et al., 2009; 2011), pdrtthee difference could be
attributed to the disregarding of methanotrophitivag within the soils. Clues for
methanotrophic activity in the soils of the studgaaare evidenced especially in the
area of Kaminakia and Stefanos wher higher,/C8, ratios with respect to the
relative fumarole gases and methane consumptioeriexent ascertain methane
microbial oxidation in soils and incubation expesims indicate methane

consumption values.



4. VULCANO ISLAND , SOUSAKI,
NEA KAMENI
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4.1.VULCANO ISLAND

Volcano island is located in the Eolic volcanic.dts activity started in the upper
Pliocene (Frazzetta, 1984) with the first subaex@ivity dated at 120 ka building up
a trachybasaltic — trachyandesitic strato-cone {fsdulcano) in the southern sector
of the island (Keller, 1980). This edifice was ttated by a caldera formed by
several collapse events. During the last 10 kaarotc activity produced a cone,
named La Fossa Crater, 391 m high above sea igliele the last volcanic activity
took place between 1888 and 1890 (Silvestri ancciier 1891).
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Fig. 4. 1 - Geology of Vulcano island.

Fumarolic activity is concentrated in the northpert of Fossa Grande crater and in
the Porto di Levante beach. According to Chiodimil £ioni (1989), the fumaroles
of Porto di Levante discharge the vapor producedbbying of a hydrothermal

system at about 200 °C. The Levante Bay area,ddcah the eastern side of the
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isthmus of Vulcano island, is characterized byghesence of gas vents both on land
and underwater. These vents are located over angatled area that is the surface
expression of an active regional fault (Frazzettal.g 1984). After the last eruption
of Vulcano island some authors reported wide flattns in the hydrothermal
activity and consequent changes in the gas conipogiBicardi, 1940). In 1938,
Sicardi reported b6 concentrations in the dry gas of the sea shdweeea 8.4 and
4.7 % volume. The presence of a geothermal aqaifeshallow depth has been
proved by geothermal exploration wells drilled bedénw 1951 and 1957 in the
Levante Bay area (Sommaruga, 1984). The gas emsssemming from the
geothermal aquifer has been interpreted as thét iefsa mixing between magmatic
and hydrothermal fluids feeding the crater fumasokfterwards modified by
secondary low temperature subsurface processedi@hiet al., 1993; 1995).
Capaccioni et al. 2001 analyzed gas emissions oltaXa and suggested the
presence of three distinct groups of £@h gas emissions at different distances
from the La Fossa Crater (Boatta et al.,, 2012). Thderwater gas emissions of
Levante Bay area being characterized by, @Ontents between 97% and 98%
volume, and KHS content ranging from 2.2% close to the Faraglitméess than
0.005 % near the northern part of Levante Bay he&adrdellini et al. (2003)
measured methane fluxes in the Baia di Levanteiarte range from 7 to 3900 mg
m? day". In Vulcano island, fumarolic activity is conceated in the northern part of
Fossa Grande crater and in the Porto di Levantehbea

Fig. 4. 2 - Sampling site at Vulcano island.
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Eight soil samples were taken from Levante bayiuthcano island; four samples
(VUL1 to VUL4) were taken from seaside and four (M3J- VULS) in a geothermal
bath characterize by very high hydrothermal flux3(B). Ground temperature was
measured in situ at 15 cm of depth in the sametesghs, pH and measure
consumption were measured in laboratory. TotaldsadtDNA extracted from soils
were used for molecular analyses.

4.2.SOUSAKI

The Sousaki area is located about 65 km west frahemrs, near the Isthmus of
Corinth and is considered the NW end of the actiwvath Aegean volcanic arc.

Here, sparse outcrops of dacitic rocks are the amtsrof late-Pliocene to Quaternary
volcanic activity (4.0-2.3 Ma- Pe-Piper & Hatzipgiaou 1997).

Both the vent distribution and the shape of théi@sh are controlled by the E-W and
the NW-SE extensional tectonic lineaments of treaawhich were present since
Pliocene and continue to be active up to the ptgseancalanci et al. 2005). Besides
volcanic rocks the following formations crop outtire area (IGME 1985):

1. Quaternary sediments: consisting of unconsolidateterial with sand and
rounded and angular pebbles in the torrent bedsselosandy — clayey
material and alluvial sediments.

2. Neogene sediments: composed of marly conglomeaatksnarly sandstones.

3. Post-upper Cretaceous ophiolithic nappe: consisiinglightly serpentinized
peridotites, serpentinites and bodies of basic amitipn.

4. Upper Triassic—lower Cretaceous limestones.

Drilling exploration assessed the presence of a @whalpy geothermal field,
revealing two permeable formations at shallow dgp00 m) and one at deeper
levels (500-1100 m). All geothermal waters are oi-Gl type and display
temperatures in the range 50-80 °C and salinitidhe range 39-49 g/l (Fytikas et
al. 1995). Extended argillification-silicificatioof the rocks characterizes an area of
about 100 x 300 m called Theochoma. The most aifeodbcks are those of the
ophiolitic sequence and secondarily the marly Neegesediments. Surface

emanations and widespread diffuse degassing affedmaller area estimated in
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about 50 x 200 m (D’Alessandro et al. 2006).Themgas vents are found at the
bottom of two caves on the flank of a hill. The es\called “big” and “small” have
the following dimensions (height x width x depth¥3%10 m and 4x1.5x4 m
respectively. Measured temperatures range fromo3%4t°C (D’Alessandro et al.
2006). The emanating gases, being denser than piwds air, flow on the floors of
the caves and eventually spill out from their madigpersing in the atmosphere after
descending the flanks of the hill. This phenomerman be seen when the
atmospheric temperature is very low and the watgpour contained in the
geothermal gases condenses creating a thin fog &ybe contact between the cold
atmospheric air and the warm geothermal gases. defised gas vents are also
found along the nearby ravine extending along tbetraltered area. D’Alessandro et
al. (2006) identified, outside the main diffuse deging area, other two minor
degassing anomalies. The first is about 200 m sofuthe main gas manifestations
and is probably due to the leaking of the explasateell which was drilled there,
because sign of hydrothermal alteration can be sagnon the corroded well case
and on its cement base. The second is about 800 $WVéf the main gas
manifestations and is characterized by alteratimalycts covering an area of about
2000 nf. As estimated from D’Alessandro et al. (2011) uSaki soil gas carbon
dioxide is the dominant species displaying valuesnf 926,000 to 991,000 pumol
mol ™. Atmospheric gases have generally low concentrat{@ < 4400 pmol mot;

N, < 59,700 umol mal). Hydrothermal species show variable content:, G8-
10,800 pmol meat; H,S <100-5000 pumol md| H, <5-94 pmol mof. Helium
concentrations range from 0.9 to 42 pmol Tdlhe geothermal system of Sousaki
is characterized by unusual high CHuxes (19 td) emitted by diffusively
degassing through the soils (D’Alessandro et ai1,12.

Sousaki areas, in the Aegen Volcanic arc, represaniery active area and high
methane flux was measured during previous studamples were taken during a
sampling campaign in autumn 2011, from four differareas located close to the
main exhalative manifestation (SOUA, SOUB, SOUC &@lJD) and on the basis
of previous study on methane emission (D’Alessanelraal., 2011) (Fig. 3.4.1,
3.4.2). The first three samples were strongly attesoils at short distance (tens of

meters) between each other not far from the masnnganifestations (about 50 m).
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These sites were chosen basing on their temperati2@ cm depth (from 21 to 34
°C) in an attempt to sample soils with differenttothermal upflow. At the site with
the highest temperature some sulfate efflorescenwees visible at the surface. The
measured pH values were rather low (1.71-3.27).fdbgh sample was taken along
the ephemeral creek. It was composed mainly ofysaadiments and the measured
temperature and pH (18.2 °C and 7.04 respectivdity)not indicate hydrothermal
upflow.

Fig. 4. 3 -Sampling site at Sousaki area.

At these site very different parameters were measim 2009 during a previous
campaign (site SOU34 - D’Alessandro et al., 2014¢mvtemperatures of 34°C and a
pH of 3.6 were measured and sulfate efflorescewese visible. Such great
difference depends on the fact that this site ithatbottom of an ephemeral creek
that had been dry for months before the sampling08© and that was covered by
water about a week before out sampling in 2011. water flow has surely leached
out of the sediment all soluble sulfate effloressen) decreased soil temperature and
increased soil pH.
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Fig. 4. 4 — Sousaki Fumaroles.
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4.3. NEA KAMENI (SANTORINI)

Nea Kameni is an uninhabited island in the centethe Caldera of the Santorini
archipelago that also comprises the islands ofd& (f@antorini) and Therasia, and the

Aspronisi island and surrounds the circular depoessf the Santorini caldera.

GEOLOGICAL MAP OF SANTORINI

KOLUMBO
LINE

NEA KAMENI

C. Tripiti

HINE PALEA
KAMENI

&

ASPRONISI

-~
C. Mavro Vuno

[' Nea Kameni lavas . la andesites Peristeria lava shield and SW Thira cinder cones
(1570-1950) (~30 ka) (530-350 ka)
Palea Kameni lavas Skaros lava shield Early submarine Akrotiri centres
(46-726 AD) (~80-50 ka) (1500-600 ka)
Pyroclastics of the 3 ;].' ;‘:: :]( ;:?bg'::;'ﬁ?‘g"es Pre-volcanic basement (_schlsts and limestones)
L first and second cycle i (~80-50 ka) (Late Mesozoic)

: o " ~~ Roads % Hotspring
. Thirasia lava shield Simandiri lava shield
(170 ka) 0 1 2km
I1.G.M.E. G. Vougioukalakis 1997

Fig. 4. 5 - Geological map of Santorini island.
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Santorini was formed during the Minoan eruption B6@ars ago. Post-caldera
volcanic activity began close to 197 BC and fornieel two small islands of Palea
Kameni and Nea Kamen. Most dacitic lava flows ofaN€ameni were erupted
during the last four centuries and four eruptiveiqus occurred between 1925 and
1950. The lava flows and pyroclastic deposits aft&@ni show typical calc-alkaline
compositions, from high-Al basalts to rhyodacites.

The volcanic rocks lie on top of the basement &timgl of Mesozoic-Cenozoic
schists and marbles. Today the thermal springsatdaPKameni discharge steam-
heated seawater, whereas the thermal springs ofaTére fed by steam-heated
seawater mixed with groundwater. In addition, iraN&meni steaming grounds, are
encountered (Marini et al., 2002).

The volcanic activity occurred on top of the metapimic basement that outcrops at
the south-eastern part of the island. This basenwamisists of a phyllitic
epimetamorphic series of Mesozoic age. Microcriiglthick-layered limestones
with a total thickness exceeding 600 m overthrusked phyllites. The age of this
formation is Upper Triassic, to Upper Cretaceous.

In the early Quaternary, the first volcanic activitccurred, depositing pyroclastics
and lavas which cover the entire range of the glpoalc-alkaline suite. The oldest
volcanic deposits outcrop in the south-west pathefisland, produced by volcanic
centres located in the actual southern submarieg. ahe products of these centers
are pyroclastics (tuffs, tuffites, hyaloclastitespriae, pumices and ashes), domes,
lava flows and pillow lavas of andesitic-daciticngoosition. A great part of these
series is formed by dacitic submarine tuffs andites with a thickness greater than
200 m. At the upper part of the pyroclastic sernigsto 200 m above sea level, there
are sedimentary levels with marine fossils whicktitg to the intense tectonic
activity of the area in the last 2 million yearsher entire series is slightly
hydrothermally altered - mainly caolinized. Thettaic setting of Santorini is very
intense and complicated, due also to the variobsesjuent caldera collapses.

The last paroxysmal eruption was the Minoan phmatian explosion, which
formed the pumice fall, and flow and surge depasi&t cover the entire Santorini

area. The post-Minoan volcanic activity was mairdgtricted to the area of Palaea
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and Nea Kameni island. The thermal springs of P#&ameni discharge steam-
heated seawater, whereas the thermal springs afaTére fed by steam-heated
seawater mixed with diluted groundwater (Chiodihiae, 1998). Low-pressure
steaming grounds, heavily affected by air additiare present at Nea Kameni.
Furthermore, the salinity of two hot springs is Hag than the one of seawater,
indicating boiling seawater origin and the presentean active high enthalpy

hydrothermal system.

Fig. 4. 6 - sampling site at Nea Kameni, Santoringland.

Seven soils (NK1 to NK7) were sampled from Nea kainsand and were used for

laboratory methane incubation experiment to vamBthane consumption potential
rate. Temperature was measured in situ by usimgtdeorobe; pH was measured in
laboratory.
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4.4. RESULTS
4.4.1. METHANE CONSUMPTION

The potential methane consumption values of thepkaarsoils were obtained from
laboratories incubation experiments. ConsumptionVulcano island soils are
generally not very high (from 8.8 to 57.2) and kiighest values were found at sites

closer to the main gas manifestations of the area.

] CH, consumption
Site Sample X UTM YUTM  T(°C) pH (H,0)

(ng g*h?)

VULL 496436 4252039  46.0 5.34 8.8

VUL2 496443 4252058  38.4 3.10 25.7
Vulcano VUL3 496469 425087 320 2.32 17.8
VUL4 496437 4252134  41.0 4.15 315

Island  VUL5 496428 4252171 375 2.69 14
VUL6 496465 4252041  42.0 2.65 42.9

VUL7 496471 4251991  45.0 2.08 48.5

VULS8 496480 4251986  62.7 1.98 57.2

NK1 356243 4030006  55.7 4.44 35

NK2 356239 4030014  47.3 4.58 17.5
Santorini  NK3 356002 4030056  81.1 4.70 10.2
<ang  NK4 356227 4029975 747 3.51 13.1
NK5 356152 4029939  31.0 5.70 15.7

NK6 356119 4029948  30.8 6.26 14

NK7 356079 4029964  27.7 6.04 23

SOUA 683471 4200703  20.7 3.27 2.46
Sousaki SOUB 683428 4200646  34.0 1.88 18.5
SOUC 683398 4200608  28.8 1.71 222

SOUD 683416 4200591  18.2 7.04 530

Table 4. 1 - Chemichal — physical characterizatioand methane consumption of the sampling site in
Vulcano island, Santorini island, Sousaki area.

Temperature measured at 10 cm of depth indicateevial the range of 32 to 60 °C,
pH is not homogenous among samples. Higher consomwas recorded in site
with higher temperature and the low pH reflectinggher hydrothermal efflux close
to the main gas manifestations of the area.

Samples from Nea Kameni were collected in a snrath around the crater left by
the last eruptive activity in 1950. Samples from INt® NK4 were collected in the
area most affected by hydrothermal upflow (Tasslet2013) in which most of the
gas manifestations are present. The remaining ssmyedre collected in an area less

affected by hydrothermal activity. The two groug®w clear differences in soll
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temperature and pH. The sites in the area mosttatfeby hydrothermal upflow
show higher temperature values (47-81°C) and Ig#(3.51-4.70) with respect to
the remaining sites (T 28-31°C; pH 5.70-6.26). Tdve concentrations of 6 in the
fumarolic gases of Nea Kameni are reflected in @tues that never reach values
below 3.51 even at sites very close to the maimgasfestation (NK4).

Potential methane consumption is low but still detble ranging from to. The two
areas independently from the hydrothermal upflowvsivery similar values. The
low measured consumption could by justified byftu that at Nea Kameni the GH
fluxes are probably low. Unfortunately, until nowp measurement has been
undertaken, but disregarding methanotrophic as®iand considering the measured
CO; flux values and the C{CH, ratio of the fumarolic manifestations (Tassi et al
2013) the highest values would be in order of 50.

Sousaki soils were sampled from different areamdisated by temperature and pH
data; this area is characterize by temperaturenfloenced by geothermal gradient
and very low pH (1.7 — 3.3), only one site presante basic pH close to 7 (SOUD).
The higher and very significant methane consumptiene recorded from SOUD
soil (530 ng @ hY) it is comparable with Pantelleria soil consumpsioSoil with
higher consumption value, were sampled from the wiith highest pH and the
lowest temperature. Total soil DNA was extractednfrsample VUL2, VUL4,
VUL5, VUL7, VUL8, SOUD and PCR with specific primér Proteobacteriaand
VerrucomicrobiapmoA gene were carried out with the same protocol used f
Pantelleria soil. No positive results were obtaif@mdany couple of primers utilized.
Probably this first attempt failed because of lolAdquality.

4.5. DISCUSSION

Consumption values in Vulcano, Santorini and Sousaicept for one sample
(SOUD) were low and in any case not comparable wvadtmsumption from

Pantelleria island. Temperature, pH and methanedte an explanation to the low
consumption measured. Data from Pantelleria suggasmethanotrophic activity is
influenced by pH and by methane concentration,aet fn Pantelleria soils pH is

close to neutrality and experiment carried withfedgnt methane concentration
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indicate that consumption increase with methandabibty. Methane consumption
values from Sousaki soils agreed with this andhigdest consumption value was
detected in a soil with neutral pH; Moreover, tenap@res at Sousaki are close to the
atmospheric temperature, as described in the ahdptetal range temperature is
wide, and in this case temperature can permit methaphs presence, that brings us
to conclude that pH is in this case the limitingialle for methanotrophic activity.
Total DNA of SOUD, considering its high consumptigalues, was extracted to
detect the presence pmoAgenes, but no results were obtained. Negativetseisu
Sousaki might indicate that methanotrophs belongmgknown methanotrophic
Proteobacteriaand Verrucomicrobiawere not present in the sampled soil or that
they were not much represented in total bactedairaunities. In the first case, it is
possible to explain high consumption with the polgsspresence of methanotrophic
archea (Glass et al., 2013), that were not invatdyin this study; however, the
detection of Archea by molecular methods is alregdgnned. The case of
investigation of Vulcano areas is quite differeBbils from Vulcano island were
sampled in an area with very low pH, temperatueerant very high at 15 cm, B
flux as reported in previous studies (Capaccidrale 2001) is very high, methane
flux even if significant is not high in respectdther geothermal/volcanic areas; all
these conditions make the absence of methanotroghsnexpected, although some
methane consumption (even if low) was recorded.aieg results fronpmoAgene
detection in samples VUL2, VUL4, VUL5, VUL7, VUL8eave probably due to low
quality of the extracted DNA. In fact, the samplesre used as template even to
amplify the conserved regiobt6SrRNA and even in this latter case no result was
obtained. Soils from Vulcano island were reallyest! and maybe salt, humic acid
did not allow to obtain pure amplifiable DNA, eviérall the purification steps were

performed before using it for PCR.



5. GENERAL DISCUSSION AND
CONCLUSION



General discussion and conclusion Gagliano, A.L., 21

Geothermal and volcanic systems were selectedainart and Greek territories
because the estimated methane emissions from #reas are very high (Etiope,
2002). At the global scale, microbial oxidationsimils contributes for about 3-9% to
the total removal of methane from the atmospherat Bhe importance of
methanotrophic organisms is even larger becaugeottidize the greatest part of the
methane produced in soil and in the subsoil befisremission to the atmosphere.
Environmental conditions in the soils of volcanadthermal areas (i.e. low oxygen
content, high temperature and proton activity, Jetmave long been considered
inadequate for methanotrophic microorganisms anthametrophy in geothermal
areas has received so far little attention. Howenazently, it has been demonstrated
that methanotrophic consumption in soils occure aisder such harsh conditions
(Castaldi and Tedesco 2005) due to the preseneevdiy discovered acidophilic and
thermophilicVerrucomicrobia Three closely related species were found in ltly
the Solfatara at Pozzuoli (Pol et al., 2007), at’'éi&ate in New Zealand (Dunfield
et al.,, 2007) and in Kamchatka, Russia (Islam et 2008) where no other
methanotrophs could be detected. We studied fiethgemal system that differ for
temperature, pH, CHand HS flux. All the investigated site can be consideged
natural methane sink, as demonstrate by metharseigwtion in all the investigated
site and the identified methanotrophs in PantelléFhe recorded methane oxidation
rate were different in all the investigated ardncipal Component Analysis were
applied to compare data from different sites udergperature, pH, b content as
factors. Variance is in the order of 68% and acogrevith the analyzes components,
the highest consumption values were measured s widh highest pH, low content
in H,S and low CQCH, value. Methane oxidation potential strictly depemdthe
methane availability. Laboratory experiments andetation between methane flux

indicate a high methane oxidation rate when metlaaaéability is higher.
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Fig. 5. 1 - Principal Component Analysis to assodi@ methane consumption recorded in incubation
experiment using soils from study areas with multife factors.

Moreover, high methane consumption were recordegtleérareas with high methane
flux such as Pantelleria and Sousaki, while theektwn Nea Kameni, were methane
emission are lower. Even if, Vulcano island, Karkinaand Sousaki contribute
significantly in methane emissions, mehane oxidatrates are lower than in
Panntelleria. The main difference between Pantallend the other sites is in the
H,S emission that in Pantelleria island are very Vat respect to the other sites, as
underlined by fumarolic gas composition. Hydrotharntonditions within the
geothermal system of Pantelleria and Sousaki ath that little HS is produced.
This means that even if the hydrothermal gas ffulkuge the soil pH generally does
not reach very low values. Stephanos and Phlegataers at Nisyros showed a
different behavior with respect to Pantelleriafdnt, the CQ/CH, flux ratio indicate

low methane value in comparison to Pantelleria Kathinakia (even if still very
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significant), but HS in these craters reach really high values beinghagor
component of the gases in Stephanos and Phlegeton.

Geothermal
System CO,/CH4 H.S ppm
Pantelleria 25-30 <160
Sousaki 80 - 120 1000 — 1300
Vulcano ~50 ~ 20,000
Nea Kameni 10,000 < 1o
Nisyros
Kaminakia 30-70 60,000 — 90,000
Stephanos 150 - 300 200,000 — 250,000
Phlegeton 900-1400 200,000 - 250,000

Table 5. 1- Comperison between studied geothermalstgm. a. D’Alessandro et al., 2009; b. D’Alessandro
et al., 2006; c. Capaccioni et al. 2001, d. Tassiadf 2013.

High temperature does not seem a limiting factar feethane consumption in
investigate soil, at least up to 60 °C even if raatitrophs in laboratory conditions
did not grow at temperature higher than 45°C.

At the end of this work, we can disregard that owéyrucomicrobial methanotrophs
are living in geothermal soils because Pantellistend soils host a wide number of
Proteobacterial methanotrophs; Their presenceersdiis of Pantelleria and could be
explained by the fact that these soils do not rexteemely low pH values (> 5).
Indeed thermotollerant species belonging Gamma-Proteobacterjagenetically
similar to those of Pantelleria, have been prewodsund in the sediments of
thermal springs in Kamchatka similar species cddde found their niches in the
shallowest part of the soils of Favara Grande whieggemperatures are not so high
and thrive on the abundant upraising hydrothermgthame. Moreover, Pantelleria is
until now the geothermal site with higher methaoplrs diversity ever recorded.
Other site showed significant consumption valuesl dhe identification of
preoteobacteria in Pantelleria soils, indicate thea geothermal soils can host not
only verrucomicrobial methanotrophs. Indeed theoietant species could found
their niches in the geothermal soils where the sratpres are not so high, pH not so

low and thrive on the abundant upraising hydrottemmethane.
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Yearly, 22 Tg of methane were emitted globally e atmosphere contributing to
the global warming. Interest in the study of methamtput in the atmosphere is
increasing every day to reach a correct estimawbnthe geologic, and the
volcanic/geothermal contribution in the increasin§ methane budget in the
atmosphere. The discovery of the new species ofhametrophs belong to
Verrucomicrobiabrought to reconsider the relationship betweenharet emission
from soil and its main sink, that was considerezffinient in the case of geothermal
site due to the extreme environmental conditiond #ms work affirming the
possibilities of Proteobacterial methanotrophs ewegeothermal and volcanic areas
open several perspectives in terms of methane soanc sink in the extreme
environments and in term of extraordinary capabitit methanotrophs to live and

adapt in all type of environments.
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7. MATERIALS AND METHODS

7.1. SOIL AND GAS SAMPLING

All the soil samples used for geochemical and lgialal analysis were taken using a
sterile hand shovel and stored in sterile baggjualis of soils were used for all the
geochemical and biological analyses.

Soil Gases were taken from 13, 20 and 50 cm ofhdéptthe first campaign at

Pantelleria, and at 25 cm of depth in the campatgsdisyros through Teflon tube of

5 mm ID using a plastic a tight syringe to avoidgases contamination (Fig. 7.1).

Fig. 7. 1- Soil gases sampling from the undergrodl.

The overpressured vials were used for,GiHd CQ A N,, O,, H,, He analysis by
using a Perkin Elmer Clarus 500 GC equipped withhb@een 1000 columns and
Flame lonisation detector. The gas samples weectegl through an automated
injection valve with a 1000 pL loop. Calibration svanade with certified gas
mixtures. Analytical precision () was always better than +3%. The detection limit
was about 0.1 pmol midl

Methane output measurements were sampled by acatiomulchamber method
(Livingston and Hutchinson, 1995; Baciu et al., 200®e flux chamber is made of
plastic material and has cross section area of Md@nd height of 10 cm. The
chamber top has two fixed capillaigbes (1 mm ID and 30 cm long); one is used to

collect chamber air samples and the other is usédlance the pressure between the
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inside and outsided mixing device allows the mixing of the gas insithe chamber

to increase the measurement accuracythe inside of the chamber roating blades
permit the mixing of the accumulated gas. Three sgasples were drawn from the
headspace in the chamber at fixed intervals dfeideployment (5, 10 and 20 min).
The 20 mL samples are collected using a 60 mL iplastinge at a rate of 10 mL
min~t. The entire 20 mL sample was injected throughreethvay valve and a needle
into a 10 mL presvacuated sampling vial (Exetainer®, Labco Ltd.)heT
overpressured vials were sent to the laboratory Gbl; and CQ analysis as
described above. The flux of G@nd CH from the soil can be calculated as the rate
of concentration increases in the chamber:

6C

b= —
st

|4
X J—

A
where® is the flux of a gas, V is the volume of air i tthambefm?®), A is the area
covered by the chamber §inC is the chamberoncentration of a gas and dC/dt is
the rate of concentration change timle chamber air for each gas. Volumetric
concentrations are converteéd mass concentrations accounting for atmospheric
pressure antemperature (Fig. 7.2).

Battery system

Tube connector
lt‘.-_.
miusmr
. Mixing devi
= . g device
el

Fig. 7. 2 - Accumulation chamber.
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7.2. PHYSICAL-CHEMICAL SOIL CHARACTERIZATION

7.2.1. TEMPERATURE, PH, OM AND WATER CONTENT

Ground temperature measurements were made usingaherobes and a digital
thermometer reading was taken 10—15 min after tiogeof the thermal probe in the
soil in order to achieve thermal equilibrium. Temgiare value were used to create
probability maps with the Inverse Distance WeidbW/) method by using ArcMAp
9.3.

Organic matter in soils was measured by loss-ortiggnanalysis with heating stages
of 105 °C for 4 h (for % of kD by mass), 400 °C for 16 h (for % organic matter b
mass) (Heiri et al., 2001); NHwas measured by spectrophotometer; soil pH was
determined using a pH meter in a mixture of 1/X%al and distilled deionized
water.

7.2.2. MAJOR ELEMENTS

Soil samples were used for XRF analyses, they Westty air-dried, broken down

aggregates and sieved at 2 mm. Each sieved sanggleswbdivided by quartering
and an aliquots of the subsample ground into fioeder to yield an acceptable
number of particles of each component of the hgereous material. To eliminate
residual water, samples were placed in an oved@fQT for 24 h, then at 1000°C for
4 h and finally an aliquots were used to prepamedsr pellets. Powder pellets were
prepared by mixing soil sample with Mowiol and ldftdays until samples were
completely dried. Finally, samples were manuallyvetzed, homogenized and

pressed into pellet using boric acid as a binder.
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7.2.3. ISOTOPES

Chromatographic capillary Colum Poraplot Q 25m t82i.d was used to separeta
and determine3'®C (CH,). Methane was oxidized to G@assing through the
oxidation tube at 940°C. Gas passed in the reattio® (GC7TC) in which pyrolysis
of methane with a temperature of 1450° C, during #tep H is formed and
travelled in the spectrophotometer and the ratid [3/measurable. Accuracy is £ 1
8 %o for §3C(CHy).

7.2.4. METHANE OXIDATION POTENTIAL RATE

Methane oxidation potential of the soils was anedlyby transferring 15 gr of each
air-dried soil sample in a 16@} glass serum bottle; opened serum bottles were
enriched in methane for 24 hours and at the eng Wexe capped with a rubber
stopper and sealed with aluminum crimps, after imgttwvith about 1 ml sterile
distilled water. After sealing the bottle atmosghevas enriched in CHto reach
about 1000-2000 pmol nibl Bottles were maintained at room temperature (23-
25°C) and the Cldconcentration was measured at the beginning oexperiment
and at about 24h intervals for 5 days. To bettastain the methane consumption in
samples that after 24h consumed more than 30%seoihttial CH, the experiments
were repeated measuring the concentrations at @bouriterval. Samples collected
in autumn from the FAV2 vertical profile were alswubated at 5, 37, 50 and 80 °C.
Finally, the variation of the soil CHoxidation potential was analyzed on sample
FAV2A with different starting Clidconcentrations of (from about 100 to 85,000 pmol
mol ™). Methane concentration inside the vials was nreasusing CG as above. All
the above incubation experiments were made in caggliand the results expressed
as average value in ng GHer g of soil (dry weight) perh
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7.2.5. GAS ANALYSES BY USING MICRO GAS CHROMATOGRAPHY

Soil gas samples from Nisyros were analyzed byguslitcro Gas Chromatography.
Micro GC analyses gas concentrations using smaluatof sample volumes (x£0
cm’®) and short analysis time (~160 s) (Kawamura Yalet2001). Carrier gas used to
sweep injected gas samples from the sample loopugh the gas chromatograph
can operate for days on internal tanks suppliet eatch unit.

Module Carrier gas Analyze Detector Notes

) Optimize for low level of
Hydrogen, Oxygene, Nitrogen, o )
MS Argon _ TCD hydrogen (limit detection
Methane, Carbon monoxide.
1 ppm)

Optimize for carbon

] ) monoxide and for
] Hydrogen, Oxigen, Nitrogen, ]
MS Helium ) TCD Hydrogen with
Methane, Carbon monoxide .
concentration more than

350 ppm

o C3 hydrocarbons and
) Methane, carbon dioxide, ethylene, )
PPU Helium TCD higher are removed by
ethane, acetylene
precolumn.

Table 7. 1 - Micro GC structure and functions MS =Molesieve colums; PPU = Porous Polymer column;
TDC= termal conductivity detector

Sample analyses were conducted with Micro GC MSHR-4900 with 3

independent modules. Each module is an indeper@d@&ntomplete with an inlet,

pre-column and a detector. Two modules contain Mele (MS) columns while the
third uses a Porous Polymer (PPU) column. Eachuhead controlled by the Varian
Galaxie software; the injector uses a gas sampp that is etched into a silicon
wafer. The internal volume of the loop is 10 pul,iethpermits using sample volumes
of 1 to 10 ul. Each module contains one main ditallycapillary column (10 m)

and one pre-column (2 m long), which is used tovemé contamination. The
columns are placed in an oven at 108°C. Each modoitgains a dual channel
thermal conductivity detector (TCD), with an intatnsample volume of 200

nanoliters.
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Micro CG is more advantageous than standard GGusecanalyses are quicker and
less amount of sample is used. Micro GC has a @exm to prevent contamination,
which after several measurement is inevitable astacosinants move from pre-
column to the column and this could produce pognali and irregular peaks in the
chromatograms. Moreover, each module can dete¢tamef but not in concentration
lower than 10 ppm. Where low methane value weresored, samples were

measured again with standard GC (as above) to ke aabest measures of the

methane amount in the sample (Blashich et al., 2008

Fig. 7. 3- Micro GC.
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7.3. DNA EXTRACTION METHODS

The extraction of total DNA from soil samples was performed using two different
methods: the FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH, USA) and
manual extraction by phenol-chloroform method.

FastDNA Spin Kit for soil: DNA was extracted from 0.5 gr of dried soil, following
the manifacturer’s protocol/instructions.

Phenol-chloroform method: A 0,5 gr of dried sample was added to 1.2 ml of SET
buffer containing 10 mg/ml of lysozyme. Samples were incubated at 37°C for 30
min. 6 pl of proteinase K were added to each sample and the samples incubated at 37
°C for 25 min, vortexing every 5 min. this step was repeated twice. 120 pl of 10%
SDS was added and samples incubated at 65°C for 45 min, inverting by hand every 5
min. Samples were centrifuged at 13000 rpm for 5 min and transferred to new
collection tubes. 200 ul of K-acetate 5 M was added and samples were incubated in
ice for 15 min; then centrifuged at 13000 rpm for 10 min and transferred to two new
collection tube. To each sample, 1 volume of phenol-chloroform were added and
mixed by vortex. Samples were centrifuged at 13000 rpm for 5 min and transferred
to new collection tube. 100 pl of chloroform were added and centrifuged at 13000 for
1 min, sample was transferred to new collection tube. 1 volume of isopropanol
100% was added in each sample and incubation at room temperature follows for 1 h.
samples were centrifuged for 20 min at 14000 rpm and surnatant discarded. Samples

were resuspended in 20 pl of H,O.

Fig. 7. 4 - Total DNA extracted from soil samples busing FastDNA Spin Kit for soil; 1. FAV1; 2. FAV2; 3.
FAV1; 4. FAV2; 5. FAV3; 6. FAV3; 7. FAV4; 8. FAV5; 9. FAV6; 10. FAV7; 11. FAVS; 12. FAV9; 13.
FAV9; 14. FAV10
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Fig. 7. 5 - Total DNA extracted from soil samples bysing phenol-chloroform method; 1. FAV1; 2. FAV1;
3. FAV1,; 4. FAV2; 5. FAV2; 6. FAV2; 7. FAV3; 8. FAV3; 9. FAV3.

When necessary the extracted DNA was further matifising the QlAamp DNA
Stool Mini Kit (QIAGEN, Germany), following the ptocol from the DNA
purification step and eluting in 30 ul of DNA/RNAeE water (GIBCO). The DNA
guality and concentration was assessed by gel sgdi) electrophoresis and
spectrophotometric analysis using Nanodrop. Fig. ahd 7.5 show difference in
DNA extraction with both protocols. Phenol-chlamoh method is less expensive
but it seems to be inadequate for geothermal d6ificiency and pureness of DNA
extracted by FastDNA Spin Kit for soil guarantes good quality of the DNA.

7.4. TEMPORAL GRADIENT GEL ELECTROPHORESIS

For TGGE (Temporal Gradient Gel Electrophoresis) analysis the hypervariable V3
region of the /65 rRNA gene, about 200 bp long was used. V3 region was amplified
by PCR and using the primer pair 341F-GC/534R (Table 2) and soil DNA as
template. The PCR reaction mixture (50ul) contained 100 ng soil DNA, 1X PCR
buffer, 0.2 mM dNTP, 10 mM of each primer and 1.5 pl of Phire Hot Start Il DNA
Polymerase (Thermo Scientific). PCR was carried out with a Biometra Thermocycler
using the following thermal cycling: initial denaturation at 98°C for 30 sec, followed
by 35 cycles of 10 sec at 98°C, 10 sec at 72°C and final extension at 72°C for 1 min.
PCR amplification products were visualized in a 1.5% agarose gel electrophoresis.
For TTGE analysis 10 pl of each PCR sample was mixed with an equal volume of

loading buffer and loaded in a 8% (wt/vol) acrylamide gel (30 ml) containing 7 M
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urea, 10% formamide in 1.5X Tris Acetate EDTA (TAI, mM Tris-Acetate, 0.5 M

Na, EDTA; pH 7.8). The gels were run in a DCode (Bio-Rad, Richmond, CA, USA)

apparatus, at 70 V for 17 h, with a temperaturepiag rate of 0.4°C/h with a
starting temperature of 57°C. Gels were stainett ®YBR Gold (Invitrogen) in 1X

TAE for 45 min and visualized under a UV light ugithe ChemiDoc apparatus
(BioRad).

Primer sequence Target gene Reference or source
5-C 163RNA
341F CTACGGGAGGCAGCAG-3" Muyzer et al. 1993
534R ATTACCGCGGCTGCTGG 163RNA Muyzer et al. 1993
rD1 AAGGAGGTGATCCAGCC Weisburg, et al, 1991
fD1 AGAGTTTGATCCTGGCTCAG Weisburg, et al, 1991
A189F GGNGACTGGGACTTCTGG pmoA(Proteobacterid Holmes. et al.1995
AB682R GAASGCNGAGAAGAASGC pmoAProteobacteria Holmes. et al.,1995
M13 E GTAAAACGACGGCAG TOPO-TA vector Suppheq b_y T_OPO
TA cloninig kit
M13 R CAGGAAACAGCTATGAC TOPO-TA vector Supplied by TOPO
TA cloninig kit
208f CAGTGGATGAAYAGGTAYTGGAA PMOAL-A2 This study
(Verrucomicrobid
590r ACCATGCGDTGTAYTCAGG PMOAL-A2 This study
(Verrucomicrobid
156f TGGATWGATTGGAAAGATCG  PmoA3Verrucomicrobid This study
743r TTCTTTACCCAACGRTTTCT PmoA3Verrucomicrobiag This study

Table 7. 2- primer couples used for PCRs amplificatin.in this study.

Richness and diversity were determined by usingeeeutable PAST version 2.17¢
(Hammer et al., 2001). Richness in the DNA soil gl is the simple account of the
band obtained by TTGE; Diversity is the effective number of different specthat
are represented in the dataset (species), thélisrcase is the number of bands in
TTGE. The effective number of species refers tonbheber of equally-abundant
species needed to obtain the same mean proportspesies abundance as that
observed in the dataset of interest (where allispanay not be equally abundant). A
wide number of indicesan be used to obtain an estimation of the diversity; the most
common index is the Shannon Index (H), also kne&henon entropy. H is used to

characterize species diversity in a community.
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The proportion of speciegelative to the total number of specigg (s calculated,
and then multiplied by the natural logarithm ofstiproportion (Inp;). The resulting

product is summed across species, and multiplied by

H=—- ?=1Pi lrlpl-.

7.5.DETECTION OF METHANE  OXIDATION GENES AND
CONSTRUCTION OF A pmoA LIBRARY

The gene encoding the key methane oxidation enzgMMO was detected by
amplification of metagenomic DNA extracted fromIssamples using the primers
A189f and A682r (table 2), targeting proteobactepimoAgenes. PCR was carried
out in a final volume of 50 pl, containing 100 nigtatal DNA, 10 mM solution of
each oligonucleotide primer, 0.20 mM of dNTP, andirfit of recombinant Taq
polymerase, (Invitrogen). PCR program consistedrofinitial denaturation step at
98° C for 30 sec, followed by 35 cycles consistfig denaturation step at 98 °C for
10 sec, 10 sec of annealing at 61 °C and 20 sextehsion at 72 °C.

7.6. CLONE LIBRARY CREATION

For thepmoAclone library, amplicons were purified using QlAduspin columns
(Qiagen, Germany) and cloned into PCRII TOPO Tavitfogen, USA) according
to the manufacturer’s instructions. The ligatiorximie was used to transform One
Shot TOP10 chemically competent cells. Plasmideweatracted by using GenElute
Plasmid Miniprep Kit (Sigma-Aldrich, USA) and scneel for the correct-size insert
by PCR amplification using vector specific primdpasitive clones were sequenced
using primer T7. Two novel prime couples, 298f/58&d 156f/743r (Table 7.2),
targeting Verrucomicrobial pmoA1/A2 and pmoA3, restively, were designed and
positively validated on Mthilacidiphilum fumarolucunstrain SolV (kindly supplied
by A. Pol). To detect VerrucomicobipmoAgene, touch-down PCR was carried out
as described above with an initial denaturatio®4tt C for 30 sec followed by 5
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cycles consisting of denaturation of 10 sec at 94tealing of 10 sec at 57°C and
extension of 30 sec at 68°C; in the following 35 cycles the annealing temperature

was of 52 °C for 10 sec and extension was carngdb68°C for 30 sec. Amplicons
were purified and cloned into PCRII TOPO TA (Inegen, USA) as described

above.

7.7. ISOLATION OF METHANOTROPHIC BACTERIA

In order to enrich for methanotrophic bacteria,gt%f soil were placed in 125-ml
sealed serum bottles; methane was added to reach an atmosphere composed in 25%
of methane and incubated at 37° and 65°C for 2 se®&wo g of enriched soil
crumbles were transferred to 125-ml serum bottl@statning 20 ml of low salt
mineral medium M3 adjusted to pH 6 under the saomglitions (Islam et al, 2008).
After 2 weeks incubation at 37° and 65°C, respebfjvaliquots of M3 enrichment
cultures were inoculated on M3 agar-slants in 125ealed serum bottles under
methane enriched atmosphere and incubated asliEbatove for 2 weeks. As soon
as colonies appeared, they were transferred tonoptee cultures that were checked
for methane consumption by GC analysis as descabegle. Growth on alternative
C sources was assessed by streaking each isolaM3oagar plates containing
methanol (0.5 %), glucose (1%), fructose (1%) ahdmol (1%), respectively, and in
the absence of any other C source and incubatir8y d@. The isolates were also
incubated in M3 agar in a GHatmosphere at different temperatures. Each isolate
was routinely grown in M3-agar slants in 120 mluserbottle, in an atmosphere
enriched in methane (25%) added every week andfeiard to fresh medium every
three weeks. Genomic DNA was extracted from 10 r8iGH, broth culture of each
isolate grown in the conditions described above thy method described by
Sambrook et al. (1989) and used as template foartmgification of thel6SrRNA
gene with universal primers (Table 7.2) andoAgene as described aboyegrowth
curve of Pantl was obtained by inoculating a simgleny in to a 125- ml serum
bottle containing 10 ml of M3 mineral medium andrhDof CH, were added in the
sealed serum bottle. The culture was incubated@atays at 37 °C and subsequently

split in five 200- ml serum bottles (2 ml each) t@ning 30 ml of M3 mineral
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medium and 25% methane; growth was monitored as turbidity using a
spectrophotometer at a wavelength of 600nm (ODggo). Methane concentration was
measured every 12 h in parallel cultures and in uninoculated control bottles

incubated under the same conditions (Fig. 7.6) .

Fig. 7. 6- Isolation of methanotrophic bacteria. aenrichment in methane. b and c. Enrichment cultues in
M3 broth with CH 4 (25%) as sole C sources. c. isolate FAV2B1 in M3agwith 25% of CH 4 (right) and
negative control (left).

7.8. PRINCIPAL COMPONENTS ANALYSIS (PCA)

Principal components analysis (PCA) is a procedime finding hypothetical

variables (components) which account for as muchth&f variance in your
multidimensional data as possible (Davis 1986, Eaf®99). PCA were applied by
using the executable past. These new variabldeage combinations of the original

variables. PCA has several applications, two afrtlaee:

» Simple reduction of the data set to only two vdaal{the two most important
components), for plotting and clustering purposes.

* More interestingly, you might try to hypothesizeattithe most important
components are correlated with some other undeylyamiables.
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The PCA routine finds the eigenvalues and eigewveaif the variance-covariance
matrix or the correlation matrix. Choose var-coNall your variables are measured
in the same units (e.g. centimeters). Choose etiwal (normalized var-covar) if
your variables are measured in different unitss thiplies normalizing all variables
using division by their standard deviations. Thgeavalues, giving a measure of the
variance accounted for by the corresponding eigeove (components) are given for
all components. The percentages of variance aceduot by these components are
also given. If most of the variance is accounted Wby the first one or two
components, you have scored a success, but ifahance is spread more or less
evenly among the components, the PCA has in a senid®een very successful. The
Jolliffe cut-off value gives an informal indicatimi how many principal components
should be considered significant (Jolliffe, 198&omponents with eigenvalues
smaller than the Jolliffe cut-off may be considergsignificant, but too much weight
should not be put on this criterion. Row-wise btafgping is carried out if a non-
zero number of bootstrap replicates (e.g. 100®iven in the '‘Boot N' box. The
bootstrapped components are re-ordered and revacsedding to Peres-Neto et al.
(2003) to ensure correspondence with the originaésa 95% bootstrapped
confidence intervals are given for the eigenvalddee 'Scree plot' (simple plot of
eigenvalues) can also be used to indicate the numibsignificant components.
After this curve starts to flatten out, the cor@sging components may be regarded
as insignificant. 95% confidence intervals are gmaWv bootstrapping has been
carried out. The eigenvalues expected under a mnuodel (Broken Stick) are
optionally plotted - eigenvalues under this curvepresent non-significant

components (Jackson 19%8tp://folk.uio.no/ohammer/past/multivar.html).
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8. APPENDIX |

8.1. NISYROS SOIL GASES COMPOSITON

Crater Sample T8 T, He H, CH, O N, H,S CO
°C pmol mol-1 %
N304 66.2 98.3 16.6 13518.7 2121.9 34 196 10.0.7 62
Micro N305 100 100 16.8 11576.2 2095.5 3.3 16.0 126 63.9
Polobotes N306 45 88.3 21.0 11042.7 2657.1 2.5 13.2 11.0 67.1
N307 53.5 97.9 19.2 13423.3 2600.4 0.8 3.7 16.8 7 74.
N308 61.1 98.9 20.0 16036.3 2520.2 0.3 2.8 16.5 9 74.
036 A n.d n.d 7.8 56.3 396.4 16.6 72.2 0 9.2
037 A n.d n.d 6.8 18.7 106.6 18.7 749 0 5.8
212 A n.d n.d 6.8 8.5 2.5 19.6 74.8 0 3.3
N313 36.7 35.1 4.9 13.8 5.2 20.5 76.8 0 0.9
N314 33.6 372 6.3 39.2 0 20.0 77.1 0 2.06
N315 38.9 46.7 6.8 12.1 6.3 17.7 75.8 0 6.1
N316 44.4 595 6.3 26.1 10.1 158 73.7 0 10.2
N317 54 828 7.8 5655.5 601.2 153 715 0.02 126
Lofos N318 515 82 10.7 1472.5 1000.5 15.8 67.7 0.6 15.6
N319 45.9 79.2 9.7 2771.7 443.6 15.1 74.1 0.00 105
N320 43 65.8 105 7065.0 1343.1 13.0 652 1.1 20.4
N321 58.3 0 7.8 356.4 252.0 18.2 75.0 0.00 6.3
N322 69.8 99 20.4 8157.7 5233.9 2.2 9.8 16.7 69.0
N323 53 99 17.6 5282.0 4634.5 42 223 11.3 594
N324 48 79.2 55 14900 6694 2.45 20.2 - 75
N325 56.4 99 7.0 1173.4 850.4 16.3 70 0.1 13.1
N326 36.7 35.1 115 3231.2 1684.8 139 626 1.6 9 21.
023 A n.d nd 15.8 5034.1 924.1 83 338 103 474
024 A n.d nd 194 929.9 1544.2 0.3 27 178 753
025 A n.d n.d 18.7 1235.7 1319.6 3.6 159 149 64.3
026 A n.d n.d 13.7 2060.4 830.6 81 385 7.6 45.2
Phlegeton 027 A n.d n.d 15.5 1831.4 1075.1 4.7 30.2 10.2 538
028 A n.d n.d 12.1 3821.4 675.8 11.0 452 6.8 35.7
030 A n.d n.d 21.3 813.1 1535.7 0.3 26 178 75.2
031 A n.d n.d 14.2 4108.5 731.5 10.1 424 7.0 38.5
032 A n.d nd 15.2 7056.7 708.9 9.6 46,5 5.7 36.1
033 A n.d nd 229 7520.7 1015.0 6.6 288 10.1 56.1
040 A n.d n.d 7.1 10.4 3.8 180 715 0.0 9.0
041 A n.d n.d 7.9 290.7 4782.7 144 579 0.7 26.3
042 A n.d n.d 55 24.0 2447.5 17.7 676 0.2 13.2
043 A n.d n.d 6.3 17.8 19.0 16.3 69.1 0.0 13.5
044 A n.d n.d 5.0 2.7 5.0 20.2 76.2 0.0 1.6
045 A n.d n.d 6.8 2637.8 1380.9 159 70.2 0.0 13.1
046 A n.d n.d 6.3 15.6 2.0 19.2 746 0.0 4.9
047 A n.d n.d 6.6 8.0 4.7 185 728 0.0 7.7
048 A n.d n.d 7.9 363.3 1119.5 18.7 729 0.0 8.4
Kaminakia 049 A n.d n.d 0.8 2615.2 4886.6 75 608 0.0 30.7
050 A n.d n.d 8.9 664.8 9039.7 10.2 425 2.2 43.7
051 A n.d n.d 6.8 192.8 2155.9 129 594 0.0 27.2
052 A n.d n.d 7.9 780.0 4889.4 148 59.7 0.6 245
053 A n.d n.d 6.6 523.3 2522.1 115 62.7 0.0 25.2
186 A n.d n.d 6.8 56.0 3041.2 13.7 599 0.1 25.2
189 A n.d n.d 6.8 26.4 15.0 19.1 745 0.0 5.3
N301 27.3 29 5.3 4.9 2.1 21.0 78.0 0.0 0.4
N302 30.5 334 6.0 3.8 4.6 20.8 77.6 0.0 0.9
N303 30.5 33.6 6.6 8.5 4.2 205 76.7 0.0 1.6
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Crater Sample T T’ He H, CH, O, N, H,S CO
N309 32.2 469 6.8 103.4 766.4 144 638 0.0 21.2
N310 31.1 341 6.8 38.0 18.0 145 642 0.1 20.3
N311 30.9 355 55 9.0 14.7 182 73.0 0.0 8.1
N312 349 38.6 6.8 46.4 62.8 12.7 60.7 0.0 26.1
N327 59.5 96.4 26.0 6850.4 12603 28 148 8.7 69.2
N328 28.3 42 6.0 81.9 1558.4 16,6 67.2 0.0 15.9
N329 59.4 99.2 10.8 4.7 4.8 209 778 0.0 0.4
N330 30.2 379 6.3 7.7 6.6 20.0 758 0.0 3.3
N331 31.8 441 6.3 4.7 4.5 20.7 773 0.0 0.7
N332 30 342 6.3 5.0 5.7 209 775 0.0 0.5
N333 29 36.4 55 8.8 5.4 17.0 695 0.0 12.8
N334 329 43.8 6.6 6.5 4.2 199 752 0.0 35
N335 27.8 308 5.3 3.9 4.6 189 740 0.0 6.3
N336 335 403 6.3 4.6 5.2 209 774 0.0 0.3
N337 255 315 53 24.0 14.2 180 73.1 0.0 8.7
N338 32 39 6.3 6.6 4.6 183 727 0.0 7.7
N339 33.9 37 55 3.6 35 170 709 0.0 12.4
N340 32.3 37.2 58 9.9 4.7 16.1 693 0.0 14.5
N341 319 39 4.5 41.5 4.8 19.0 739 0.0 6.8
N342 319 37 5.3 34.4 4.4 193 740 0.0 6.2
N343 34.2 36.3 6.6 215 0.0 188 739 0.1 6.8
239A n.d n.d 6.8 1043.4 232.2 20.2 758 0.2 2.8
240 A n.d n.d 6.6 454.1 53.8 20.0 76.7 0.0 1.8
240A n.d nd 16.8 14781.1 4089.9 72 327 9.0 49.4
241A n.d nd 239 3142.4 6810.2 14 6.7 17.1 720
242A n.d n.d 6.6 1360.1 289.0 16.1 752 0.1 7.3
243A n.d n.d 6.8 51.1 12.0 182 769 0.0 3.7
244 A n.d n.d 6.0 505.9 525.8 154 70.6 0.0 13.8
246A n.d n.d 9.7 294.9 755.1 147 67.8 0.1 16.6
247A n.d n.d 5.8 254 8.0 165 728 0.0 9.5
248 A n.d nd 651 1430.6 1587.6 142 627 1.7 20.2

Stephanos 250 A n.d n.d 7.6 2276.7 161.4 188 728 05 7.1
251 A n.d n.d 6.3 70.5 4.6 182 713 0.0 9.5
252 A n.d n.d 6.8 137.3 356.8 165 718 0.0 11.2
253 A n.d n.d 7.1 126.7 155.7 186 77.1 0.0 4.2
254 A n.d n.d 18.9 6390.4 5769.1 43 187 138 61.7
255 A n.d nd 21.8 5233.3 6988.6 20 10.1 150 687
256 A n.d n.d 6.8 602.6 527.6 189 726 0.1 6.5
257 A n.d n.d 9.5 17189.9 2562.7 106 554 1.8 29.1
258 A n.d nd 11.3 6770.9 2620.3 129 495 6.9 31.2
259 A n.d nd 12.6 2297.3 2221.0 121 474 6.9 32.8
260 A n.d nd 11.3 1875.8 2115.3 116 538 45 29.8
N344 42.8 715 6.8 590.3 1628.2 76 66.3 0.0 26.4
N345 51.3 80 8.1 63.4 769.3 164 714 0.0 12.1
N346 56.8 948 8.4 3920.4 4812.9 6.7 521 0.3 39.6
N347 42.9 65.2 7.9 30.1 540.9 13.7 696 0.0 17.2

Ramos N348 56.9 904 8.7 1477.6 2792.1 12.3 593 0.7 27.3
N349 43.4 55,9 6.3 13.6 94.4 184 73.1 0.0 8.1
N350 58.1 854 8.9 965.7 2687.3 139 648 0.0 20.9
N351 62.8 94 8.4 4898.0 6863.1 104 496 1.8 36.6
N352 51.7 59 22.1 13335.2 19142.3 1.2 101 7.2 74.5
N353 51.8 799 7.9 86.2 939.2 18.7 74.0 0.0 6.6

Table 8. 1 - Physical conditions and soil gases coagition of the samples from Nisyros Island.

Temperaure measured at 20 cm of depth; b. temperatermeasured at 50 cm of depth.
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8.2. NISYROS METHANE FLUX

CH, flux
Name XUTM Y UTM Ref.
mg nt day
NSR1 515021 4047221 238.0 D'Alessandro etal., 2013
NSR2 515065 4047167 1062.5 D’Alessandro et al.3201
NSR3 515014 4047051 76.5 D’Alessandro et al., 2013
NSR4 514946 4047060 238.0 D’Alessandro et al., 2013
NSR5 514966 4047167 3.4 D’Alessandro et al., 2013
NSR6 514907 4047243 663.0 D’Alessandro et al., 2013
NSR7 514871 4047306 -3.4 D’Alessandro et al., 2013
NSRS 514472 4047121 127.5 D’Alessandro et al., 2013
NSR9 514479 4047093 314.5 D’Alessandro et al., 2013
NSR10 514494 4047059 51.0 D’Alessandro et al., 2013
NSR11 514534 4047047 110.5 D’Alessandro et al.3201
NSR12 514371 4047194 2.6 D’Alessandro et al., 2013
NSR13 514295 4047308 -0.9 D’Alessandro et al., 2013
NSR14 514233 4047380 -0.9 D’Alessandro et al., 2013
NSR15 514153 4047215 0.0 D’Alessandro et al., 2013
NSR16 514219 4046989 0.9 D’Alessandro et al., 2013
NSR17 514169 4046795 0.9 D’Alessandro et al., 2013
NSR18 514353 4046983 2.6 D’Alessandro et al., 2013
NSR19 514502 4047137 1.7 D’Alessandro et al., 2013
NSR20 514527 4047111 68.0 D’Alessandro et al., 2013
NSR21 514551 4047097 6.0 D’Alessandro et al., 2013
NSR22 514544 4047134 85.0 D’Alessandro et al., 2013
NSR23 514537 4047192 34.0 D’Alessandro et al., 2013
NSR24 514549 4047179 2.6 D’Alessandro et al., 2013
NSR25 514571 4047170 1.7 D’Alessandro et al., 2013
NSR26 514594 4047165 714.0 D’Alessandro et al.3201
NSR27 514611 4047141 5.1 D’Alessandro et al., 2013
NSR28 514624 4047151 68.0 D’Alessandro et al., 2013
NSR29 514636 4047176 6.7 D’Alessandro et al., 2013
NSR30 514654 4047155 20.0 D’Alessandro et al., 2013
NSR31 514650 4047176 31.7 D’Alessandro et al., 2013
NSR32 514613 4047209 0.3 D’Alessandro et al., 2013
NSR33 514635 4047233 119.0 D’Alessandro et al.3201
NSR34 514599 4047233 8.5 D’Alessandro et al., 2013
NSR35 514573 4047231 5.1 D’Alessandro et al., 2013
N1 514971 4047271 2.6 D’Alessandro et al., 2013
N2 514988 4047244 0.9 D’Alessandro et al., 2013
N3 515012 4047226 5.1 D’Alessandro et al., 2013
N4 515029 4047205 6.8 D’Alessandro et al., 2013
N5 515046 4047191 1045.5 D’Alessandro et al., 2013
N6 515068 4047174 297.5 D’Alessandro et al., 2013
N7 515059 4047143 76.5 D’Alessandro et al., 2013
N8 515052 4047120 20.4 D’Alessandro et al., 2013
N9 515037 4047084 59.5 D’Alessandro et al., 2013
N10 515043 4047061 1419.5 D’Alessandro et al., 2013
N11 515027 4047058 654.5 D’Alessandro et al., 2013
N12 515010 4047051 1419.5 D’Alessandro et al., 2013
N13 514995 4047047 127.5 D’Alessandro et al., 2013
N14 514965 4047050 8.5 D’Alessandro et al., 2013
N15 514942 4047060 170.0 D’Alessandro et al., 2013
N16 514932 4047082 178.5 D’Alessandro et al., 2013
N17 514929 4047111 238.0 D’Alessandro et al., 2013
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CHj, flux

Name XUTM Y UTM Ref.
mg nt day

N18 514925 4047138 161.5 D’Alessandro et al., 2013
N19 514219 4047572 1.7 D’Alessandro et al., 2013
N20 514206 4047584 1.7 D’Alessandro et al., 2013
N21 514199 4047572 13.6 D’Alessandro et al., 2013
N22 514177 4047590 6.8 D’Alessandro et al., 2013
N23 514188 4047586 7.7 D’Alessandro et al., 2013
N24 514183 4047571 18.7 D’Alessandro et al., 2013
N25 514175 4047566 28.1 D’Alessandro et al., 2013
N26 514165 4047573 255 D’Alessandro et al., 2013
N27 514155 4047570 11.9 D’Alessandro et al., 2013
N28 514157 4047552 2.6 D’Alessandro et al., 2013
N29 514148 4047551 0.9 D’Alessandro et al., 2013
N30 514134 4047552 0.0 D’Alessandro et al., 2013
N31 514724 4047872 5.1 D’Alessandro et al., 2013
N32 514723 4047809 -0.9 D’Alessandro et al., 2013
N33 514717 4047770 1.7 D’Alessandro et al., 2013
N34 514690 4047753 19.5 D’Alessandro et al., 2013
N35 514674 4047717 93.5 D’Alessandro et al., 2013
N36 514661 4047692 40.4 D’Alessandro et al., 2013
N37 514637 4047679 102.0 D’Alessandro et al., 2013
N38 514901 4047159 425 D’Alessandro et al., 2013
N39 514908 4047180 19.1 D’Alessandro et al., 2013
N40 514900 4047202 204.0 D’Alessandro et al., 2013
N41 514958 4047183 -0.9 D’Alessandro et al., 2013
N42 514976 4047159 0.9 D’Alessandro et al., 2013

N301A 515310 4048583 0.04 This Study

N302A 515384 4048514 -1.83 This Study

N303A 515479 4048463 0.91 This Study

N304A 514864 4048679 32.83 This Study

N305A 514856 4048673 30.63 This Study

N306A 514842 4048676 5.13 This Study

N307A 514848 4048677 -2.38 This Study

N308A 514851 4048680 18.65 This Study

N309A 515695 4048364 247.15 This Study

N310A 515688 4048334 -2.86 This Study

N311A 515663 4048292 19.17 This Study

N312A 515658 4048288 76.24 This Study

N313A 515227 4048688 8.72 This Study

N314A 515207 4048667 4.09 This Study

N315A 515190 4048650 17.22 This Study

N316A 515173 4048628 4.82 This Study

N317A 515153 4048604 14.32 This Study

N318A 515134 4048595 66.81 This Study

N319A 515109 4048583 -1.48 This Study

N320A 515095 4048585 10.3 This Study

N321A 515092 4048601 0.38 This Study

N322A 515105 4048624 13.13 This Study

N323A 515126 4048638 2.33 This Study

N324A 515139 4048658 1.99 This Study

N325A 515162 4048676 148.23 This Study

N326A 515174 4048697 77.9 This Study

N327A 515621 4048254 0.08 This Study

N328A 515640 4048269 930.57 This Study

N329A 515573 4048248 -0.47 This Study
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CHj, flux

Name XUTM Y UTM Ref.
mg nt day

N330A 515590 4048259 -1.86 This Study
N331A 515526 4048255 -4.33 This Study
N332A 515484 4048245 0.62 This Study
N333A 515517 4048143 -3.55 This Study
N334A 515452 4048158 -1.67 This Study
N335A 515486 4048116 3.09 This Study
N336A 515510 4048081 1.47 This Study
N337A 515504 4048034 126.21 This Study
N338A 515473 4048051 2.18 This Study
N339A 515476 4048008 -2.13 This Study
N340A 515442 4048027 -0.4 This Study
N341A 515444 4048067 -1.27 This Study
N342A 515431 4048111 -0.07 This Study
N343A 515418 4048135 -3.08 This Study
N344A 514870 4047612 4.31 This Study
N345A 514849 4047608 12.58 This Study
N346A 514830 4047587 3.18 This Study
N347A 514847 4047594 -4.1 This Study
N348A 514857 4047579 374.15 This Study
N349A 514866 4047588 3.48 This Study
N350A 514841 4047574 570.12 This Study
N351A 514849 4047568 -33.52 This Study
N352A 514868 4047562 123.55 This Study
N353A 514881 4047577 25.17 This Study

Table 8. 2 — methane flux measured using the accunation chamber.
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