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MUD VOLCANO

Leagues beneath the grey-green surface

rumbles Neptune's seething mound.

Oozing molten muck and seeping gas it reigns,
dark and forbidding, unbidden.

It's pressured rage spewing forth a vaporous plume
into the unsuspecting world above.

It's summit wears a frozen crystal lattice crown;
White, ice-like, unearthly.

Ice and fire entombed by earth and water.

A towering monument encircled by ghostly moat

it reeks of primal violence, fractured crusts;

The stuff of legend gurgling from its core -

The heat of forgotten eons rising to the ocean floor.
And on its surface roils the wormed monster,
guarding the sacred fire from prying eyes.

Like twisted roots the vermicular horde writhes
across

the mud;

White, worm-like, unearthly.

Life forms sucking the residue of decay.

Original version by Sherrod Sturrock.
Geo-Marine Letters 19: 169-170 (1999).
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Summary

The Sorokin Trough (NE Black Sea) and the Gulf of Cadiz (NE Atlantic) are both mud
volcano (MV) provinces characterized by the presence of gas hydrates, methane-related
carbonates, and chemosynthetic biota but possess differences in geological history, tectonics,
composition of sedimentary cover, and water column conditions. This thesis compares the
geological and biogeochemical processes taking place within these MV provinces. It
attempted to elucidate the deep-fluid dynamics in both areas, to identify possible sources for
ascending hydrocarbon gases, and to assess the source-strata for the erupted sediments. The
environmental impact of expelled methane-rich fluids on the development of microbial
communities involved in the anaerobic oxidation of methane (AOM), a process inducing
carbonate precipitation, was also investigated.

A significant contribution of non-microbial, mature hydrocarbons in the migrated fluid
was apparent from the composition and the stable carbon isotope signatures of the gases.
Comparison of the hydrocarbon gas and biomarker data revealed that the formation of the MV
fluid starts with the discharge of over-pressurized hydrocarbons and is followed by dynamic
entrainment of the surround sediments on its way up. The biomarker composition of the mud
breccia matrix in the Sorokin Trough indicated different depths of de-fluidization related to
the position of fracture zones or diapiric folds in the subsurface. The biomarker composition
of various MVs from the Gulf of Cadiz designated similar source strata for the erupted
material.

The study of living microbial mats and related carbonates from the Sorokin Trough
and an ancient methane-related carbonate crust from the Gulf of Cadiz revealed a substantial
contribution of microbes involved in AOM to the microbial community and the dominant role
of AOM in processes of carbonate formation. The lipid biomarker and 16S rRNA gene
sequence data showed that AOM signals appear to be strongest within carbonates and are
considerably weaker in the surrounding sediments, indicating that local oversaturation of pore
waters with bicarbonate, (formed by AOM) induced carbonate precipitation. The data also
revealed changes in the archaeal community structure during carbonate crust formation in the
Gulf of Cadiz, which are interpreted as resulting from changes in the conditions (e.g. methane

flux) during the crusts’ accretion.



Summary

Despite the presence of an anoxic water column in the Sorokin Trough and oxygenated
waters in the Gulf of Cadiz, the lipid biomarker and 16S rDNA sequence data demonstrated
AOM to be the dominant biogeochemical process for methane oxidation in both areas. The
distribution of anaerobic methanotrophs is directly linked to the intensity of methane flux and
to fluid chemistry. However, in comparison with the Sorokin Trough, the AOM signal in the
Gulf of Cadiz is muted. This probably indicates the absence of active fluid transport in the
Gulf although the ubiquitous presence of outcropping methane-related carbonates signifies
episodes of fluid discharge in the past. Reduced AOM in the Gulf of Cadiz is likely the result
of “fluid-flux-starvation” environments established after a period of MV eruptions followed
by a consumption of allochthonous methane and other organic and inorganic constituents. In
contrast, fluid inflow in the Sorokin Trough is still going on, resulting in development of

chemosynthetic microbial communities and in carbonate precipitation.



Samenvatting

De Sorokin Trog (noordoostelijke Zwarte Zee) en de Golf van Cadiz (noordoostelijke
Atlantische Oceaan) zijn gebieden die gekarakteriseerd worden door het voorkomen van
moddervulkanen op de zeebodem en daaraan gerelateerde gashydraten, carbonaatkorsten en
chemosynthetische biota. Beide gebieden hebben echter een contrasterende geologische
geschiedenis, tektoniek, sedimentsamenstelling en waterkolomcondities. In dit proefschrift
worden de geologische en biogeochemische processen die gepaard gaan met de eruptie van
moddervulkanen voor deze twee verschillende gebieden onderzocht en vergeleken. Zowel de
oorsprong van de koolwaterstofgassen die met de modder mee omhoog komen als de
oorsprong van de modder zelf is onderzocht. Daarnaast werd de invloed van uit de
moddervulkaan ontsnappend methaan op de samenstelling van specifieke microbiéle
levensgemeenschappen bestudeerd. Deze microben zijn actief in de anaérobe oxidatie van
methaan, een proces dat de vorming van carbonaatkorsten op de bodem van de oceaan
bevorderd.

De samenstelling van de gassen en hun stabiele koolstofisotoopsamenstelling in de
naar boven komende vloeistoffen duiden op een substantiéle bijdrage van niet-biogene,
thermisch rijpe koolwaterstoffen. Deze bevinding, in relatie tot de thermische maturatiegraad
van biomarkers in de uitgestoten en afgezette modderbreccia, gaf aan dat de modderstomen
waarschijnlijk ontstaan door een “ontsnapping” van koolwaterstoffen uit een laag in de diepe
aardkorst, die vervolgens op haar pad naar boven ondieper gelegen sedimenten mee naar
boven neemt. De biomarker samenstelling van modderbreccia’s van moddervulkanen in de
Sorokin Trog liet zien dat deze bestaan uit verschillende lagen van verschillende oorsprong
terwijl modderbreccia’s van moddervulkanen in de Golf van Cadiz juist een vrij uniforme
samenstelling hadden, hetgeen suggereert dat deze modderstromen afkomstig zijn van
eenzelfde laag in de aardkorst.

De studie van levende microbiéle matten en daaraan gerelateerde carbonaten in de
Sorokin Trog en van een door methaanoxidatie gevormde, fossiele carbonaatkorst van de Golf
van Cadiz toonde aan dat een belangrijk bestandsdeel van de microbiéle
levensgemeenschappen gevormd wordt door actief bij de anaérobe oxidatie van methaan

betrokken microben. De biomarker samenstelling en de detectie van specifieke 16S rDNA



Samenvatting

sequenties lieten zien dat het signaal van ana&robe methaanoxidatie veel sterker aanwezig is
in de carbonaten dan in de omringende sedimenten. Carbonaatvorming wordt dus blijkbaar
geinduceerd door de anaérobe methaanoxidatie, waarschijnlijk doordat er lokaal een
oververzadiging aan bicarbonaat in het poriewater ontstaat. In de carbonaatkorst uit de Golf
van Cadiz werd bovendien een zonering in de archaeale levensgemeenschappen aangetroffen,
hetgeen te verklaren is door veranderende omstandigheden (bijv. in de methaanflux) tijdens
het aangroeien van de korst.

Ondanks het grote verschil in het zuurstofgehalte van het bodemwater, anoxisch in de
Sorokin Trog en oxisch in de Golf van Cadiz, laten de biomarker en 16S rDNA data zien dat
in beide gebieden anaérobe oxidatie van methaan het belangrijkste proces is voor oxidatie van
het weglekkende methaan. De samenstelling van de microbiéle levensgemeenschap is direct
gerelateerd aan de grootte van de methaanflux en waarschijnlijk ook aan de chemische
samenstelling van de modderstroom. In vergelijking met de Sorokin Trog is de intensiteit van
het signaal van anaérobe methaanoxidatie laag. Dit komt waarschijnlijk doordat er in de Golf
van Cadiz op dit moment geen actief transport van modderstromen plaats vindt. Het grootste
gedeelte van het ontsnapte methaan is reeds geconsumeerd. Daarentegen is de Sorokin Trog
nog steeds een actief gebied, hetgeen resulteert in levende microbiéle levensgemeenschappen

en actieve precipitatie van carbonaat.



Pe3rome

[Tporu6 Copokuna (CB Yepnoro mops) u 3anuB Kanuc (CB ATnanTuka) sBisitoTCs
IpA3EBYJKAHUYECKUMU POBUHUUSAMH, XapaKTEpU3YIOIIMMUCS MPUCYTCTBUEM Ta30BbIX
TUAPaTOB, KApOOHATOB, BOHUKIIKX B pe3yJIbTaTe OKUCIEHUS METaHa, U XEMOCHHTETUUYECKHUX
opranu3mMoB. OHAKO, 3TU TMPOBUHIIMKM OTIMYAIOTCS MEXKIY COOON T€0JOTHYECKON UCTOPHUEH,
TEKTOHUKOM, COCTAaBOM OCAaJ0YHOTO 4YeXJia W YCJIOBHSIMH BOJHOW cpennpl OacceiiHoB. B
HACTOALIEH JuccepTaluu IPOBEIEHO CpaBHEHHE TEO0JIOTMYECKUX U OMOXMMHYECKUX
MPOLIECCOB, UMEIOIIUX MECTO B 3TUX T'PSA3EBYJIKAHUYECKUX MPOBUHIMAX. CrenaHa MOMbITKA
MPOJUTH CBET HA MNIYOUMHHYIO (IIOUA0AMHAMUKY B 000UX pailoHax, ONpeaeauTh BOZMOKHbBIE
UCTOYHUKU MUTPUPYIOIIMX YIJIEBOJOPOJHBIX Ta30B M HM3BEPXKEHHBIX OCaJAKOB (0OJOMKOB
nopox). Taxke ObUIO M3yUeHO BO3JEHCTBUE OOOTAIIEHHBIX METaHOM (DIIFOMIOB Ha Pa3BUTHE
MHUKpPOOHATBHOTO COO0IIEeCTBa, BOBJIEYEHHOTO B aHa’poOHOe okucieHue metaHa (AOM), u
MPOLECCHI, CTUMYJIUPYIOLIME OCaXKIeHUE KapOOHATOB.

CylecTBeHHbBIN BKIIaJl 3peiibIX (HEMUKPOOHATBHBIX) YTIIEBOJAOPOIOB CTal OYEBUTHBIM
UCXO/s U3 aHallM3a COCTaBa U M30TONMUHU yrieposa razoB. CpaBHeHHEe OMOMApKEPOB U JAHHBIX
M0 YIJEBOJOPOJAHBIM Ta3aM I[0Ka3ajo, YTO OO0pa3oBaHHME TIPS3EBYJIKAHUYECKUX (IIIOUIOB
HAUMHAETCS C BBICBOOOXKIECHUS YIJIEBOJAOPOJIOB B 30HAX AHOMAJBHBIX JaBJIEHHHA. ITOT
MPOLECC COMPOBOXKJIAETCS MOOMIM3AlMed OKpYXKAaloUIMX OCaJKOB W BOBJIEYEHHEM WX B
JBUKEHHE BBEPX IO pa3pesy, UTO MOATBEP)KIAETCS Pa3IUYHON CTENeHbI0 TepMaibHON
npeoOpazoBaHHOCTH BemiectBa. CocTaB OMOMapKepoB MaTpUKca TPSA3EBYJKAHUYECKUX
Opexunii B mpornOe CopokuMHA yKa3blBa€T Ha pa3IMyHble TIyOWHBI JedIIOUINU3aINH,
KOTOpBIE€ CBSI3aHbI C TOJOKEHUEM PA3OMHBIX 30H WM JIMAUPOBBIX CKJIAlOK B paspese.
CocTaB 6MOMapKepoB U3 Pa3IUYHbBIX TPSA3EBbIX BYJIKAaHOB 3anuBa Kaauc no3Boyiuiu BbISIBUTh
OTJIOKEHUS SBJSIOUIMECS] HICTOUHUKAMM U3BEPKEHHOTO Ha MOBEPXHOCTh MaTepuaa.

N3yyeHne coBpeMEHHbIX MHMKPOOHMAIbHBIX MATOB M OCQXKJAIOLIUXCS ayTUT€HHBIX
kapOoHaToB B nporude CopokuHa, a TakKKe CBSI3aHHBIX C METAHOM JIPEBHMX KapOOHATHBIX
Kop B 3anuBe Kanuc ykasbiBaeT Ha CyIIeCTBEHHYIO POJib MUKPOOOB, BoBlIedUeHHbIX B AOM, u
Ha posib AOM B popmupoBanuu kapOoHaTHBIX KOp. Jlumumneie 6uomapkepsl U 16S rRNA
FeHeTUYECKHEe TOCJIeI0BaTeIbHOCTH MHUKPOOPraHM3MOB [OKa3aid, uyTo BiausiHue AOM
MPOSIBISIETCS] TOPa3[0 CUJIbHEE BHYTPU KapOOHATOB M 3HAYUTENBHO ciadee B OKpPYKAIOIIUX
ocaJlkaX, yKas3blBas Ha TO, YTO JIOKQJIbHOE IEPEHACHIIIEHWE MOPOBbIX BOJA OHKapOOHATOM
sBisieTcs: npoayktoM AOM, KOTOpoe BBI3BIBaCT OCaXKIEHHE KapOoHATOB. Pe3ynbTaTsl
UCCIIEIOBAaHUM Tak)Ke MOKa3ald W3MEHEHHUs B CTPYKType cooOllecTBa apxeil B mpouecce
dopmupoBanus kapboHaTtoB B 3aquBe Kamuc. DTu Bapualuu cBsi3aHbl C H3MEHEHUSIMU
yCIIOBUH cpenbl (HampuMep, C aKTMBU3allMeld METaHOBBIX KCTOYHMKOB) BO BpeMsi pocTa
KapOOHATHOW KOPBI.

He cmoTrpst Ha cepoBojgoponHoe 3apaxkeHue Boabl B nporude CopokuHa U

OKHUCJINTENIbHEIE 00CTAaHOBKHU B IMPUAOHHBIX BOJAX 3aJiMBa KaI[I/IC, JIMITUAHBIC 61/10Map1<ep51 n
5



Pe3rome

16S rDNA mnocienoBaTeIbHOCTH JEMOHCTPUPYIOT, uT0 AOM sBisieTCSs TOMUHUPYIOIIUM
OMOTEOXUMHUUYECKUM TIPOIIECCOM TIPY OKHUCIICHUH MEeTaHa B 000MX pailOHax.

Pacnpoctpanenne  aHad’poOOHBIX  METAHOTPOGOB  HAMPSMYKO  CBsi3aHO €
WHTEHCUBHOCTHIO METAHOBBIX CHUITOB M TaK)Ke, BEPOSITHO, C XUMHUUYECKHUM COCTaBOM (DITFOHIOB.
Onnako, mo cpaBHeHuto ¢ mporudbom CopokmHa AOM B 3anuBe Kamuc mpakTUdeckud He
¢bukcupyercs (HEBO3MOXKHO YCTaHOBHUTH). ITO, BEPOATHO, YyKa3blBa€T Ha OTCYTCTBHE
aKTUBHOW (UIIOMTHOW pasrpy3Ku B 3ajMBe B HACTOSIIEe BpeMs, XOTS TOBCEMECTHOE
NPUCYTCTBUE METAHO-TIPOM3BOIHBIX KapOOHATOB OJHO3HAYHO CBUETENBCTBYET 00 AMH30aX
GbarouHON pa3rpy3ku B mponuioM. PenynupoBanHoe (cokpamennoe) AOM B 3anuBe Kaauc
10 BCEl BEPOSITHOCTH SIBIISIETCSl PE3YIBTATOM OOCTAHOBOK «(MITFOMIHOTO TOJ0a», BOSHUKIITHX
1ocJjie Mepruoia aKTUBHBIX U3BEP)KEHH TPSA3EBBIX BYJIKAHOB U TOCIEIYIONIETO MOTpeOIeHuUs
(YCBOGHHS1) aJUIOXTOHHOTO METaHa M IPYTHX OPraHMYECKHX M HEOPTaHWYECKUX COeITMHEHUN
(komrioHeHTOB). B mpoTuBOmoNIOkKHOCTH 3TOMY, B Tiporudoe COpoKHWHA CYIIECTBYET
COBPEMEHHBIN (DIIOWAHBIA TOTOK, KOTOPBIH THTAeT >KUBYIIEEe HBIHE XEMOCHHTETHYECKOE
COO0O0IIECTBO U MPUBOJIUT K AKTUBHOMY OCaXJIEHUIO KapOOHATOB.



Chapter 1

1. General Introduction

1.1. Cold seeps at the sea floor: an overview

Recent geological exploration of the ocean floor has led to the discovery of numerous
fields of submarine fluid discharge with seep emissions, in contrast to the longer known
hydrothermal vents, with the same temperature as the surrounding seawater. These vents were
called “cold-seeps” or “seepages” and these terms include everything from a small-scale gas
bubbling at the seabed (Hovland and Judd, 1988) to a catastrophic burst of geofluids
[hydrocarbon gas (predominantly methane), hydrogen sulfide, carbon dioxide, petroleum
products, pore waters and mud] from the subsurface (Ivanov et al., 1998; e.g. Figure 1). These
vents are concentrated along continental margins and induce the development of vigorous and
complex cold-seep systems at and below the seafloor surface.

Cold-seepage at the sea floor is often the result of upward fluid discharge from the
subsurface. This migration of fluids through zones of weakness, i.e. fault system, cracks, and
fissures, affects sea-floor morphology. It results in formation of (i) pockmarks, i.e. negative
topographic features formed due to seepage (Hovland and Judd, 1988), (ii) large fissure
eruptions of sediments from the subsurface (Figure 2; Ivanov et al., 1998), and (iii) mud
volcanoes (MVs).

1.1.1. Historical background

MVs and gas/oil seepages are known from immemorial times. The Fire Temple,
alternatively known as a Atashgah Temple, the Zarathustra Temple or the Temple of the Fire
Worshippers is a shrine devoted to Zoroastrianism, one of the first religions in the World
(1400-1200 BC). The temple is located close to Baku (Azerbaijan) and was built at a place
with “eternal” fires that was considered as a sacred. These fires resulted from natural gas
seepages, which are still common in this area. The MVs in the Black Sea (or Pontus Euxene)
were known to the Ancient Creeks, and were mentioned in the “Odyssey”, Homer's epic from
Greek mythology, where Homer mentioned MVs from the Kerch strait as the entrance to the
Kingdom of Pluto. Marco Polo, who passed through Azerbaijan in the 13" century, wrote,
"On the confines toward Georgine there is a fountain from which oil springs in great
abundance, inasmuch as a hundred shiploads might be taken from it at one time. This oil is
not good to use with food, but it is good to burn, and is also used to anoint camels that have
the mange. People come from vast distances to fetch it, for in all countries round there is no
other oil”.

Voskoboynikov and Gur’ev (1832) were one of the first scientists who described MVs
during the geological survey of the Taman peninsula (Ukraine). The specific term “mud

7



General Introduction

volcano” was introduced by Gelmersen (1886) and is a literal translation of the German word
“mudevulkan”, used by G.V. Abich when he described MVs on the Kerch and Taman
peninsulas in 1873. The first mud or “dirt” volcanoes were discovered in areas with intensive
volcanic activity in Iceland, Sicily and Flegrey Fields (Kholodov, 2002). Layell, (1850) and
Neumayr (1899) interpreted these phenomena as endogenic processes and classified them in
the group of “normal” lava-volcanoes. Later, Kalitskii (1910, 1914), Veber and Kalitskii
(1911), Golubyatnikov, (1923), and Gubkin (1913, 1937) demonstrated that development of
these structures is strongly related to the distribution of petroleum provinces and not related to
the lava-volcanoes. Concurrently, Arkhangel’skii (1925) highlighted the importance of
tectonic processes (i.e. diapirism, faulting) in the formation and development of MVs.

Figure 1. Examples of on-land mud
volcano and seepages. A — Eruption of
the mud volcano at Lokbatan, near Baku
(October 10, 2001; Photo: Phil Hardy);
B — small gas seepage (Bulganak MV
field, Kerch Peninsular); C — small oil
seepage near Baku, Azerbaijan. See
page 200 for color figure.

1.1.2. Formation of mud volcanoes

MVs are low-temperature representatives of seepage-related geomorphological
features and the most remarkable indication of fluid venting (Ivanov et al., 1998). They are
like magmatic volcanoes in the sense that their eruptions are powerful, sometimes

8



Chapter 1

accompanied with flames of up to hundreds of meters. However, instead of lava, MVs expel a
complex mixture of products including hydrocarbon gases (e.g. methane and wet
hydrocarbons), hydrogen sulfide, carbon dioxide, petroleum, pore waters and mud.
Hydrocarbon gases and petroleum often represent one of the main constituents of the erupted
material and this explains the vigorous flames during the eruptions of MVs on the continent
(Figure 1).

MVs are often topographic elevations and are expressed as dome-like structures,
reaching several kilometres in diameter and hundreds meters in height caused by catastrophic
explosion of fluids at the sea floor (Figure 2; Ivanov et al., 1998 and references therein).
Simultaneously, MVs can also be represented by a depression of a few kilometres in diameter
as caldera-like developments. This type of MV has resulted from the collapse of the ground
following explosive eruptions of large volumes of erupted sedimentary gas/water saturated
material (Woodside et al., 1997). At continental margins, MVs and seeps can significantly
alter the topography and induce continental slope instability. At relatively shallow water
depths, MVs sometimes form islands and banks.

MVs develop as a result of strong lateral or vertical compressions of the earth crust,
which allow deep-lying sediments to move upward and be transported to the sea floor.
Through the feeder channel (Figure 2) of a MV, large volumes of clastic material, saturated
with gas and other fluids, are transported in a mixture of clay-silt fluidized matrix and
deposited on the seafloor (Ivanov et al., 1998). This emitted sedimentary material is called
“argille scaliose”, “diapiric mélange”, or more frequently “mud breccia” (Cita, et al., 1981;
Akhmanov, 1996). It is a complex mixture of a matrix and rock fragments, mechanically
grasped by the powerful upward transport of fluids (Akhmanov, 1996; Akhmanov and
Woodside, 1998). These fragments of rocks represent sediments deposited millions of years
ago and buried in the subsurface, which are brought to the seafloor due to the activity of the
MV. Both mud breccia rock clasts and matrix contain important information regarding the
composition and genesis of sediments in the subsurface, and maturity, and hydrocarbon
potential of the area (Akhmanov, 1998; Kozlova, 2003; Ovsanikov et al., 2003). Accordingly,
MVs can be considered as “free bore-holes”, providing us material from great depths below
the seafloor surface, originating from up to 20 km sedimentary depth (Kholodov, 2002;
Shnyukov et al., 2005), where drilling is not yet possible.

1.1.3. Distribution and occurrence of mud volcano provinces

MVs are most common in areas of recent tectonic activity, i.e. within mobile tectonic
belts of Alpine-Himalayas, Pacific and Central-Asia, and with a thick sedimentary cover (5-
20 km). For instance, the South Caspian Basin is known for a dense distribution of MVs. The

9
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sedimentary sequence in this area possesses up to 1 km of Quaternary sediments, the base of
Cenozoic sediments is located at ca. 14 km depths and Palaeozoic-Mesozoic sediments lie at
depths of 19-20 km (Kholodov, 1990). The intensive investigations of off-shore MVs and
fluid venting areas in general were started at the end of seventies. Lebedev (1978) and later
Kholodov (1983, 1990, 1991) demonstrated the connection of submarine MVs from the
Caspian Sea with petroleum-bearing deposits and regional tectonics. At the end of eighties -
the beginning of nineties, a series of research cruises to the Black Sea revealed the existence
of deep sea MV provinces (Ivanov et al., 1989; Ivanov and Limonov, 1996; Ivanov, 1999).
This was a time of increased scientific interest in underwater cold-venting and associated
phenomena. Numerous field studies in the last couple of decades have revealed that locations
where subsurface fluids are discharged spontaneously are distributed worldwide. Such areas
are now known to be a widespread feature on active continental margins, e.g. the Makran
accretionary prism (White, 1982; von Rad et al., 1996), Barbados (Le Pichon et al., 1990;
Lallemant et al., 1995), Aleutian subduction zone (Wallman et al., 1997; Suess et al., 1998),
the Cascadia margin (Han and Suess, 1989; Cragg et al., 1996), the Nankai Trough (Kawahta
and Fujokor, 1986; Taira et al., 1992), Chili (Banes et al., 1993; Sellanes, et al., 2004),
Indonesia (van Weering et al., 1989; Karig, 1986), Peru (Kvenvolden and Kastner, 1990),
Eastern Mediterranean (Cita et al., 1994, Ivanov and Limonov, 1995; Ivanov et al., 1996;
Limonov, 1996), North California (Brooks et al., 1991), the Gulf of Cadiz (Kenyon et al.,
2000, 2001, 2002, 2003; Gardner, 2001; Pinheiro et al., 2003), the Anaximander sea-
mountains (Woodside, et al., 1998; Zitter et al., 2005), on passive continental margins, e.g.
Black Sea (Ivanov et al., 1989; Ginsburg et al., 1990; Ivanov et al., 1996, 1998; Michaelis et
al., 2002), Vering Plato (Bugge et al., 1988; Bouriak et al., 1999), the Nile deep-sea Fan
(Mascle et al., 2001; Lonke et al., 2002), the Gulf of Mexico (Roberts, 1990; Aharon et al.,
1997), Blake Outer Ridge (Galimov et al., 1983; Paull et al., 1993, 1996), and the Norwegian
margin of the Barents Sea (Vogt, et al., 1997; Lein et al., 1998; Niemann et al., 2005). Thus,
present-day marine research has led to the discovery of fluid venting areas and mud volcano
provinces all over the globe.

1.1.4. Mud volcanoes: the connection with subsurface hydrocarbon reservoirs.
Comprehensive investigations of numerous mud volcanic/seepage provinces have
provided overwhelming evidence for the role of hydrocarbon gases in their formation. This
explains why these fluid seepages are also called “gas seeps” or “methane seeps”. MVs and
seeps in general are direct indicators of hydrocarbon migration and provide a view of the
hydrocarbon potential of the deeper sediments (Gubkin, 1937; Kalinko, 1964; McCrossan et
al., 1971; Jones and Drozd, 1979; Mousseau and Williams, 1979; Drozd et al., 1981; Richers
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Figure 2. Examples of deep-sea mud volcanoes. (A) Fragment of seismic line across the
Kovalevsky MV, Central Black Sea (after Kenyon et al., 2002); (B) Fragment of 30 kHz
sidescan sonar sonograph and subbottom profiler record across the Kazakov MV, Sorokin
Trough, NE Black Sea (after Kenyon et al., 2002); (C) Fragment of OREtech deep-towed
sidescan sonar across the Yuma MV from the Gulf of Cadiz (NE Atlantic; after Pinheiro et
al., 2003); (D) Fragment of MAK-1 deep-towed sidescan sonar across the Odessa MV from
the Sorokin Trough showing fissure eruption of mud breccia (NE Black Sea; after Ivanov et
al., 1998, 1999). See http://ioc.unesco.org/ttr/.
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et al., 1982, 1986; Jones and Drozd, 1983; Richers, 1984; Rakhmanov, 1987; Guliev and
Feizullayev, 1997; Ivanov et al., 1998; Kholodov, 2002). The connection between seepage
and hydrocarbon reservoirs in the deep subsurface was advocated by Link (1952) who stated
that "oil and gas seeps gave the first clues to most oil-producing regions. Many great oil fields
are the direct result of seepage drilling". MVs and gas venting areas commonly occur in
petroliferous regions (Guliev and Feizullayev, 1997), and, as a rule, the hydrocarbon gases
emitted are often thermogenic (i.e. formed by cracking of organic matter in the subsurface
resulting from increase in temperature and pressure upon subsurface burial) in nature. The
presence of a seep thus indicates the subsurface presence of a mature source of gas, the
existence of migration pathways as well as the absence of a proper seal. An alternative origin
of methane is microbial decomposition of organic matter under anoxic conditions, i.e.
methanogenesis (microbial or biogenic gas) (see 1.2.1). Biogenic and thermal methane can be
readily discriminated by their BC content (Sackett, 1978; Stahl et al., 1979; Rice and
Claypool, 1981). In fluid venting areas and MVs, gaseous compounds may be present in
dissolved form, as a gas phase, and as a solid phase (in hydrate form), depending on gas
composition, temperature, and pressure.

1.1.5. Phenomena associated with cold-seepage

MVs and seepage in general induce the development of complex cold-seep
systems/ecosystems at and below the seafloor surface. Continuous upward migration of
hydrocarbon-rich fluids may result in the development of submarine gas hydrate
accumulations in the subsurface, hosting considerable quantities of methane (Ginsburg and
Soloviev, 1997; Soloviev and Ginsburg, 1997; Ivanov et al., 1998; Bouriak and Akmetjanov,
1998). Gas hydrates are an ice-like crystalline solid composed of a mixture of water and
natural gas, frequently methane. They are stable under the specific pressure and temperature
conditions (Kvenvolden, 1993; Henriet and Mienert, 1998 and references therein), filling the
pore spaces of sediments (Table 1).

When migrating up fluids reach the seafloor, they provoke the development of a
marked biological activity manifested in the appearance of persistent chemosynthetic
colonization of benthic organisms such as mollusks, methane-related tube worms, microbial
mats, and a diversity of microbes fuelled by hydrocarbon gases (especially methane), sulphide
and other reduced elements transported by fluids (Hovland and Judd, 1988; Sibuet et al.,
1988; Corselli and Basso, 1996; Olu et al., 1996, 1997; Sibuet and Olu, 1998). Migrating
fluids contain organic and inorganic components offering sources of carbon and energy and
other essential nutrients for diverse microbial chemosynthetic communities. This
encompasses utilization of migrated components, especially methane. Figure 3 schematically

12



Chapter 1

GAS HYDRATE

IN SEDIMENT

MORPHOLOGY

Flat, irregular shaped tabular fragments up
to 4 cm across. Some of these edifices
observe myriad “crack-like” features on the
upper and the lower surfaces, dividing
hydrate into number of small “segments”
oriented in the same direction. Within
sediments this type of gas hydrates forms
layers and/or lenses.

MVs: Odessa, Collapsed Structure 11

Commonly observed “ice-drop-like” sub-
rounded aggregates not exceeding 0.5 cm in
diameter. Within hosting sediments this type
ether forms “patched accumulations”,
separated inclusions or they surround bigger
clasts of gas hydrates.

MVs: Odessa, Kazakov, Collapsed
Structure 11

Flat, Isomeric sub-rounded clasts up to 3 cm
across. The surface is crooked with
occasional cracks. Some aggregates after
been sliced observed “pores” inside the
hydrate aggregate.

MVs: Odessa, Collapsed Structure 11

Massive tabular aggregates up to 7 cm in
size. Lateral sizes are noticed by appearance
of visible crystals growing perpendicular to
the surface of the hydrate.

MV: Odessa

Table 1. Morphology of gas hydrates found in the Sorokin Trough, NE Black Sea.

13



General Introduction

summarises methane turnover in marine sediments. The dominant methane sink in the marine
settings is microbial anaerobic oxidation of methane (AOM) performed by a consortium of
methanogenic archaea and sulfate reducing bacteria (Boetius, et al., 2000; Michelis et al.,
2002, Orphan et al., 2001). This process subsequently results in mineral transformations and
precipitation of different authigenic minerals, e.g. carbonates, sulfides, gypsum, etc.

Thus, fluids expelled from MVs and from other venting related structures not only
portray the products of generation and migration from deep-subsurface, but also fuel
microbial processes and create the basis for life of the diverse chemosynthetic ecosystems at
the seafloor and subsurface.
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Figure 3. Schematic sketch of the marine methane cvcle.

Fluid escape zones are also known for mineral formation under the influence of
microbiological activity (Figure 3). Oxidation of methane results in production of bicarbonate
ions which leads to oversaturation of pore waters and ultimately in the formation of carbonate
minerals. The occurrence of neoformed diagenetic carbonates is a widespread phenomenon in
modern cold-seep settings (Ritger et al., 1987; Roberts and Aharon, 1994; Von Rad et al.,
1996; Peckmann et al., 1999a, 1999b, 2001; Aloisi et al., 2000, 2002; Michaelis et al., 2002;
Cambell et al., 2002; Peckmann and Thiel, 2004). Such seep deposits were also described in
Cenozoic strata (Cambell and Bottjer, 1993; Kauffman et al., 1996; Campbell et al., 2002), in
Palaeozoic deposits (Campbell and Bottjer, 1995; Peckmann et al., 1999a, 2001a), and the
oldest seep deposits are Middle Devonian in age (Peckmann et al., 1999b).
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These modern and ancient seep carbonates display different morphologies,
mineralogy, and stable carbon and oxygen isotopic compositions (Hovland et al., 1987;
Roberts and Aharon, 1994; Peckmann et al., 1999a, 1999b, 2001, 2002; Stakes et al., 1999;
Aloisi et al., 2000, 2002) and occur in the form of crusts, concretions, pavements, chimneys,
varying in sizes from few millimetres precipitants to several meters high chimneys and tenths
of meters extended carbonate pavements. Chemical analyses showed that these carbonates are
depleted in "°C which led to the suggestion that carbon in such carbonates is, at least in part,
derived from methane (Peckmann et al., 1999a, 1999b, 2001, 2002; Stakes et al., 1999; Aloisi
et al., 2000, 2002). Gauter, (1985) and Paull et al. (1992) showed that aerobic oxidation of
organic matter is of minor importance for the carbonate formation whereas sulfate reduction
process is believed to be one of the important processes accountable for the precipitation of
these carbonates. Baker and Kastner (1981) revealed that dissolved sulfate reduces dolomite
formation, which lead to the assumption of its precipitation within the methanogenic zone
(Gauter, 1985; Stakes, 1999). It was suggested that the precipitation of authigenic methane-
derived bicarbonate is the result of increased alkalinity created by AOM (Ritger et al., 1987,
Paull et al., 1992; Von Rad et al., 1996; Thiel et al., 1999), i.e. AOM serves as a source of
inorganic carbon for the formation of carbonate cement, concretions, crusts, and other
carbonate build-ups. However, only the recent discovery of tower-like microbialites, formed
by methane-filled calcifying spheres constructed by living microbial mats at sites of active
methane discharge in the Black Sea (Michaelis, et al., 2002; Reitner, et al., 2005), directly
proved that microbial consortia performing AOM indeed induce carbonate precipitation in
methane-seepage environments.

1.2. Key microbial processes for cold seeps

1.2.1 Methanogenesis

Microbial methanogenesis is considered to be an important source of methane in the
world oceans. In marine sediments, methane is the only hydrocarbon gas generated in
relatively high quantities (Tissot and Welte, 1978). Methanogens, which belong to the
Domain of the Archaea, fall in the phylogenetic groups of Methanobacteriales,
Methanococcales, Methanomicrobiales, Methanosarcinales, and Methanopyrales within the
kingdom of Euryarchaeota (Madigan et al., 2000).

Microbial methane formation is controlled by physiological and ecological factors.
Methanogenic archaea are obligate anaerobes and cannot cope with even traces of oxygen.
They are ubiquitous in anoxic environments where degradation of organic matter at redox
levels of <-200 mV takes place (Madigan et al., 2000). Methanogens can form methane using
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H,/CO; (1), acetate (2), formate (3), methanol (4), methylamines (5) and CO (6) as the
substrates (Daniels et al., 1984; Zehnder, 1988). H,/CO, and acetate are the most widely used
substrates (Balch et al., 1979; Schlegel, 1985; Claypool and Kaplan, 1974; Whiticar et al.,
1986; Borowski, et al., 1999). H, and acetate can be also exploited by sulfate reducing
bacteria (SRB; Zehnder, 1988) and other bacteria. Methane, formed by methanogens via CO,
reduction, has the lowest values in 8"°C (-60 to -110%o) relative to the methane formed by the
acetate fermentation (-50 to -65%0) (Whiticar et al., 1986). Archaea performing
methanogenesis by the CO, reduction pathway are generally outcompeted by SRB (Lovley et.
al., 1982). Methanogenesis due to acetate fermentation is limited by substrate competition
between the methanogens and SRB (Schonheit et. al., 1982). Thus, methane is only formed in
distinct biochemical environments, which are commonly located below the sulfate-reduction
zone in marine sediments.

1.2.2 Anaerobic oxidation of methane

Methane belongs to the greenhouse gases since it has an ability to trap and re-emit
infrared radiation and its global warming potential is over 20 times larger than an equivalent
amount of carbon dioxide. Recent biogeochemical studies of gas-saturated and gas hydrate-
bearing sediments were aimed to elucidate controls of methane production and consumption
under anoxic conditions. More than 90% of the methane produced in marine settings is
consumed anaerobically with sulfate (SO,4%) as electron acceptor. Thus, AOM is one of the
processes that control the atmospheric concentrations of methane and is considered as one of
the important methane sinks in marine environments (Hinrichs and Boetius, 2002 and
references therein). AOM is a widespread microbial process, and it apparently occurs at a
range of scales from a small, few cm-thick zone in normal pelagic sediments, to large areas
associated with the escape of methane from accumulations at depth. Although AOM is
geochemically well documented, no organism that can consume methane anaerobically has as
yet been isolated.

The occurrence of AOM was firstly suggested by Martens and Berner (1974) who
noticed in anoxic marine sediments that the concentration of methane decreased in the sulfate
reduction zone and concluded that methane is likely oxidized with sulfate as an electron
acceptor (Martens and Berner, 1974). Barnes and Goldberg (1976) suggested that sulfate
could play a role as a terminal electron acceptor according to reaction:

CH, + SO,> —» HCO; + HS + H,0O
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This is a net reaction and intermediate biochemical reactions are still unknown. Alternative
mechanisms for AOM were suggested by Valentine and Reeburg (2000 and reference therein)
and by Hinrichs and Boetius (2002 and reference therein).

Consumption of methane at the base of the sulphate reduction zone typically results in
a characteristic concave-up methane concentration profile as observed in many marine
sediments (Figure 3). Hoehler et al. (1994) proposed a putative consortium of methanogens
with SRB that perform AOM through the process of “reverse methanogenesis”. Hydrogen
syntrophy was suggested as one of the possible pathways that form the basis for this putative
consortium. It was hypothesized that the use of hydrogen as an electron donor by the SRB
results in a low partial pressure of hydrogen, thereby creating thermodynamically favourable
conditions for methanogenic archaea to act as methane-oxidizers (Reeburgh, 1976; Zender
and Brock, 1979; Alperin and Reeburgh, 1985; Hoehler et al., 1994; Hoehler and Alperin,
1996) according to the following reactions:

CH, + 2H,0 — CO, + 4H, (Methane-oxidizing archaea)
SO~ +4H, + H" — HS + 4H,0 (SRB)

Direct proof for the co-existence of Archaea and SRB, i.e. AOM-consortia, was
obtained by molecular ecological studies using fluorescence in situ hybridization (FISH)
(Boetius et al., 2000; Michaelis et al., 2002), secondary ion mass spectrometry (SIMS)
analyses of individual cell aggregates (Orphan et al., 2001a,b; Michelis et al., 2002) and
molecular phylogeny (Boetius et al., 2000; Orphan et al., 2001a, 2001b; Nauhaus et al., 2002;
Teske et al., 2002; Michaelis et al., 2002) and biogeochemical studies using structural and
stable carbon isotopic compositional information of lipids (e.g. Elvert et al., 1999, 2000; Thiel
et al., 1999, 2001; Hinrichs et al., 1999, 2000a; 2000b; Pancost et al., 2000, 2001a, 2001b;
Bian et al.,, 2001). Archaeal membrane lipids show distinct structures which contain in
principal ether-linked (bi)phytanyl side-chains in contrast to the ester-bound fatty acids
biosynthesized by Bacteria (Figure 4). These differences are often used as chemotaxonomical
markers for the Archaeal and Bacterial domains and their specific groups. Direct evidence for
anaerobic methanotrophy was provided by compound-specific carbon isotopic studies of
archaeal lipids such as crocetane (I; Figure 5), pentamethylicosane (II), archaeol (III),
hydroxyarchaeols (IV, V), and glycerol tetracthers (VI, VII, VIII, IX). The significantly *C-
depleted archaeal lipids in the MVs and cold venting settings proved that archaea use
methane-derived carbon as carbon source (Hinrichs et al., 1999; Elvert et al., 2000; Hinrichs
et al., 2000b; Pancost et al., 2000; Thiel et al., 1999, 2001; Pancost et al., 2001a, 2001b;
Aloisi et al., 2002; Teske et al., 2002; Zhang et al., 2002, 2003; Schouten et al., 2003). The
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presence of specific *C-depleted lipids possibly associated with SRB (X-XIV; Pancost et al.,
2000, 2001b) and from the Desulfosarcina/Desulfococcus species (XV; Elvert et al., 2003)
marked a close metabolic association between SRB and methanotrophic archaea.

H2C\—0_ _Cwmydrophobic core of
ARCHAEAL
HCTO CXW/\( membrane lipids

H2C—OH ETHER-linked to glycerol

ESTER-linked to glycerol

g (“) ;
/
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membrane lipids

Figure 4. Distinct features of archaeal and bacterial core membrane lipids.

Phylogenetic analyses of ribosomal RNA (rRNA) gene sequences have revealed three
distinct lineages among the Euryarchaeota capable of anaerobic methanotrophy (Figure 6).
Archaea belonging to the ANaerobic MEthanotrophs (ANME) ANME-1 cluster do not
contain any cultured relatives (Hinrichs et al., 1999; Orphan et al., 2002; Knittel et al., 2005).
The ANME-2 archaeal cluster affiliated to the cultured members of the methanogenic
Methanosarcinales (Boetius et al., 2000; Orphan et al., 2001a, 2001b; Knittel et al., 2005).
The ANME-3 archaeal cluster is closer related to cultivated genera Methanococcoides spp.
than ANME-1 and ANME-2 (Knittel et al., 2005).

Various studies have also revealed a large variety in distribution and composition of
archaea/SRB microbial biomass in gas-venting settings (Boetius et al., 2000; Orphan, 2001a;
Pancost et al., 2001a; Michaelis, 2002). For example, SRB affiliated with members of the
genera Desulfosarcina and Desulfococcus have been found in association with archaeal cells
belonging to the ANME-1 and ANME-2 groups, representing in both cases putative
methanotrophic consortia (Boetius et al., 2000; Orphan et al., 2001a, 2001b; Michaelis et al.,
2002). An independent Methanosarcinales-related ANME-2 lineage composed of bacteria-
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free archaeal cells has also been reported (Orphan, 2001a). The ANME-3 archaea are found to
occur as single cells and in association with SRB of Desulfobulbus relatives (Losekann, in

prep.).

1.3. Scope and framework of the thesis

1.3.1 Research questions and goals

The general view on MVs and cold seeps is that the fluids escaping from the
subsurface contain methane and more complex organic compounds (wet gas, petroleum) that
derive from accumulations of hydrocarbons in the deep subsurface at depths where microbial
activity is lacking. In case of MVs, the fluid flow from the subsurface also contains a mixture
of sediments and rock clasts. An important question is how deep the source strata for the
erupted material are and whether the erupted sediments and hydrocarbons originated from the
same sedimentary facies or not?

AOM is the microbiological key-process in cold seep systems (Boetius at al., 2000;
Michaelis et al., 2002; Hinrichs and Boetius, 2002 and references therein), although the
regulation of methane turnover in marine sediments is still not entirely understood. AOM
prevents to a large extent the release of methane into the water column and atmosphere.
AOM-related carbonates serve as barriers for the upcoming methane. Accordingly, how much
methane can be converted into carbonates due to AOM? Is it possible to reconstruct palaeco-
seepage environments and related changes in AOM-communities during the development of a
carbonate in geological time? Are the archaeal/bacterial populations in carbonates and
sediments constant over time or do they vary and how is the AOM consortium distributed
with sedimentary depth?

The current thesis is devoted to expand our knowledge of the evolution and ecology of
gas seepage structures. It includes studies of fluid origin, microbial methane cycle, and related
carbonate formation. This is the first attempt of in-depth comparison of two principally
different MV areas in the Sorokin Trough (NE Black Sea) and in the Gulf of Cadiz (in the NE
Atlantic), using integrated geo-, bio-, and ecological approaches on processes associated with
seepages from the seafloor. The aims of the applied biogeochemical program were focused on
two different topics. The first was directed towards organic/petroleum geochemical
perspectives and the goal of this part included identification of source/nature and maturity
properties of up-going fluid via study of hydrocarbon gas mixtures (molecular and carbon
stable isotope compositions of C; through Cs hydrocarbons) and organic matter (lipid
biomarker distribution) from gas saturated sediments and mud volcano deposits. We aimed to
determine whether erupted gases and sediments initially belong to the same sedimentary strata
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or not. These can give a clue to the possible location of roots of MVs and thus to the primary
source of the erupted fluids. The second topic of the biogeochemical program aimed to study
in situ diagenetic alterations associated with migrated hydrocarbon gas, especially methane,
via the study of the methane cycle and related carbonate formation. The key factors
determining the biogeochemical pathways and microbial mutual benefits in the various
seepage environments are still largely unknown. This part of study includes detailed state-of-
the-art biomarker analyses in combination with phylogenetic characterization of microbes
potentially involved in the AOM and carbonate-shaping ecosystems. We compared molecular
signatures (lipid biomarkers and 16S rRNA gene sequences) from MV deposits and methane-
related carbonates collected from both MV areas aimed at describing the microbial processes
in different cold seep systems and related carbonate formation.

The two areas were selected because of their fundamentally contrasting natural
environments. The Sorokin Trough is located in the Black Sea, a unique, restricted deep-water
basin with a stratified and almost stagnant water column, marked by hydrogen sulphide
production and consequent strict anoxic environments starting at a depth of 100-150 m below
the sea level. Gas seepage is the dominant methane source in the water column of the Black
Sea (Reeburgh, et al., 1991; Luth et al., 1999) and AOM in the water column utilizes about 99
% of the 2.9 x 10'"" mol of methane discharged annually from the seepages and MVs
(Reeburgh et al., 1991; Wakeham et al., 2004). In contrast, the Gulf of Cadiz possesses
oxygenated bottom waters and is characterized by active hydrodynamics, which are controlled
by the exchange of water masses through the Gibraltar Strait. This water exchange
corresponds to a mean surface inflow of the turbulent, cool-water mass of Atlantic Inflow
Water on the surface and a denser, highly saline and warm outflow of water masses from the
Mediterranean near the bottom (Ambar and Howe, 1979).

1.3.2. Research areas

Figure 7 shows the location of the two studied fluid venting provinces and MVs
discussed in this thesis. The existence of both fluid venting areas was discovered and
extensively investigated during several international multidisciplinary marine expeditions of
the Training-Through-Research (TTR) programme carried out by the UNESCO-MSU
Research and Training Center for Marine Geology and Geophysics between 1996 and 2001
(Woodside et al., 1997; Ivanov et al., 1998, 1999; Bouriak and Akhmetjanov, 1998; Gardner,
2001; Pinheiro et al., 2003; Kenyon et al., 2000, 2001, 2002, 2003, 2005). During these
expeditions, a rich sample collection for the research described in this thesis was obtained.

Both study areas are characterized by the presence of MVs with extensive flows of gas
saturated mud breccias, by the occurrence of the same features associated with fluid-venting
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1.e. gas hydrates and methane-related carbonates, and by existence of chemosynthetic biota.
Both areas have a relatively thick sedimentary cover, but a different geotectonical history and
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Figure 7. Location of the studied MV provinces.

modern ecological environments. The presence of anoxic (in the Sorokin Trough) and
oxygenated (in the Gulf of Cadiz) bottom waters will affect sedimentary conditions and likely
affects methane turnover pathways, the location of the AOM zone, and the metabolic
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interactions between microbial communities dominating these habitats and subsequent
diagenetic mineral transformations in the subsurface.

Both areas are characterized by different fluid venting activity and modes of MV
eruptions. This affects the intensity and constancy of methane fluxes. The Sorokin Trough is
known by ubiquitous and presently active fluid venting. Various indications of subsurface gas
presence and its upward transport were detected in the seismic records (for a comprehensive
review on the geology, tectonics, and fluid venting associates in the Sorokin Trough, see
Ivanov et al., 1998). Gas hydrates of different shapes and morphologies were frequently
recovered from mud breccias and gas saturated sediments (Table 1; Woodside et al., 1997;
Ivanov et al., 1998; Bouriak and Akhmetzhanov, 1998; Kenyon et al., 2002; Mazzini et al.,
2004). Methane-related carbonates with microbial mats were also regularly found within MV
deposits (Woodside et al., 1997; Ivanov et al., 1998; Kenyon et al., 2002; Mazzini et al.,
2004). In contrast, no indications of the subsurface accumulations of hydrocarbons were until
present detected during geophysical surveys in the Gulf of Cadiz although gas hydrates were
frequently recovered from several MVs in the Gulf (see Pinheiro et al., 2003 and references
therein). However, the presence of “graveyards” of carbonate chimneys, crusts and pavements
in the Gulf of Cadiz testify of fluid (methane) release from the subsurface in the past (Diaz-
del-Rio et al., 2003).

1.3.3. Framework of the thesis

This thesis provide a multifaceted view on how processes and products of seep
activity may portray distinct eruptive dynamics of MVs, reveal possible sources of emitted
gases and sediments and how these gases, especially methane, interplay with benthic
ecosystems at and beneath the seafloor. To achieve this, a wide variety of geochemical,
biogeochemical and molecular ecological techniques was used in combination with geological
and sedimentological studies. The experimental techniques applied include a combination of
methods for the qualitative, quantitative, and compound specific carbon isotope analysis for
lipid biomarkers and hydrocarbon gases, molecular ecology using 16S rRNA gene sequence
analysis and mineralogy together with stable carbon and oxygen isotope analysis of
carbonates.

This thesis is subdivided into two parts. Part I comprises a multidisciplinary set of
biogeochemical studies applied to MVs in the Sorokin Trough (NE Black Sea), and Part II
describes the same suite of studies applied to MVs in the Gulf of Cadiz (NE Atlantic).

Part I “The Sorokin Trough, NE Black Sea” consists of Chapters 2 to 5.

Chapter 2 describes hydrocarbon gas data from the Sorokin Trough (NE Black Sea),
and shows that gas mixtures from all studied mud volcanoes and gas hydrates can be
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interpreted as a consequence of oil cracking and/or biodegradation in the deep subsurface.
Despite the first evidence for different maturity properties, the wet gas components in all mud
volcanoes and gas hydrates are related to each other. Gases from mud volcanoes associated
with up-doming diapiric structures, possess a mixture of mature and possibly secondary
microbial methane with wet gases from the same sources.

Chapter 3 shows through detailed biomarker analyses different mud breccia sources
for MVs in the Sorokin Trough, which are directly linked to the location of the fracture zones
or diapiric folds formed due to tectonic compression in the area. It is also demonstrated that
lipid biomarkers can be used to recognize different mud eruption episodes.

Chapter 4 describes a study of methanotrophic microbial mats associated with
authigenic carbonates in the deep Black Sea and mud breccia. Concentrations and 8'°C values
of methane and specific archaeal and bacterial lipids, supplemented by archaeal and bacterial
16S rRNA gene sequences analysis, are reported. Using the data it is shown that AOM-
mediated carbonate formation started within the sediment, below the sediment/water
interface, corresponding to the intervals with high AOM rates, i.e. where methane and
sulphate are abundant. Since Black Sea waters are anoxic, the carbonate growth direction is
suggested to follow the pathways of migrated methane (that is, mainly laterally or/and
upwards). Further, the lipid biomarker study integrated with a survey of 16S rRNA gene
sequences revealed a distinct difference in archaeal assemblage between the microbial
mats/carbonate crusts and the mud breccias. Nevertheless, AOM in these settings was
predominantly performed by archaea affiliated with the so-called ANME-1 group.

As a follow-up study Chapter 5 describes the finding of two novel macrocyclic
diphytanyl glycerol diethers (DGDs), containing one or two cyclopentane rings in the same
carbonates and describes in detail principal differences in membrane lipid structures of
Archaea and Bacteria. Structurally similar compounds were previously identified in the deep-
sea hydrothermal vent methanogen Methanococcus jannaschii (Comita et al., 1984) and in
this chapter, we show that these macrocyclic DGDs are not restricted to thermophilic
methanogens and could relate either to unknown methanogenic archaea or to other microbes
involved in AOM and carbonate shaping in cold-venting habitats.

Part I1 “The Gulf of Cadiz, NE Atlantic” includes Chapters from 6 to 8.

Chapter 6 provides evidence for the presence of two groups of hydrocarbon gases in
the Gulf of Cadiz. Both types of gases are relatively mature, allochthonous to the erupted mud
breccia and are represented by a complex of redeposited, secondary migrated, mixed, and
microbially altered hydrocarbon gas mixtures. The hydrocarbon gas data indicate the absence
of strong upward gas transport and active biological processes within ca. 50-100 cm bsf. This
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Chapter 1

indicates that at present at the studied locations of the Gulf of Cadiz hydrocarbon gas does not
escape into the overlying water column.

In Chapter 7, lipid biomarker data are presented which allow the comparison of mud
breccia matrixes of three MVs in the Gulf of Cadiz. It reveals strong compositional
resemblance as well as similar thermal maturity properties of the organic matter. This is
evidence that the primary source for the erupted material in all studied MVs from the Gulf is
derived from similar litho-stratigraphic units. This chapter also discusses the microbial
processes related to the methane cycle as evident from specific biomarker lipids and their
stable carbon isotopic compositions. Biomarkers for in-situ AOM processes were detected but
occur in relatively low amounts, suggesting that AOM rates after eruption of MVs and
formation of the mud breccia flows at sea floor ceased rapidly.

In Chapter 8, different horizons of a carbonate crust from the Gulf of Cadiz were
studied in detail to elucidate microbial diversity during the development of the crust within
the local methane-seepage habitat. A combined lipid biomarker and 16S rRNA gene sequence
analysis revealed a two-step development of the crust in habitats with varying pore fluid
compositions and methane flux environments. These changes likely affected the AOM
community structures, which were represented by ANME-1 and ANME-2 archaeal groups,
showing dominance of one group of archaea over another along the crust.

Chapter 9 (Synthesis) compares briefly the fluid venting phenomena in the Gulf of
Cadiz and in the Sorokin Trough. Based on the data presented in chapters 2-8, possible
geotectonic and environmental factors both in the present and in the geological past are
described. These have drastically influenced MV activity in both areas and, as a response,
microbial fabrics and carbonate-shaping ecosystems in general.
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Abstract

Molecular and stable carbon isotope properties of the hydrocarbon gas (methane
through pentanes) reveal their origin and/or source of and their subsurface microbial
alteration. This is defined in seven sediment cores collected from five mud volcanoes (MVs)
in the Sorokin Trough (NE Black Sea). The data obtained show that hydrocarbon gases from
all studied mud volcanoes and gas hydrates can be characterized and defined as a
consequence of oil cracking and/or biodegradation in the deep subsurface. Despite the first
evidence for different maturity properties, the wet gas components in all mud volcanoes and
gas hydrates are related to each other. Gases from mud volcanoes associated with up-doming
diapiric structures, possess a mixture of mature and probably secondary microbial methanes
with wet gases from the same source. Probably, the most mature, and unaltered gas in the
mud breccia from the Kazakov MV represents the original gas properties of the hydrocarbons
trapped in the deep subsurface of the Sorokin Trough. Analysis of the hydrocarbon gas data,
complemented with maturity characteristics of organic matter from the Maycopian rock clast
and mud breccia matrix implies that the original source of gases likely is located below the
Maycopian Shale Formation.
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PART I: The Sorokin Trough, NE Black Sea

1. Introduction

Mud volcanoes (MVs) are documented world wide in both on- and offshore locations.
They reflect the presence of hydrocarbon reservoirs in the deep subsurface. Gas and oil
seepage are related phenomena. The roots of MVs can reach down 20 km sediment depth
(Shnyukov et al., 2005), thus providing key information on the geological history of the area
and on the possible hydrocarbon potential (Ivanov et al., 1998; Ivanov, 2003). Comprehensive
investigations of numerous on- and off-shore mud volcano provinces have revealed the
overwhelming input of hydrocarbon gases (HCGs) in their formation. Eruptions are often
manifest in a catastrophic emission of fluids consisting of HCGs (especially methane),
hydrogen sulfide, carbon dioxide, petroleum products, water, and a complex mixture of
sediments, so called “mud breccia” (Ivanov et al., 1998; Akhmanov, 1996; Akhmanov et al.,
1998; Ivanov, 2003).

The Black Sea region is well known for the presence of fluid-related structures in
shallow to deep-water environments (Ivanov et al., 1989, 1992, 1998; Ginsburg et al., 1990;
Konyukhov et al., 1990; Kruglyakova et al., 1993; Limonov et al., 1994; Shnukov et al.,
1995; Woodside et al., 1997; Peckmann et al., 2001; Thiel et al., 2001; Michaelis et al., 2002;
Kenyon et al., 2002; Blinova et al., 2003; Bohrmann et al., 2003; Cifci et al., 2002; Ergun et
al., 2002), and there is an active debate about the possible sources of emitted fluids/HCGs. An
extensive overview about fluid fluxes and mud volcanism in the Sorokin Trough was
completed by Ivanov et al. (1998). Mazzini et al. (2004) partially introduced HCG data from
the Sorokin Trough in the context of formation of methane-related carbonates. Here, we
combined all data on molecular and stable carbon compositions of HCG from pelagic
sediments, mud breccias and gas hydrates collected during Training-Through-Research (TTR)
expeditions, in 1996 (ANAXIPROBE/TTR-6) and in 2001 (TTR-11) in the north-eastern part
of the Black Sea, within the Sorokin Trough (Figure 1). The data-set obtained during
ANAXIPROBE/TTR-6 expedition in 1996 resulted in the recognition of sixteen new MVs
(Ivanov et al., 1998). Re-visiting the Sorokin Trough during the first part of the TTR-11
cruise in 2001 aimed at a detailed investigation of previously discovered structures for
features associated with cold-seep phenomena. In this paper, we report on the molecular and
stable carbon isotope properties of methane through pentanes, that were defined to reveal the
origin/source of HCG and its eventual subsurface microbial alteration, in seven sediment
cores collected from five MVs in the Sorokin Trough (Figure 1 and Figure 2). All locations
are related to sites characterized by various acoustic anomalies associated with hydrocarbon
migration/accumulation (Ivanov et al., 1998; Bouriak and Akhmetzhanov, 1998; Kenyon et
al., 2002). The MVs are located relatively close to each other and are characterized by a suite
of distinct features, such as variable modes of mud eruptions and venting activity, which are
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Chapter 2

reflected in the mound morphology, in the occurrence of various fluid venting associates, such
as gas hydrates, methane-related carbonates with microbial mats (Ivanov et al., 1998; Mazzini
et al., 2004; Stadnitskaia et al., 2005), or in lithological characteristics of the erupted material
(Figure 2).

35°00’'E 35°30E  36°00°E

Odessa
TTR-6 BS-288G
TTR-11 BS-336G

e1largeci/7
X r
e a\_.ac Sea

oy

40°N H44°30'N

NIOZ

Figure 1. Location map F - TTR-11 BS-325G, NG
(modified after Ivanov te al., [ Unnamed = AT 7> - Mo 0
1998) of the study area | Ll el ot 2 Qs

showing  sampling  sites _ %}%ﬁi"’%‘ - 95/-1‘332:‘?:'-’ 7 /,Efé PPN E
chosen for the hydrocarbon [~ ﬁ'f‘%ﬂf@ﬁgﬂ%’g’ .~ TTR-6 BS-293G 1
gas study, and seismic and [ 5 ",jg,’ 5“??%—’@" TTR-11 BS:331G |
deep-towed side scan sonar S | [M-ag/ MAK-1lines  Kazakov  sampling site s ]44°00N
I\I/IIAK-I lines obtained/ during ¢ | qusciismic . % location ]
the = ANAXIPROBE/TTR-6 E.... [T [ id ' T [ ]
(1996) and TTR-11 (2001)

cruises.

2. Geological and tectonic background

The Sorokin Trough is situated south-east of the Crimea peninsula, and forms one of
the largest depressions in the Eastern Black Sea. The Trough extends from the Chaudian
promontory on the Kerch Peninsula to Yalta, has a length of about 150 km and is 45-50 km
wide (Tugalesov et al., 1985). The Trough is orientated from SW to NE in water depths of
600-2100 m (Figure 1). To the south-east it is bounded by Cretaceous-Eocene Tetyaev and
Shatsky uplifts (Belousov et al., 1988). It gradually narrows to the NE (Belousov, et al.,
1988). The Sorokin Trough is considered to have formed the Crimean Alpine foredeep
established during Maykopian (Oligocene-Early Miocene) time, which is known as a period
of abrupt tectonic changes associated with culmination of the Alpine-Himalayan orogeny.

The depocentre of the Sorokin Trough contained up to 2-3 km Paleocene-Eocene
sediments (Belousov, et al., 1988), and up to 5-6 km Oligocene-Early Miocene Maycopian
Shale, the Maycopian Shale Formation (MSF), which forms numerous diapiric structures
(Tugolesov, et al, 1985). The total thickness of the overlying Middle Miocene-Pliocene
sediments is rarely over 1 km, while Quaternary sediments attain up to 2-3 km in thickness,
mainly due to accumulations in the paleo-Don/paleo-Kuban Pleistocene composite fan
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PART I: The Sorokin Trough, NE Black Sea

(Tugolesov et al., 1985; Woodside et al.,; Ivanov et al., 1998; Bouriak and Akhmetzhanov,
1998). The thickness of the Quaternary sediments is controlled by the underlying complex of
mud-diapiric systems (Limonov et al., 1997), which originate from the protrusion of plastic,
fluid-saturated Maycopian Shales (Woodside et al., 1997).

Maycopian diapiric folds among of the most spectacular structural characteristics of
the Sorokin Trough’s sediment fill (Limonov et al., 1997; Ivanov et al, 1998). The MSF is the
regional source rock in basins from the Carpathians in the western Black Sea region, through
the Crimea and the Caucasus Mountains, to the South Caspian Basin in the east. Besides, the
MSF also locally includes reservoirs with significant oil and gas accumulations. In the
Sorokin Trough, Maycopian diapirs are intensively faulted (Limonov et al., 1997; Ivanov et
al, 1998). In some cases, faults continue into the Quaternary sediments or reach the seafloor
and occur as large parallel NW-SE orientated fissures (Woodside et al., 1997; Limonov et al.,
1997, Ivanov et al., 1998; Bouriak and Akmetzhanov, 1998).

Most MVs are situated on the flanks of the Maycopian diapiric ridges (Ivanov et al.,
1998). Seismic and acoustic records obtain during the TTR-6 (1996) and TTR-11 (2001)
expeditions in the Sorokin Trough show various signs of the presence of gas. On a number of
seismic sections and acoustic lines acoustically transparent zones, which indicate fluid
migration pathways, were detected (Ivanov et al., 1998; Bouriak and Akhmetzhanov, 1998,
Kenyon et al., 2002). Secondary accumulations of hydrocarbons are reflected by numerous
acoustic anomalies, which have been traced at the flanks of diapirs and between deep fault
systems in Pliocene-Quaternary sediments (Bouriak and Akhmetzhanov, 1998; Kenyon et al.,
2002).

3. Sampling, material and methods

All sediments collected during the ANAXIPROBE/TTR-6 and TTR-11 cruises were
obtained using a 6 m long gravity corer (ca. 1500 kg) with an internal diameter of 14.7 cm
(Kenyon et al., 2000, 2001). In total, 25 sediment cores showed gas saturation and ten out of
these contained gas hydrates (Ivanov et al., 1998; Mazzini et al., 2004).

Presence of gas was also frequently noted in freshly recovered mud breccia and
hemipelagic sediments. This is reflected in the formation of gas forced gaps induced by
substantial sediment expansion. Subsampling for HCG analysis was subsequently performed
taking into consideration the lithology of the recovered sediments. The degassing was
accomplished according to the Head-space technique (Bolshakov and Egorov, 1987). To
reduce intensive degassing, especially from mud breccias with gas hydrates, subsampling of
such sediments was carried out in a cold-room with a constant temperature of -15 to -20°C.
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PART I: The Sorokin Trough, NE Black Sea

Gases from gas hydrates were then obtained by spontaneous degassing in salt-saturated water
solution (Mazurenko et al., 2002).

The molecular composition of HCG in the C; through Cg range, including alkenes
(ethene, propene and butene) and alkanes with isomeric molecular structure (iCs, iCs and
2iCs) were determined in the laboratory using a gas chromatograph (GC) equipped with an
on-column injector and a flame ionization detector. Gas components were separated on a 3 m
packed column with activated Al,O; as a stationary phase. The samples were injected at 40°C
and this temperature was held for 10 min. Then the GC oven temperature was raised to 70°C
at a rate of 1°C/min. The temperature was then held constant for 20 min.

Consideration must be given to the fact that part of the gases may have been lost on
deck due to active degassing of the recovered sediments during sectioning and cutting of the
cores. Thus, we do not direct our attention on the general concentration level, although
concentrations of HCG are still high even with a partial loss. Taking into account that the
“head-space” technique is a qualitative rather then a quantitative method, the absolute
concentration (expressed as ml/l of wet sediment) values are used here only to indicate the
trends of the HCG distribution profiles and to reveal in situ microbial alteration of migrated
gaseous constituents, e.g. AOM and C,; consumption. The later should be reflected in the
molecular and stable carbon isotope properties of the HCG mixture.

The carbon isotope ratios from C; to Cs including iC4 and iCs HCGs were measured
on a Finnigan Delta S mass spectrometer with a HP 5890 GC and a GC-combustion interface.
Methane was separated on a 5A molecular sieve plot column using either split- or split-less
injection, depending on the concentrations. Alkanes C,-Cs were cryogenically enriched
(trough trapping in liquid nitrogen) and separated on a poraplot-Q column. The carbon stable
isotope concentrations are expressed in the d-notation (%o) relative to Vienna Pee Dee
Belemnite (VPDB) standard. The overall precision for the stable carbon isotope
measurements by parallel definitions was ca. 0.3 %o for C; and C-.

4. Results

4.1. Molecular and stable carbon isotope properties of HCG
4.1.1. Sediments

The natural gases from the five MVs in the Sorokin Trough (Figure 1) show different
molecular compositions. Methane is the dominant alkane of all HCGs. Its concentration varies
from 0.02 to 170 ml/l and its content ranges from 47.9 to 99.9 % relative to the total HCGs
(Table 1). The lowest abundances of methane were detected in the topmost sedimentary
intervals, where AOM processes are active (Stadnitskaia et al., 2005).
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components, including ethane (C,), propane
(C»), iso-butane (iC4), normal butane (nCy),
iso-pentane (iCs), normal pentane (nCs), and
iso-hexanes (iCq), was detected in mud
breccias from the Kazakov MV (Figure 3).
In contrast, mud breccias from the NIOZ
MYV showed only the presence of C,. gases
till Cs. Although C,; contents did not exceed
0.3 % from the total HCGs, sediments from
the Odessa MV contained a suite of methane
homologues to Cs including iC4 and iCs, and
mud breccias from the Tbilisi and Unnamed
MVs were represented by a set of alkanes
from C, through C,4 (Figure 3).

Except for the Kazakov MV, where
Cs is the main methane homologue, all other
MVs displayed C, as the dominant
constituent among the detected wet gas
components (Figure 3). The prevalence of C;
in the Kazakov MV is reflected in the low
(0.8-1.1) ethane/propane ratio.
Simultaneously, the Tbilisi and Odessa M Vs
show ethane/propane ratios of ca. 7.2 -7.8. In
the NIOZ MYV, this ratio is on average ca.
72.2 and in the Unnamed MVs, the ratio is
about 1.3 (Table 1).

Figure 3. Molecular composition and relative
abundance of wet gas components. Abundances
represent an average percentage of each
methane homologue relative to the amount of
total wet gas components. Filled bars indicate
data from the TTR-11 (2001) cruise and dashed
bars refer to data from the
ANAXIPROBE/TTR-6 (1996) cruise.
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Chapter 2

Table 1. Continuation.

Unnamed MV
TTR-6 BS-292G
% from | concentration,
depth total mi/l wet concentration n x 10 mi/l wet sediment molecular ratios
o"'| TOC, |identified|  sediment
0
b.sf wt % | HC gas
methane ethane ethene propane propene bLStg';e C,/C, C,/C3 Ci/(Cy+C3) C4/Cyy CrHpnso/CrHyy
0 0.7 99.97 37.2 82.6 3.8 8.3 1.5 21 4500.0 10.0 4090.9 3783.8 17.5
27 0.6 99.96 31.0 110.9 5.0 9.7 4.7 2.7 2792.6 11.4 2567.2 2328.2 12.7
49 0.8 99.96 46.3 1649 nd* 9.7 2.4 21 2808.6 16.9 2652.0 2586.5 74.9
57 0.7 99.97 19.2 39.5 5.9 5.6 3.8 1.5 4850.7 71 4248.4 3403.1 4.8

n.d.* - not determined

Unsaturated HCGs, such as ethene (C,.;), propene (Cs.;), and butenes (Cs.1), were detected at
all sampling locations (Table 1). Overall concentrations of unsaturated HCGs were relatively
low; the dominance of C, over C,.;; and C; over Cj;.; is clear. Conversely, the concentrations
of Cy4.; is often higher than nC, and its distribution trend is often not concurrent with other
hydrocarbons (Table 1).

Table 2 shows §">C data for three cores, from the Odessa, Kazakov, and NIOZ MVs.
These locations were selected for a detailed study of the C;-Cs stable carbon isotope
variations along the sedimentary successions. Ranges of stable carbon isotope compositions
for the C;-Cs hydrocarbons and the mean isotopic separation between ethane-methane and
propane-ethane pairs are listed in Table 2. The 8"°C of C; and C, values of the Kazakov MV
showed 10 to 20 %o heavier values compared with the C; and C, from the Odessa and NIOZ
MVs. The 8"°C values of Cs in the Odessa MV appear to be remarkably enriched (Table 2). In
the Kazakov MV, nC,4 and iC4 show the same 8'3C characteristics. Down-core the 8'°C values
of C,-Cs alkanes remain the same. Only nCs showed marginal changes in its 8"°C values
along the mud breccia (Table 2).

4.1.2. Gas hydrates

Table 3 shows the molecular and isotope properties of HCG from the gas hydrates.
Four gas hydrates show relatively similar molecular compositions of the C,:+ components.
Three gas hydrates from the Odessa MV have similar 8"°C values of C;, whereas the gas
hydrate from the Unnamed MV displays more '*C-enriched methane (Table 3). The §"°C
values of C, from both the gas hydrate and the sediments from the Odessa MV (TTR-11 BS-
336G), were also identical (Table 2 and Table 3). The §"°C signature of Cs and iCs in the gas
hydrate from the Odessa MV (TTR-11 BS-336G) is the same as found in the mud breccia
from the Kazakov MV. The 8'"°C values of nC, and iC4 gases in the gas hydrate display the
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PART I: The Sorokin Trough, NE Black Sea

same &'°C values as the Cs HCGs
Bl B . - L

azakov able 2 and Table 3).

50 0" » PO I
% 1000 B “ ¢
5. Discussion K] [ .
4
5.1. Methane g 150% ¢ :.'Fl.
Primary thermogenic | & 200 o
= .
methane has 8'"°C values of -55 %o Y o o a"
(Sackket, 1978), and becomes | © 250 0.
heavier with increasing thermal 3004 : .
maturity (Rice and Claypool, 1981). 0 2500 5000
In the Kazakov MV, the 8"C, C1/(C2+C3)
values of ca. -56 %o are
ot & Thilisi My  OKazakov MV

f:ha‘ract.erlstlc for. all  samples, mOdessa My @Unnamed MV
indicating relatively mature < NIOZ MV
properties of the methane. In

contrast, the 8”C of C, in gas
hydrates (Table 3) and sediments
from the Odessa MV, in the gas

Figure 4. Bernard parameter as a function of depth
showing compositional variations of the HCGs induced by
microbial interactions in the wuppermost part of
sedimentary column (grey area).

hydrate from the Unnamed MV, and
in the mud breccia from the NIOZ MVs (Table 2) show average values of -65 %o, -60 %o, -68
%0 and -63 %o, respectively, indicating a microbial origin of methane (Rice and Claypool,
1981). In the Odessa and NIOZ MVs, the uppermost sediments show inequable §'°C; values,
ranging from 3 %o to 7 %o, respectively (Table 2). Since both locations are characterized by
the presence of AOM-mediating-microbial mats and associated development of authigenic
carbonate crusts (Mazzini et al., 2004; Stadnitskaia et al., 2005), the changes in stable carbon
isotope ratios most likely are the consequence of active microbial processes, including of
AOM (Stadnitskaia et al., 2005).

Accordingly, the stable carbon isotope data indicate the presence of two types of
methane: (i) relatively mature methane in the Kazakov MV and (ii) microbial/immature
methane in the Odessa and NIOZ MVs.

5.2. Wet gas components

Figure 3 and Table 1 show significant differences in the presence of C,+ compounds
among the studied MVs. Despite the generally “dry” gas characteristics of the HCGs, in all
sampling locations, the concentration of each wet gas constituent is relatively high. Figure 4
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Chapter 2

demonstrates the Bernard parameter, C,;/(C,+Cs3), for gas data as a function of depth. Almost
all locations studied show C;/(C,+Cs) ratio’s above 1000, indicating gas mixtures of
microbial origin (Bernard et al., 1976). The highest scatter of C,/(C,+Cs) values, which
results from microbial activity, is observed in the uppermost ca. 100 cm of almost all MVs
(Figure 4). Only mud breccias from the Kazakov MV are characterized by a pronounced wet
gas signal, as reflected in ratio C,/(C,+C3) values below 50. This indicates that HCG from this
MV results from thermogenic gases related to petroleum (Bernard et al., 1976). The low
values of the ethane/propane ratio in the Kazakov MV also indicate that the gas derived from
a petroleum source rather than from non-associated or biogenic natural gas. In contrast,
ethane/propane ratios from other MVs show a wide range of values (Table 1). Such a high
variability of values likely results from secondary processes, such as migration, microbial
alteration or a combination of these.

Despite the different suites of C,+ components in the MVs and gas hydrates, the

interval 5'°C Isotope separation

cm b.s.f methane ethane propane iso-butane n-butane iso-pentane n-pentane| §'°C (C,-Cy) e (C5-Cy)

Kazakov MV: TTR11 BS-331G

20-25 -55 -42 -33 -30 -30 -28 -29 14 9

40-45 -55 -42 -33 -30 -31 -28 -29 14 9

79-84 -56 -42 -34 -31 -31 -28 -28 14 8
99-101 -56 -42 -34 -31 -31 -28 -29 14 9
140-142| -56 -42 -34 -31 -31 -28 -29 14 8
160-166| -56 -42 -34 -31 -31 -28 -30 14 8
Average -56 -42 -34 -31 -31 -28 -29 14 8
Odessa MV: TTR11 BS-336G

0-17 -70 -51 -18 n.d. n.d. n.d. n.d. 19 33

20-27 -68 -50 n.d.* n.d. n.d. n.d. n.d. 17 -

30-37 -68 -51 -17 n.d. n.d. n.d. n.d. 17 34

50-55 -67 -51 -22 n.d. n.d. n.d. n.d. 16 29

69-78 -70 -32 n.d. n.d. n.d. n.d. n.d. 39 -
123-138| -67 -51 -22 n.d. n.d. n.d. n.d. 16 29
148-158| -67 -46 -22 n.d. n.d. n.d. n.d. 21 24
Average -68 -47 -20 21 30

NIOZ MV: TTR11 BS-325G

0-4 -66 -49 n.d. n.d. n.d. n.d. n.d. 17 -
8-11 -67 -44 n.d. n.d. n.d. n.d. n.d. 23 -
22-27 -61 -50 n.d. n.d. n.d. n.d. n.d. 11 -
52-57 -60 -46 n.d. n.d. n.d. n.d. n.d. 14 -
87-88 -60 -49 n.d. n.d. n.d. n.d. n.d. 11 -
Average -63 -47 15

n.d.* - not defined
Table 2. Stable carbon isotope composition of hydrocarbon gases, %o 8'°C vs VPDB standart.
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PART I: The Sorokin Trough, NE Black Sea

presence of high molecular weight n-alkanes in gas mixtures, especially the C4-Cq
constituents, signifies an input of thermogenic hydrocarbons from deep sources (Cline and
Holms, 1977; Sandstorm et al., 1983; Hunt, 1995; Pepper and Corvi, 1995). The absence of
correlation with the TOC content

10° : — is an additional argument for an

D raduston i@:ﬁ%{}'{;{%{ ’ ] allochthonous nature of the Cs.

R 10%E % 5 Ry gases to the erupted and
& ; & redeposited MV deposits.

§ 10 mﬁ/ In addition to diagnostic

% 102k g‘g \\\ chemical-compositional gas ratios

© A (Table 1), the Bernard diagram

10 imsnmocsmcﬁ ,\/L;g (Figure 5; Bernard et al., 1978;

-------- ! E Faber and Stahl, 1984) designates

107 ' ' — two hypothetical gas  types.

-100 -80 -60 -40 -20

Hydrocarbon gases from the
Kazakov MV fall within the
mixing range, close to the

813C-methane (%)

€ Kazakov MV  QONIOZ MV
@ Gas hydrates [] Odessa MV

“thermogenic gas” area, with a

general trend to originate from
Figure 5. Bernard diagram to outline gas types (after

Whiticar, 1994) deeper reservoirs. In contrast,

HCGs from the rest of the MVs
and gas hydrates show less mature, microbial signatures indicating shallow reservoirs (Figure
5). Furthermore, the smaller isotopic separation between the ethane-methane and propane-
ethane pairs suggests in general higher maturities for the HCGs in the mud breccia from the
Kazakov MV. However, the two genetic types of the HCGs identified, have to be considered
with great care, since post-genetic processes such as chemical and microbial alteration,
mixing and/or physical migration may radically modify the original molecular and stable
carbon isotope signatures of a gas mixture (Galimov, 1967; Lebedev and Syngayevski, 1971;
Prinzhofer and Pernaton, 1997; Prinzhofer and Battani, 2003).

5.3. Secondary processes
5.3.1. Biodegradation
5.3.1.1. Saturated HCGs

The dryness of HCGs may partially result from subsurface biodegradation processes,
which can provoke supplementary loss of C3;-Cs components (Heritier et al., 1979, Larter and
Primio, 2005). Our data show that all sampling locations are characterized by the presence of
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C, through Cs (Cs) HCGs with methane
contents of almost 100 % (Table 1). Recent
studies of gas and oil biodegradation processes
demonstrate increasing evidence that dry-gas
fields
degradation of oil (Dimitrakopoulos and
Muehlenbachs, 1987; Pallaser, 2000; Larter
and Primio, 2005). During the utilization of n-

developed from the microbial

alkanes, C;, nCs and nCs are preferentially

removed while the iso-alkanes show
considerably reduced degrees of removal
(Connan and Coustau, 1984; James and Burns,
1984; Larter, 1993). This is reflected in high
iC4/nCy ratios (Pallasser, 2000; Larter and
2005).
biodegradation processes resulted in the drying
of the HCGs, and in elevated C,/Cs; and
iC4/nCy ratios. Although the highest C,/Cs and

iC4/nCy4 values are attributed to the uppermost

Primio, Figure 6 indicates that

sediment intervals, Table 1 shows that these
ratios remain generally high throughout the
sedimentary column. At the same time, all
MVs are characterized by anomalously light
8'°C values of ethane (Table 2). All together,
this suggests that the HCGs from each studied
location represent products of subsurface oil
biodegradation. This is consistent with the
results of lipid biomarker studies of sediments
from the same sampling locations
(Stadnitskaia et al., in press), which so far
suggest the presence of oil and various stages
of its microbial alteration.

Simultaneously, the presence of “C-

enriched propane (James and Burnes, 1984)

4000
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|
-&II . -
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Figure 6. The relationship of gas ratios to
ethane-methane carbon isotope separations.

together with *C-depleted methane (Pallasser, 2003) in sediments from the Odessa MV
(Table 2) provides evidence for microbial gas modification in the subsurface. This implies
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PART I: The Sorokin Trough, NE Black Sea

that HCG initially derived
from oil biodegradation, was
further microbially altered
before it reached the surface
sediments.

Previous study of the
same MVs revealed recent
active microbial processes in
the uppermost ca. 30 cm
(Stadnitskaia et al., 2005). In
all MVs this
characterized by the highest
C,/C3z and iC4/nCy4 values
(Table 2) and by changes in
the 8'*C composition of Ci-

interval 1is

C4 components (Table 2),

C4:1, % from total HCGs

0.7
0.6
0.5
0.4
0.3
0.2

0.1

i
0.0 1l H -
0 20 40 60 80
iCalnCas
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Figure 7. The relationship between C4 hydrocarbon gases.

which  indicates in-situ
oKazakov
0.02 - m Odessa
®NIOZ
gas hyd.
Ol (Odessa MV)
O /7
8 0.01 - ) %QQ//
N
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’/
/.
/7 »
0.00 +< 4.&5".‘ .
-80 70 60 50
813C1

Figure 8. Mixing diagram C»/C; vs 8"°C of methane.

microbial alteration/consumption
of already biologically modified
and upward migrated HCGs in the
topmost sediments. Furthermore,
this that
utilization of C,; components is

suggests microbial
taking place together with active
methanotrophy (Stadnitskaia et
al., 2005, 2006).

5.3.1.2. Unsaturated HCGs
Marine organisms produce
both ethene and propene, and

these hydrocarbons are not
present in thermogenic gases
(Hunt, 1974). The distribution

profiles of CyHz,» in the all

locations are dominantly not coherent with “consumption signatures” of C; and C,;+ HCGs as
was noticed in the cold-venting sediments from the Gulf of Cadiz (Stadnitskaia et al., 2006).
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In almost all studied locations, these hydrocarbons appear throughout the whole sedimentary
successions, which is indicative of their allochthonous nature rather than for in-situ
biosynthesis (Table 1). Overall, C; and C; are predominant over C,.; and Cs., respectively,
indicating the mature characteristics of the gas mixtures. Still, these hydrocarbons in the
sediments can be indicative of either microbial activity or other non-thermal subsurface
processes (Hunt, 1975).

In contrast, concentrations of butenes often exceed concentrations of C4 alkanes
(Table 1). The biological source for butenes is unknown. Hence, their high concentrations
possibly are the result of cracking of early petroleum products rather than a product of deep
subsurface microbial degradation. This view is supported by the fact that the highest
Cy.jcontent is related to the HCGs from the Kazakov MV; these are characterized by the most
mature chemical properties compared with all other MVs (Figure 7).

5.3.2. Mixing and migration

Mixing of gases of different origins is a common phenomenon (Whiticar, 1994).
Nevertheless, our data show the absence of an expected linear relation between the C,/C; ratio
values and the 8'°C signatures of the methane (Figure 8). Instead, a “curved trend”, which is
incompatible with a scenario of mixing between a thermogenic and microbial end-members,
is clearly displayed. Such a distribution was previously reported by Prinzhofer and Battani,
(2003) for gases from the North Sea field, and was interpreted as resulting from chemical and
isotopic fractionation during leakage of a thermogenic fluid accumulated in a reservoir
located below.

On the other hand, fields of primary gases are delineated by the °C differences of co-
genetic methane-ethane pairs (Schoell, 1983), where in a thermogenic C;-C, pair, ethane is
enriched between 5 %o and 10 %o in °C (Whiticar, 1994). In the sediments and gas hydrates

Odessa mud volcano Unnamed MV
TTR-6 BS-288G TTR-6 BS-288G TTR-11 BS-336G TTR-6 BS-292G
hydrocarbon molecular 5'%C, molecular 5'3C, molecular s*c, molecular s*c,
gas composition, mole %o composition, mole %o composition, mole %o composition, mole %o
% VPDB % VPDB % VPDB % VPDB
methane 99.87 -65 99.93 -65 99.93 -67 99.7 -60
ethane 0.09 - 0.04 - 0.05 -51 0.18 -
propane 0.03 - 0.02 - 0.02 -34 0.09 -
iso -butane 0.01 - traces - 0.01 -29 traces -
n-butane traces - trases - traces -28 0.01 -
iso -pentane n.d. - n.d.* - traces -28 n.d. -
n-pentane n.d. - n.d. - n.d. - traces -
n-hexane n.d. - n.d. - n.d. - traces -

*n.d. - not definded

Table 3. Molecular and carbon isotopic composition of hydrocarbon gases from gas hydrates. 45
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Figure 9. Diagram distinguishing maturity trend from a
biodegradation trend (after Prinzhofer and Battani, 2003).

from the Odessa MV and in the mud
breccias from the NIOZ MV, s (Cr-
C:) separation values are in general <
15 %o, indicating the absence of a co-
genetic origin of the methane and
ethane (Silverman, 1971). The 8“C
(C,-C)) and the 8"C (C3-C,) values in
the gas hydrate from the Odessa MV,
(16 %o and 17.2 %o, respectively), are
clearly different from those in the
(Table 2).
Simultaneously, the smallest 8°C (C»-

surrounding  sediments
Cy) separation values (ca. 14 %o) are
attributed to the mud breccia from the
Kazakov MV, implying a minimum
admixture of none co-genetic gas
during migration.

addition the
biodegradation processes as discussed

In to
in the previous section, the observed
differences in the molecular and stable
carbon isotope compositions also may
partly result from a combination of
adsorption/desorption processes during
gas migration from various sediment
depths, as well as may reflect the

intensity of fluid transport. Several migration experiments, where gas migration occurs by

diffusion through saturated or not with water a slice of shale or sandstone, Prinzhofer and

Battani, (2003) demonstrated a purely microbial 8"°C signature for methane and a §"C

signature corresponding to mixing, while the initial gas is actually of a thermogenic origin.
With regard to the molecular composition of C,+ HCGs, Coleman et al., (1977) showed that
migrated gases may be completely stripped of C,+ hydrocarbons. In fact, depletion in wet gas

components dominantly occurs due to shallow gas migration (Schoell, 1983). Gas leakage

through less permeable, less consolidated and fluidized sediment pathways result in

segregation of C,+ HCGs (Schoell, 1983) or in retrograde condensation of Cs hydrocarbons in

reservoirs of lower pressure (Silverman, 1971). Accordingly, the dry characteristics of the
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HCGs and the compositionally instable suite of the C,+ compounds from the Unnamed,
Tbilisi, NIOZ, and Odessa MVs may partially result from shallow migration. Such type of
fluid transport is anticipated since numerous signs indicating the presence of gas in the
sediments in the Sorokin Trough at ~ 250-300 m below the seafloor surface were observed
during numerous geophysical surveys in the area (Ivanov et al.,, 1998; Bouriak and
Akhmetzhanov, 1998; Krastel et al., 2003).

On the contrary, deep-migrated HCGs would increase the gas wetness (Schoell, 1983).
The wet characteristics and the stable isotope properties of HCG from the Kazakov MV thus
point toward greater depths for gas migration compared to the other MVs. Besides, the
constant and not significantly altered 8"°C composition of C;-Cs HCGs suggests recent
activity of the MV and, accordingly, rapid fluid transport from the depths below.

5.4. Source evaluation

The original gas source as well as the level of maturity is imprinted in the 8"C
signatures of C,-C4 (Cs) constituents (James, 1990). Microbial alteration and mixing
processes can significantly change initial source/maturity signatures, making recognition of
these both parameters difficult. As was outlined above, all HCGs result mostly from oil
cracking and/or biodegradation processes. The extent of alteration of these gases and oils,
which were initially derived from the same reservoir, subsequently migrated further, mixed
and biodegraded, do not parallel each other. No direct relationship between the extent of
microbial alteration and mixing in all studied HCGs, although all gases exhibit effects of both
processes. The gas from the Kazakov MV is the least altered and the most mature, and may
thus still exhibit source fingerprints. Only in this HCG the 8"°C values of the wet gas
components almost follows the regular progression of their carbon isotope compositions
(James, 1990). The §'"°C signatures of methane from the Kazakov MV do not indicate deep-
formed methane from overmature zones below zones of oil generation (Table 2). However,
the 8'°C values of initial methane formed from cracking reactions in petroleum range from -
50 %o to -60 %o (Schoell, 1983). In the Kazakov MV, the carbon isotope composition of C;-
Cs, however, is identical from sample to sample in the sedimentary column (Table 2). Such
similarities of the individual wet gas components and maturity properties suggest that these
HCGs all came from the same source.

By contrast, the §'°C signatures of methane in gas hydrates from the Unnamed MV, in
gas hydrates and sediments from the Odessa MV, and in the mud breccia from the NIOZ MV
contain light 8'°C; compositions and appear to be composed of predominantly microbial
methane mixed with minor amounts of mature gas. This may imply that methane from all
mentioned MVs might have been characterized as derived from different sources and with
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C, c, C, iC, nC, iC, nC, different maturity compared to
; . . : : : , the methane from the Kazakov
MV. Alternatively,
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-40 A processes (Pallasser, 2000) and
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attributed to the presence of

Figure 10. Isotope type curve for a gas hydrate sample collected “secondary  microbial  gas”.

from the Odessa MV (black circles) and average 5"°C values of However, the gas hydrate from
C-Cs HCGs from the Kazakov (white circles) MV. Grey the Odessa MV shows stable
geometrical figures indicate 3"°C of C, from other gas hydrates

collected from the Odessa and Unnamed MVs during the TTR-6 o 3
in 1996. alkanes similar to the &°C

carbon isotope values of C;-Cs

values of C; and C, from the
Odessa MV and to the 8'°C values of C; and iCs from the Kazakov MV. The §'3C values of
C, from all locations are exceptionally light, which additionally supports the idea that HCGs
originated from early cracking products of petroleum, known to be depleted of heavy isotopes
(Schoell, 1983). Figure 9 shows that HCGs from all locations studied dominantly fall into the
maturity field, reflecting a more rapid decrease of iC4 proportions relative to Cs proportions
(Prinzhofer and Battani, 2003). Biodegradation may also be defined in the sediments from the
Odessa MV (Figure 9a), as during this processes Cs is more efficiently altered than iC4 (James
and Burnes, 1984; Prinzhofer and Battani, 2003). The latter is consistent with the §13C values
of the C3 component, clearly indicating its microbial consumption (Table 2).

Concurrently, the 8°C of C; in the gas hydrates and sediments from the Odessa MV,
gas hydrates from the Unnamed MV and mud breccia from the NIOZ MV resemble each
other (Figure 10). The depleted 8'°C signatures of the methane from gas hydrates and all
studied MVs (except the Kazakov MV) together with the “dry” gas characteristics of the
HCGs are rather the effect of physical and/or mechanical secondary processes, such as
shallow gas migration and its partial dilution with immature methane. In this case, the isotope
composition of the higher molecular weight components remains unaffected by non-
biological processes.

Accordingly, on the basis of analysis of the wet-gas component and the molecular and
stable carbon isotope compositions, the origin of HCGs from all studied MVs and gas
hydrates can be defined as a consequence of oil cracking and/or biodegradation in the deep
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subsurface. Except at the Kazakov MV, a complex suite of post-depositional processes has
changed the original properties of the gas mixtures. This is evidence for shallow, mainly
dispersed fluid transport of already redeposited HCGs, supplemented by microbial alteration
processes in the subsurface. In contrast, the composition of HCG in the mud breccia from the
Kazakov MV evidently provides evidence for rapid and focused fluid transfer from the deep
subsurface towards the seafloor.

Containment of overpressured fluids is most effectively accomplished in
compressional tectonic regimes (Sibson and Scott, 1998), in our case thus assuming the
presence of overpressured sediments or fluids below or within the Maycopian Shales.
Numerous acoustic anomalies in sub-bottom sediments reflecting shallow accumulations of
hydrocarbons were ascribed to the presence of Maycopian diapir-bodies, which served either
as a source for these fluids or as a secondary trap for migrated and re-deposited hydrocarbons
(Ivanov et al., 1998; Bouriak and Akhmetzhanov, 1998; Kenyon et al., 2002). The presence of
material from the MSF in the mud breccia from the Kazakov MV (Ivanov et al., 1998) does
indicate that fluids percolated through the MSF. These could form a potential source for
HCGs. However, the presence of MSF material in the mud breccias (Ivanov et al., 1998;
Kozlova et al., 2003) does not necessary identifies the Maycopian sequence as the only
possible unit from which the initial fluid was generated. Previous studies of the Maycopian
mud breccia rock clasts (Kozlova, 2003) and mud breccia matrixes (Stadnitskaia et al., in
press) revealed generally immature properties of the organic matter. This is not consistent
with the chemical and stable carbon isotope characteristics of the studied HCGs, especially
from the Kazakov MV. Considerable quantities of non-microbial thermogenic methane are
not generated until the temperature is higher than 100 °C (Frank et al., 1974); C,-C4 gaseous
compounds are formed primarily between 70 and 150 °C (Hunt, 1995). In general, the gas
generation window is situated within the temperature intervals of ca. 105-155 to 175-220 °C
(Pepper and Corvi, 1995), which indicates that the original source of HCGs is located deeper
than the source strata for the erupted sedimentary material, e.g. can be found below the MSF.

Accordingly, all gases, except those from the Kazakov MV, are mixtures of differently
originated/altered methanes and their mature wet gas components, and have a common origin.
The similarity of the 8'°C properties of HCGs in the gas hydrates from the Odessa MV and
from the Kazakov MV, supports this suggestion. Our data show that wet gas components in
all MVs are related to each other and that HCGs from the Kazakov MV most probably
represent the original gas properties of hydrocarbons trapped in the deep subsurface of the
Sorokin Trough.
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6. Conclusions

Hydrocarbon gas from mud breccias and associated gas hydrates collected from five
MVs in the Sorokin Trough have been studied to reveal their sources and to identify the post-
depositional processes affecting their molecular and stable carbon isotope properties.

HCGs from all studied MVs and gas hydrates can be defined as the result of oil
cracking and/or biodegradation in the deep subsurface. The “dry” characteristics of the HCGs
and the compositional variations in C,+ from the Unnamed, Tbilisi, NIOZ, and Odessa MVs
appear to result partially from (i) by a chemical and isotopic fractionation during fluid leakage
from redeposited accumulations during shallow migration; (ii) “secondary microbial gas”
resulted from oil biodegradation; (iii) a combination of both. No direct relationship appears to
exist between the extent of microbial alteration and mixing/migration in all studied HCGs,
although all gases exhibit the effects of both.

The resemblance of stable carbon isotope properties in HCGs from the gas hydrate in
the Odessa MV and the mud breccia from the Kazakov MV, and the light 8"°C values of
ethanes in all MVs indicate that wet gas components have a common origin. The gas data
indicate that the original source of the gases likely is located below the MSF. Accordingly,
gases from MVs related to up-doming diapiric structures (e.g. the Odessa and the NIOZ MVs)
represent a mixture of mature and likely secondary microbial methanes. Wet gas components
in all MVs are likely related to each other; the HCGs from the Kazakov MV probably
represent the original gas properties of the hydrocarbons trapped in the deep subsurface of the
Sorokin Trough.
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Organic Geochemistry: In Press

Abstract

Mud volcanoes (MVs) are formed by expulsion due to lateral or vertical compression
of overpressured fluids in the subsurface. Their sediments are characterized by a specific
lithology called mud breccia, which is composed of inorganic and organic matter sourced
from different sedimentary units and transported from the subsurface to the seafloor.
Biomarker lipid distributions were determined in sediment cores collected from the Kazakov,
NIOZ and Odessa MVs in the Sorokin Trough, north-eastern Black Sea. This revealed
different mud breccia sources that are directly linked to the location of the fracture zones or
diapiric folds formed by tectonic compression. The Kazakov MV shows biomarker
characteristics of relatively mature organic matter, which is likely related to the Maycopian
Shale Formation. The NIOZ and Odessa MVs contain immature organic matter derived from
much shallower sediments overpressed by rising Maycopian diapirs. In the mud breccia from
the NIOZ MV, biomarkers clearly recorded two different mud eruption episodes reflected in
distinct distributions from unrelated sedimentary facies. Hence, this study shows that although
the organic matter of a mud breccia is sourced from a complex mixture of lithofacies, the
collective biomarker signal reveals specific signatures of those sedimentary sections that
contributed most to the migrated fluid.
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1. Introduction

Cold-seepage at the sea floor is often the result of upward fluid passage in the
subsurface. This migration of fluids through zones of weakness, fault system, cracks, and
fissures also affects sea-floor morphology. It results in the formation of (i) pockmarks, i.e.
negative topographic features formed due to seepage (Hovland and Judd, 1988), (ii) large
fissure eruptions of sediments from the subsurface (Ivanov et al.,, 1998), and (iii) mud
volcanoes (MVs), i.e. mounds or negative collapsed structures caused by catastrophic
explosion of fluids at the seafloor (Ivanov et al., 1998). Mud volcanoes are thus a clear
indication of fluid venting. The term fluid, as used here, implies a complex mixture of
products including hydrocarbon gases (e.g. methane and C,; hydrocarbons), hydrogen sulfide,
carbon dioxide, petroleum, pore waters and mud. The emitted mud, so called mud breccia
(Akhmanov, 1996), is one of the major constituents of the migrated fluid. It is a complex
mixture of a fine-grained matrix of clays and terrigenous material (silt or/and sand) plus rock
fragments that have been mechanically entrained by the powerful upward transport of fluids
(Akhmanov, 1996, Akhmanov and Woodside, 1998). Mud breccia forms at a subsurface
depth where overpressured rocks are situated (more than 10 km sedimentary depth; Shnyukov
et al., 2005), and its composition provides key insight into the geological history of the area
and information about the source strata, e.g. on their hydrocarbon potential.

On the basis of comprehensive geophysical surveys carried out during the TTR-6
(1996) and the TTR-11 (2001) cruises, a considerable number of MVs were discovered in the
Sorokin Trough (Ivanov et al., 1996; Woodside et al., 1997; Ivanov et al., 1998; Bouriak and
Akhmetzhnov, 1998; Kenyon et al., 2002). During the 1" Training Trough Research (TTR-
11; 2001) cruise of the Russian R/V Professor Logachev, the Kazakov, NIOZ and Odessa
MVs were investigated in detail (Kenyon et al., 2002; Mazzini et al., 2004; Stadnitskaia et al.,
2005). The results of integrated lipid biomarker and 16S rRNA gene studies of four methane-
derived carbonates with microbial mats and mud breccias from the NIOZ, Odessa and
Kazakov MVs showed that anaerobic oxidation of methane (AOM) plays a crucial role in
carbonate formation (Stadnitskaia et al., 2005). Hydrocarbon gas analysis from mud breccias,
gas saturated sediments, and gas hydrates collected from these MVs revealed deep sources for
the ejected fluids (Stadnitskaia, unpublished data). The source of fluids in the Sorokin
Trough, and in the Black Sea in general, is the subject of on-going study. Here, we report for
the first time a detailed biomarker study of the mud breccia matrix from the Kazakov, NIOZ
and Odessa MVs (Figure 1). This study has revealed probable sources for the erupted material
from an examination of lipid biomarkers used as fossil molecular fingerprints for sediments
that were mechanically entrained by the migrating fluid. Differences in biomarker
compositions and distributions were expected due to the distinctive lithological characteristics
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is one of the largest
depressions in the eastern Black Sea, which is well known for active cold-seepage, in
particular mud volcanism (Ivanov et al., 1998; Shnyukov et al., 2005).

The existence of active fluid venting provinces in the Sorokin Trough was discovered
during expeditions of the Russian Training-Through-Research (TTR) programme (Woodside
et al., 1997; Bouriak and Akhmetjanov, 1998; Ivanov et al., 1998; Kenyon et al., 2002). These
studies revealed that mud volcanism is mainly related to diapiric folds of the Maycopian
Shale Formation (MSF) comprising Oligocene-Early Miocene marine shales and representing
regional source rocks in basins from the Carpathians to the west of the Black Sea region,
through the Crimea and the Caucasus Mountains, to the South Caspian Basin at the east.

The MSF consists of grey and dark-brown clays, with siderite concretions,
layers/lenses of silt and glauconite sands. Generally, these clays are enriched in total organic
carbon (TOC). Based on data from the Terek-Caspian Petroleum System (Middle Caspian
Basin, Russia; Ulmishek, 2001), the lower Maycopian clays and marlstones are commonly
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characterised by high total TOC contents (up to 4.4%) and contain predominantly type II
kerogen. Towards the uppermost part of the formation, TOC decreases to 12 % and organic
matter contains a higher proportion of terrigenous constituents. The thickness of Maycopian
sediments in the Sorokin Trough is about 5 km (Tugolesov et al., 1985). The Middle-Upper
Miocene complex overlying the MSF has a terrigenous composition and a thickness from
hundreds of meters on the Shatsky Ridge to 3 km at the Guriy foredeep (Nikishin et al.,
2003). The Pliocene-Quaternary unit consists mostly of clays (Tugolesov et al., 1985) and in
the Sorokin Trough, the Quaternary sediments reach a thickness of 2 km, increasing
progressively to 3 km toward palaeco-Don/palaco-Kuban Pleistocene fan in the northeast
(Tugolesov et al., 1985).

Most MVs in the area are situated on the flanks of the Maycopian diapiric ridges
(Ivanov et al., 1998; Krastel et al., 2003). Percolation of gas-saturated sediments was also
detected from pock-mark-like depressions and through linear faults oriented roughly along the
continental slope (Ivanov et al., 1998).

Three of the MVs in the Sorokin Trough, i.e., the NIOZ (44°19°N; 35°04°E, water
depth of ca. 2020 m), the Odessa (44°23°N; 35°09°E, water depth of ca. 1830 m) and the
Kazakov (44°18’N; 35°11’E, water depth of ca. 1920 m), were selected for this study (Fig. 1).
These MVs are characterized by different modes of mud eruption and venting activity. The
Kazakov MV is the largest MV in the Sorokin Trough. It is a 140 m high by 1.8 km wide
conical-shaped mound. Based on seismic records obtained during the TTR-11 cruise, the
Kazakov MV has deep roots, which are not visible in the seismic section. The feeder channel
of the MV has a width of 2 km (Kenyon et al., 2002), indicating a deep source for the
migrated fluid and likely vigorous eruptions. The NIOZ MYV is a smaller, conical feature, 70
m high and 1.2 km wide. The NIOZ MV has a 1.2 km wide feeder channel masked by the
acoustically homogenous MSF diapir from which the MV arises (Kenyon et al., 2002). Rise
of the diapir was possibly a trigger for mud outbreaks. The feeder channel of the NIOZ MV is
also relatively wide, indicating powerful eruptions, although the depths of erupted material
are supposed to be shallower than for the Kazakov MV. In the area between both MVs a NE-
SW trending fault was observed on the subbottom profiler line (Kenyon et al., 2002).

Compared to the Kazakov and the NIOZ MVs, the nature and the mode of mud
eruption in the Odessa MV are fundamentally different (Ivanov et al., 1998). Instead of
vigorous emissions, mud flows out from an open fault situated at the top of a diapiric ridge
(Woodside et al., 1997, Ivanov et al., 1998; Kenyon et al., 2002). These outflows of mud from
the subsurface force the overlying hemipelagic sediments to slide or slump down the slope
leading to extensive flows of fluidized sediments. Widespread sediment movement, outcrops
of possibly recent (Pleistocene clays with hydrotrilite) sediments, sliding and slumping
bodies, all resulting from intensive fluid discharge, are common features of this part of the

54



Chapter 3

Sorokin Trough (Ivanov et al., 1998). All sedimentary cores from the Odessa MV and
adjacent mud flows from the system of parallel faults, recovered the Black Sea Units I and II
(Degens and Ross, 1972) and Pleistocene/Holocene clays showing evidence of slumping
activity (Kenyon et al., 2002).

3. Material and methods
3.1. Sample collection

Bottom sampling was performed according to standard TTR-procedures (Ivanov et al.,
1992). All samples were taken using a 6 m long, 1500 kg gravity corer with an internal
diameter of 14.7 cm (Kenyon et al., 2002). Following removal of the core from the plastic
liner, the lithology was described and then sediments were sub-sampled for TOC
measurements and for the biomarker lipid study. Recovered sediments were then stored at -
20°C.

3.2. Total organic carbon content

The measurement of TOC content was accomplished on a Fisons Instruments NCS-
1500 Elemental Analyzer using flash combustion at 1013°C. Standard deviations of duplicate
measurements were ca. 0.3 %.

3.3. Biomarker lipid analysis

Ca. 20-50 g of each sample was freeze-dried, crushed in an agate mortar to a fine
powder, and extracted with an automatic Accelerated Solvent Extractor (ASE 200/DIONEX)
using a solvent mixture dichloromethane (DCM):methanol (MeOH) (9:1, v/v) at 1000 psi and
100°C. Elemental sulfur was removed from the total extract by elution through a small pipette
filled with activated copper. An aliquot of the total extract was chromatographically separated
into apolar and polar fractions using a column with activated (2 h at 150°C) Al,O; as
stationary phase. Apolar compounds were eluted using hexane:DCM (9:1, v/v), and polar
compounds, including glycerol ether core membrane lipids, were obtained with MeOH:DCM
(1:1, v/v) as eluent. Fatty acids were methylated by heating at 60°C for 5 min in BF;-MeOH
complex (in excess MeOH, ca.12 wt.% BF;), and alcohols were transformed into
trimethylsilyl ether derivatives by adding 25 ul of pyridine and 25 ul of BSTFA and heating
at 60°C for 20 min. A known amount of 2,3-dimethyl-5-(1,1-dideuterohexadecyl)-thiophene
(CxH3sSD;) was added to each fraction as an internal standard. In order to remove saturated
normal hydrocarbons and to enrich branched/cyclic compounds, the apolar fraction was
filtered over silicalite using cyclohexane as an eluent.
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was conducted using a Hewlett 6 0.5 saturated. Young mud breccia
flow.
Packard 5890 gas chromatograph . not identified
. g g . p 7 06 Mud breccia: similar to the
interfaced to a VG Autospec Ultima 44 06 overlaid mud breccia interval,
62 06 grey stiff massive with darker
Q mass spectrometer operated at 70 87 layers of hydrotroilite. Strong
. = 0.6 sulfide smell.
eV with a mass range of m/z 50 Average 06
800 and a cycle time of 1.8 s _OdessaMV (TTR11BS336G)
15 0.4
(resolution  1000). The  gas 25 0.4 Clay and silt: grey,
: : 38 0.5  homogeneous, structureless with  Holocene
chromatograph was equipped with a 50 0.5 thi sty layers.
fused silica capillary column (CPSil 69 06
525 mx 032 mm, df =0.12 Ml’l’l) o7 06 Clay; structureless with silty
. . admixture varying along the
and helium as carrier gas. The 15 0.5 interval. Hydrotroilite content Pleistocene
temperature program used for GC— 148 05 increases toward the bottom.
Strong sulfide smell. Gas
MS was the same as for GC. The 160 1.0 hydrates were present.
structural designation of lipids was  average 05

.- Kenyon et al., 2002

evaluated by the comparison their
- Ivanov et al., 1998

mass spectral fragmentation patterns
Table 1. TOC contents and lithological characteristics of

and pseudo-Kovats retention indices X
examined samples.

with reported data.
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To determine the distribution and composition of intact glycerol dialkyl glycerol
tetracthers (GDGTs), samples were analyzed using a high performance liquid
chromatography—mass spectrometry (HPLC-MS) method for their direct analysis (Hopmans
et al., 2000). GDGTs were analyzed using an Aglient 1100 series / 1100 MSD series
instrument, with auto-injection system and HP-Chemstation software. An Alltech Prevail
Cyano column (150 mm x 2.1 mm, 3 um) was used with hexane:propanol (99:1, 13 v) as a
mobile phase. For the first 5 min, the flow rate of the eluent was 0.2 ml min". In the
following 45 min the flow rate was used with a linear gradient to 1.8 % propanol. MS-
analysis and quantification of both isoprenoidal and branched GDGTs followed methods
reported in Wijers et al. (2006, in press).

4. Results
4.1. Sedimentary lithologies and bulk parameters

Figure 1 shows the location of studied MVs and Figure 2 shows lithologies of the MV
deposits. The recovered sediments were gas-saturated and were characterized by a strong
smell of hydrogen sulfide.

Core TTR-11 BS-331G was collected from the crater of the Kazakov MV. The core
recovered 166 cm of gas-saturated mud breccia (Kenyon et al., 2002; Stadnitskaia et al.,
2005), with no pelagic sediments on top and with drop-sized gas hydrates at the base (Figure
2a). A variety of rock clasts were found within the mud breccia matrix. Previous
investigations revealed that the age of the rock clasts in the Kazakov mud volcano is mainly
Oligocene-Early Miocene, i.e. they are derived from the MSF (Ivanov et al., 1998). This type
of mud breccia is characteristic of MVs from the Kerch Peninsula and from the Central Black
Sea (Ivanov et al., 1998).

Core TTR-11 BS-325G (Figure 2b), taken from the crater of the NIOZ MV, retrieved
88 cm of mud breccia with rock clasts of different lithologies in a silty-clayey matrix (Kenyon
et al., 2002). At the level of 1213 cm, a carbonate crust layer with microbial mats was present
(Stadnitskaia et al., 2005). The crust was overlain by an hydrotroilite (colloidal hydrous
ferrous mono-sulfide) interval, which gave the interval a black color.

Core TTR-11 BS-336G, taken from the Odessa MV, recovered 167 cm of sediments
composed of pelagic Black Sea Unit I and II sediments (Degens and Ross, 1972) and clays of
Pleistocene/Holocene age (Figure 2c). A carbonate crust with pink microbial mats was
situated at the boundary between the clay interval and the Unit II sediments (Stadnitskaia et
al., 2005). Hydrotroilite content increased down core, resulting in a changing sediment color
towards dark grey. Unfortunately, no sediment samples of the Holocene Unit I and Unit II
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were obtained for the lipid study. Therefore, the lipid data for this sampling location is
presented only for the underlying Pleistocene/Holocene clay interval (Figure 2c).
Bulk parameters and lithological description for these sedimentary sections are

summarized in Table 1. Overall, TOC values were

relatively low. In the NIOZ and Odessa MVs, interval, = n(-g::anegpl FS::IE
TOC content was ca. 0.5 wt % (Table 1). Mud cmb.s.f. Ca)  (C23-Cag) (C22-Cao)
breccias of the Kazakov MV were characterized Kazakov MV (TTR11 BS331G)

by slightly higher TOC values (ca. 1.2 wt %). 0-10 2.6 2.1 57
10-20 29 21 5.0
30-40 24 2.2 4.7
4.2. Compositional variations and sources of — 40-50 2.6 2.1 4.3
selected biomarker groups 50-60 2.8 2.2 52
group 79-91 2.4 2.2 4.9
The distributions of lipid biomarkers in the  119-120 2.2 2.0 45
mud breccia matrix from the Kazakov and NIOZ ;\60‘166 2-52 . 2-02 5 4-24 .
MVs, and in the Pleistocene/Holocene clays from verage ' : :
L. . NIOZ MV (TTR11 BS325G)
the Odessa MV were distinct. Figure 2 shows 04 2 T 52
concentration profiles of selected biomarker lipids 4-10 13 1.1 9.2
in the cores obtained from these MVs. Figure 3 16-22 1.9 1.1 11.2
. e 24-25 2.7 14 9.1
shows the typlical carb'on numbe'r distributions of 44-46 23 18 6.9
n-alkanes, straight-chain fatty acids, and alcohols 62-67 45 15 8.1
for the three MVs. 84-88 16 2.9 6.5
I 1 linid tract ised Average 2.2 1.6 8.0
n general, lipid extracts comprised a 54 cc MV TTR11 BS3366 )
complex mixture of (i) components indigenous to 15-25 1.2 1.1 6.0
the erupted mud breccia with an admixture of 25-35 1.3 1.1 59
petroleum-derived compounds and (ii) a variety of ~ 38-48 1.3 1.1 7.4
. . . .. 50-58 1.2 1.2 5.1
in situ formed ar?haeal and bacte'rlal lipids, 68-78 16 11 45
abundantly present in the uppermost intervals of  97-105 1.2 13 46
the studied sediments (Stadnitskaia et al., 2005).  115-125 1.2 1.1 22
. e e . . . 148-153 1.1 1.1 .
The biomarker distribution in the authigenic Average 13 11 49

carbonates found within the mud breccia has been n/a - not applicable

discussed previously (Stadnitskaia et al., 2005).
Table 2. Values of CPI calculated for the #-

alkanes and straight-chain fatty acids.
4.2.1. n-Alkanes

Series of n-alkanes ranged in carbon number from C;9 to Cse (Figure 3). Cy3-Cs3 n-
alkanes were the most dominant homologues in the Kazakov MV, showing an odd-over-even
carbon-number predominance with a maximum at Cy9 or Cs;. Mud breccias from the NIOZ
MYV and sediments from the Odessa MV showed smoother n-alkane distributions, with #-C;s
as the dominant member (Figure 3). The Carbon Preference Index (CPI; Bray and Evans,
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Figure 2. Concentration profiles with depth of selected biomarkers: A - Kazakov MV; B - NIOZ
MYV; C - Odessa MV. Numbers next to the curves indicate the total number of carbon atoms. The
top 20 cm of the isoprenoidal GDGT profile data for the Kazakov and NIOZ MVs are from
Stadnitskaia et al. (2005). For GDGT structures see Figure 5.
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1961) for C,5-Cs4 n-alkanes from the Kazakov, NIOZ and Odessa MVs were on average 2.6,

2.1, and 1.2, respectively (Table 2).

4.2.2. Fatty acids and n-alcohols

Fatty acids were the dominant compound class in the sediments from the Odessa MV

(up to 50 cm), whereas n-alcohols represented important constituents in the mud breccia from

the NIOZ MV. In the mud breccia from the Kazakov MV, n-alcohols were present in low

concentrations, whereas fatty acids occurred in similar quantities as in the Odessa MV. Even-

carbon-numbered compounds were dominant in the distributions of both compound classes in

all studied MVs (Figure 3).
Kazakov MV; TTR-11 BS-331G (10-20 cm)

19
nCy4q

16 30
% %] Not detected
0 oZ_IJJ]_I_LLj
NIOZ MV; TTR-11 BS-325G (4-10 cm)
16 30 30
\ 4
I 1
0 61' i IT[I‘I‘I—.. 0l 0 ] I -
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] 0l
oﬁ
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Figure 3. Typical carbon number distributions of the n-alkanes, the
straight-chain fatty acids and the n-alcohols in the three MVs. The
distributions are expressed as the percentage of the total sum normalized
on 100%. The dashed contour outlines the compound distributions with
an even (in case of the n-alkanes) or odd (in case of the straight-chain
fatty acids) number of carbon atoms.

all
breccias, long-chain »-

In mud
fatty acids ranged in
carbon number from
Cy to Csy. Short-chain
fatty acids, including
Ci6 and C,g, were either
not observed or present
at low concentrations.
The distribution of fatty
acids differs between
the Kazakov and the
NIOZ/Odessa MVs

(Figure 3). In the NIOZ

and Odessa MVs n-
alcohols occurred in the
carbon number range
Cy to Cys and Cig to
Cso, respectively
(Figure 3). Both MVs

showed Cys as the dominant compound and a strong even-over-odd carbon number

predominance (Figures. 2 and 3). The strong even-over-odd carbon number predominance for

fatty acids in the mud breccia from the Kazakov MV and for both compound classes in the

mud breccia from the NIOZ and Pleistocene/Holocene clays from the Odessa MVs (Figures. 2

and 3) marks their origin from higher plant epicuticular waxes (Eglington and Hamilton,

1967; Kolattukudy, 1980).
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4.2.3. Alkyl diols and keto-ols

Straight-chain saturated C,3 and C,s 1,2-diols, with an as yet unknown biological
origin, and Csp and Cs; 1,15-diols, derived from the class of Eustigmatophyceae microalgae
(Volkman et al., 1992, 1998, 1999; Gelin et al., 1997; Versteegh et al., 1997; Méjanelle et al.,
2003), were detected in the uppermost 45 cm of the mud breccia from the NIOZ and Odessa
MVs (Figure 2). In the mud breccia from the Kazakov MV these compounds were not found.
Csp and Cj;; alkyl keto-ols, previously observed in sediments (for a review see Versteegh et
al.,, 1997) and water column (e.g. Wakeham et al., 2002) were detected only in the mud
breccia from the NIOZ MV (Figure 2). These may be a post-depositional oxidation product of
the mid-chain diols (Volkman et al., 1992; Ferreira et al., 2001), Overall, the 1,15-isomers
dominated the diol distributions. The C;s 1,2-diol was detected as the major diol-member only
in the topmost interval (Figure 2). In the sediments from the Odessa MV, Csp and C;; mid-
chain diols occurred within the uppermost 70 cm (Figure 2). Keto-ols were not detected.

4.2.4. Long-chain hydroxy fatty acids

In the sediments from the Odessa MV, even carbon numbered C,,Csgs - and Cy6Csg
(w-1)-hydroxy fatty acids were present in the uppermost 50 cm. In the mud breccia from the
NIOZ MV they occurred in trace amounts, and in the Kazakov MV these lipids were not
observed. w-Hydroxy fatty acids were predominant over the (®-1)-compounds with C,4 as the
dominant member (Figure 3). In the sediments from the Odessa MV, concentration profiles of
hydroxy fatty acids exhibited a similar concentration profile as the even-numbered straight-
chain fatty acids and n-alcohols (Figure 3), suggesting a probable terrestrial origin.

4.2.5. Pentacyclic triterpenoids

The distribution of pentacyclic triterpenoids is illustrated by m/z 191 mass
chromatograms (Figure 4). Numbers refer to compounds listed in Table 3. The mud breccia
from the Kazakov MV contained the most extensive series of pentacyclic triterpanes, which
also formed a prevailing group of biomarkers in the total lipid fractions. Hopanes were the
dominant constituents, followed by hopenes and benzohopanes. Homohopanes showed a
notable predominance of the 22S- over the 22R-epimer. C30-Cs, hopanes with fo- and SBf-
configurations were less abundant than their ¢f-epimers (Figure 4). Norhopanes were present
in all samples, including 17« (H)-trisnorhopane, 28,30-dinorhopane, and 174,21 (H)-30-
norhopane (Figure 4). 28,30-Dinorhopane and 17¢,214(H)-homohopane were prominent
members among the pentacyclic triterpanes (Figure 4). All samples also contained unsaturated
hopanoids, including Cy9 and C3p neohop-13(18)-enes, and (22R)- and (22S)-C3; hop-17(21)-
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enes. Cs; to Cs4 benzohopanes were only found in this mud breccia. No polar hopanoids were

detected in the mud breccia from the Kazakov MV.
A 2

13 Kazakov MV

9 +10
NIOZ MV
>
2
o 24 30
[
D 2223 29
2 \
£ o~
(]
o 9 +10 23
Odessa MV
2 P4
N AN

Scan number ——mm

Figure 4. Typical m/z 191 mass chromatograms showing
distributions of pentacyclic triterpenoids present in the mud
breccias of the three studied MVs in the Sorokin Through in
the Black Sea. Numbers refer to compounds listed in Table 3.

In contrast,
functionalized triterpenoids
such as diplopterol
(17421 p(H)-hopan-22-ol) and
the non-hopanoid tetrahymanol
(gammaceran-3[3-ol; ten
Haven, et al.,, 1989) were
dominant in the mud breccia
from the NIOZ MV and
sediments from the Odessa
MV (Figure 4; Stadnitskaia et
al., 2005). Both mud breccias
contained 17821 4(H)-

bishomohopan-32-ol
(Stadnitskaia et al., 2005) and
off and pf-epimers of
bishomohopanoic acid (Figure
4). The uppermost 45 cm of
the mud breccia from the
NIOZ MV  showed the
presence of two extended
polyfunctionalized hopanoids
(Figure 4; Table 3). The
molecular ion of compound 29
was not detected, while
compound 30 had an M'=672
(Table 3).

Hopanoids characterize a biomarker group derived almost exclusively from

prokaryotic sources (Ourisson et al., 1979), and they are ubiquitous in sediments (Rohmer et

al.,, 1984). Tetrahymanol is a characteristic lipid in bacterivorous ciliates such as marine

scuticociliates, which feed mainly on bacteria, or the freshwater ciliate Tetrahymena (Mallory
et al., 1963; Thompson and Nozawa, 1972; Harvey and McManus, 1991). 28,30-Dinorhopane
is often prominent in sediments deposited in anoxic environments (Grantham et al., 1979;
Katz and Elrod, 1983; Peters et al., 2005). This hopanoid is also detected in many crude oils
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(Seifert et al., 1978; Grantham et al., 1979; Schoell et al., 1992), and in Recent (Anders et al.,
1978) and older sediments (Katz and Elrod, 1983; Schouten et al., 1997).

Peak
number

Compound name

Carbon
number

NN NNONMNDNMNDMNMNMNMNNNAR A AaAAQAQ@Q@Q QA
DNVNOARDON-" OOV RON2AOOO®NOORWON =

w N
o ©

17 (H) -trisnorhopane

28,30-dinorhopane

30-nor-neohop -13(18) - ene

178, 21a (H) - 30- norhopane

17a, 21B(H) - hopane

Diploptene (hop - 22(29) - ene)

neohop - 13(18) - ene

178, 21a(H) - hopane

Tetrahymanol, gammaceran-3p3-ol

Diplopterol (178, 213 (H)-hopan-22-ol)

hop - 17(21) - ene 22S

hop - 17(21) - ene 22R

17a, 21B(H) - homohopane 22S

17a, 21B3(H) - homohopane 22R

178, 21a(H) - homohopane

17a, 21B(H) - bishomohopane 22S

170, 21B(H) - bishomohopane 22R

178, 21a(H) - bishomohopane

17B, 21B(H) - homohopane

17a, 21B(H) - trishomohopane 22S

170, 21B(H) - trishomohopane 22R

17a, 21B(H) - bishomohopanoic acid

178, 21B(H) - bishomohopanoic acid

178, 21B(H) - bishomohopan-32-ol
20,32-cyclo-17a-bishomohopane-20,22,31-triene 22
20,32-cyclo-32-methyl-17oa-bishomohopane-20,22,31-triene 22
20,32-cyclo-32-ethyl-17a-bishomohopane-20,22,31-triene 22S
20,32-cyclo-32-ethyl-17a-bishomohopane-20,22,31-triene 22R

extended polyfunctionalized hopanoid M -2
extended polyfunctionalized hopanoid M= 672

27
28
29
29
30
30
30
30
30
30
31
31
31
31
31
32
32
32
31
33
33
32
32
32
32
33
34
34

357
357

Table 3. Pentacyclic triterpanes identified in mud breccias and sediments.

4.2.6. Steroids

The distribution of steroids was examined using mass chromatograms for m/z 217, 231

and 253. Steroids were present in lower abundances than hopanoids. Mud breccia from the

Kazakov MV contained the highest concentrations of steroids compared to the sediments
from the NIOZ and Odessa MVs. Only mud breccia from the Kazakov MV contained (20R)-

Sa,14a,17c(H) Ca7, Cag, and Cyo regular steranes and C,7-Co9 C-ring monoaromatic steroids.
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The mud breccia from the NIOZ and the Pleistocene/Holocene clays from the Odessa

MVs showed similar steroid compositions. Both were relatively poor in steroids, including

only Cy7-, Cps-, and Cyo-5ar-sterols with the latter as the dominant member. Sediments from
the Odessa MV additionally contained C,s 24-methyl-5 a-cholest-24(28)-en-3 f-ol and Cyg 24-

ethylcholestanol (Sau(H)-sitostanol).

4.2.7. Isoprenoidal and branched Glycerol Dialkyl Glycerol Tetraethers

The distribution of glycerol dialkyl glycerol tetracthers (GDGTs) in the mud breccias
of the different MVs is shown in Figure 5. Both isoprenoidal and branched GDGTs were
identified in the NIOZ and Odessa MVs. By contrast, the Kazakov mud volcano deposits only

contained isoprenoidal GDGTs. The distribution profiles of isoprenoidal GDGTs within the
top 20 cm of the cores has been reported (Stadnitskaia et al., 2005) and revealed GDGTs

50;
| Isoprenoidal GDGTs
| 1298 |
o, |1302 Kazakov MV
1300 | | 1296 7 cm
H H12941292
0 0
I 1 miv v vi
50;
NIOZ MV
25cm
% Branched
] GDGTs
0 H H _ 10201(53612%2
L 1nm v VI VIl VIl IX
50
Odessa MV
30cm
%
0 H I [ | I I
I miv VI VII VIII IX

LEGEND:
HO Isoprenoidal GDGTs

HO. I

OH
Ho. W on Il
SR

H%W% "

MO
Hot O
MO
S e = SN SO SR
Crenarchaeol O:LOH

Branched GDGTs
- SUSUUSSV VU VN
Boorroasgy
HO OWV\N\/Y\)\/\/\MMQ o
Towwwwo{mvm

HO
OW\/\/\/\/Y\/]\/\/\/\/\/\/\O
}ovwwwq onlX

Vv
OH

Figure 5. Typical distribution of GDGTs in the mud breccias of the three
studied MVs in the Sorokin Through in the Black Sea. The distributions
are expressed as the percentage of the total sum normalized on 100%. The
roman number under the each bar relates to the number of the compound
structure represented in the Legend. Numbers such as "1050" indicated the
dominant [M+H]+ ion.

derived from archaea
the
anaerobic  oxidation
of methane (AOM)
(Stadnitskaia et al.,
2005; see also Figure

involved in

2). In this paper, we
extended the GDGT

data in order to
demonstrate the
quantitative and

qualitative changes of
these compounds in
the

sections.

sedimentary

The
appearance of these
compounds below the
20 cm depth interval

is not related to the
AOM processes.
Isoprenoidal
GDGTs
membrane

are unique
of

diverse

lipids
ecologically

archaea and can contain 0 to 8 cyclopentane rings (De Rosa et al., 1983, Langworthy, 1985,
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De Rosa and Gambacorta, 1988). The presence of methanotrophic archaea performing AOM
is indicated by the dominance of isoprenoidal GDGTs with 0-2 cyclopentane rings (Pancost et
al., 2001; Aloisi et al., 2002; Stadnitskaia et al., 2005). Crenarchaeol is a marker of ubiquitous
planktonic crenarchaeota (Hoefs et al., 1997; Schouten et al., 2000, 2001; Sinninghe Damsté
et al., 2002a,b; Wakeham et al., 2003), which also biosynthesize other GDGTs having either
no, or to a smaller extent 1-3, cyclopentane rings. Schouten et al. (2000) suggested that
GDGTs were biosynthesized by organisms thriving predominantly in terrestrial environments.
Recently, Weijers et al. (2006) showed that they were abundant in the anoxic parts of peat
bogs and soils and suggested an origin from anaerobic bacteria based on the stereochemistry
of the glycerol moiety. The occurrence of branched GDGTs is evidence for fluvial transport
of terrestrial organic matter (Hopmans et al., 2004), which in our case is most likely related to
activities of palaeo-rivers, such as palaco-Don and palaeco-Kuban, transporting material from
the Crimea and Caucasus mountains, adjacent valleys, and plateaus into the Black Sea.

5. Discussion

Mud breccias represent a complex mixture of material from sedimentary units that
were captured by vertically migrating fluid. Recovered mud breccia sections often show an
alternation of lithologicaly different intervals representative of different mud flows. Recent
studies of mud volcano deposits revealed that mud breccia rock-clasts possess valuable
information on the composition and genesis of the deposits in the deep sedimentary
succession, the sedimentary evolution of the area, its petroleum potential and information on
potential source rocks (Akhmanov and Woodside, 1998; Ovsiannikov et al., 2003; Kozlova et
al., 2003, 2004). In contrast to the rock clasts, which are “direct” source indicators because
each clast is derived from a specific sedimentary horizon, the mud breccia matrix represents
an integrated signal from various sedimentary intervals. This also holds true for the organic
matter including the biomarkers. Thus, depending on the sources of the mud, the biomarker
distributions in one mud flow can differ from that of another mud flow, designating,
therefore, different source strata for the erupted sediments. Often, mud breccias from
neighboring M Vs are lithologicaly distinctive, indicating their different origin. Since the roots
of the MVs can originate from sediments more than 10 km deep (Shnukov et al., 2005), an
assessment of the thermal maturity of the organic matter can be used to relate erupted mud
breccias with deeper-lying horizons. We attempted to characterize source-strata for the
erupted material from an evaluation of maturity properties and the composition of lipid
biomarkers of individual mud breccia intervals.

65



PART I: The Sorokin Trough, NE Black Sea

5.1. Thermal maturity

Among the studied MVs, mud breccia from the Kazakov MV contains a suite of
hopanes that can be used to examine the degree of thermal maturation from an examination of
the degree of epimerization (Table 4). The 22S/(22S+22R) ratios for C;;, C;3; and Css

Table 4. Maturity dependant hopane ratios.

Hopanes
interval, Ca1 Ca Cas Cao Cor Ca
emb.s.f. 9o5/005+22R) 225/(225+22R) 228/(22S+22R)  pas(af+Po)  PRIBE+apBo) Bos(af+Po)
0-10 0.19 0.46 0.65 0.29 0.05 0.21
10-20 0.68 0.47 0.67 0.29 0.18 0.21
30-40 0.67 0.40 0.75 0.34 0.13 0.20
40-50 0.67 0.40 0.70 0.36 0.16 0.19
50-60 0.74 0.41 0.56 0.32 0.14 0.20
79-91 0.68 0.44 0.66 0.32 0.13 0.22
119-120 0.73 0.48 0.57 0.28 0.13 0.20
160-166 0.78 0.47 0.51 0.29 0.08 0.15
Average 0.64 0.44 0.63 0.31 0.13 0.20

homohopanes show values of 0.64, 0.44, and 0.63, respectively (Table 4). These ratios are
close to the thermodynamic equilibrium ratio (ca. 0.6; Seifert and Moldovan, 1980; van Duin
et al., 1997), indicating a relatively mature state for the organic matter. The absence of both
isoprenoidal and branched GDGTs in the mud breccia layers not affected by AOM (Figure 2)
is in accordance with this maturity assessment; sediments with hopanoid ratios 17,21 4(H)
[22S/(22S+22R)] > 0.2 and[BA/(LL+af+Pa)] <0.2 generally do not contain detectable
amounts of GDGTs as revealed by artificial maturation experiments (Schouten et al., 2004).
In addition, the general lack of polar lipids and the presence of steroid hydrocarbons is also
evidence for a relatively high level of thermal maturity. The presence of small amounts of
174,21 4H)-homohopane and a SBpF/(SL+Lot+af) ratio for Cs-homohopanes of ca. 0.13
throughout the interval (Table 4) may signify an admixture with immature sedimentary
organic matter since 174,21 4(H)-hopanes are usually not present when 17¢,214(H) hopane
[22S/(22S+22R)] ratios are close to the thermodynamic equilibrium value. An admixture with
thermally immature components is also evident from the n-alkane distributions (Figure 3); the
CPI values are relatively high (average 2.6; Table 2), which is somewhat unexpected and
indicates an admixture with immature sediments containing high amounts of terrestrial »-
alkanes. Consequently, the maturity parameters and lipid biomarker composition in the mud
breccia matrix from the Kazakov MV suggests a mixture of (i) a moderately mature organic
matter with (ii) immature constituents, typical for sediments that have not yet entered the oil
window.

In contrast to the Kazakov MV, biomarker lipid compositions in the mud breccia from

the NIOZ MV and Pleistocene/Holocene clays from the Odessa MV show in general
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indications for relatively immature organic matter (Figures 2 and 5). The absence of hopanes
and steranes and the presence of hopenes, extended polyfunctionalized hopanoids, hopanoic
acids, hopanols, sterols, diols, keto-ols and both isoprenoidal and branched GDGTs all testify
to the low degree of maturation of the organic matter. By contrast, the distribution of the n-
alkanes (Figure 3), characterized by generally lower CPI values than observed for the
Kazakov MV (Table 2), suggest more mature organic matter and can perhaps be explained by
small amounts of petroleum in the emitted products. Again, this points to different
sedimentary sources for the organic components contained in one mud breccia horizon from
the NIOZ MV and in the Pleistocene/Holocene clays from the Odessa MV.

5.2. Origin of the organic matter from mud volcano deposits
5.2.1. Kazakov MV

Kazakov MV has the deepest roots of the three MVs investigated (see Geological
Setting). This fits well with the biomarker data, showing variable, but generally, more mature
organic matter characteristics in comparison with the mud breccia from the NIOZ MV and the
sediments from the Odessa MV.

The mud breccia from the Kazakov MV does not contain a cover composed of pelagic
sediments, indicating that it has been formed by a recent eruption event. The 166 cm of mud
breccia sediments could represent one or several mud flows. Since the qualitative lipid
composition (Figure 2) and investigated maturity parameters (Tables 2 and 4) remain the
same in this mud breccia interval, the whole recovered mud breccia most likely represents a
part of a single mud-flow event. Some variations in the concentrations are noted but these are
most likely due to the inhomogeneity of the migrating fluid. This is in agreement with the
finding that all sedimentary cores from the Kazakov MV showed lithologically similar mud
breccias with very little or no hemipelagic coverage (Kenyon et al., 2002). Rock clasts from
the Kazakov MV were mostly represented by various claystones from the MSF of Oligocene-
Lower Miocene age (Ivanov et al., 1998; Kozlova et al., 2003). This implies that the organic
matter in the mud breccia matrix from the Kazakov MV must also possess a signal from the
MSEF.

The development of the Sorokin Trough as well as other troughs in the Eastern Deep
(Kerch-Taman, Indolo-Kuban, and Tuapse) took place during the Maycopian, as a result of
tectonic subsidence of the eastern Black Sea basin (Tugalesov, 1985; Nikishin et al., 2003).
The fast eustatic sea-level fall during the Upper Oligocene (Haq et al., 1987), and lowered
base level of erosion resulted in a sharp activation of the palaeo-rivers at that time (Nedumov,
1994). This induced a substantial increase in the invasion of a large amount of terrigenous,
mainly sandy material into the Maycopian basin (Nedumov, 1994). Table 1 shows that mud

67



PART I: The Sorokin Trough, NE Black Sea

breccia matrix from the Kazakov MV has an average TOC values of ca. 1.2 %, which is
characteristic for the upper part of Maycopian Shales (Ulmishek, 2001), known to be
deposited under an increased influx of terrestrial organic matter (Nedumov, 1994).

Pyrolysis data from the Maycopian mud breccia rock clasts showed a wide maturation
range and a mixture of Type II and Type III kerogens (Kozlova, 2003). In the Sorokin
Trough, these rocks are in most cases immature (T, = 415-435°C; Kozlova, 2003), although
25% of the rock samples was at the beginning of oil window (Tmax = 430-435°C; Kozlova,
2003). The presence of a thick sedimentary cover in the Sorokin Trough considerably reduces
the heat flow. In addition, shales are known to have low heat conductivity which is probably
the reason for a heat loss. A series of limited low (20-30 mW m™) heat flow anomalies were
observed in zones of deep basement subduction in the offshore troughs, such as Sorokin and
Tuapse (Kutas et al., 1998). However, in the eastern Black Sea, some local anomalies of high
heat flow were distinguished (Kutas et al., 1998). Kutas et al. (1998) suggested that the
amplitude of heat flow anomalies in the eastern basin slightly depends on the sediment
thickness, testifying to lateral inhomogeneities in the thermal field and implying that sources
of these anomalies are likely associated with young magmatic formations or fluid dynamics.
This may explain why, despite the large thickness of the Maycopian and Pliocene-Quaternary
deposits in the Sorokin Trough, the middle and upper parts of the Maycopian suite are
relatively thermally immature. The presence of moderately mature organic matter with
immature constituents is characteristic of the mud breccia matrix from the Kazakov MV. This
allows us to attribute moderately mature biomarkers to the lower sections of the MSF. The
dominance of 28,30-dinorhopane, generally considered as an indicator of anoxic depositional
environments (Grantham et al., 1980; Katz and Elrod, 1983; Peters et al., 2005), could be also
assigned to the lower parts of the Maycopian shales, which are thought to have accumulated
in a deep anoxic marine basin (Ulmishek and Harrison, 1981; Kholodov and Nedumov, 1991;
Popov and Stolyarov, 1997).

In summary, the biomarker composition and maturation properties of the mud breccia
matrix indicate that the MSF is the largest contributing source for the mud breccia erupted
from the Kazakov MV. Compared to the NIOZ and Odessa MVs, the deficit of immature
biomarker signatures suggests a forceful mud eruption through the already formed conduit,
perhaps predominantly from the lower parts of the MSF.

5.2.2. NIOZ MV

Despite the fact that the NIOZ MV is located only several kilometers from the
Kazakov MV, its development is quite different since it relates to a rising Maycopian diapir
(Kenyon et al., 2002). This already indicates that the source of the erupted material is likely
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much shallower than in case of the Kazakov MV. This is consistent with the presence of less-
mature organic matter in the mud breccia from the NIOZ MV.

The mud breccia from the NIOZ MV is also characterized by the absence of a pelagic
cover, indicating that it has been formed by a recent eruption event. However, qualitative and
quantitative analyses of lipid composition revealed two principally different mud breccia
layers. Based on the concentration profiles of n-alcohols, C3yp and Cs; mid-chain alkyl diols
and keto-ols, hopanoids, steroids, and isoprenoidal GDGTs, the boundary between the two
mud breccia intervals is located at ca. 45 cm below sea floor (Figure 2). At this level the
concentration profiles of these components show a marked decrease or increase (Figure 2),
indicating that the biomarker composition above and below this interval is so different that it
unlikely to be explained by inhomogeneity of the mud breccia. This boundary is not apparent
from the initial sedimentological description (Figure 2). This may indicate that the uppermost
mud breccia interval consists of a mixture of sediments that were deposited in an environment
characterized by a distinct algal productivity, the presence of hopanoid-producing bacteria, a
palaeo-river freshwater discharge, and perhaps stratification of the water column. In contrast,
the underlying mud breccia shows another source for the erupted material. Notably, the
increase in concentration of terrestrial n-fatty acids and branched GDGTs within the second
mud breccia unit points towards an enhanced terrestrial contribution to the organic matter,
suggesting that the dominant source for this mud breccia unit is a terrigenous facies with a
lower input of marine organic matter. These data suggest that as the fluid moved through the
sedimentary units it acquired substantial terrestrial organic matter but hardly any of plankton
and bacterial origin. Submarine river fan systems are known to be developed by the
accumulation of terrestrial material carried during episodes of low sea level stand. Based on
the lipid biomarker characteristics, it is difficult to ascribe the lower mud breccia interval to a
specific stratigraphic unit. However, since the formation of the NIOZ MYV is likely induced by
the upward growth of the Maycopian diapir, which created overpressured sediments that
consequently erupted at the seafloor surface, it is likely that erupted material at the seafloor
could be derived from sediments, which are younger than the Maycopian deposits. It is known
that the Middle-Upper Miocene complex overlying Maycopian sediments has a terrigenous
origin (Nikishin et al., 2003). In addition, at the northeastern part of the Sorokin Trough, the
slope is covered by Quaternary sediments of the palaeo-Don and palaeo-Kuban Rivers which
are as thick as 2-2.5 km (Tugolesov et al., 1985). It follows that the lower mud breccia
interval can possess a signal from terrigenous facies deposited due to paleo-river discharge. In
fact, the closer the diapir reaches to the surface, the more recent would be the sediments that
are extruded. Accordingly, the lowermost mud breccia interval from the NIOZ MYV is likely to
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be more related to the “older” terrigenous facies than the overlaying mud breccia interval,
which possesses a biomarker signature of more recent, possibly Quaternary sediments.

5.2.3. Odessa MV

The area where the Odessa MV is located is characterized by intensive continuous
discharge of fluids through the seafloor (Ivanov et al., 1998; Kenyon et al., 2002; Mazzini et
al., 2004; Stadnitskaia et al., 2005) and percolation of gas-saturated sediments via systems of
open faults and fissures, developing vigorous flow of recent sediments downward the slope
(Ivanov et al., 1998).

The lipid composition in the Odessa MV notably varies within the Pleistocene-
Holocene clay interval, distinguishing their different origins. These changes coincide with the
boundary between the Pleistocene and Holocene clay units (Figure 2). Isoprenoidal and
branched GDGTs are present along the whole sedimentary section, signifying that organic
matter in the sediments from the Odessa MV is derived from both terrestrial and marine
sources. In general, the lipid biomarker composition and maturation parameters of the
Pleistocene/Holocene clays from the Odessa MV are comparable to those of the mud breccia
from the NIOZ MV. This is an indication that organic matter from both the NIOZ and Odessa
MVs derived from similar sources.
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6. Conclusions

Lipid biomarker analyses of mud breccia matrix and sediments from three MVs, the
Kazakov, NIOZ, and Odessa, in the Sorokin Trough show that in spite of close location to
each other, the Kazakov MV has different sources compared to the NIOZ and Odessa MVs.
The data indicate different subsurface-sedimentary depths of defluidization, which are directly
linked to the location of fracture zones or diapiric folds formed due to tectonic compression in
the area. The mud breccia of the Kazakov MV shows biomarker characteristics of relatively
mature organic matter related to the Maycopian Shales, signifying that Maycopian sediments
are weakened in this location, enabling fluid discharge through. In contrast, the mud breccias
from the NIOZ MV and the sediments from the Odessa MV contain immature organic matter
derived from more recent sediments. However, the presence of petroleum-derived compounds
in the organic matter of both the NIOZ and Odessa MVs implies that the migrated fluid is
partially derived from the deep subsurface, perhaps from the lower part of the MSF or more
probably below this sedimentary unit.

The biomarker study also revealed two mud eruption episodes within a single
sedimentary sequence from the NIOZ MV. These two mud breccia intervals possess peculiar
signatures from unrelated sedimentary facies. The lowermost mud breccia unit is likely
related to the “old” terrigenous facies whereas the upper mud breccia interval displays the
signature of more recent, probably Quaternary sediments similar to that from the
Pleistocene/Holocene clays of the Odessa M Vs.

The combination of TOC data with distributions, concentration profiles, and
maturation properties of biomarkers can be used as a tool for distinguishing different mud
breccia/sedimentary intervals even with similar lithological characteristics and complex
sedimentary mixtures. Despite the fact that mud breccia is a complex mixture of different
sedimentary facies, a collective biomarker signal from the same mud breccia interval can
possess characteristic signatures of those sedimentary sections which contributed most to the
migrated fluid.
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Abstract

Many mud volcanoes (MVs) were recently discovered in the euxinic bottom waters of
the Sorokin Trough (NE Black Sea). Three of them, i.e., NIOZ, Odessa, and Kazakov, were
selected for a detailed biogeochemical investigation. Four methane-related carbonate crusts
covered with microbial mats, and sediments (‘mud breccia') from these MVs were collected
during the 1" Training-Through-Research cruise (TTR-11) in 2001, the first finding of
methanotrophic microbial mats associated with authigenic carbonates in the deep Black Sea.
We measured the concentrations and 8'°C values of methane and specific archaeal and
bacterial lipids, and determined archaeal and bacterial 16S rRNA gene sequences. The 3'"°C of
the microbial lipids reflected the carbon isotopic values of the methane, indicating that
methane was the main carbon source for micro-organisms inducing carbonate formation.
Anaerobic oxidation of methane (AOM) in these settings was performed by archaea affiliated
with the so-called ANME-1 group. None of the identified archaeal sequences were closely
related to known methanogens. The combined 16S rRNA gene sequence and biomarker data
revealed a distinct difference in archaeal assemblage between the carbonate crusts and mud
breccias. Besides gene sequences of sulfate reducing bacteria (SRB), DNA analysis of
bacterial communities revealed a diversity of bacteria with apparent contrasting metabolic
properties. The methane utilization via AOM processes was detected in the uppermost
sediments where it subsequently induces authigenic carbonate precipitation most probably
below seafloor. The results of integrated biomarker and 16S rRNA gene study reveal a crucial
role of AOM processes in formation of authigenic carbonates in methane-seep environments.
Keywords: Black Sea, mud volcanoes, AOM, carbonates, lipids, 16S rRNA.
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1. Introduction

Mud volcanoes (MVs) represent locations at which subsurface fluids escape from the
subsurface through the seafloor. They develop as a result of a strong lateral or vertical
compressions, which allow deep-lying sediments to move upward and over the sea floor.
MVs can be expressed as mounds, extending up to 100 m above the seabed with diameters of
a few kilometers or as negative collapse structures, caused by catastrophic eruption of fluids,
especially hydrocarbon gases (predominantly methane), hydrogen sulfide, carbon dioxide, and
petroleum products (Ivanov et al., 1998). Generally, fluids (composed of gases, pore water,
and sediment) still migrate upwards after the initial eruption. These results in the development
of highly diverse and productive ecosystems based on chemosynthesis below and/or at the sea
floor. One of the most important biogeochemical processes fuelling these communities at
these locations is the anaerobic oxidation of methane (AOM).

Comprehensive biogeochemical, structural, and stable isotope analysis of lipids
(Schouten et al., 1998; Thiel et al., 1999, 2001; Hinrichs et al., 1999, 2000a; 2000b; Pancost
et al., 2000, 2001a, 2001b; Zhang et al., 2002, 2003) and molecular ecological studies
(Boetius et al., 2000; Orphan et al., 2001a, 2001b; Teske et al., 2002; Michaelis et al., 2002)
revealed that AOM is generally performed by syntrophic consortia of methanogenic archaea
operating in reverse and the sulfate-reducing bacteria (SRB) (Hoehler et al., 1994; Hoehler
and Alperin, 1996; Valentine and Reeburg, 2000). It is hypothesized that the use of hydrogen
as an electron donor by the SRB results in low partial pressure of H,, creating
thermodynamically favorable conditions for methanogenic archaea to act as methane-
oxidizers (Reeburgh, 1976; Zender and Brock, 1979; Alperin and Reeburgh, 1985; Hoehler et
al., 1994; Hoehler and Alperin, 1996). Phylogenetic analyses of ribosomal RNA (rRNA) gene
sequences have revealed two distinct lineages among the Euryarchaeota capable of anaerobic
methanotrophy: the ANME-1 cluster, which does not contain any cultured relatives (Hinrichs
et al.,, 1999), and the ANME-2 cluster affiliated to the cultured members of the
Methanosarcinales (Boetius et al., 2000; Orphan et al., 2001a, 2001b). The indication of
anaerobic methanotrophy was first demonstrated by compound-specific carbon isotopic study
of archaeal lipids: their distinctively depleted 8'"°C signals indicate that archaea are able to use
methane as a carbon source (Hinrichs et al., 1999; Elvert et al., 2000; Hinrichs et al., 2000b;
Pancost et al., 2000; Thiel et al., 1999, 2001; Pancost et al., 2001a, 2001b; Aloisi et al., 2002;
Teske et al., 2002; Zhang et al., 2002, 2003; Schouten et al., 2003). 13C-depleted lipids of
SRB also indicate their involvement in the AOM process. Collectively, these results indicate a
close metabolic association between SRB and methanotrophic archaea (Pancost et al., 2000,
2001b). Conclusive evidence for the co-existence of archaca and SRB, i.e. AOM-consortia
was obtained by fluorescence in situ hybridization (FISH) (Boetius et al., 2000; Michaelis et
al., 2002) and secondary ion mass spectrometry (SIMS) analyses of individual cell aggregates
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(Orphan et al., 2001a). Various studies have also revealed a large variety in distribution and
composition of archaea/SRB microbial biomass in gas-venting settings (Boetius et al., 2000;
Orphan, 2001a; Pancost et al., 2001a; Michaelis, 2002). For example, sulfate-reducing
bacteria affiliated to members of the genera Desulfosarcina and Desulfococcus have been
found in association with ANME-1 and ANME-2 archaeal cells, representing in both cases
putative methanotrophic consortia (Boetius et al., 2000; Orphan et al., 2001a, 2001b;
Michaelis et al.,, 2002). An independent Methanosarcinales-related ANME-2 lineage
composed of bacteria-free archaeal cells has been also reported (Orphan, 2001a).

In spite of the diversity of microbes involved in AOM, the associated or AOM-
induced “end-products” are similar in most cases. For example, the co-occurrence of
neoformed diagenetic carbonates is a widespread phenomenon in cold-seep settings (Ritger et
al., 1987; Roberts and Aharon, 1994; Von Rad et al., 1996; Peckmann et al., 1999a, 19990,
2001; Aloisi et al., 2000, 2002; Michaelis et al., 2002). These authigenic carbonates exhibit a
broad range of morphologies, mineralogy, and stable carbon and oxygen isotopic
compositions (Hovland et al., 1987; Roberts and Aharon, 1994; Peckmann et al., 1999a,
1999b, 2001, 2002; Stakes et al., 1999; Aloisi et al., 2000, 2002). Chemical analyses showed
that these carbonates are depleted in '>C which led to the suggestion that carbon in such
carbonates is derived from methane (Peckmann et al., 1999a, 1999b, 2001, 2002; Stakes et al.,
1999; Aloisi et al., 2000, 2002). It was proposed that the precipitation of authigenic methane-
derived bicarbonate is the result of increased alkalinity created by AOM (Ritger et al., 1987,
Von Rad et al., 1996; Thiel et al., 1999), i.e. AOM serves as a source of inorganic carbon for
the formation of carbonate cement, concretions, crusts, and other carbonate build-ups, which
are known in the geological record from the Middle Devonian (Peckmann et al., 1999b).
However, only the recent finding of living methanotrophic mats associated with carbonate
build-ups in the Black Sea (Michaelis, et al., 2002) directly proved that anaerobic microbial
consortia performing AOM indeed induce carbonate precipitation in methane-seepage
environments.

Here we report the results of a lipid biomarker study integrated with a survey of 16S
rRNA gene sequences to characterize microbial communities in four methane-related
carbonate crusts covered by microbial mats and mud volcanic deposits (mud breccia matrix)
in an environment where oxygen cannot play a role in the oxidation of methane. Molecular
signatures, such as lipids and nucleic acid sequences, have been used in this study as tools to
identify the specific microorganisms involved in AOM and revealed microbial ecological
relationships, and their metabolic potential, in the context of the specific environments created
by migrated fluids. Samples were collected from three MVs at the anoxic seafloor of the
Sorokin Trough (NE Black Sea) during the 1 " Training-Through-Research expedition (TTR-
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11) in 2001 (Kenyon et al., 2002). This is the first finding of methanotrophic microbial mats
associated with carbonates in the deep (ca. 2000 m) Black Sea.

2. Materials and methods
2.1. Samples

On the basis of comprehensive geophysical surveys carried out during the TTR-6
cruise performed in 1996, and the TTR-11 cruise in 2001, a considerable number of MVs
were discovered in the Sorokin Trough (Ivanov et al., 1996; Woodside et al., 1997; Ivanov et
al., 1998; Bouriak and Akhmetzhnov, 1998; Kenyon et al., 2002). Three of them, i.e., NIOZ
(44°19°N; 35°04°E, water depth of ca. 2020 m), Odessa (44°23°N; 35°09°E, water depth of
ca. 1830 m) and Kazakov (44°18’N; 35°11°E, water depth of ca. 1920 m), were chosen for a
detailed geochemical investigation (Figure 1). These MVs are characterized by a set of
characteristic features such as mound morphology (Woodside et al., 1997; Ivanov et al.,
1998), composition and sources of hydrocarbon gases (Ivanov et al., 1998), and the
occurrence of cold seep-associated features, such as gas hydrates, authigenic carbonates of
various types and morphology, and the presence of microbial mats (Ivanov et al., 1998;
Bouriak and Akhmetzhanov, 1998; Kenyon et al., 2002).

Table 1. General information of samples studied.

Interval
Sample ID Mud Sampling site Latitude Longitude Water depth (cm, b.s.f)
volcano (m)
Carbonate crusts with microbial mats
CC-1 Odessa TTR-11 BS-336G 44°23° 35°09° 1816 12-13
CC-2 01q° on4’
CcC3 NIOZ TTR-11 BS-328G 44°19 35°04 2020 Seafloor surface
CcC+4 TTR-11 BS-325G 44°19° 35°04° 2015 12-14
Mud breccia
MBI1A 2-4
MBIB Kazakov TTR-11 BS-331G 44°18’ 35°11° 1918 8-10
MBI1C 20-22
MB2A (8 -1:1>2 CC-4)
NIOZ TTR-11 BS-325G 44019’ 35°04° 2015 1a6 %" i}
MB2B A

(below CC-4)

Bottom sampling was performed according to standard TTR-procedures (Ivanov et al.,
1992). All samples were taken using a 6 m long, 1500 kg gravity corer with an internal
diameter of 14.7 cm. Sediments, carbonate crusts, and microbial mats were described,
photographed and stored at —20°C until further geochemical and molecular biological
analyses were performed.
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A carbonate crust, CC-1, was collected from sampling site TTR-11, BS-336G located
on the crater of the Odessa MV. The crust appeared at the boundary of the sapropel layer
(Unit 2) (Degens and Ross, 1972) and the mud breccia interval (12-13 cm). It is a porous
well-cemented precipitate with its lower surface covered by a pink microbial mat (Figure 2a).
The same type of biofilm also filled the cavities and pores within the crust.

migrobial’ -
mat'. g

Figure 2. Two main types of investigated carbonate crusts and microbial mats. a) the Odessa mud
volcano, sampling site TTR-11 BS-336G. The inset assigns the location of the microbial mat. b) the
NIOZ mud volcano, sampling site TTR-11 BS-328G. The inset is a binocular image with typical
appearance of microbial films within pores and interstices. See page 200 for color figure.

Three carbonate crusts were collected from the crater of the NIOZ MV. Two flat,
well-cemented carbonate crusts, CC-2 and CC-3, were found at sampling site TTR-11, BS-
328G located on the northern edge of the crater. No sediment was recovered from the site
since the core catcher was blocked by the carbonates. These crusts are parts of prolonged
carbonate pavements forming a positive seafloor relief. Both of them contained brown, semi-
transparent gel-like microbial mats that filled the pores and interstices on the surfaces and
within the crusts (Figure 2b). Carbonate crust CC-4 from core TTR-11, BS-325G formed a
thin, well-cemented layer, which was confined to the mud breccia at a sub-seabed interval
depth of 12-14 cm (Figurel). Occasional microbial mats similar to these found on the CC-2
and CC-3 crusts were clearly visible within the inner pores of the precipitate. This sampling
site was located ca. 500 m to the south from the TTR-11 BS-328G, in the central part of the
crater of the NIOZ MV.

All studied carbonate crusts were associated with microbial mats. Therefore, the
reader has to be aware that their molecular signatures principally indicate living microbial
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communities within these methane-related carbonate crusts. For reasons of conciseness, we
decided to name our carbonate/mat samples as CC-1, CC-2, CC-3, CC-4, using predominantly
in the text the word “carbonate” rather then “a microbial mat associated with a carbonate” or
“carbonate with microbial mat”.

Sediments from the Kazakov MV (TTR-11 BS-331G) were collected from the eastern
edge of the crater. They are represented by gas saturated mud breccia containing variety of
rock clasts of different lithology and roundness. Drop-sized gas hydrates were found at the
base of the core.

2.2. Gas measurements

Hydrocarbon gases were sampled using head-space methods, adapted for shipboard
conditions (Bolshakov and Egorov, 1987). The gas phase was transferred into sterile glass jars
filled with saturated NaCl solution and stored at -5°C. A gas chromatograph with a flame-
ionization detector was used for quantification of methane.

The results of methane concentration were calculated according to the volume of wet
sediment from which gases were extracted. It worth to be noted that in spite of the absolute
notations for the methane, significant part of the hydrocarbon had been lost due to active
degassing of the recovered sediments. However, in order to see the trend of methane
distribution profiles and to show rough level of methane saturation even with its relatively
high loss, it was decided to present methane data in ml/l of wet sediments

The stable carbon isotopic composition of methane was measured on a Finnigan Delta
S mass spectrometer with a HP 5890 GC and a GC-Combustion interface. Methane was
separated on a molsieve 5A plot column using split- or splitless injection, depending on the
concentrations. Results are reported using the delta () notation in per mil (%o), with respect to
the Vienna Pee Dee Belemnite (PDB) standard.

2.3. Lipid extraction and separation

About 100-120 g of each carbonate crust and ca. 50 g of each mud breccia sample
were freeze-dried, crushed to a fine powder, and extracted with an automatic Accelerated
Solvent Extractor (ASE 200/DIONEX) using a solvent mixture dichloromethane (DCM):
methanol (MeOH) (9:1, v/v) at 1000 psi and 100°C PT conditions. Elemental sulfur was
removed from the total extract by elution over a small pipette filled with activated copper. An
aliquot of the total extract was chromatographically separated into apolar and polar fractions
using a column with activated (2 h at 150°C) Al,O;3 as stationary phase. Apolar compounds
were eluted using hexane:DCM (9:1, v/v), and polar compounds, including glycerol ether core
membrane lipids, were obtained with MeOH:DCM (1:1, v/v) as eluent. Alcohols were
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transformed into trimethylsilyl-derivatives by addition of 25 ul of pyridine and 25 ul of
BSTFA and heating at 60°C for 20 min.

In order to remove saturated normal hydrocarbons and to enrich branched/cyclic
compounds, the apolar fraction was filtered over silicalite using cyclohexane as an eluent.

To check for the presence of bacteriohopanepolyol derivatives, fresh extracts of mud
breccia from the NIOZ MV were treated with periodic acid and sodium borohydrite according
to Rohmer et al. (1984).

2.4. Analysis and identification of biomarkers

Gas chromatography (GC) was performed using a Hewlett Packard 6890 gas
chromatograph equipped with an on-column injector and a flame ionization detector. A fused
silica capillary column (CP Sil5 25 m x 0.32 mm, d¢ = 0.12 um) with helium as a carrier gas
was used. The samples were injected at 70°C. The GC oven temperature was subsequently
raised to 130°C at a rate of 20°C/min, and to 320°C at 4°C/min. The temperature was then
held constant for 15 min.

All fractions were analyzed by gas chromatography-mass spectrometry (GC-MS) for
compound identification. The structural designation of lipids was evaluated by the
comparison of their mass spectral fragmentation patterns and Pseudo Kovats retention indices
with reported data. GC-MS was conducted using a Hewlett Packard 5890 gas chromatograph
interfaced to a VG Autospec Ultima Q mass spectrometer operated at 70 eV with a mass
range of m/z 50-800 and a cycle time of 1.8 s (resolution 1000). The gas chromatograph was
equipped with a fused silica capillary column (CPsil5 25 m x 0.32 mm, df = 0.12 um) and
helium as a carrier gas. The temperature program used for GC-MS was the same as for GC.

2.5. Isotope-ratio-monitoring gas chromatography-mass spectrometry (IRM-GC-MS)

IRM-GC-MS was performed on a Finnigan MAT DELTA ™" XL instrument used for
determining compound-specific 8°C values. The GC used was a Hewlett Packard 6890A
series and the same analytical conditions were used as described for GC and GC-MS. With
the purpose to achieve better separation and more accurate 8'°C values for the cluster of
pentamethylicosenes (PMIs), the silicalite non-adducted hydrocarbon fractions isolated from
carbonates CC-1 and CC-4 were also analyzed using DB-1MS 60 m x 0.25 mm with d¢= 0.25
pm capillary column. Samples were injected at 70°C followed by increasing the temperature
to 140°C at a rate of 25°C/min, and to 320°C at a rate of 3°C/min. The temperature was then
held constant for 20 min. For carbon isotopic correction of the added trimethylsilyl groups,
the carbon isotopic composition of the used BSTFA was determined (-49.30 £ 0.5 %o).
Obtained values are reported in %o relative to the VPDB standard, and have been corrected for
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the addition of Si(CHs); group due to the derivatisation procedure. In order to monitor the
accuracy of the measurements, the analyses were carried out with co-injection of two
standards, Cyp and Cy4 n-alkanes, which have known carbon isotopic composition.

2.6. High performance liquid chromatography-mass spectrometry (HPLC-MS)

To determine the distribution and composition of intact glycerol dialkyl glycerol
tetraethers (GDGTs), carbonate crust and mud breccia samples were analyzed using a HPLC-
MS method for their direct analysis (Hopmans, et al. 2000).

2.7. DNA extraction

Table 1 summarizes general details on samples analyzed using molecular biological
techniques. Samples of carbonate crusts and sediments were directly stored at -20°C after
collection, and at —80°C after return to home institute. Genomic DNA was extracted from
about 1 g of sample using the UltraClean Soil DNA Isolation Kit (MoBio, Carlsbad, USA).
The quality and quantity of the extracted DNA was checked by standard agarose gel
electrophoresis. to reverse sequence of primer Parch519r published by Ovreas et al. (1997)
and ARCO915r (E.coli positions 915-934; Stahl et al., 1988). The stability of the archaeal 16S
rRNA gene fragments in the DGGE was obtained by attaching a 40-bp long GC-clamp (5°-
CGC CCG CCG CGC CCC GCG CCC GGC CCG €@ cece cea cee -3’ [Schaefer and
Muyzer, 2001]) to the 5’-end of the ARC915r primer (Coolen et al., 2004). PCR conditions
included an initial denaturation step of 4 min at 96°C, followed by 35 cycles including a
denaturation step for 30 s at 94°C, a primer annealing step for 40 s at 57°C, and a primer
extension step for 40 s at 72°C. A final extension was performed for 10 min at 72°C. Partial
bacterial 16S rRNA genes were amplified using primers 341f [E.coli positions 341-357; 5°-
CCT ACG GGA GGC AGC AG-3’(Muyzer et al., 1993) including the 40-bp GC-clamp and
907r [E.coli positions 907-926; 5’-CCG TCA ATT CCT TTR AGT TT-3" (Lane, 1991)].
PCR conditions were comparable to those described for the amplification of archaeal 16S
rRNA genes, except that 32 cycles were applied. The fragment lengths of the archaeal and
bacterial PCR products including the 40-bp long GC-clamp were 436 bp and 606 bp,
respectively.

All PCR amplifications were performed with a Geneamp PCR System 2400 (Perkin-
Elmer) using a mixture of the following components: 5 ul of 10X PCR-buffer (100 mM Tris-
HCI [pH 9.0], 15 mM MgCl,, 500 mM KCI [Pharmacia Biotechnology, Upsalla, Sweden]),
10 mM of dNTP’s, 0.5 uM of each archaeal (Parch-519f, ARC-915r+GC-clamp) and bacterial
(341+GC-clamp, 907r) primers, 20 pg of bovine serum albumine, and 1 unit of Taq DNA
polymerase (Pharmacia). Between 2 and 5 ng of template DNA from each carbonate crust,
and up to 20 ng from each sediment sample was subjected to PCR. The final volume of the
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mixture was adjusted to 50 pl with molecular-grade water (Sigma, Saint Louis, Missouri
USA).

2.9. DGGE analysis of 16S rRNA genes

All PCR-products were analyzed by DGGE (Schaefer and Muyzer, 2001), carried out
in a Bio-Rad D Gene system (Biorad, Miinchen, Germany). PCR samples were applied
directly onto 6% (wt/vol) polyacrylamide gels (acrylamide/N,N'-methylene bisacrylamide
ratio, 37:1 [w/w]) in 1 x TAE buffer (pH 7.4), which had been prepared from sterile solutions
and casted between sterilised glass plates. The gels contained a linear gradient of denaturant
from 20-70% (100% denaturant is 7 M urea plus 40% [v/v] formamide). Electrophoresis
proceeded for 15 h at 100 V and 60°C. Afterwards, gels were stained for 30 min in sterile
double-distilled water containing ethidium bromide, destained for 60 min in sterile double-
distilled water, and photographed. DGGE-fragments were excised from the gel with a sterile
scalpel and rinsed with molecular-grade water (Sigma, Saint Louis, Missouri USA). The
DNA of each fragment was eluted in sterile 10 mM Tris-HCI (pH 8.0) by incubation for 24 h
at 2°C and served as template DNA for re-amplification. PCR conditions for re-amplification
of PCR bands included an initial denaturation step of 4 min at 96°C, followed by 30 cycles for
40 s at 57°C, and a primer extension step for 40 s at 72°C. A final extension was performed
for 10 min at 72°C. Primers without GC-clams were used.

2.10. Sequencing of DGGE bands

Prior to the sequencing reactions, primers were enzymatically removed from the
reamplified DGGE-bands using the ExoSAP-IT™ kit (Amersham Bioscience, Roosendaal,
the Netherlands) following the descriptions of the manufacturer. Cycle sequencing reactions
were performed with the ABI Prism Big Dye Terminator V3.0 kit (Applied Biosystems, Ca.
USA) using the forward or reverse primer (without GC clamp) at a final concentration of 0.2
uM, and 10 ng of template DNA. The reaction volume was adjusted to a volume of 20 ul with
molecular grade water (Sigma). The following reaction conditions were employed: 1 sec.
initial denaturing at 96°C, followed by 25 cycles of 10 s at 96°C, 5 s at 45°C, and 4 min at
60°C. Nucleotide positions were determined using an automated ABI-310 capillary sequencer
(Applied Biosystems). Complementary sequences were aligned and manually edited using the
AutoAssembler software package (Version 2.1.1; Applied Biosystems).

2.11. Comparative analysis of 16S rRNA gene sequences

The partial sequences were analyzed using BLAST in the NCBI database
(http://ncbi.nlm.nih.gov/BLAST) and added together with the most important BLAST hits, to
an alignment of about 1400 homologous bacterial 16S rRNA gene sequences by using the
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aligning tool of the ARB software package. Trees were generated by neighbor-joining, with
the correction method of Felsenstein as implemented in ARB. Bootstrap analysis (1000
replicates) was performed in PAUP version 4. Names of the sequences consisted of the prefix
DGGE, indicating that the sequences were obtained from excised DGGE bands with ARC for
Archaea, BAC for Bacteria, and the number of the excised band. The numbers used in the
DGGE are the same as those used in the trees. The accession numbers for the archaeal and
bacterial sequences are AY847616 to AY847624 and AY847598 to AY847615, respectively.

3. Results and discussion

3.1. Methane

Colds seeps, especially actively degassing M Vs, are focal sources of fluids containing
methane. The occurrence of gas and its migration through the sediments have been recognized
in seismic recordings of the Sorokin Trough in many ways (Ivanov et al., 1998; Bouriak and
Akhmetzhanov, 1998). Gas measurements revealed that the main gas components in the area
are hydrocarbons, nitrogen, and carbon dioxide, with methane being the most abundant
(Ivanov et al., 1998). Hydrocarbon gases from the NIOZ and Odessa MVs are mainly
composed of methane (99.1%-99.9% of total hydrocarbon gases). The average carbon
isotopic composition of methane is ca. -63%o at the NIOZ MV and -68%o at the Odessa MV,
indicating the biogenic origin of methane (Rice and Claypool, 1981) at these sites. The
abundance of methane in the sediments of the Kazakov MV is ca. 95% of the total
hydrocarbon gases and the average 8'’Ccus value is -56%. These results indicate a
thermogenic contribution to the methane at the Kazakov MV.

The methane distribution in the Kazakov MV displayed the characteristic concave-up-
curve at a depth interval of ca. 10-13 cm below sea floor (bsf) (Figurel), which is consistent
with anaerobic methane consumption (Martens and Berner, 1974; Barnes and Goldberg, 1976;
Reeburgh, 1976; Alperin and Reeburg, 1984; Valentine and Reeburgh, 2000). In contrast,
methane profiles in the NIOZ and Odessa MVs showed an irregular pattern. Maximum
methane concentrations occurred in both settings just below the methane-related authigenic
carbonate crust layers (Figure 1). These carbonate crusts were characterized by depleted §'°C
values (~ -40%o), indicating their origin, at least in part, from carbon dioxide produced by
AOM (Kovalenko and Belenkaia, 2002; Mazzini et al., 2002).

3.2. Archaeal and bacterial lipid variability

Lipid analysis of the carbonate crusts associated with microbial mats (C1, C2, C3, and
C4) and the mud breccias matrix revealed a quite diverse set of biomarkers diagnostic for
different archaea and bacteria. A remarkable difference in the molecular composition and
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Figure 3. Total ion current traces of the silicalite non-adduct (branched and cyclic
hydrocarbons of the apolar fraction) of the four carbonate crusts. Roman numbers refer to
structures shown in the Appendix.
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3.2.1. Irregular acyclic isoprenoids

The acyclic isoprenoids in all crusts are dominated by the irregular, tail-to-tail linked
C,s isoprenoid, 2,6,10,15,19-pentamethylicosane (PMI; 1, see Appendix for structures) and its
unsaturated counterparts (Figures. 3 and 4). PMI is considered to be a specific biomarker for
methanogenic Archaea and has been detected in cultures of methanogens, such as
Methanobacterium thermoautotrophicum and Methanosarcina barkeri (Holzer et al., 1979),
Methanosarcina mazei, and Methanolobus bombayensis (Schouten et al., 1997). PMI has also
been frequently encountered in marine settings with a high rate of methanogenesis or AOM
(Wakeham, 1990; Kohnen et al., 1992; Pancost et al., 2000; Elvert et al., 2000; Thiel et al.,
2001). Mono-, di- and polyunsaturated pentamethylicosenes (PMEs) possessing up to five
double bonds are also abundant biomarkers in some crusts (Figures. 3 and 4). PMEs have
been identified in the methanogenic archaea M. mazei, M. barkeri and M. bombayensis
(Holzer et al., 1979; Tornabene et al., 1979; Schouten et al., 1997; Sinninghe Damsté et al.,
1997). Carbon-isotope depleted, PMEs have also been found in cold-vent sediments, and their
origin has been ascribed to archaea involved in AOM (Elvert et al., 1999; Pancost et al., 2000,
2001; Thiel et al., 2001). The distribution of PMEs in carbonates CC-1 and CC-4 is similar to
that reported for the Eastern Mediterranean cold seep sediments (Pancost et al., 2001). They
are particularly abundant in crust CC-1, comprising ca. 26 % from the total identified apolar
compounds. Crust CC-4 is characterized by less abundant PMEs, but their composition is
similar to that observed in the CC-1 (Figure 4). In both carbonates the most abundant PME is
2,6,10,15,19-pentamethylicosa-2,6,14,18-tetraene (Pseudo Kovats index (CP Sil 5), 2337, 11),
occurring in the methanogenic archaecon Methanosarcina mazei (Schouten et al., 1997,
Sinninghe Damsté et al., 1997). The PME with 5 double bonds, pentamethylicosa-
2,6,10,14,18-pentaene (Pseudo Kovats index (CP Sil 5), 2346, III), which was previously
found in cultures of M. mazei and M. bombayensis (Schouten et al., 1997; Sinninghe Damsté
et al., 1997), was also identified in crusts CC-1 and CC-4. In carbonates CC-2 and CC-3 PMI
is abundant but PMEs are almost absent (Figure 4). The carbon isotopic compositions of PMI
range from —101%o in the crust CC-1 to -89%o in the crust CC-2 (Table 2). The 8'"°C values of
PME:s in all crusts are quite similar to that of PMI (Table 2). Their depleted 6-values indicate
that these compounds are derived from archaea involved in AOM.

In the mud breccias, PMI and PMEs were only found in the Kazakov MV. In this MV,
a mixture of PMI and PMEgs appeared in the uppermost 10 cm of the sediments. Down-core at
depth of 20 cm, only PMI and PME (III) were identified. The concentrations of these
hydrocarbons decrease with depth and this drop is accompanied with its ">C enrichment. In
the uppermost sediments 8'°C of PMI is -81%o, while at 20 cm depth 8'"°C values of ca. -71%o
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Figure 4. The distribution of PME:s in the four carbonate crusts.

(£ 3%0) were measured. The distribution of PMI and PMEs in Kazakov mud breccias
resembles that of the carbonate crusts CC-1/CC-4.

Another microbial lipid present in the carbonate crusts is the irregular Csy isoprenoid
squalene (2,6,10,15,19,23-hexamethyltetracosa-2,6,10,14,18,22-hexaene; 1V) (Figure 3).
Carbon isotopic analyses showed that squalene in carbonate CC-1 is isotopically enriched (-
71 %o) relative to the cluster of PMI and PMEs. Furthermore, this 8'°C value is the most
depleted squalene of all carbonate crusts (Table 2). A distinct feature of CC-1 is the
occurrence of relatively high amount of squalene and the presence its Css, Csp and Ciys
pseudo-homologues (Figure 3). None of these “squalene-like” lipids were detected in other
carbonate crusts or in the mud breccia. The carbon isotopic compositions of ZCsp, XCss, Cao
and Cys squalene pseudo-homologues were, —55%o, -74%o0, —80%0 and —82%o, respectively.
The isotopic compositions of these components suggest the potential incorporation of
methane or methane-derived substrates by the larger bacterial cold-seep community.

3.2.2. Isoprenoidal dialkyl glycerol diethers (DGDs)

Analysis of polar fractions of carbonate crusts and mud breccias revealed a suite of
isoprenoidal DGDs diagnostic for various archaea (De Rosa and Gambacorta, 1988; Sprott et
al., 1990; Nishihara and Koga, 1991; De Rosa et al., 1991; Koga et al., 1993; Sprott et al.,
1993) (Figure 5). Archaeol (bis-O-phytanyl glycerol diether, X), sn-2- (XI) and sn-3- (XII)
hydroxyarchaeols (Hinrichs et al., 1999, 2000, Pancost et al., 2000) and two macrocyclic
diethers possessing one and two cyclopentane rings within the biphytane chain (XIII and XIV,
respectively; Stadnitskaia et al., 2003) were identified (Figure 5). Archaeol is a common
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Table 2. Carbon isotopic composition (8"°C) of archaeal and bacterial lipids in carbonate crusts
with microbial mats and mud breccia (%o by PDB standard).

Odessa mud volcano |

NIOZ mud volcano

Kazakov mud volcano

Carbonate crusts with microbial mats Mud breccia
Biomarker TTR-11  TTR-11 TTR-11 TTR-11 0-10em  10-20 em
BS-336G  BS-328G  BS-328G  BS-325G bsf b f
(CC-1) (CC-2) (CC-3) (CC4) o T
PMI(I)*® -101° -89° -96° -99 -81+3%0°  -7143%o
PME:1 n.d.* -83 -97 n.d. n.d. n.d.
PME:1 (2) -99 - - - n.d. -
PME:2 (%) -97 - - - n.d. -
PME:3 (%) -98 - - -92 n.d. -
PME:4+PME:5 (11, 1II) -96 - - -103 n.d. n.d.
Squalene (IV) -71 -57 n.d. -40 n.d. n.d.
Tricos-1-ene (Cz3:) (V) -95 -100 -94 n.d. n.d. n.d.
Tetracos-1-ene (Ca4.1) (VI) -91 n.d. n.d. n.d. n.d. n.d.
Diploptene (VII) -84 -61 -82 n.d. n.d. n.d.
Isoprenoidal DGDs
Archaeol (X) -106 -116 -102 -107 -85£3%o -7043%o
sn-2-hydroxyarchaeol (XI) n.d. n.d. - n.d.
sn-3-hydroxyarchaeol (XII) n.d. n.d. -112 n.d. ~79+3%0 n.d.
Macrocyclic DGDs
X1 -106 n.d. -104 -111 - -
X1V -115 n.d. -112 -116 - -
Non-isoprenoidal DGDs
XV -86 -96 -95 - -70+3%o -
XVI -70 -79 -92 - -72+3%o -
XVI isomer -90 n.d. n.d. - - -
XVl -87 - - -87 - -
XVIII -106 - n.d. - - -
XVIII isomer -96 - - - - -

For polar compounds obtained values have been corrected for carbon atoms added by

derivatisation.
n.d.* - not determined

*Roman numbers refer to the structures in the Appendix
®_89 — co-elution with PME:1 isomer
‘~ mud breccias show considerably lower concentrations of archaeal and SRB lipids compare to the
carbonate crusts. Therefore, an error of 5°C measurements of reported compounds for mud

breccias increases up to +3%o.

4(Z) — 8"C values for the sum of C,s isomers with the same amount of double bonds.

membrane lipid of such ecologically contrasting archaeal groups as thermophiles, halophiles
and methanogens (De Rosa and Gambacorta, 1988; De Rosa et al., 1991; Koga et al., 1993). It
was detected in all carbonate crusts as the most abundant DGD and in the mud breccias from
both MVs. In carbonate crusts CC-2 and CC-3 (from the NIOZ MYV), archaeol is the most
abundant compound of the polar fractions (Figure 5) with the highest concentration of 5.2

pg/g of dry sediment in CC-2. Unlike archaeol, both the sn-2 and sn-3 isomers of
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Figure 5. Gas chromatograms of the polar fractions of the four carbonate crusts.
Roman numbers refer to structures in the Appendix. Open squares indicate
straight-chain alcohols. All alcohols were analyzed as their trimethylsilyl
derivatives.
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hydroxyarchaeol (hydroxydiether lipids) have only been reported to occur in methanogenic
archaea, i.e. in all cultured members of the Methanosarcinales (Ferrante et al., 1988; Sprott et
al., 1990; Nishihara and Koga, 1992; Koga et al., 1993; Sprott et al., 1993), suggesting that
these lipids are a chemotaxonomic characteristic of this genus. It was also reported that
hydroxylation at the C-3 position of the sn-2 chains is exclusively present in all of the
Methanosarcina spp., whereas the sn-3 isomer has been shown to be produced by a
Methanosaeta sp. (Sprott et al., 1993). The hydroxyarchaeol isomers occur in all carbonate
crusts with abundances substantially lower than that of archaeol and varying between the
crusts (Figure 5). In crust CC-3, the sn-2-isomer was not detected.

All carbonate crusts are characterized by extremely depleted 8"°C values of archaeol
and the hydroxyarchaeols. The 8'°C of archaeol in crust CC-1 and CC-4 is nearly identical (-
106%o and -107%o, respectively). Crust CC-2 is characterized by a more depleted °C value of
archaeol (-116%o), whereas archaeol in crust CC-3 is slightly enriched in 8"C value (-102%o)
(Table 2). The isotopic composition of sxn-3-hydroxyarchaeol could only be obtained in crust
CC-3 (Table 2) and is 10%o depleted relative to archaeol.

In the mud breccia from the Kazakov MV archaeol and the sn-2 and s»n-3 isomers of
hydroxyarchaeol were only detected in the uppermost 20 cm of the core. Archaeol represents
the dominant DGD as observed for the crusts. Its concentration at 10 cm was 1.4 pug/g and
decreased to 0.3 pg/g at 20 cm depth. As noticed for PMI and PMEs, deeper sediments show
decreasing levels of archaeol and the hydroxyarchaeols. This change was also reflected in
their carbon isotopic composition (Table 2). For example, the 8°C of archaeol was —85%o in
the uppermost interval and ca. —70%o at 20 cm depth. The 8'"°C value of the composite sn-2-
and sn-3 hydroxyarchaeols was —79 %o in the topmost sediment.

In addition to these well-known archaeal DGDs, two macrocyclic diphytanyl glycerol
diethers possessing one (XIII) and two (XIV) cyclopentane rings were identified in all
carbonate crusts. Although their basic molecular structure is similar to acyclic macrocyclic
DGD previously identified in the thermophilic methanogen Methanococcus jannaschii
(Comita et al., 1984), their occurrence in cold-seep settings suggests that these macrocyclic
DGDs are not restricted to thermophilic methanogens (Stadnitskaia et al., 2003). The 8"°C of
the macrocyclic DGD XIV was 5 to 9% depleted relative to macrocyclic DGD XIII, which
have similar 8'"°C values as that of archaeol in all carbonate crusts (Table 2). The macrocyclic
DGDs were only found in the carbonate crusts.
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below the roman ones indicate the dominant [M+H]+ ions. Grey bars designate the abundances of
GDGTs and refer to the scales at the left side of the plot.
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3.2.3.Glycerol Dibiphytanyl Glycerol Tetraethers (GDGTs)

Isoprenoidal GDGTs are biomarkers for a wide group of archaea. They can represent
the main constituents of archaeal membranes and can contain 0 to 8 cyclopentane rings (De
Rosa et al., 1983; Langworthy, 1985; De Rosa and Gambacorta, 1988). In the carbonate crusts
and mud breccias GDGTs prevail over all other identified archaeal lipids. The total GDGTs in
the carbonates ranged from 36 to 136 ng/g. These values are substantially higher than those
for total archaeal DGDs (sum of archaeol, OH-archaeols and macrocyclic diethers; 2.1 to 5.6
pg/g). All GDGT distributions are dominated by GDGTs with 0-2 cyclopentane rings (XIX,
XX and XXI) except those of the mud breccias below crust CC-1 and above crust CC-4
(Figure 6), and, thus, reveal AOM “fingerprints”. Such patterns are similar to those previously
observed in the Eastern Mediterranean cold seeps, MVs and carbonate crusts (Pancost et al.,
2001b; Aloisi et al., 2002), in the Gulf of Mexico methane seepages (Zhang et al., 2003), and
in the deep (>700 m) Black Sea water column (Wakeham et al., 2003).

Figure 7 shows the GDGT profiles in mud breccias from the Kazakov and the NIOZ
MVs. Although the GDGT concentrations in the Kazakov mud breccias are more than one
order of magnitude lower than in the carbonate crusts and substantially lower than in mud
breccias from the NIOZ MV, the GDGT distribution profile in the Kazakov mud breccia
indicates active anaerobic methanotrophy (Figure 7a). It reveals the predominance of GDGT-
0 (XIX) and GDGT-2 (XXI), with the latter as the most prevalent one (Figure 7a). In contrast,
the predominance of GDGT-0 (XIX) and crenarchaeol (XXIII) in mud breccias from the
NIOZ MV (Figure 7b) and in sediments below crust CC-1 and above crust CC-4 (Figure 6)
does not indicate the presence of archaea involved in AOM. Such distributions have
previously been observed in sea-water particulate organic matter and in marine sediments
from different geographical settings (Schouten et al., 2000; Pancost et al., 2001; Wakeham et
al., 2003; Wuchter et al., 2003). Crenarchaeol (XXIII) is a marker of ubiquitous planktonic
crenarchaeota (Hoefs et al., 1997; Schouten et al., 1998, 2000, 2001; Sinninghe Damsté¢ et al.,
2002a,b; Wakeham et al., 2003), which also produce other GDGTs with 0 and, to a lesser
degree, 1-3 cyclopentane rings. The crenarchaeotal GDGTs are most probably indigenous to
the mud breccias and, thus, represent fossil material and do not reflect living crenarchaeotal
biomass. The presence of crenarchaeol in the carbonate crusts in relatively small amounts is
attributed to the inclusion of mud breccia particles during carbonate formation.

3.2.4. Non-isoprenoidal DGDs

Non-isoprenoidal DGDs, inferred before as a marker of SRB in cold-seep carbonate
crusts and MV deposits in the Eastern Mediterranean (Pancost et al., 2001; Werne et al.,
2002), were identified in all carbonates and in mud breccia from the Kazakov MV. Two series
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Figure 7. Abundances (ng/g of dry sediment) versus depth of GDGTs and methane (ml/l) for (a)
the Kazakov mud volcano, TTR-11 BS-331G; and (b) the NIOZ mud volcano, TTR-11 BS-325G.
Roman numbers refer to structures in the Appendix.

of these DGDs were found. The first series includes DGDs possessing anteiso pentadecyl
moiety attached at the sn-1 position with either an anteiso C;s alkyl chain (Cs3, XV) or a
cyclopropyl-containing C;¢ alkyl chain at the sn-2 position (Cs4.;, XVI) (Pancost et al.,
2001). The second series was represented by DGDs possessing a cyclopropyl-containing
Cy7 alkyl chain at the sn-2 position with either an n-C,4 alkyl (Cs4.;, XVII; RI=3633) or a
Ci7 o-cyclohexyl alkyl moiety (Cs7,, XVIII; RI=3927) at the sn-1 position (Pancost et al.,
2001). With the exception of CC-4, the most abundant diether in the carbonate crusts was
XVI and its tentatively identified isomer (Figure 5). The non-isoprenoidal DGD XVII was
detected only in crusts CC-1 and CC-4. A novel non-isoprenoidal DGD was tentatively
identified in crust CC-1 (Figure 5). Its mass spectrum resembled that of XVIII (Pancost et
al., 2001), but the molecular ion is 28 Da higher. The §"°C values of the non-isoprenoidal
DGDs in the crusts were generally 10 to 20%o heavier than those of the isoprenoidal and
macrocyclic DGDs (Table 2). An exception is XVIII, which was characterized by a §"°C
similar to that of archaeol.

The DGDs XV and XVI were only found in the uppermost interval of the mud breccia
from the Kazakov MV. Their carbon isotopic composition was ca. —71%o. In the mud breccia
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the non-isoprenoidal DGDs co-occurred with archaeal DGDs, PMI and PMEs. It does not
indicate a relation of sulfate-reducing bacteria with archaea, but their >C-depleted signatures
do indicate that the carbon source most probably was methane.

3.2.5. Cyclic triterpenes

The hopanoid diploptene (hop-22(29)-ene; VII), widely occurring in the bacterial
domain, was detected only in the carbonate crusts (Figure 3). The low 8°C values of
diploptene (up to -84%o; Table 2) indicates an incorporation of methane-derived carbon into
the biomass of diploptene-biosynthesizing bacteria. The presence of *C-depleted diploptene
exclusively in the carbonates may suggest specific bacterial populations involved in the
process of carbonate precipitation via AOM.

Two other lipids, tetrahymanol (VIII) and bishomohopane-32-ol (IX), were detected in
the uppermost 25 cm of the mud breccia of the NIOZ MV. Tetrahymanol and
bishomohopane-32-ol were relatively depleted in '°C, i.e. ca. -49%o at the interval 16-22 cm
bsf. Since bishomohopane-32-ol is probably derived from Css bacteriohopanepolyol
derivatives, fresh extracts were also subjected to chemical degradation in order to detect all
bacteriohopanepolyol derivatives (Rohmer et al., 1984, 1992). However, no indications for
the presence of intact Css bacteriohopanepolyol derivatives were obtained.

Hopanoids are derived from precursors in the membranes of bacteria. They occur
mainly in aerobic bacteria, such as methylo- and methanotrophs, heterotrophs, cyanobacteria,
and facultative anaerobic photosynthetic purple non-sulfur bacteria (Rohmer et al., 1984;
Rohmer et al., 1992; Kenneth and Moldovan, 1993; Schoell et al., 1994; Summons et al.,
1999). Recent biomarker studies revealed the occurrence of hopanoids in anoxic
environments (Pancost et al., 2000; Elvert et al., 2001; Thiel et al., 2003), suggesting that the
occurrence of hopanoids is not restricted to aerobic bacteria. Recently, it has indeed been
shown that strictly anaerobic bacteria capable of anaerobic ammonium oxidation are able to
biosynthesize hopanoids, including diploptene and bacteriohopanepolyols (Sinninghe Damsté
et al., 2004b).

It is still unclear which microorganisms are capable to biosynthesize tetrahymanol in
strict anoxic environments. Tetrahymanol was first isolated from the ciliate protozoan
Tetrahymena pyriformis (Mallory et al., 1963). Besides eukaryotes such as in ferns, fungi, and
other ciliates, tetrahymanol was found in addition to hopanoids in the phototrophic purple
nonsulfur bacterium Rhodopseudomonas palustris (Kleemann et al., 1990) and in the
nitrogen-fixing bacterium Bradyrhizobium japonicum (Bravo et al., 2001).
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3.2.6. Straight-chain alkenes

All carbonate crusts contain n-tricosene (C,3.1; V) and n-tetracosene (Cps.1; VI). Based
on the relative retention time, the C,3.; alkene was tentatively identified as n-tricos-10(Z)-ene,
previously reported in a Black Sea microbial mat (Thiel et al., 2001). The C,4.; alkene has not

been previously reported in AOM settings. The 8'°C signatures of these alkenes (8"°C = ca. -
95%0; Table 2) indicated that n-C,3.; and n-Cj4.; were biosynthesized by microorganisms
involved in AOM (cf. Thiel et al., 2001). It is presently unknown which microorganisms
involved in anaerobic methanotrophy are capable to biosynthesize these straight-chain

hydrocarbons. However, their presence only in methane-related carbonates and not in mud

breccias indicates peculiar trophic association of microorganisms, which may be involved in

carbonate precipitation via AOM.

3.3. 168 rRNA gene sequence analysis

mud breccia

Kazakov m.v. NIOZ m.v.
carbonate crusts f gY g)

O O b O s 2 9 9
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— — 7 -
_— 2 e e o —
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3.3.1. Archaeal sequences

DGGE of PCR products
obtained with primers specific
for the 16S rRNA encoding gene
of Archaea (Coolen et al., 2004)
resulted in one intensely stained
band at the same position in the
gel for carbonate crusts CC-1
and CC-4 (Figure 9, lanes 2 and
5) as well as for CC-2 and CC-3
(Figure 9, lanes 3 and 4). The
DGGE profiles of the PCR
products obtained with DNA
from the mud breccias showed
more than one band. The mud
breccias from the Kazakov MV
showed two bands at 2-4 cm and
at 8-10 cm, and three bands at
20-22 cm (Figure 9, lanes 7-9,

Figure 8. DGGE analysis of PCR products obtained with primers specific for the 16S rRNA
encoding gene of Archaea and genomic DNA extracted from the carbonate crusts and mud
breccias (for detail on the samples, see Table 2). Lanes 1, 6, and 12 are marker fragments. Bands
that were excised and sequenced are numbered; band no. 1 is named DGGE-ARCI, band no. 2 is
DGGE-ARC?2, etc. (see Figure 9 for their phylogenetic position).
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Figure 9. Phylogenetic affiliation of Archaea present in the carbonate crusts and mud breccias
as reveled by comparative analysis of 16S rRNA gene sequences from bands and those stored
in public databases. Bootstrap values are based on 1000 replicates; only values between 90%
and 100% are given and indicated by a solid dot on the branches. Sequences determined in this
study are shown in bold and refer to the number of the band excised from the gel (see Figure 8).
The scale-bar represents 5% sequence divergence. Abbreviations used to indicate the different
clusters in the tree: ANME-1 and ANME-2 are two groups of putative anaerobic methane-
oxidizing Archaea; MBG-D is marine benthic group D; MBG-B is marine benthic group B;
MCG-1 is marine crenarchaeotal group -1.

Tlinermoprotei

95



PART I: The Sorokin Trough, NE Black Sea

respectively). In contrast, the mud breccias from the NIOZ MV showed no bands at 8-12 cm,
just above carbonate crust CC-4, and ca. seven relatively weak bands at 16-20 cm depth, just
below the crust (Figure 8, lanes 10- 11).

Most of the bands were excised from the gel, re-amplified, and sequenced to infer the
phylogenetic affiliation of the community members. None of the identified archaeal
sequences was closely related to known methanogens. Bands at the same position in the gel
had identical sequences. Comparative analysis of the sequences obtained from bands no. 1, 2
and 3, and sequences stored in nucleotide databases indicated a close relationship of these
populations with Archaea grouped in the ANME-1 cluster (Figure 9). A bootstrap value of
100% confirmed this strong affiliation. The sequence obtained from band no. 7 clustered with
sequences of Archaea of the Marine Benthic Group D within the Euryarchaeota (Vetriani et
al.,, 1999; Teske et al., 2002). The sequences of the other excised bands grouped with
sequences of Crenarchaeota. Bands no. 5 and 6 grouped within the Marine Benthic Group B
(Vetriani et al., 1999), and bands no. 4, 8, and 9 within the cluster of the Miscellaneous
Crenarchaeotal Group (Inagaki et al., 2003).No sequences of mesophilic archaea affiliated
with the group of pelagic crenarchaeota were identified (Figure 9).

3.3.2. Bacterial sequences

A diversity of bacterial 16S rRNA gene fragments was detected in DNA isolated from
the microbial mats associated with carbonate crusts and from mud breccias. DGGE analysis
of 16S rRNA gene fragments obtained with bacterial primers (Figure 10) showed a more
complex pattern than those for Archaea (Figure 8). To determine the identity of the bacteria,
DGGE bands were excised, re-amplified, and sequenced. Comparative sequence analysis
indicated the presence of bacteria affiliated to different phylogenetic groups (Figure 11).
Three sequences, DGGE-BAC2, -BAC4 and -BAC7, grouped with bacteria for which no
cultured representatives have been isolated so far, i.e. the OP8 candidate division (Hugenholz
et al., 1998). Two other sequences, i.e. DGGE-BACI1 and -BAC13, grouped with sequences
belonging to bacteria from hydrocarbon seeps or benzene-mineralizing consortia within the
Haloanaerobiales. Three sequences, DGGE-BACS, -BACS8 and -BAC12, clustered with SRB
within the o-subdivision of the Proteobacteria. These sequences belong to the
Desulfobacteraceae, including all the sequences between Desulfobacterium niacini and
Desulfostipes sapovorans with a bootstrap value of greater than 90 %. However, they do not
belong to the Desulfosarcina cluster. They form a separate group together with the sequence
of the uncultured bacterium 63-2 found in the Benguela Upwelling System (Schaefer et al.,
unpublished data). One sequence, DGGE-BAC17, grouped with members belonging to the
genus Sphingomonas. Four sequences, DGGE-BAC14, -BAC15, -BAC16, and -BAC18, were
affiliated with the a-—subdivision of the Proteobacteria (Figure 11). Interesting is the
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mud breccia
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3.4.  Microbial diversity in ey
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3.4.1. Archaea —
Despite the crucial role of
archaea in AOM, no species are
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Therefore, their precise 1 2 3 4 5 6 7 8 9 10

biomarker composition 1is still
unknown. The combination of the
lipid biomarker and 16S rDNA
data 1is,

however, a powerful

means to identify the main

microbial community members

Figure 10. DGGE analysis of DNA fragments obtained after
PCR-amplification with primers specific for the 16S rRNA
genes of Bacteria and genomic DNA extracted from the
carbonate crusts and mud breccias (for detail on the samples,
see Table 2). Lane 5 represents marker fragments. Bands that
were excised and sequenced are numbered; band no. 1 is
DGGE-BACI, band no. 2 is DGGE-BAC?2, etc. (see Figure
11 for their phylogenetic position).

involved in AOM. Our 16S rRNA
gene sequence survey only revealed archaea related to the ANME-1 cluster (Figure 9).
Although this does not prove that archaea from the ANME-2 group are absent, it shows that
archaea belonging to the ANME-1 cluster are far more dominant. Both DGGE of PCR
amplified archaeal 16S rDNA (Figure 8) and the archaeal biomarker composition (Figs. 3 and
5) show a clear distinction between carbonate crusts CC-1/CC-4 and CC-2/CC-3. Although
the DGGE-ARCI and -ARC2 sequences are relatively closely related (ca. 95%) and both fall
in the ANME-1 cluster (Figure 9), the archaeal lipid composition of crusts CC-1/CC-4 and
CC-2/CC-3 is quite different. Archaea present in carbonates CC-1/CC-4 predominantly
biosynthesize PMEs and archaeol, while archaea in crusts CC-2/CC-3 produce primarily PMI
and, in addition, to archaeol also hydroxyarchaeol. All carbonates contain abundant GDGTs
and show the typical pattern (Figure 6) distinctive for AOM (cf. Pancost et al., 2001;
Wakeham et al., 2003).

Recent observations of archaeal membrane lipid patterns have typified distinct
anaerobic methanotrophic consortia in AOM-driven carbonate reefs with living microbial
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mats (Blumenberg et al., 2004). It was shown that microbial communities dominated by
archaea from the ANME-1 cluster biosynthesize cyclic GDGTs, archaeol and PMI with
relatively low amounts of PMEs, whereas ANME-2 archaea are characterized by the absence
of GDGTs, sn-2-hydroxyarchaeol in access to archaeol, abundant PMEs relative to PMI and
the presence of crocetane and crocetenes (Blumenberg et al., 2004). The tetra- and
pentaunsaturated PME isomers were initially thought to be indicative for members of the
Methanosarcinales-related ANME-2 cluster (Sprott et al., 1990, 1993; Hinrichs et al., 1999)
but the data of Blumenberg et al. (2004) do not comply with this. The archaeal lipid
distribution in our carbonates is generally consistent with the classification of Blumenberg et
al. (2004): GDGTs are relatively abundant, archaeol dominates over the hydroxyarchaeol
isomers, and crocetane is absent, all in line with the predominance of ANME-1 archaea.
However, despite that the archaea in the carbonate crusts all belong to the ANME-1 cluster, a
substantial variation in the amounts of PMI relative to PMEs is observed (Figure 4),
indicating that this characteristic should be used cautiously.

In comparison with the carbonate crusts, the mud breccias revealed phylogenetically
more diverse archaeal assemblages (Figs. 8 and 9). The mud breccias from the Kazakov MV
are characterized by a similar suite of archaeal biomarkers as crusts CC-1 and CC-4,
suggesting similar archaeal populations. This was confirmed by DGGE of archaeal 16S rDNA
fragments, revealing the predominance of the DGGE-ARC1 sequence, which also
characterizes the archaeal community in the crusts CC-1 and CC-4 (Figure 8). Another, but
less dominant, sequence (DGGE-ARC3) is phylogenetically closely affiliated with sequences
DGGE-ARC2 and —ARCI1 found in the carbonates. Sequence DGGE-ARC4, only obtained
from the lowermost mud breccia (20-22 cm), is affiliated with the Miscellaneous
Crenarchaeota Group of the Crenarchaeota. This group of Crenarchaeota is comprised of
sequences found predominantly in recent sediments (e.g. Inagaki et al., 2003) and mud
breccias from the Eastern Mediterranean MVs (Heijs et al., unpublished). In contrast to the
Kazakov MV, the mud breccias from the NIOZ MV do not contain sequences affiliated with
AOM archaeal groups. They are characterized by a phylogenetically more diverse archaeal
community with members within the Euryarchaeota, i.e. Marine Benthic Group D (DGGE-
ARC7) and Crenarchaeota, including Marine Benthic Group B (DGGE-ARCS5 and -ARC6)

Figure 11 (page 98). Phylogenetic affiliation of Bacteria present in the carbonate crusts and mud
breccias as reveled by comparative analysis of 16S rRNA gene sequences from DGGE bands and
those stored in public databases. Bootstrap values are based on 1000 replicates; only values
between 90% and 100% are given and indicated by a solid dot on the branches. Sequences
determined in this study are shown in bold and refer to the number of the band excised from the gel
(see Figure 10). The accession numbers are given in parentheses. The scale-bar represents 10%
sequence divergence.

99



PART I: The Sorokin Trough, NE Black Sea

and the Miscellaneous Crenarchaeota Group (DGGE-ARC4, -ARCS, and -ARC9). Such a
variety occurs only in the interval 16-20 cm, below carbonate CC-4 (Figs. 8 and 9). The
presence of these crenarchaeotal groups is indicative of sedimentary archaea which is most
likely not involved in the anaerobic methanotrophy. The GDGT patterns of these sections of
the mud breccias are similar to those in particulate organic matter from the water column
derived from pelagic crenarchaeota (e.g. Sinninghe Damsté et al., 2002b; Wakeham et al.,
2003). The absence of any archaeal sequences affiliated with marine pelagic crenarchaeota in
the mud breccias (Figure 9) indicates that these GDGTs are likely not derived from living
archaeal cells. Crenarchaeol (XXII) and the other GDGTs are most likely indigenous to the
erupted mud breccia, i.e. they were transported by mud fluid from the subsurface, resulting in
a background signal of GDGTs characteristic for pelagic crenarchaeota. This hypothesis is
supported by the fact that different mud flows on top of each other may have quite different
pelagic crenarchaeotal GDGTs patterns (Stadnitskaia et al., unpublished results). If AOM is
taking place, the archaea are producing their characteristic GDGTs, overriding the
background signal (Figure 6). In the carbonates the purest AOM signal is found.

3.4.2. Sulfate reducing bacteria

The presence of SRB was mainly detected in the carbonate crusts. Sequences DGGE-
BACS5 and -BACS8 grouped within the SRB cluster (Figure 11) and are detected in the
carbonate crusts CC-1, CC-2 and CC-3 in association with the occurrence *C-depleted non-
isoprenoidal diethers (Figure 5), previously inferred as biomarkers of SRB (Pancost et al.,
2001a; Werne et al., 2002). Carbonate crust CC-4 reveals relatively low quantities of °C-
depleted non-isoprenoidal DGDs. However, the presence of sequence DGGE-BACI12 in the
crust CC-4 confirms the presence of another species of SRB (Figure 11).

Previous studies have demonstrated that archaea from both the ANME-1 and ANME-2
groups co-occur with members of the Desulfosarcina/Desulfococcus phylogenetic cluster
(Boetius et al., 2000; Orphan et al., 2001a, 2002; Michaelis et al., 2002). The presence of
other groups of SRB from seep-related sediments was recently shown in the Cascadia Margin
of Oregon (Knittel et al., 2003). None of the sequences of SRB found in the carbonates
belong to these phylogenetic clusters of SRB known to participate in AOM. The sequences,
DGGE-BACS, -BACS, and -BAC12, form a separate cluster within the Desulfobacteraceae
family which possess though Desulfosarcina/Desulfococcus group, a potential syntrophic
archaeal partner in AOM-consortia as it was previously inferred (Boetius et al., 2000). This
indicates that archaea performing AOM in the carbonate crusts are most likely not limited to
the known SRB partners but that the SRB diversity is larger than previously anticipated. FISH
microscopy should confirm if the new SRB identified here form indeed synthrophic
communities as observed previously (Boetius et al., 2000). The positive correlation between
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the relative abundance of SRB lipid biomarkers, their carbon isotopic signatures, and the
presence of specific SRB-related DGGE bands in the carbonates provides additional evidence
to attribute the observed non-isoprenoidal DGDs to SRB involved in AOM microbial
communities.

3.4.3. Other bacterial assemblages

Sequences belonging to the benzene-mineralizing consortia (Phelps et al., 1998) within
the Haloanaerobiales group were only found in the carbonate CC-1 and the mud breccia of the
Kazakov MV. The presence of these bacteria is likely related to the abundance of
allochthonous aromatic compounds detected in the hydrocarbon gas mixtures and in the lipid
extracts of these sediments (Stadnitskaia et al., unpublished data).

The presence of sequences in the mud breccias of the Kazakov and NIOZ MVs
(sequences DGGE-BACI18 and -BAC15) that are phylogenetically related to methylotrophic
and methanotrophic bacteria in the a-proteobacteria (Figure 11) is remarkable. This seems to
indicate the presence of aerobic bacteria (all cultured bacteria falling in this cluster are
aerobes) in an anoxic ecological niche. Alternatively, and perhaps more likely, these findings
indicate the existence of microbes in this phylogenetic cluster that are anaerobic. The
presence of *C-depleted bishomohopan-32-ol in the same sediment intervals where these
sequences were detected might indicate that this hopanoid is derived from these bacteria
(methanotrophs are known to biosynthesize hopanoids; Rohmer et al., 1992) and that they are
actively involved in methane cycling. However, we were not able to detect intact
bacteriohopanepolyols in these sediments. Hopanoids have recently been detected in strictly
anaerobic bacteria (Sinninghe Damsté et al., 2004b), so this finding is not inconsistent with
the hypothesis that the phylogenetic cluster of methanotrophic bacteria in the a-proteobacteria
may contain anaerobes.

The other detected bacterial sequences (Figure 11) can not be directly related to a
metabolic reaction or ecological niche. A good example is the presence in the CC-1, CC-2,
and CC-3 carbonate crusts of three sequences (DGGE-BAC2, -BAC4, and -BAC?7) aftiliated
with bacterial candidate division OP8. Related sequences of this bacterial division were first
detected in a hot spring in Yellowstone National Park, rich in reduced iron, sulfide, CO,, and
hydrogen (Hugenholz et al., 1998). Subsequently, related sequences were also obtained from
a hydrocarbon-contaminated soil under methanogenic conditions (Dojka et al., 1998) and
from the anoxic water column of the Cariaco Basin (Madrid et al., 2001). In all these settings,
the representatives of OP8 candidate division co-occurred with various archaea. Although we
have no carbon isotopic evidence that implies the involvement of these bacteria in AOM
processes, their restricted occurrence in the crusts may indicate an ecologically significant but
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as yet unknown role for these bacteria. Another example is the sequence (DGGE-BACI16),
closely affiliated with nitrogen-fixing bacteria (Bradyrhizobium species; Figure 11), in the
mud breccias of the Kazakov MV. Bradyrhizobium japonicum biosynthesizes gammacerane
derivatives (Bravo et al., 2001) and, thus, may be the biological source for tetrahymanol, but
its biogeochemical role in this setting remains to be understood.

3.5. AOM processes and the formation of carbonates

A distinctive AOM signal, revealed by the GDGT composition and concentration
(Figure 6) and the presence of other *C-depleted archaeal and bacterial biomarkers (Table 2),
is evident for all carbonate crusts. In contrast, none of the mud breccias hosting the carbonate
crusts are characterized by a strong AOM signal (e.g. Figure 6). This is strong evidence that
AOM performed by the microbial community of archaea and SRB is indeed directly or
indirectly responsible for the precipitation of carbonate. Furthermore, it reveals that AOM is
the predominant microbial process within the carbonate crusts, inducing their formation. This
is consistent with the 16S rDNA sequence data which revealed ANME-1 archaeal sequences
only within the carbonate crusts. By contrast, the mud breccia below the crust CC-4 shows
phylogenetically diverse archaeal populations which are not at all affiliated with
methanotrophic archaea (Figs. 8 and 9). Most probably, the methanotrophic archaea are
present in much lower numbers relative to other archaea in the mud breccia, consistent with
the assumption of strongly reduced rates of AOM.

The carbon isotopic compositions of archaeal and bacterial biomarkers in both the
carbonates and the mud breccia from the Kazakov MV show extremely depleted 8'°C values
(Table 2), which is consistent with the data reported for various modern and ancient methane
venting areas where AOM took or is taking place (Peckmann et al., 1999, 2002; Thiel et al.,
1999, 2001; Elvert et al., 1999; Hinrichs et al., 2000; Pancost et al., 2000, 2001a 2001b;
Michaelis et al., 2002; Teske et al., 2002; Zhang et al., 2002, 2003; Werne et al., 2002). PMI
is enriched in °C relative to archaeol in both the mud breccia and the carbonate crusts. On the
other hand, hydroxyarchaeol shows considerable isotopic variation. In the mud breccia it is
enriched in "°C relative to archaeol (by ca. 6 %o) but depleted in carbonate crust CC3 (by
ca.10 %o). This is consistent with observations made in Eastern Mediterranean mud volcanic
sediments and carbonate crusts (Pancost et al., 2001b). Mud breccias from the Kazakov MV
show 8'°C values of archaeal and SRB biomarkers of ca. 10%o to 20%o enriched relative to
those of the same lipids in the carbonate crusts from the other MVs. This enrichment in "°C is
likely related to the enrichment in 3C of the substrate methane (Kazakov MV: 513 Ccna~ -
56%o0; Odessa MV: 8" Cey ~ -63%o0; and NIOZ MV: 8 Cens ~ -68%0). This indicates that
8'"°C value of microbial lipids is determined in part by the isotopic composition of methane.
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Figure 12. Conceptual model showing probable zone of active AOM and related carbonate
formation.

It is known, that authigenic carbonates derive their carbon from the pore water 2CO,
pool (Suess and Whiticar, 1989). Since the isotopic signal of methane in both the NIOZ and
the Odessa MVs is “C-depleted, the bicarbonate produced via AOM from this methane is
also 13C-depleted. Therefore, the similarities between the §'3C values of the methane, s
values of carbonates from the NIOZ and the Odessa MVs (-41 %o and -44 %o, respectively;
Mazzini et al., 2002), and 8"°C values of the archaeal lipids in the carbonate crusts (Table 2)
probably indicate that carbonate precipitation at these sites occurred under relatively constant
biogeochemical environments.

Methane concentrations in the NIOZ (TTR-11 BS-325G) and in the Odessa (TTR-11
BS-336G) MVs were highest just below the carbonate crust levels and then tend to decrease
within the carbonate interval and just above the crust, indicating its consumption (Figure 7b).
Most likely, neoformed carbonates serve as a trap for migrated methane, thus partially
reducing its diffusion into the water column. This could explain the settlement of microbial
mats at the base of and within the carbonate crusts. Consequently, at sites where authigenic
carbonate layers have already been formed (i.e. the NIOZ and the Odessa MVs), AOM occurs
predominantly just below or/and within the carbonates.

The data obtained suggest that the studied locations within the NIOZ, the Odessa and
the Kazakov MVs were characterized by different intensity and duration of AOM processes.
The recovered sedimentary section from the Kazakov MV (TTR-11 BS-331G) was
characterized by the absence of overlaying pelagic sediments, indicating that the sampling site
was located on a relatively recent mud flow. The presence of only millimeter-sized gas
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hydrates suggests inherent limited scale methane diffusion from the subsurface. Low
concentrations of GDGTs and the absence of AOM-induced authigenic carbonates suggest
that microbial processes in this setting, in particular AOM, are at the “initial stage” of their
development (Figure 12 a). Figure 7a shows that, in spite of the relatively low GDGT content
in the mud breccias, the distribution of GDGTs is similar to that of the carbonate crust CC-2
(Figure 6). The distinctive concave-up shape of the methane concentration profile relates to
the sharp decline in GDGT concentrations at the same depth interval (Figure 7a). This is
consistent with the decrease in concentration of SRB and other archaeal lipids (non-
isoprenoidal and isoprenoidal DGDs and PMEs). The DGGE patterns for archaeal 16S rDNA
from the uppermost 10 cm (Figure 8) showed the predominance of sequences that are
affiliated with the putative methanotrophic archaeal group ANME-1.

Compared with the site from the Kazakov MV (TTR-11 BS-331QG), the recovered
sedimentary sequences from the NIOZ (TTR-11 BS-325G) and the Odessa (TTR-11 BS-
336(G) MVs indicate longer methane seepage duration. The presence of pelagic Unit-1 and
Unit-2 (Degens and Ross, 1972) at the Odessa MV (TTR-11 BS-336G) indicates that the
sampling site was located on a relatively old mud flow, which is in agreement with the
presence of a massive gas hydrate layer, indicating excess of methane. The presence of an
AOM-related carbonate crusts and associated microbial mats in both the Odessa and NIOZ
MVs indicate “long-term” AOM processes and therefore “long-term” methane availability.
This might also designate the “next stage” of AOM-resulted diagenetic alterations followed
after the “initial stage” observed in the mud breccia of the Kazakov MV (Figure 12 b).

The recovered sedimentary section from the central part of the crater of the NIOZ MV
(TTR-11 BS-325G) consists of two different mud breccia intervals, and the carbonate crusts
CC-4 found in between (Kenyon et al., 2002). The formation of this crust may have started
prior to the second mud breccia effusion. The presence of microbial mats at the base and
inside the carbonate crust, however, indicates still on-going microbial processes, resulting in
crust development below the sea floor. In the Odessa MV, carbonate crust CC-1 with pink
microbial mats is found at the same depth interval as carbonate CC-4. Carbonate crusts CC-2
and CC-3, which are parts of extensive carbonate pavements at the northern edge of the crater
of the NIOZ MV (TTR-11 BS-328G), are also intensively colonized by microbes. Underwater
camera-surveys revealed that these pavements are covered by pelagic sediments, forming a
positive seafloor relief (Kenyon et al., 2002) which implies their formation below the seafloor
(Figure 12c). The presence of authigenic carbonates at the subsurface is common for the
sediments of the Sorokin Trough and forms an indirect indication of past or present AOM-
active horizon.

The strongest AOM signal was detected within carbonates but not in the underlying or
covering sediments. This suggests that carbonate was precipitated within the sediments below
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the sea-floor surface, and that putative AOM consortia become predominantly concentrated
within the carbonates inducing their growth. The carbonate growth direction possibly follows
the pathways of the migrated methane, which is mainly laterally and/or upwards. Initially,
carbonate precipitation has to correspond to intervals with high AOM rates, i.e. where
methane and sulfate are abundant (Figure12). After precipitation, carbonates may form a good
growth substrate for microorganisms due to their large surface and porosity. The upward
growth of carbonates in the Black Sea can be explained by partial diffusion of fluids through
already formed carbonates. This is demonstrated by the abundant presence of scattered
microbial communities within the carbonates investigated (see Material and Methods).
Besides, extensive carbonate pavements at the periphery of the NIOZ MV crater form a
positive sea floor relief which might indirectly denote their partial upward accretion. On the
other hand, we do not reject the idea that in general carbonates can also grow downwards,
which might seem more logical. Serving as a trap for the upward migrated methane, carbonate
formation may lead the growth of the carbonates downward. However, downward carbonate
accretion could be bounded by the methane/sulfate interface.

The precipitation of carbonates via AOM and their upward growth in the marine
environment in the presence of an anoxic/oxic interface will be restricted, because both
methanotrophic archaea and SRB are obligate anaerobes. Furthermore, the interaction of
sulfide-rich pore fluids, produced due to AOM, with oxygenated seawater results in locally
acidic environments (Paull and Neumann, 1987) which may dissolve carbonates at the
sediment/water interface. The deep Black Sea environment is strictly anoxic. Actual and
active gas seepage into the water column (Michaelis et al., 2002) and active mud volcanism
(Ivanov et al., 1992; 1996; 1998; Kenyon et al., 2002) were widely documented within the
basin. The finding of 4-meter-high carbonate buildups covered with massive microbial mats
in the anoxic waters of the northwestern Black Sea shelf (Michaelis, et al., 2002) can be
considered as an example of possible upward carbonate accretion due to AOM. The formation
of such build-ups above the sea floor is most probably only possible in an anoxic water
column. In an oxygenated-water column, AOM-related carbonates of any shape and
morphology will be formed within the oxygen-free intervals below the sea surface.
Interestingly, until now no “chimney’ shaped carbonate build-ups in the seepage areas of the
deep (>1000 m) Black Sea (Woodside et al., 1997; Kenyon et al., 2002) were reported.
Probably, the widely observed extensive carbonate pavements in deep-sea fluid venting areas
of the Central and the North-eastern parts of the Black Sea might represent an “equivalent” to
the shallow-depth “carbonate-chimney-forest” discovered in the Western shelf of the basin
(Michaelis, et al., 2002). Such extended carbonate edifices are a characteristic feature related
to methane venting in the Sorokin Trough.
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4. Conclusions

Methanotrophic microbial mats associated with carbonates were for the first time
found in the deep waters (> 1000 m) of the Black Sea. The combination of methane
measurements, biomarker and compound specific isotopic analysis accompanied with a
survey of 16S rRNA gene sequences was performed for four methane-derived carbonates with
microbial mats and mud breccias collected from the NIOZ, the Odessa and from the Kazakov
MVs. Specific lipids for archaeca and SRB show a good correlation between their carbon
isotopic signatures and the 8'°C values of methane, indicating that methane is the dominant
carbon source used by microorganisms for their microbial mass. Biomarker and phylogenetic
studies of methane-related carbonate crusts and mud breccias show diverse bacterial and
archaeal communities, suggesting a wide range of, most probably, novel groups of
microorganisms that are directly or indirectly involved in anaerobic methanotrophy. The
comparative analysis of archaeal sequences indicate that AOM in these settings is performed
predominantly by archaeal populations affiliated with the ANME-1 group. The identified
sequences do not belong to the phylogenetic clusters of known methanogenic archaea. A
distinction of archaeal strains within the ANME-1 group was detected in carbonates and mud
breccia. In combination with biomarker data a clear difference in archaeal assemblages was
revealed within the carbonate crusts CC-1/CC-4 and the mud breccias from the Kazakov MV
and carbonates CC-2/CC-3. Archaea retrieved from carbonates CC-1/CC-4 and mud breccias
from the Kazakov MV predominantly biosynthesise PMEs, and archaea from crusts CC-
2/CC-3 mainly produce the PMI. The existence of putative archaea/SRB consortia in the
carbonate crusts is suggested by 16S rDNA and biomarker data. However, the identified SRB
strains are different from those currently known in archaea/SRB AOM consortia, thus
forming a new cluster of SRB within the Desulfobacteraceae family. This could indicate that
archaea performing AOM are not limited to the currently known SRB partners.

Our data reveal a different intensity and duration of AOM, most probably forced by
intensity of local seepage activity, pathways, and migrated products. Mud breccia from the
Kazakov MV, where carbonates were not (yet) formed, uniquely demonstrated the “initial
stage” of AOM. In contrast, the strongest signal of on-going AOM was obtained from
carbonate crusts CC-1, CC-2 and CC-3, indicating their present formation via anaerobic
methanotrophy. The methane, biomarker and 16S rRNA gene sequences data reveal that in
these locations AOM processes are most active within the neoformed carbonates and are
substantially reduced in the hosting mud breccias. It indicates that in these particular settings
carbonate formation within the AOM zone started within the sediment corresponding to the
intervals with high AOM rates, i.e. where methane and sulphate are abundant. The carbonate
growth direction probably follows the pathways of migrated methane (that is, mainly laterally
or/and upwards) due to the presence of anoxic environments in the Black Sea water column.
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Abstract

A methane-derived carbonate crust was collected from the newly discovered NIOZ
mud volcano in the Sorokin Trough, NE Black Sea during the TTR-11 cruise of the R/V
Professor Logachev. Among a number of specific bacterial and archaeal membrane lipids
present in this crust, two novel macrocyclic diphytanyl glycerol diethers, containing one or
two cyclopentane rings, were detected. Their structures were tentatively identified based on
the interpretation of mass spectra, comparison with previously reported mass spectral data,
and a hydrogenation experiment. This macrocyclic type of archaeal core membrane diether
lipids has so far only been identified in the deep-sea hydrothermal vent methanogen
Methanococcus jannaschii. However, this is the first time that it is shown that these
macrocyclic diethers can also contain internal cyclopentane rings. The molecular structure of
the novel diethers resembles those of dibiphytanyl tetraethers in which also biphytane chains
occur which contain one and two pentacyclic rings. Such tetraethers were abundant in the
crust. Compound-specific isotope measurements revealed 8'°C values of -104 to -111%o for
these new archaeal lipids, indicating that they are derived from methanotrophic archaea acting
within anaerobic methane-oxidizing consortia, which subsequently induce authigenic
carbonate formation.

109



PART I: The Sorokin Trough, NE Black Sea

1. Introduction

Geological exploration of the ocean floor has revealed widely occurring fields of
submarine fluid discharge, so-called “cold-seeps” or “methane-seeps”, which create specific
structures on the sea floor, such as mud volcanoes and pockmarks (Hovland and Judd 1988;
Limonov et al., 1994; 1997, Ivanov et al. 1996a,b). In these settings constant and focused
fluid supply induce a marked biological activity depending on chemosynthetic nutrition
(Hovland and Judd 1988, Sibuet et al. 1988, Corselli and Basso 1996, Olu et al. 1996, 1997,
Sibuet and Olu 1998). Specifically, it is manifested in the appearance and diversity of
chemoautotrophic microorganisms (bacteria and archaea) thriving in the specific
environments created by the strong advection of altered methane-rich fluids (Sassen et al.
1993, Cragg et al. 1996, Lanoil et al. 2001). The most important processes fueling these light-
independent biological communities are the aerobic and anaerobic oxidation of methane.

Numerous field and laboratory observations have indicated that in the areas of
intensive hydrocarbon gas venting, anaerobic oxidation of methane (AOM) is the dominant
pathway for methane consumption. AOM has been proposed to be performed in tandem by
methanogenic archaea, acting in reverse, and sulfate-reducing bacteria to consume the formed
hydrogen, making the reaction thermodynamically feasible (Reeburgh 1976, Zender and
Brock 1979, Alperin and Reeburgh 1985, Hoehler et al. 1994). Recently, multiple lines of
investigations have shown the capability of archaea to use methane as a carbon source, i.e. to
act as methanotrophic organisms. The light carbon isotopic composition of archaeal
membrane lipids revealed that archaea incorporated isotopically light methane-derived carbon
into their cell carbon (Hinrichs et al. 1999, Elvert et al. 2000, Hinrichs et al. 2000b, Pancost et
al. 2000, Thiel et al. 2001, Pancost et al. 2001a, b, Zhang et al. 2002, Teske et al. 2002). In
association with isotopically depleted archaeal membrane lipids, lipids derived from sulfate-
reducing bacteria were found in varying distributions (Pancost et al. 2000, 2001a). They are
also substantially depleted in 8'"°C albeit slightly heavier than the archaeal lipids, indicating
involvement of sulfate-reducing bacteria in the microbial community performing AOM. The
ultimate evidence of an archaeal/sulfate-reducing bacterial consortium was obtained by
comparative 16S ribosomal RNA gene sequences and fluorescence in-situ hybridization
analysis. It was found that the methane-oxidizing archaea are phylogenetically associated with
the methanogenic orders of Methanomicrobiales (ANME-1) and Methanosarcinales (ANME-
2) (Hinrichs et al. 1999, 2000b, Boetius et al. 2000, Orphan et al. 2001, Teske et al. 2002),
and, that their cell aggregates are surrounded by exosymbiotic, nutritionally versatile sulfate-
reducing bacteria (Boetius et al. 2000, Orphan et al. 2001).

The most distinct chemotaxonomic markers of archaea are the presence of ether core
membrane lipids composed of isoprenoidal units linked to glycerol moiety (Langworthy et al.
1982, 1985, De Rosa et al. 1983, 1991, Comita et al. 1984, Hoefs et al. 1997, Schouten et al.

110



Chapter 5

1998, Hopmans et al. 2000, Pancost et al. 2000, 2001a, b). Glycerol dibiphytanyl glycerol
tetraethers (GDGTs; see the Appendix for structures) are well known to occur in the archaeal
membranes and can contain from 0 to 8 cyclopentane rings (De Rosa et al. 1983, De Rosa and
Gambacorta 1988). The presence of cyclopentane rings within biphytanyl chains is well
known for (hyper)thermophilic archaeca whereas methanogenic archaea contain predominantly
GDGTs with no cyclopentane rings. Recently, crenarchaeol (XII), a GDGT with four
cyclopentane rings and one distinctive cyclohexane ring, has been suggested as a specific core
membrane lipid for non-thermophilic planktonic Crenarchaeota widely observed in low-
temperature marine environments (Schouten et al. 2001b, Sinninghe Damsté et al. 2002a).
Glycerol dibiphytanyl glycerol tetraethers with 0-3 cyclopentane rings have been shown to
derive from methanotrophic archaea in the Eastern Mediterranean cold seep areas (Pancost et
al. 2001b, Aloisi et al. 2002). Diphytanyl glycerol diethers (DGDs; see the Appendix for
structures) are also common archaeal core membrane lipids, which could be considered as the
archaeal counterparts of the conventional diglycerides of eukaryotic origin. They are
characterized by the unusual 2,3-sn glycerol stereochemistry compared to that found in
bacterial membranes (De Rosa et al. 1991). Archaeol (IV) (2,3-bis-O-phytanyl glycerol
diether) and hydroxyarchaeols (sn-2 isomer V and sn-3 isomer VI; see the Appendix for
structures) are the universal archaeal core membrane lipid formed by condensation via ether
linkage between two Cy isoprenoid alcohols and a glycerol molecule (De Rosa and
Gambacorta 1988, De Rosa et al. 1991). The sn-2 and sn-3 isomers of hydroxyarchaeol have
been identified in cultured members of Methanosarcinales (Sprott et al. 1990, Nishihara et al.
1991, Koga et al. 1993). The major producer of sn-2-hydroxyarchaeol is Methanosarcina sp.,
while the sn-3- isomer was observed in Methanosaeta concilii (Sprott et al. 1993). Based on
the wide occurrence of these lipids in methane-seepage areas (Hinrichs et al. 1999, 2000a,
Elvert et al. 2000, Boetius et al. 2000, Pancost et al. 2001b), and their extremely depleted §'°C
values indicating methane-consumption, these archaeal lipids are widely used as a indicators
of AOM.

Here we report a new type of archaeal core membrane ether lipid in a methane-derived
carbonate crust collected from the NIOZ mud volcano recently discovered in the Sorokin
Trough, NE Black Sea. The novel macrocyclic isoprenoidal glycerol diethers contain one or
two cyclopentyl rings in their biphytanyl chain. The distinct molecular structure of these
lipids in combination with compound-specific carbon isotopic data indicate that they derive
from the new group of archaea, capable of oxidizing methane anaerobically.
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PART I: The Sorokin Trough, NE Black Sea

2. Geological setting

The Sorokin Trough is one of the large depressions in the deep part of the Black Sea,

extending along the south-eastern margin of the Crimea Peninsula with a length of 150 km, a
width of 45-50 km, and has a water depth of 600-2100 m (Tugolesov et al. 1985) (Figure 1).

The Trough is well
known for the

occurrence of mud
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ydrocarbon €3S yolcano.
profiles show a

characteristic decrease of the methane concentration in the uppermost part of the sedimentary
column (Stadnitskaia 1997). This effect is well documented as a distinctive imprint on the
sedimentary geochemical record caused by methane consumption (Barners and Goldberg
1976, Bernard 1979).

During the Training-Trough-Research (TTR-11) expedition of the Russian R/V Professor
Logachev in July-September 2001 a mud volcano (44°19°N; 35°04°E) was discovered based
on MAK-1 high-resolution deep-towed side scan sonar data and named “NIOZ” mud volcano.
A total of five sediment cores were subsequently taken from the crater of the NIOZ mud
volcano at a water depth of 2020 m. Four of the cores (TTR-11 BS-325G, TTR-11 BS-326G,
TTR-11 BS-327G, and TTR-11 BS-328G) recovered carbonate crusts. The carbonate crust we
examined and describe here was collected from sampling site TTR-11 BS-328G (Figure 1).
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The crust (17cm x 9 cm x 1,5 cm) was associated with spherical, drop-sized, brownish
microbial mats, which filled the pores and cavities on the surface and inside of the carbonate.

3. Methods
3.1. Sample collection

Bottom sampling followed standard TTR procedures, as described in Ivanov et al.
(1992). The crust TTR-11 BS-328G-2 was collected from the NIOZ mud volcano using a
gravity corer. The sample was described, photographed and stored afterwards at —20°C until
lipid extraction.

3.2. Extraction and separation

About 100 g of the crust was freeze-dried, crushed to a fine powder, and extracted
using the Accelerated Solvent Extractor (ASE 200, DIONEX Corporation, USA) using a
solvent mixture of dichloromethane (DCM) : methanol (MeOH) (9:1, v/v) at 1000 psi and
100°C PT conditions. Elemental sulfur was removed from the total extract by flushing over a
small pipette filled with activated copper. An aliquot of the total extract was
chromatographically separated into apolar and polar fractions using a column with activated
(for 2 h at 150°C) Al,Os as stationary phase. Apolar compounds were obtained using
hexane:DCM (9:1, v/v), and polar compounds, including glycerol ether core membrane lipids,
were obtained with MeOH:DCM (1:1, v/v) as eluents. A known amount of 2,3-dimethyl-5-
(1,1-dideuterohexadecyl)-thiophene (C,;H3sSD;) was added to each fraction as an internal
standard. Alcohols were transformed into trimethylsilyl-derivatives by adding 25 pl of
pyridine and 25 pl of BSTFA and heating at 60°C for 20 min.

3.3. Hydrogenation
Hydrogenation was performed in ethyl acetate with H», a few drops of acetic acid and
PtO, for 1 h. Subsequently, the sample was stirred for 8 h at room temperature.

3.4. Gas chromatography

Gas chromatography (GC) was performed using a Hewlett Packard 6890 gas
chromatograph equipped with an on-column injector and a flame ionization detector. A fused
silica capillary column (CPsil5 25 m x 0.32 mm, df = 0.12 pm) with helium as a carrier gas
was used. The samples were injected at 70°C followed by increasing the temperature to
130°C at a rate of 20°C/min, and then, at 4°C/min to 320°C, where it was held constant for 15
min.
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3.5. Gas chromatography-mass spectrometry

The polar fraction was analyzed by gas chromatography-mass spectrometry (GC-MS)
for compound identification. GC-MS was conducted using a Hewlett Packard 5890 gas
chromatograph interfaced to a VG Autospec Ultima Q (Micromass, Manchester, UK) mass
spectrometer operated at 70 eV with a mass range of m/z 50-800 and a cycle time of 1.8 s
(resolution 1000). The gas chromatograph was equipped with a fused silica capillary column
(CPsil5 25 m x 0.32 mm, df = 0.12 pum) and helium as a carrier gas. The temperature program
used for GC-MS was the same as for GC.

3.6. Isotope ratio monitoring-gas chromatography-mass spectrometry

Isotope ratio monitoring-gas chromatography-mass spectrometry (IRM-GC-MS) was
performed on a Finnigan MAT DELTA P XL (Finnigan MAT GmbH, Bremen, Germany)
instrument used for determining compound-specific §"°C values. The GC used is a Hewlett
Packard 6890A series with the same analytical conditions as those used for GC and GC-MS.
For carbon isotopic correction of the added trimethylsilyl groups, the carbon isotopic
composition of the used BSTFA was known (-49.29 £ 0.5 %o). Obtained values are reported
in %o relative to the PDB standard, and have been corrected for the addition of Si(CH3); group
due to the derivatisation procedure. In order to monitor the accuracy of the measurements the
analyses are carried out with co-injection of two standards, C»y and C,4 n-alkanes, with known
isotopic composition.

3.7.  High performance liquid chromatography-atmospheric  pressure chemical
ionization/mass spectrometry

To determine the distribution and composition of intact glycerol dibiphytanyl glycerol
tetracthers (GDGTs), the underivatized polar fraction of the carbonate crust was analyzed
using the high performance liquid chromatography-atmospheric pressure chemical
ionization/mass spectrometry (HPLC-APCI/MS) method for the direct analysis of these
compounds according to Hopmans et al. (2000).

4. Results

4.1. DGDs in the crust

Analysis of the polar fraction of the carbonate crust TTR-11 BS-328G-2 by gas
chromatography-mass spectrometry revealed a suite of ether lipids diagnostic for the non-
thermophilic group of the euryarchaeota and sulfate-reducing bacteria (Figure 2). Two
isoprenoidal DGDs distinctive for methanotrophic archaea (Hinrichs et al. 1999, 2000a) were
identified. Archaeol (IV) is the most abundant ether lipid. The s»-3 isomer of
hydroxyarchaeol (VI) was also detected in relatively high abundance. Series of non-

114



Chapter 5

v

I m/z 145
and
> m/z 165
(2]
5 I Al
£ | B
2 2 : P v (v
© . el el /
& b= Alh 'l sttt "T—J' T |-' L e
10 20 30 40

0 . ,.60 .
Retention time (min)

Figure 2. Gas chromatogram of the polar fraction extracted from the carbonate crust TTR-11 BS-
328G-2. All alcohols were analyzed as their trimethylsilyl derivatives. Black squares indicate straight
chain alcohols. Roman numbers and letters refer to Compounds shown in Appendix .

isoprenoidal DGDs (I, II, III), previously reported as marker of sulfate-reducing bacteria
(Pancost et al. 2001a), were also identified in the crust. Diphytanyl glycerol diethers with
anteiso alkyl chains (I), and with a cyclopropane ring in the alkyl chain attached to the
glycerol group at position 2 (II) are most abundant. Dicyclic biphytane diol (VII; Schouten et
al. 1998) was also present in the carbonate crust but it occurs in small amounts relative to the
other archaeal and bacterial lipids. It is probably also derived from archaea involved in AOM
(Pancost et al. 2001, Teske et al. 2002).

4.2. Novel macrocyclic DGDs in the crust
In addition to these well-known archaeal and bacterial lipids, two relatively abundant,
unknown compounds (A and B) were observed (Figure 2). Their mass spectra (Figure 3) are
similar to that of the macrocyclic biphytanyl glycerol diether, the core membrane lipid of the
archaeon Methaococcus jannaschii (Comita et al. 1984). The mass spectra of compounds A
and B show intense fragment ion at m/z 145, which arise from loss of the entire biphytanyl
moiety and a hydroxy group, C3sH40,S1(CH3)3, as was determined by Comita et al. 1984. The
presence of relatively abundant fragment ions at M™ —43, M" =57, and M" =90 result from loss
of C,H30, CsHs0, and HOSi(CHs)s, respectively. The fragment ions at m/z 103 and M -103
are related to the derivatized alcohol-group CH,OSi(CHs); (Wood 1980), and those at m/z
130, 131, and 132 to C,H30,Si(CHs); moiety, indicating that the Si(CHj); fragment is
attached to the glycerol group at the 1 or 3 position (Pancost et al. 2001a). These mass
spectral fragmentation characteristics suggested that A and B are also macrocyclic biphytanyl
glycerol diethers. However, compared to the macrocyclic diphytanyl glycerol diether with a
molecular ion at m/z 722 (Comita et al. 1984), the molecular ions of the novel lipids are
115



PART I: The Sorokin Trough, NE Black Sea

145
617 A

57 179
10097 69 132+

145

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Figure 3. Mass spectra (subtracted for background) of novel macrocyclic diethers A and B.

shifted by 2 Da for A (M'+=720), and by 4 Da for B (M +=718) (Figure 3). Therefore, it was
hypothesized that biphytanyl chains contain either one or two rings or double bonds,
respectively. In order to rule out one of these possibilities, the polar fraction was
hydrogenated and re-analyzed by GC-MS. This experiment showed no changes in molecular
weight of compounds A and B establishing the absence of double bonds within the biphytanyl
skeleton. Consequently, it was concluded that A and B contain one and two rings,
respectively.

Archaeal core membrane lipids have been reported to contain a cyclopentane (De
Rosa et al. 1983, 1991, De Rosa and Gambacorta 1988) and, recently, a cyclohexane ring
(Sinninghe Damsté et al. 2002a) in their biphytanyl moieties. The presence and location of
one and two cyclopentane rings in the biphytanyl chains of A and B, respectively, is revealed
by the distinctive fragment ion at m/z 165 present in both mass spectra (Figure 3). The m/z
165 fragment corresponds to fragmentation associated with the cyclopentyl ring of biphytane
derivatives (Schouten et al. 1998). The position of the cyclopentane ring in biphytane moieties
has been established by NMR (De Rosa et al. 1977, Sinninghe Damsté et al. 2002b). The
mass spectrum of B exhibits an enhanced fragment ion of m/z 165 compared to that of A,
consistent with the presence of two cyclopentane rings.

4.3. GDGTs in the crust
High performance liquid chromatography-atmospheric  pressure chemical

ionization/mass spectrometry revealed that intact GDGTs in the TTR-11 BS-328G-2
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5. Discussion

The macrocyclic biphytanyl glycerol diethers with one and two cyclopentane rings
identified here have, to the best of our knowledge, not been reported to occur in nature. Their
molecular structure unites two characteristics reported for ecologically contrasting archaeal
groups. The thermophilic methanogen Methanococcus jannaschii (Comita et al. 1984) is the
only archaeon known to contain the macrocyclic diether as its core membrane lipid. On the
other hand, cyclopentane-containing GDGTs are well known for (hyper)thermophilic
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crenarchaeota (Langworthy et al. 1982, De Rosa and Gambacorta 1988), (hyper)thermophilic
euryarchaeota (De Rosa and Gambacorta 1988, De Rosa et al. 1991), marine mesophilic
crenarchaeota (Sinninghe Damsté et al. 2002a), and mesophilic euryarchaeota capable of
AOM (Pancost et al. 2001b, Aloisi et al. 2002), but so far have not been detected in DGDs.
This structural information leaves little doubt that the new lipids are derived from archaea.
Since archaeal anaerobic methanotrophy results in highly '*C-depleted lipids, we infer
membrane lipids A and B are derived from methanotrophic archaea. This idea is confirmed by
the fact that these type of archaea biosynthesize structurally related GDGT containing
biphytane chains with one or two cyclopentane rings (Pancost et al. 2001b, Aloisi et al. 2002,
Wakeham et al. 2002). It is not clear why some of the archaeal species capable of AOM
present in the NIOZ mud volcano biosynthesize cyclopentane ring containing DGD’s instead
of GDGT’s. This may be related to some sort of adaptation of the physical properties of their
cell membranes. It is, however, again consistent with the observed archaeal diversity as
observed by lipid composition in cold seep areas (Elvert et al. 2000, Pancost et al. 2001b,
Teske et al. 2002). In any case, our data show that archaeal macrocyclic DGD’s are not
restricted to thermophilic methanogens but are also used by euryarchaeota involved in AOM.

6. Conclusions

Two novel macrocyclic archaeal diether core membrane lipids containing
cyclopentane rings were identified in a methane-derived carbonate crust found in the NIOZ
mud volcano in the Black Sea. The unprecedented molecular structure and isotopic
composition of the novel glycerol diethers A and B reveal their biosynthesis by archaea
performing anaerobic methanotrophy in cold-water environments. The identification of these
biomarkers will enable better understanding of AOM-related microorganisms and their
metabolic behavior.
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Abstract

Investigations of molecular and carbon isotopic variability of hydrocarbon gases from
methane through butanes (pentanes) have been performed on six mud volcanoes from two
fluid venting provinces located in the Gulf of Cadiz, NE Atlantic. The main aims were to
define the basic gas types, to describe their geochemical characteristics in relationship to their
sources, and to determine the secondary effects due to migration/mixing and microbial
alteration. Hydrocarbon gas data reveal two groups of gases. Despite the different maturation
characteristics, both gas groups are allochthonous to the erupted mud breccia and represent a
complex of redeposited, secondary migrated, mixed, and microbially altered hydrocarbons. It

may possibly imply the presence of hydrocarbon accumulations in the deep subsurface of the
Gulf of Cadiz.
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1. Introduction

In the various manifestations of seeps on and beneath the seafloor, migrated
hydrocarbon-rich fluids exert a distinct influence on the biological resources and chemistry of
ocean, geology, and environment, consequently linking the lithosphere, biosphere,
hydrosphere, and atmosphere. Mud volcanoes (MVs) are representative seepage-related
geomorphological features and the most imposing indication of fluid venting (Ivanov et al.,
1998). In general, MVs and seeps are direct indicators of hydrocarbon migration providing
sign of hydrocarbon potential in the deep sediments (Guliev and Feizullayev, 1997; Ivanov et
al., 1998). The connection between seepages and deep-sited hydrocarbon reservoirs has been
advocated by Link (1952) who stated that "oil and gas seeps gave the first clues to most oil-
producing regions. Many great oil fields are the direct result of seepage drilling". MVs
commonly occur in petroliferous regions (Guliev and Feizullayev, 1997). They are expressed
in the sea-floor relief either as mounds or as negative collapse structures, caused by
catastrophic eruption of fluids, especially hydrocarbon gases (predominantly methane),
hydrogen sulfide, carbon dioxide, and petroleum products (Ivanov et al., 1998).

A region of active mud volcanism and gas venting was recently discovered within the
Gulf of Cadiz, NE Atlantic (Kenyon et al., 2000; Gardner, 2001; Pinheiro et al., 2003).
Previous multidisciplinary investigations in this area, both industrial and scientific, showed a
widespread occurrence of hydrocarbon-enriched fluid discharge on the sea floor (Baraza and
Ercilla, 1996; Baraza et al., 1999; Ivanov et al., 2000, 2001; Somoza et al., 1999, 2002;
Gardner, 2001; Kenyon et al., 2001; Mazurenko et al., 2002, 2003; Pinheiro et al., 2003).
Active mud volcanism and associated gas hydrates were for the first time documented in the
deep part of the Gulf of Cadiz (from 900 m to over 3000 m of the water depth) during
Training Through Research (TTR) cruises of R/V Professor Logachev which were carried out
within the framework of the UNESCO-IOC “Floating University” Programme (Kenyon et al.,
2000).

On the basis of side-scan sonar mosaic and multibeam bathymetry mapping
(SEAMAP) by the Marine Physics Branch of the Naval Research Laboratory (USA) in
cooperation with the Hawaii Mapping Research Group (HMRG) and the Naval
Oceanographic Office NAVOCEANO) in 1992, detailed geophysical and geological surveys
during TTR-9 (1999) cruise led to the discovery of a new mud volcano province along the
Moroccan-Spanish continental margin, Western Moroccan Field (WMF; Figure 1) (Kenyon et
al., 2000; Ivanov et al., 2000; Gardner et al., 2001). A follow-up study in the Gulf of Cadiz,
cruise TTR-10 (2000), discovered an additional mud volcano province on the Deep South
Portuguese continental margin, i.e. the Deep South Portuguese Field (DSPF; Figure 1)
(Kenyon et al., 2001; Ivanov 2001; Pinheiro et al., 2003).
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Figure 1. Geological map, simplified bathymetry of the Gulf of Cadiz,
and the location of studied mud volcanoes (compilation of TTR data
1999-2001 and Medialdea et al., 2004). The boundary of the olistostrome
body and names of its structural domains, location of thrusts and diapiric
ridges are after Medialdea et al., (2004). DSPF indicates the Deep South
Portuguese Field; WMF is the Western Moroccan Field.

determine the presence of thermogenic hydrocarbons that migrated from the deep subsurface.

In addition, it was projected to deduce whether hydrocarbon gases are indigenous to the

erupted mud volcano sediments, so called mud breccias, or not. The second major objective of

this study is to identify microbial alteration processes related to the presence of hydrocarbon

gas, primarily methane, in already erupted mud volcano sediments and in the shallow

subsurface.

A particular effort was directed towards determination of the content,

concentration levels, and correlation between individual hydrocarbons and total organic

carbon (TOC) content in the sediments. Hydrocarbon gases have been characterized to their

types/maturity, possible sources, and to their alteration due to microbial actions using

molecular and stable carbon isotope compositions of C;-C4 alkanes.

125



PART II: The Gulf of Cadiz, NE Atlantic

TTR-10 AT225G
Reference core
(Western Portuguese

cm 0_margin)

50-—-
1004
150F==

200

Recovery: 248 cm
Water Depth: 1230 m

Deep South Portugese Field (DSPF)

TTR-10 TTR-10
0.AT226G AT227G

Recovery: 151 cm
Water Depth: 3059 m

Upper slope of the !
Top of the Bonjardim MV Carlos Ribeiro MV

Recovery: 234cm
Water Depth: 3060 m

Western Moroccan Field (WMF)

Recovery:  136cm
Water Depth: 2200 m

Top of .
Top of the Ginsburg MV
the Rabat MV,
TTR-10 TTR-9 TTR-10 TTR-10 TTR-9
cm 0_AT235G AT208G AT236G T238G AT203G
B g Feaed T ]
:?_s’,.. ', i | S Sl
50FL 7o e ==
e ¥ o e-a—
I %] ]
1004 -5 s
5 IFo’se] -
1 50‘ P Reoovery. 138 cm  AEzZe3e3 Recovery: 142cm
o261 Water Depth: 911 m Recovery: 159 cm P2 2% Water Depth: 964 m
200_— <:_ 0‘1:35 Water Depth: 910 m Recovery: 182 cm
q ;gazﬁg‘ Water Depth: 910 m
250ds*s=] [LEcEnD coral tube worms
o s-o 9 branch
| CPrY Ei mar [ st e ra 9 (Pogonophora)
Recovery: 288.5cm 2123 mud breccia $ burrows gas hydrates

Water Depth: 1060 m

Plain Top of the

Top of the North of Jesus Baraza

Yuma MV Yuma MV MV

TTR-9 TTR-10
AT201G AT231 G
a1

x z

Recovery: 125 cm
Water Depth: 1091 m

Recovery: 239 cm
Water Depth: 1064 m

Figure 2. Schematic lithology of the studied cores.

2. Geological background

The Gulf of Cadiz is located in the south-western part of the Iberian margin (in the
north-eastern Atlantic Ocean), west of Gibraltar Strait. It is positioned on the transition area
between the Gloria transform fault zone delineating the African-Eurasian plate boundary in
the Atlantic and the western-most part of the Alpine-Mediterranean orogenic belt (Maldonado
et al., 1999b; Somoza et al., 2002; Medialdea et al., 2004). The geological evolution of the
area is very complex, entailing several phases of rifting, convergence, and strike-slip motions
since the Triassic (Srivastava et al., 1990; Maldonado et al., 1999b; Maldonado and Nelson,
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PART II: The Gulf of Cadiz, NE Atlantic

the Allochthonous Wedge area (Medialdea et al., 2004; Figure 1).

3. Materials and Methods

Seismic recording by air gun, profiling by long range OCEAN, and high resolution
deep towed OREtech side scan sonar systems, led to recognition of a considerable number of
MVs within the WMF and DSPF (Kenyon et al., 2000, 2001). Six of these MVs Rabat,
Ginsburg, Yuma, Jesus Baraza (WMF), and Bonjardim and Carlos Ribeiro (DSPF), were
selected for sampling and subsequent detailed geochemical analyses (Figure 1). The location
of each core site is given in Table 1.

All cores, collected during the TTR-9 and TTR-10 cruises, were obtained using a 6 m
long gravity corer (ca. 1500 kg) with an internal diameter of 14.7 cm (Kenyon et al., 2000,
2001). Subsampling for hydrocarbon gas analysis was performed taking into consideration the
lithology of the recovered sediments. The standard sub-sampling and degassing procedures of
sampled sediments, followed by chromatographic analysis was done. The degassing was
accomplished according to the Head-space technique (Bolshakov and Egorov, 1987). To
reduce intensive degassing, especially from mud breccias with gas hydrates, the subsampling
of such sediments was carried out in a cold-room with a constant temperature of ca. -20°C.

The molecular composition of the C; to Cs hydrocarbons including alkenes (ethene,
propene and butene) and alkanes with isomeric molecular structure (iCs; and iCs) were
determined in the laboratory using a gas chromatograph (GC) equipped with an on-column
injector and a flame ionization detector. Gas components were separated on a 3 m packed
column with activated Al,O3 as a stationary phase. The samples were injected at 40°C and
this temperature was held for 10 min. Then the GC oven temperature was subsequently raised
to 70°C at a rate of 1°C/min. The temperature was then held constant for 20 min. The results
presented here are calculated according to the volume of wet sediment. It is worth to note that
in spite of the absolute notations for hydrocarbon gases, part of the gases were lost on deck
due to active degassing of the recovered sediments during sectioning and cutting of the cores.
Besides, it is well known that the “head-space” technique is a qualitative rather then a
quantitative method. In order to indicate the trend of the methane distribution profiles and to
indicate a rough level of gas saturation even with its partial loss, we decided to present
hydrocarbon gas data in absolute (i.e. ml/l of wet sediment) values.

The carbon isotope ratios from C; to Cs including iCs hydrocarbon gases were
measured on a Finnigan Delta S mass spectrometer with a HP 5890 GC and a GC-combustion
interface. Methane was separated on a 5SA molecular sieve plot column using either split- or
split-less injection, depending on the concentrations. Alkanes C,-C4 were cryogenically
enriched (trapping in liquid nitrogen) and separated on a poraplot-Q column. The carbon
stable isotope concentrations are reported in the d-notation (%o) relative to Vienna Pee Dee
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Belemnite (VPDB) standard.

TOC, % methane @ ethane (C9) ¢ propane (C3)
The overall precision for stable

(7)) O ethene (C2:1) <propene (C3:1)
250 50 0 5 10 15 20 0 5 10 15 20

W%%?

content was carried out on Concentration, n x 10" mu/l of wet sediment
samples from the same intervals

carbon isotope measurements by
parallel definitions was ca. 0.3
%o for C; and C,..

The determination of the
total organic carbon (TOC)

Interval, cm b.s.f.

B @ ethane (cz) <>propane {C3) ©ethane (Cz) O ethene (Cz 1)
as used for the hydrocarbon gas 5 10 o0
analysis. After decalcification of . 3§
the samples, the measurements f‘é gz
were accomplished on a Fisons B
Instruments NCS-1500 £ i%
Elemental Analyzer using flash o
combustion at 1013°C. Standard ° ':%E'Sne m:g':,"e o propane ( Ca o propene (°3'"|

deviations of duplicate ' Z

" 03 % Concentration, n x 10”" mi/l of wet sediment

measurements were ca. 0.3 %. . e .
Figure 3. Distribution of hydrocarbon gas along sediments

of reference core TTR10 AT-225G. (A)- TOC, C,-Cs
4. Results hydrocarbon gas profiles; (B) - Two-scale plots showing
4.1 Sediments the relationship between C,, C,, Cs, Cs.y, and Cs,;.

A great variety of sediment types, from both MVs and surrounded areas, were
recovered and described during the TTR-9 and TTR-10 cruises in the Gulf of Cadiz
(Kenyon et al., 2000, 2001, Pinheiro et al., 2003). These reflect different initial depositional
environments, MV activity and complex hydrologic conditions among the two MV
provinces. Sediments from all studied MVs showed clear indications of gas saturation. This
was manifested by extensive degassing, a strong smell of sulfide and the presence of
chemosynthetic fauna such as diverse Pogonophora tube worms.

The characteristic feature of the mud breccias from the Ginsburg, the Yuma, and the
Bonjardim MVs is the presence of very thin cover of pelagic sediments which indicates that
the sampling sites were located on a relatively recent mud flows (Figure 2). Methane-related
Pogonophora tube worms were found at the surface layers of the Ginsburg (TTR9 AT208G)
and the Bonjardim (TTR10 AT227G) MVs and gas hydrates were observed below 1 m
sediment depth at the Ginsburg MV (TTR9 AT208G and TTR10 AT238G) (Kenyon et al.,
2000, 2001; Gardner, 2001; Pinheiro et al., 2003).
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background methane levels
in near-surface sediments
(ca. 20-50 ppb; cf. Whiticar,

1994). Unsaturated
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Whiticar, 1994).

Figure 3a shows that TOC and hydrocarbons are not completely related. The presence
of tracks of bioturbation in the uppermost 135 cm and numerous small lenses of silt/sand in a
clayey matrix can influence both the distribution and the activity of microorganisms and, as a
consequence, hydrocarbon gas profiles. It is unlikely that sediments from the reference core
contain petroleum-derived components. This is indicated by the predominance of C,.; and
Cs.1, which can be formed by marine organisms and normally is nearly absent in thermogenic
gases (Hunt, 1979). Simultaneously, the reference core shows a good correlation between the
C,-C5 gas components (Figure 3b). All together imply the in situ development of hydrocarbon
gas due to microbial organic matter degradation.

4.2.2. Sediments from MVs

A majority of the sediments from the MVs of the Gulf of Cadiz is characterized by
high methane concentrations relative to the reference core. Methane is the dominant
hydrocarbon in all samples, comprising from 66 to 99% of the total hydrocarbon gas. The
lowest methane content is mainly observed in the uppermost intervals. On average, methane
from the WMF and DSPF composes 97 and 92 %, respectively, indicating relatively dry
characteristics of the gas in both areas.

The wet gas components (C,:) exhibit a different molecular composition and
concentration levels in the WMF and in the DSPF provinces. With exception of the sediments
collected from the plain to the North of the Yuma MV (TTR9 AT201G) and from the crater of
the Rabat MV (TTR10 AT235QG), five saturated aliphatic compounds, ethane (C,), propane
(C»), iso-butane (iC4), normal butane (nC,), iso-pentane (iCs), and normal pentane (#Cs) have
been identified in the majority of samples. Ethane is the dominant hydrocarbon among the
methane homologues, with a highest concentration of 4 ml/l. The maximum concentration of
propane is 1.0 ml/l. Butanes (iC4 and nC4) sometimes exceed the level of propane. Since
higher hydrocarbons (Cs-C7) can be significantly fractionated due to condensation effects at
surface pressure-temperature conditions, a selection of the data on iCs and nCs hydrocarbons
is presented.

4.2.2.2. Western Moroccan Field (WMF). Methane. Sediments collected from the craters of
the Ginsburg (TTR9 AT208G, TTR10 AT236G, and TTR10 AT238G) and the Yuma (TTR9
AT203G) MVs show the highest methane concentrations so far measured in the Gulf of
Cadiz, 292 ml/l and 207 ml/l, respectively (Figure 4). These values signify an ample evidence
of methane migration or generation. In contrast, methane concentrations in pelagic sediments
collected from the plain to the North of the Yuma MV (TTR9 AT201G) are considerably
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Figure 5. Cy. concentrations versus depth in mud volcano sediments from the WMF and DSPF.
For the core lithologies see Figure 2.
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lower relative to the mud breccia from the crater (from 113.0 x 10 ml/I to 3.7 ml/l). Such a
difference in methane levels between the crater and plain areas indicates that active venting is
principally concentrated within the central part of the Yuma MV.

Sediments from the crests of the Rabat (TTR10 AT235G) and the Jesus Baraza
(TTR10 AT231G) MVs (Figure 1) also demonstrate discernable methane levels. The methane
concentrations however are to a great extent lower compared with those in the mud breccias
from craters of the Ginsburg and the Yuma MVs (Figure 4). Hence, the methane
concentration data indicate that the Ginsburg and the Yuma are the most active MVs among
the four investigated within the WMF, and that the present fluid flow is mainly found in these
structures.

Other light hydrocarbons (C>.). The anomalies of C,. levels, as well as for the Cy, are
related to mud breccias from the main craters of the Ginsburg (sampling sites TTR10
AT236G, TTR10 AT 238G) and the Yuma (TTR9 AT203G) MVs (Figure 5). Gas
measurements show that the concentration levels of ethane through pentanes (C,-Cs) in these
structures are the highest ever detected in the Gulf of Cadiz. At ~ 50 cm below sea floor (bsf),
the mud breccias contain two to three orders of magnitude more of each of the hydrocarbon
gases than the reference core (Figure 3a). There is no correlation between hydrocarbon gases
and TOC content, indicating the allochthonous nature of C,; alkanes to the mud breccias.

The plain-core from the Yuma MV (TTR9 AT201G) and the crater-core from the
Rabat MV (TTR10 AT235G) are characterized by presence of only C, and C; hydrocarbons
with concentration levels close to the background values. Mud breccia from the Rabat MV is
overlaid by ca. 130 cm of pelagic sediments, indicating relatively old mud flow and lack of
fluid transport processes. Even though, sediments from both sampling locations show absence
of correlation between TOC and hydrocarbon gas distributions. This denotes an allochthonous
nature of the gaseous components.

4.2.2.3. Deep South Portuguese Field (DSPF). Methane. The deep-seated Bonjardim
(sampling sites TTR10 AT226G, TTR10 AT227G) and Carlos Ribeiro (TTR10 AT243QG)
MVs (Figure 1) show methane concentrations from 0.1 ml/I to 25 ml/l which are considerably
higher relative to the measured background values. Compared with the methane
concentrations from the cores of the Ginsburg and the Yuma MVs crater (WMF), the methane
level in the Bonjardim and the Carlos Ribeiro MVs is lower (Figure 4).

Other light hydrocarbons (C,). The C,y levels in the Bonjardim (TTR10 AT 226G,
TTR10 AT 227G) and the Carlos Ribeiro (TTR10 AT 243G) MVs, are similar to those
determined in the craters of the Yuma and the Ginsburg MVs (WMF). High concentrations of
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Yuma MV Bonjardim MV
Ginsburg MV ethene :éht;ne)
| | (C2Hy) 2H4
—— —Oo— —— ethene —O- Plgpene —— p(r(t:)P:n)e
TTR-9 TTR-10 TTR-10 (CaHg) TTR-9 (C3Hg) TTR-10 3Hg
o 2%, AT203G 0 08 AT227G g 1

AT208G
O

™ 9

100

1003F =420

150JF =2 % =]

200-: | «— 0« _

b —a —tv —a 1

Figure 6. Examples of alkene occurrences. Concentrations n x 10 ml/l of wet sediment. Alkenes
occur in relation with the “methane’s consumption-signature” and C,; diminution. This suggests that
the formation of unsaturated hydrocarbons is related to the consumption of C,;. For the core
lithologies see Figure 2.
butanes (iC4 and nC4) and pentanes (iCs and nCs) were detected in all sampling locations
within the DSPF (Figure 5). None of the distribution profiles show a relationship with the
TOC content, implying that C, alkanes are not indigenous to the erupted mud breccias.
Unsaturated hydrocarbon gases in WMF and DSPF. Appearance of unsaturated gases,
ethene (C,.;) and propene (Cs.1), is coherent with C,; diminutions. Such a tendency is noticed
for the sediments from the crater/crest of the Yuma, Ginsburg, Jesus Baraza, and the
Bonjardim MVs (Figure 5, 6). It is not clear which peculiar microorganisms and via which
pathways are capable to degrade wet gas components and, directly or indirectly, biosynthesize
unsaturated hydrocarbon gases. Nonetheless, the occurrence of the alkenes in relation with the
“methane’s consumption-signature” and C,. diminution, additionally may suggests that wet
gas components, as well as methane, were selected for microbial intake and that the formation
of unsaturated hydrocarbons is related to the consumption of C,.

4.3. Carbon isotopic composition of C-Cy alkanes

Six cores from the WMF and DSPF were selected for a detailed study of the vertical
distribution of the C;-C; stable carbon isotopic composition (8'°C). The obtained data reveal
significant variations in carbon isotopic composition within the ca. 50-100 cm sedimentary
depth interval, consistent with the compositional changes of the gas as discussed in the
previous sections. This leads to caution with regards to the stable carbon isotope data (Table
2).
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4.3.1. Methane Table 2. Stable carbon isotope compositions.
The methane carbon isotope Interval, Carbon isotopes
. CoreNo  cnbst —c, C, C, iC, nC
composition ranges from -23 to -67 %o cmo.s.t 1 2 3 Iha N
. Western Moroccan field
(Table 2). The heaviest 813C¢; values were 10 31 27 32 95 26
obtained from the mud breccia of the Jesus 30 24 31 33 27 -24
Baraza 50 -27 -30 -27 -29 -27
Jesus Baraza MV (WMF) although the 69 30 16 31 -34 26
values are uneven along the core (see TTR10 79 -2 25 21 21 22
AT-231G 89 -28 -19 n/d n/d n/d
. 13
Table 2) The hghtest values of & CC] Average -29 .25 -30 28 .25
were obtained from mud breccias of the Ginsburg 10 54 16 nd nd  nd
Bonjardin MV (DSPF). Schoell (1983) wmv 30 36 12 nd  nd o n/d
. . .. TTR10 88 -42 23 22 -25 -24
proposed that the isotopic composition of ="~ 135 41 24 23 26 04
methane is not significantly changed after Average -43 -19 -23 25  -24
its generation. The changes in isotope 0 35 23 22 nd nd
. 30 -44 -20 -22 -28 -30
signature can be expected when the gas Ginsburg 65 41 22 22 25 o4
become mixed with another gas during Mv 85 %6 30 21 27 19
. . . TTR10 105 -42 -23 -22 -25 -24
migration (Schoell, 1983) or/and during ..o - 142 41 24 23 26 o4
microbial methane oxidation (Bernard, 162 41 24 24 26 25
C . .. 182 -40 -24 -23 -26 -25
1979), which is less likely to be significant Average -43 24 22 26 24
at greater depth (James and Burns, 1984). Deep South Portuguese field
) . 13~ Bonjardi 20 51 29 23 nd nid
Methane consumption, reflected in “C ‘w50 64 23 13 nd  nd
enrichment (Lebedew et al., 1969), is TTR10 90 62 -31 18 27 nd
. . AT-226G A -59 -28 -18
detected in the uppermost sediments from verage
. 24 -51 -34 -25 -30 -27
the Ginsburg, Jesus Baraza, Carlos 36 63 26 27 .08 .22
Ribeiro, and the Bonjardim MVs. This Bonjardi 46 -57  -28 26 27 -25
lat 1l ith  th th m MV 75 -58 -24 -24 n/d n/d
correlates — well Wi ¢ methan® t1rip 141 52 28 21 28 20
concentration profiles (Figure 4). In spite AT-227G 161 52 29 21 28 -21
. . . e 195 -50 -28 -22 -28 -20
of the methane oxidation signature within
. Average -55 -28 -24 -28 -22
the uppermost ~ 50-100 c¢m, Figure 7 106 0o 23 nid nd  nd nd
shows that the 8“Cci values differ Ribeiro 40 50 14 nd nvd o nd
. MV 60 -66 -20 -22 -26 -23
between the WMF al’ld the DSPF. ThlS TTR10 136 -58 -25 -23 27 24

implies that the WMF and DSPF contain AT-243G Average -49 -20 -22 -26 -23
methane from two different sources.

n/d - not determined

4.3.2. Other light hydrocarbons (C;.)
The wet gas components also show a significant variability in 8°C composition
(Table 2). The 8"°C values of C, and C3 have a range of -14 to -34 %o and of -13 to -31 %o,
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Figure 7. Stable carbon isotope composition of C;-C,4 alkanes as a function of depth. The grey area
indicates interval with irregular 8"3Cca.ca values which resulted from vital microbial actions. Black
circles indicate samples from the DSPF, and white circles - from the WMF.

respectively. The highest scatter of the 513 Cca-c3 values is observed within the uppermost ~
50-100 cm (Figure 7). Compared with C, and Cs alkanes, the 8"°C values of iC4 and nC,4
display less variability within this interval. Figure 7 shows that the carbon isotope values of
C,-C4 become more regular below ca. 100 cm bsf, which most likely indicates a reduction of
microbial activity with depth.

5. Discussion
5.1. Compositional variations of C,+

The relative proportions of C;-C; m-alkanes in a gas sample provide an initial
classification of the natural gas type and may identify the related microbial alteration of the
gaseous components. Two molecular ratios, the gas wetness and the Bernard parameter, were
applied for gas data to describe the compositional variations of the hydrocarbon gases from
the two mud volcano provinces in the Gulf of Cadiz. Commonly, maximum gas wetness is
associated with the peak of hydrocarbon generation (Stahl, 1977; Hunt, 1979), while
microbial  methane

oxidation can result ‘oo o @ @ R Hn D“o
. . b ° Lad o o
in similar (mature) % 50 ﬂﬂ‘% A 0% oo
gas wetness 'g :g) ® 61:1
. G100 °- %
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1981). Alternatively, 250
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+
of wet gas Gas Wetness 1/(C2+C3
components can  Figure 8. Gas wetness and Bernard Parameter as functions of depth. The

reduce gas wetness. grey area indicates interval where compositional variations in the

Figure 8 shows the hydrocarbon gases forced by microbial interactions are observed.
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Figure 9. Bernard diagram to delineate gas types (after Whiticar, 1994). Two different groups of
gases in the WMF and DSPF are recognized. The WMF gas represents mature gases, (Ro<1.2%)),
derived from kerogen Type Il and/or a mixture of kerogens of Type Il and IIl. The DSPF gas
consists of a mixture of thermogenic and bacterial gases. A -the complete suite of gas data; B- the
data from the intervals below 60 cm bsf.

compositional variations observed in hydrocarbon gases within the uppermost ca. 50-100 cm
below sea floor (bsf). This interval is characterized by a great variability of the molecular gas
composition due to diverse microbial actions. Within this interval, methane oxidation is
reflected in a significant increase of the gas wetness and C,/(C,+C3) values, and vice versa, a
decrease of the gas wetness and C/(C,+Cs) values most likely implies
consumption/degradation of wet gas components (Figure 8).

At the sediment surface the microbial activity, especially at seepage locations, is
exceptionally high. Fluid fluxes frequently support highly diverse and productive ecosystems,
thriving in response to different environments created by advection of migrated fluids.
Microbially-driven anaerobic/aerobic oxidation of methane and degradation of wet gas
components can significantly modify the molecular and carbon isotope compositions of the
initially migrated gas mixture. A prominent feature of most of the methane curves in the MVs
of the Gulf of Cadis is a characteristic concave-up-shape (Figure 4), considered to result from
microbial methane consumption (Martens and Berner, 1974; Barnes and Goldberg, 1976;
Reeburgh, 1976; Alperin and Reeburg, 1984). Remarkable, the wet gas components also show
a decrease or even deficiency in the uppermost part of the sedimentary column (Figure 5).
Their distribution patterns are consistent with the C; “concave-up” curve geometry (Figure 4).
This implies that together with methane, C,. gas components were also subjected to

consumption.
137




PART II: The Gulf of Cadiz, NE Atlantic

Summarizing, the gas concentration data, their down-core distribution profiles, and
their molecular ratios reveal that the studied mud volcano provinces in the Gulf of Cadiz are
characterized by the presence of allochthonous gas with a high input of thermogenically
formed hydrocarbons due to anomalous concentrations of C,+ gas constituents. The data also
signify that the molecular composition and concentration of the gas are regulated by upward
diffusion and biological oxidation within the subsurface at ca. 50-100 cm bsf. The latter
indicates that in the studied locations migrated C; and C,; components are consumed before
they can escape into the overlying water column.

5.2. Genetic types of gases

To characterize the hydrocarbon gases from the two mud volcano provinces, we
combined molecular concentrations, contents, and stable carbon isotope signatures of C;-Cy
alkanes. As was shown in the previous sections, microbial activity in the uppermost 50 to 100
cm resulted in significant changes of concentrations, molecular and carbon isotope
composition of the C;-C4 hydrocarbons in both the WMF and DSPF. The 8'3C values of Ci-
C4 alkanes below ca. 60 cm of the sediments do not seem to be significantly affected by in
situ microbial actions. This suggests that hydrocarbon gas samples from the lower intervals
could represent an “original” gas mixture, thus containing information on the sources,
maturity and microbial alterations in the deeper subsurface. Accordingly, for the
characterization of genetic gas types gas data were used only from intervals below ca. 60 cm.
The complete gas data though is also presented to the reader for the comparison.

Concentrations of methane and wet gas components in all studied locations of the Gulf
of Cadiz are clearly anomalous (Figure 4 and 5). Ethane and propane so far have never been
generated in significant quantities by microbial processes (Oremland et al., 1988). Ethane,
propane and butanes are formed primarily between 70°C and 150°C with peak generation
around 120°C (Hunt, 1995). High concentrations of C,: especially C4 and Cs hydrocarbons
are expected if thermogenic gases are present (Cline and Holmes, 1977; Sandstrom et al,
1983). This signifies that gases from both mud volcano provinces of the Gulf of Cadiz are
characterized by input of thermogenic hydrocarbons from deeper sources. Besides, the down-
core concentration profiles of C;-C4(Cs) hydrocarbons (despite their difference in
concentration levels) show an absence of correlation with the TOC content, which also
indicates an allochthonous nature of the gas to the hosting mud breccias.

Figure 9 shows the Bernard diagram (Bernard et al., 1978; Faber and Stahl, 1984),
modified by Whiticar (1994) to classify hydrocarbon gas. Two distinct genetic gas types can
be recognized for the WMF and for the DSPF (Figure 9a). Figure 9b shows gas data from the
lowermost parts of the sediments. The uppermost intervals, where microbial alteration of C;-
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Figure 10. Relative concentration of wet gas components in relation to stable carbon isotope
composition of methane (after Schoell, 1983) showing two different gas groups in the WMF
(white circles) and in the DSPF (black circles). Primary gases (B - bacterial, T - thermogenic
associated, and TT (m) - nonassociated dry gases from sapropelic liptinic organic matter, TT(h)
- nonassociated gases from humic organic matter) are distinguished on the basis of fields
determined by Schoell (1983). Mixing of primary gases (M - mixed gases) reflects in the different
proportions of thermogenic and bacterial gases. The data set includes values from intervals
below 60 cm.

C4 alkanes is taking place, have been excluded. As a result, two different gas groups is
more clearly highlighted (Figure 9b).

MVs from the WMF, the Ginsburg and the Jesus Barasa, depict mature gas
characteristics with 8'°Cc; values ranging from -28 to -42 %o (Table 2). The C,: content
varies between 1 and 6 % from the total hydrocarbon gases. Concurrently, MVs from the
DSPF, the Bonjardim and the Carlos Ribeiro, are characterized by less mature gas signatures
(Figure 9). These gases have 8"°C values of methane between ca.-50 and -67 %o although the
C»; content ranges from 3 to almost 10 %.
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The stable carbon isotope composition of methane is dependent on type and maturity
of the initial source (Galimov, 1968; Stahl, 1977, 1979). Migration and/or mixing may be a
mechanism of carbon isotope fractionation, and is reflected in either enrichment or depletion
with 'C (Galimov, 1967; Lebedev and Syngayevski, 1971). Figure 9 show, that the
composition characteristic of gas from the MVs of the WMF falls in the “thermogenic gas
field”. Besides, the source, from which the gas was derived, is indicated on the diagram as
kerogen of Type II for the Ginsburg MV and as a mixture of kerogens II and III for the Jesus
Baraza MV.

Hydrocarbon gas from the DSPF represents a mixture of gases of various origins. We
consider that an admixture of bacterial gases is the reason for an immature characteristic of
the methane, whereas the relatively high content of wet gas components indicates the
presence of thermogenic hydrocarbons (Figure 9).

Using another principle for genetic characterization of gases outlined by Schoell
(1983), two different gas groups can also be distinguished. Applying the same parameters (i.e.
Cs+ versus 8"Cc1), Schoell (1983) considered only three processes, maturation, mixing, and
migration, which may influence the methane carbon isotope composition and Cs:
concentration. In fact, the data (Figure 10) confirm the interpretation of the Bernard diagram
and also clearly indicate the presence of two different groups of gases in the WMF and DSPF.
The WMF gas represents two mature gases, (Ro<1.2%), derived from kerogen Type II (the
Ginsburg MV) and a mixture of kerogens of Type II and III (Jesus Boraza MV). The DSPF
gas is a mixture of thermogenic and
bacterial gases with relatively immature
characteristics (the beginning of the oil
window; Ro < 0.5%) (Figure 10). In
fact, the mature characteristics of the
gas from the WMF coincide with
geochemical data obtained from a gas
reservoir in a faulted anticline in the
Arkoma basin, Oklahoma (Stahl et al.,
1981).

813C-methane (%)

_20 1 1 []

e 0 3 6 9
5.3.1. Mixing C2+ [%]

The evidence of gas mixing for
both the WMF and DSPF is shown in Figure 11. Gases of mixed bacterial and thermogenic

Figure 11, which reflects an almost linear origin. Compositional variations are caused by various
mixing proportions of the gases (after Schoell, 1983).

5.3. Secondary processes

relation between the C,+ contents and the
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8'°C  signatures of methane
(Schoell, 1983). Mixing of gases
of different origins is a common
phenomenon (Whiticar, 1994),
which  indicates  that  gas
components are not necessarily
co-genetic. In a thermogenic co-
genetic C;-C, pair, methane is
depleted in °C between 5 and 10
%0 relatively to the ethane
(Silverman, 1971; Deines, 1980).
An admixture of a biogenic gas
will be reflected in a significant
carbon isotope difference between
methane and the other wet gas
components, i.e. methane will
appear much lighter relative to C,-
Cy4. The average value of 8"°C¢; in
the DSPF is -57 %o while the
average value of 813Cc1 in the
WMF is -38 %o (Table 2). If a

8"C of -70 %o is assumed for pure
biogenic methane (Chung et al.,
1988), a proportion of ca. 50 % of
biogenic gas in DSPF can be
calculated as  mixed  with
thermogenic gas of -30 %o

§13C-methane (%)

| | |
-50 -40 -30 -20
513C-ethane (%o)

Figure 12. Mixing/migration diagram. Genetical definition
of hydrocarbon gas by relation of d13C changes in ethane
and methane (after Schoell, 1983). Gas from the WMF
(white circles) is characterized by mixture of two
thermogenic gases. Gas from the DSFP represents a
mixture of thermogenic and bacterial gases.

(Schoell, 1983) from humic source materials. Nevertheless, it is difficult to recognize the

source or sources for the methane from the DSPF. Mixing of early-formed biogenic gas and

later formed thermogenic gas results in a lack of abilities to differentiate the thermogenic gas

due to compositional changes caused by mixing (Rice and Claypool, 1981). Besides, the

earliest formed thermogenic methane is isotopically light, §"°C values are -55 %o (Sackett,

1978; Stahl et al., 1979).

Figure 12 shows that in general methane is not co-genetic with ethane. Besides, the

8"°C values of ethane from the DSPF are on average -27 %o, which is the signature of ethane

in mixed gases (Matavelli et al., 1983). In contrast, the ethane from the WMF has a more
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positive carbon isotopic composition, on average -23 %o. Furthermore, the C;-C; pair from the
Ginsburg MV demonstrates a close relation between methane and ethane on the basis of the
small differences in their carbon isotopic compositions (Table 2). The decrease in &'"°C
difference between C; and C, is a result of an increase of the thermal maturity (James, 1983).
This is consistent with Figure 10, showing mature characteristics of the gas from the Ginsburg
MV.

5.3.2. Microbial alteration

The level of maturity and the original gas source is reflected in the carbon isotopic
composition of C,-C4 gas components (James, 1990). Microbial alteration extensively affects
the maturity relationship as shown in the 8'"°C signal of gaseous alkanes, especially in the
topmost decimeters of marine sediments. In unaltered gases, the carbon isotopic compositions
of C;-nC4 (excluding iCy4) follow a smooth progression from C; to nC4 (James 1983), which is
not the case for our gas data set (Table 2). Mud volcanoes form both provinces show
reduction of ethane, which is reflected in its ">C enrichment (Table 2). Anomalously enriched
ethane was detected in the topmost parts of the Ginsburg MV (WMF) and Carlos Ribeiro MV
(DSPF), which is in conjunction with ethane concentration profile indicating its consumption
in the uppermost decimeters of sediments (Table 2, Figure 5). In this aspect, obtained ethane
data partly supports the findings of Clayton et al., (1997) and Pallasser (2000), where authors
showed most positive 8'°C values of ethane as a consequence of its microbial alteration
together with relatively unaltered 8'°C signatures of propane (Clayton et al, 1997; Pallasser,
2000). Enriched in ">C ethane was detected in the deeper intervals from the Jesus Baraza MV
(WMF), which is probably also result from selective uptake of this alkane by unknown type
of ethane-degrading microorganisms.

In contrast, James and Burns (1984) reported microbial alteration of subsurface
reservoired gas by the selective removal of propane. This resulted in an anomalous heavy
propane carbon isotopic composition and ethane was relatively unaffected (James and Burns,
1984). In the unaltered gases, the 8'°C values of propane constitute ca. -27 to -28 %o (James,
1983). Hence, both the WMF and the DSPF, also show propane alteration, 8'°C¢3 comprises
by a mean -23 %o and -21 %o, respectively (Table 2). Except sediments from the Bonjardim
MV, 8"C values of propane remain similar along the sediments. This can imply that
measured propane was microbially changed in the subsurface before it was transported by
fluid upward.

Microbial alteration is also clearly illustrated in the butane dataset (Figure 13).
Although the 8"C values of iso- and n-butanes are generally in the same range in the gases
from both mud volcano provinces, the butanes from the DSPF display a greater variability in

their 8'"°C values (Figure 13; Table 2). Hence, the isotopically heavy values of n-butane from
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the DSPF suggest that there has been a reduction of nC, likely as a result of its microbial

consumption. In contrast,
butanes from the WMF have -15
relatively steady stable carbon
isotope characteristics, indicating

0pe ché ! -20 SPE
their possible co-genetic nature ;g ,
and absence of a microbial ‘; :
alteration signal. §. 25| ,,-"'/WMF,' /

Thus, propanes from both @ :D/ yd

locations and n-butane from 3’ -
DSPF have been microbially ) =30}
altered in the deeper subsurface, °
which makes the interpretation 35
of their maturity/sources 35 30 5 20 15
difficult.

b 1 3Ci-butane, ) 1 3Cn-butane (%0)

Figure 13. Relationship of carbon isotope ratios for propane
versus i-butane and n-butane. iso-Butane/propane: DSPF: (@)
controls Bonjardim MV; (O) Carlos Ribeiro MV; WMF: (@)Ginsburg

Both the WMF and the MV; (O) Jesus Baraza MV. n-Butane/propane: DSPF:

DSPF are located within the (W)Bonjardim MV; () Carlos Ribeiro MV; WMF: (Hl)
Ginsburg MV; ([J) Jesus Baraza MV. The data set includes
selection of values below ca. 60 cm.

5.4. Geological and tectonic

olistostrome unit representing
huge allochthonous deposits
emplaced in the Gulf of Cadiz in the late Tortonian (Maldonado et al., 1999b; Somoza et al.,
1999). Taking into consideration the sedimentary cover and the present structure of the Gulf
(Medialdea et al., 2004), it is quite possible that olistostrome deposits could possess
subsurface gas accumulations, representing a re-deposited mixture of hydrocarbons migrated
from below. The sediments of the olistostrome masses include Miocene units from Langhian
to Messinian and are composed of various clays with some intervals of limestone and sand
lenses (Maldonado et al., 1999b). MVs from the DSPF appear within the central domain of
the olistostrome (Figure 1), which includes the complete Miocene depositional sequences and
constitutes the bulk of the sedimentary infill of the slope basis including fragments of
Mesozoic and plastic Triassic materials (Medialdea et al., 2004). The area is characterized by
compressive deformation, thrusting and the presence of deep faults which could act either as
pathways for fluid migration or as a structural trap for hydrocarbons, or may provide a link
between sedimentary units from different stratigraphic horizons with different physical
properties.

143



PART II: The Gulf of Cadiz, NE Atlantic

The tectonic regime in the eastern domain of the olistostrome, where the WMF is
located, is different. Here extensive mud diapirism and mud volcanism is a characteristic
feature. The Yuma, Ginsburg, Jesus Baraza, and the Rabat MVs have a linear orientation,
reflecting their relation with a NW-SE orientated strike-slip fault system observed on the
seafloor (Gardner, 2001). The trend of this fault system is coherent with the direction of
convergence between the African and the Eurasian plates (Diaz-del-Rio et al., 2003),
suggesting that mud volcanism and mud diapirism is triggered by the tectonic forces related to
plate movements (Gardner, 2001).

5.5. Migration

The presence of particular tectonic regimes in the Gulf of Cadiz may be additional
evidence for the presence of mixed hydrocarbon gases. Mattaveli et al., (1983) stated that
formation of mixed gases appears generally bound to areas of faulting. The hydrocarbon gas
from both mud volcano provinces is relatively dry, with C,; contents in the WMF and in the
DSPF of on average 3 and 8 %, respectively. Predominance of woody-coaly organic matter
(i.e. kerogen Type III) over the more lipid-rich oil-prone sources (i.e. kerogen Type II) can be
a reason for high production of dry gas. In contrast, migration can be important for
redistribution of hydrocarbons due to their apparent diffusion coefficients (Leythaeuser et al.,
1980, 1984). This leads to the C,+ depletion and therefore dry gas characteristics (Silverman,
1971). Migration processes, without any doubts, were active in the past and are still active at
present in the Gulf of Cadiz. The occurrence of MVs is already ample corroboration of
vertically focused fluid transport. Vertical-migration distances in the Gulf of Cadiz can be
considerable, depending on vertical faulting, changes in permeability as a result of facies
variation, possibilities of combined vertical and lateral migrations, active tectonics, etc.
However, as a consequence of both tectonic disruption and facies changes, related to the past
and present tectonic events in the Gulf, the lateral continuity of migration-carrier beds should
be relatively poor. This indicates a lack of long-distance lateral migration of deep generated
hydrocarbons from the DSPF to the WMF. Different tectonic regimes and thicknesses of the
sedimentary cover in the central and the eastern domains of the olistostrome (Medialdea et al.,
2004) also suggest a distinctive level and distribution of heat flow, which is one of the main
factors causing hydrocarbon generation. For that reason, the same sedimentary unit may show
different maturity characteristics in the DSPF and in the WMF. In this context, the identified
gas types may belong to the same source beds, being under a different heat stress within these
two MV provinces. As was shown above, both gas types are dry gases with generally similar
C,+ compositions.
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5.6. A possible locality of hydrocarbon gas accumulations

An independent geochemical study of rock clasts from the Yuma MV (WMF) shows
generally immature characteristics of kerogen belonging to the types Il and III (Kozlova et al,
2004) which is consistent with the kerogen types established for the hydrocarbon gas in the
area. The age of these rock clasts varies from the Middle Eocene to the Late Miocene
(Ovsyannikov et al., 2003) which is consistent with the age of the olistostrome deposits
(Maldonado et al., 1999b). The contrast between maturities of the clasts and the gas, however,
may indicate that the source rocks with similar kerogen types belong to deeper horizons, since
the gas generation window locates from ca. 105-155 °C to 175-220 °C (Pepper and Corvi,
1995). It implies possible redeposition of migrated thermogenic gas within the olistostrome
or/and even within the Pliocene-Quaternary sediments in the WMF.

Gas from the DSPF represents a mixture of thermogenic and biogenic gases as
reflected by its immature signal. This also may indicate redeposition of the migrated/mixed
gas at shallow depths, possibly within the olistostrome or/and Pliocene-Quaternary units.

In addition, the recognized microbial consumption of propanes in both areas and »n-
butane in the Bonjardim MV (DSPF) is an additional confirmation of secondary processes
which may occur in the deep subsurface. Similar gas alterations were reported in the
reservoired hydrocarbon gas and also in a variety of geological settings, both onshore and
offshore (James and Burns, 1984).

145



PART II: The Gulf of Cadiz, NE Atlantic

6. Conclusions

The Gulf of Cadiz is an area of active mud volcanism and fluid venting. This implies
active processes of fluid migration from the deep sited horizons. MVs from two provinces,
WMF and DSPF, have been studied to identify peculiarities of hydrocarbon gas composition,
to classify hydrocarbon gases to their types/maturity, possible sources, and to trace their
alteration due to secondary effects, such as migration, mixing, diverse microbial actions or
combination of them. Obtained results revealed that among studied MVs, the Ginsburg and
the Yuma are the most active structures currently known in the Gulf of Cadiz.

The molecular gas composition shows relatively dry gas characteristics; the C,
content is 3 and 8% in the WMF and the DSPF, respectively. Changes in gas composition and
curves of concentration profiles from both MV areas show (i) absence of strong upward gas
transport and (ii) active biological processes within ca. 50-100 cm bsf. This means that in the
studied locations C; and C,: are consumed before they can escape into the overlying water
column.

The combination of gas concentration data, stable carbon isotope composition of C;-
C, alkanes, and molecular ratios revealed the presence of two different groups of gases in the
WMF and DSPF. Both gas groups represent allochthonous to the erupted mud breccia gas
with high input of thermogenically formed hydrocarbons as shown by anomalous
concentrations of C,: gas components. The WMF gas represents mature gases, (Ro<1.2%),
derived from kerogen Type II (the Ginsburg MV) and a mixture of kerogens of Type II and III
(Jesus Boraza MV). The DSPF gas is a mixture of thermogenic and bacterial gases which
cause of its relatively immature characteristics (the beginning of the oil window; Ro < 0.5%).
A source and maturation characteristic of gas from the DSPF is difficult to determine due to
migration, biodegradation, and mixing processes.

The combination of molecular and stable carbon isotopic signatures of the C;-C,4
alkanes provides geochemical evidence that besides methane, C,-C4 hydrocarbons can be also
microbially consumed within first decimeters below the seafloor. Further, microbial activity
in the first top ca. 60 cm reflects in the formation of unsaturated ethene and propene which
appearance coincided with the vanishing of saturated hydrocarbon gases.

Microbial consumption of ethanes and propanes in both areas and of n-butane in the
Bonjardim MV (DSPF) makes identification of source and maturity for these alkanes
difficult. Simultaneously it can be an indicator of secondary microbial processes previously
observed in suite of natural gases (James and Burns, 1984, Clayton et al., 1997; Pallasser,
2000) and seepages (Sassen et al., 2004).

The studied MVs appear within the olistostrome body, the WMF is located in the
eastern domain and the DSPF — in the central part. Different tectonic regimes and thicknesses
of the sedimentary cover within the olistostrome domains (Medialdea et al., 2004) suggest
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distinctive fluid venting environments as well as distinctive distribution patterns of heat
flows. This should be reflected in the geochemical behaviour/properties of migrating fluids,
which is consistent with the different peculiarities of the erupted mud breccias and the
recognition of two gas groups in the WMF and DSPF. This study reveals that despite the
discrete maturation characteristics, both gas types are a complex of secondary migrated,
microbially altered and mixed hydrocarbons, most likely redeposited within the olistostrome
/Pliocene-Quaternary sedimentary units. It may possibly imply the existence of hydrocarbon
accumulations in the subsurface and probable association of mud volcanoes with the
olistostrome body.
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Abstract

The Gulf of Cadiz is known as an active mud volcano (MV) and fluid venting region
discovered during the Training Through Research (TTR) expeditions in 1999 (TTR-9). Here
we report a study of lipid biomarkers in the mud breccia matrix from three MVs in this
region. The lipid biomarker composition revealed strong compositional resemblance as well
as similar thermal maturity properties for the studied MVs. This indicates that the primary
source of the erupted material for these M Vs is located in similar litho-stratigraphic units. In
both areas, upward migrated fluid went through the sedimentary series of the allochthonous
Olistrostrome and through the Upper Cretaceous horizons. The relatively immature
characteristics of organic matter from both mud breccia rock clasts and matrix together with
the more mature properties of hydrocarbon gases from the same sampling locations indicate
that source strata for the initial fluid are located deeper in the subsurface than the source strata
for the erupted sedimentary material.

The presence of microbial lipid biomarkers derived from archaea and sulfate reducing
bacteria in the mud breccias revealed anaerobic oxidation of methane (AOM) as a dominant
microbial process in these habitats. The low concentrations of AOM-related biomarkers in
these MVs suggest relatively low intensities of AOM in the studied MV deposits. The
distribution of biomarkers suggests an abrupt and brief cold seep activity in the past and the
absence of a continuous methane influx in the studied locations.
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1. Introduction

Discharge of hydrocarbon-rich fluids is a widespread phenomenon in the Gulf of
Cadiz (Baraza and Ercilla, 1996; Baraza et al., 1999; Ivanov et al., 2000, 2001; Somoza et al.,
1999, 2002; Gardner, 2001; Kenyon et al., 2000, 2001; Mazurenko et al., 2002, 2003;
Pinheiro et al., 2003; Stadnitskaia et al., 2006a). Petroleum exploration on the continental
margin of the gulf (up to 1000 m of the water depth) resulted in the drilling of two
commercial wells by 1999 and revealed the presence of natural gas (Somoza et al., 2001).
Later on, during the international multidisciplinary Training Through Research (TTR) cruises
carried out within the framework of the UNESCO-IOC “Floating University” Programme, the
deep part of the Gulf of Cadiz (from 700 to >3000 m water depth) was demonstrated to be an
active mud volcano province. Numerous mud volcanoes (MVs), diapiric ridges, gas-saturated
sediments, gas hydrates, chemosynthetic communities, and "graveyards" of authigenic
carbonates have been discovered, sampled and described during six TTR cruises to the region
in the period between 1999 and 2005 (Kenyon et al., 2000, 2001; Ivanov et al., 2000, 2001;
Gardner, 2001; Pinheiro et al., 2003; Terrinha et al., 2003; Mazurenko et al., 2002, 2003;
Somoza et al., 2003; Ovsyannikov et al., 2003; Murton and Biggs, 2003; Van Rensbergen et
al., 2005; Stadnitskaia et al., 2006a).

Because hydrocarbons are often dominant components of the migrated fluid, MVs and
seeps in general are direct indicators of hydrocarbon migration and, thus, hydrocarbon
potential in the subsurface (Link, 1952; Guliev and Feizullayev, 1997; Ivanov et al., 1998;
Stadnitskaia et al., 2006a). Concurrently, upward migrating fluids contain organic and
inorganic components providing sources of energy to the microbial communities in the deep
sea. Microbial methane utilization in anoxic environments or anaerobic oxidation of methane
(AOM) has been considered as one of the most important and effective biological filters
preventing methane emissions from the sea floor into the hydrosphere and to the atmosphere
(see for review Hinrichs and Boetius, 2002). The process is accomplished in anoxic marine
environments with sulfate as the terminal electron acceptor (Barnes and Goldberg, 1976).
Molecular ecological studies using ribosomal DNA revealed that AOM is performed by
consortia of specific groups of archaea and sulfate reducing bacteria (Boetius et al., 2000;
Orphan et al., 2001a,b; Michaelis et al., 2002; Knittel et al., 2003, 2005). Lipid biomarker
investigations of seepage-related anoxic sediments and authigenic carbonates revealed that
methane acts as an important carbon source in these environments (Elvert et al., 1999, 2000,
2003; Hinrichs et al., 1999, 2000a,b, Pancost et al., 2000, 2001b; Zhang et al., 2003; Peckman
and Thiel, 2004; Stadnitskaia et al., 2005). Thus, fluids expelled from mud volcanoes and
from other venting related structures not only portray the products of generation and
migration from the deep subsurface, but also provide constraints on microbial processes at the
seafloor in such habitats.
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Two mud volcano provinces (Figure 1), along the Moroccan-Spanish (Western Moroccan
Field; WMF) and Deep South Portuguese (Deep South Portuguese Field; DSPF) continental
margins, were discovered during the TTR-9 cruise in 1999 and the TTR-10 cruise in 2000,
respectively (Kenyon et al., 2000, 2001; Ivanov et al., 2000, 2001; Gardner, 2001; Pinheiro et
al., 2003). Here, we applied molecular and stable carbon isotope measurements of lipid
biomarkers to mud breccia matrix from three MVs, the Ginsburg and Jesus Baraza MVs
located within WMF, and the Bonjardim MV located within the DSPF (Figure 1). The
composition of hydrocarbon gases and their stable carbon isotope signatures from theses MVs
was previously reported in Stadnitskaia et al. (2006). Hence, the aim of this study is to make a
contribution towards the assessment of the source-strata for the erupted sedimentary material
and the microbiological processes associated with the transport of methane from the
subsurface. The results are compared with similar studies for mud breccia matrixes from MVs
in the Sorokin Trough, NE Black Sea. Besides the mud breccia sources assessment, our
objectives are also the identification of microorganisms involved in methanotrophic activity,
in particular AOM, using lipid signatures associated with methanotrophic processes.

2. Geological background

The Gulf of Cadiz is located in the south-western part of the Iberian Peninsula margin,
representing a wide embayment of the Atlantic Ocean from Cape Saint Vincent (Portugal) to
the Gibraltar Strait (Figure 1). It extends for ca. 300 km and is characterized by a complex
geological evolution entailing several phases of rifting, convergence, and strike-slip motions
since the Triassic (Srivastava et al., 1990; Maldonado et al., 1999b; Maldonado and Nelson,
1999a). Tectonically, the Gulf of Cadiz region straddles the east-west-trending segment of
African-Eurasian plate boundary from the Azores to the Mediterranean between the Gloria
transform fault and the Gibraltar Arc (Maldonado et al., 1999b; Somoza et al., 2002; Pinheiro
et al., 2003; Medialdea et al., 2004). During the Late Tortonian, the Gibraltar Arc migrated
westward, which resulted in the formation of the Gulf of Cadiz as a forearc basin and forced
the emplacement of the Olistostrome, which ended in the Late Miocene (Maldonado et al.,
1999b). Both WMF and DSPF are attributed to the Olistostrome (Figure 1), extending
through the Gulf in a southwest direction (Maldonado et al., 1999b; Medialdea et al., 2004).
Three MVs were chosen for lipid biomarker investigations. The Bonjardim MV (35° 28’ N;
09° 00> W, water depth ca. 3060 m) represents one of the deepest structures and appears
within the DSPF, in the Central domain of the Olistostrome (Figure 1). This region is
characterized by compressive deformation, thrusting and the presence of deep faults
(Medialdea et al., 2004). The Ginsburg (35° 22’ N; 07° 05° W, water depth ca. 910 m) and the
Jesus Baraza (35° 35 N; 07° 12> W, water depth ca. 1091 m) MVs locate within the WMF, in
the Eastern domain of the Olistostrome (Figure 1). In contrast to the Central domain, this
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region is characterized by extensive mud diapirism and mud volcanism which are structurally
controlled and likely triggered by the tectonic forces related to the convergence of the African
and the Eurasian plates (Gardner, 2001).

3. Material and methods
3.1. Sample collection and storage

During the TTR-10 expedition in July-August 2000, mud breccias were collected
using a 6 m long, 1500 kg gravity corer with an internal diameter of 14.7 cm (Kenyon et al.,
2001). The extraction of the core from the plastic liner was followed by a lithological
description and sub-sampling procedure for lipid biomarkers. For optimal correlation, the
subsampling for the lipid biomarker study was accomplished in close concert with
subsampling for hydrocarbon gas measurements, obtaining identical sampling intervals along
mud breccia sections (Stadnitskaia et al., 2006). Directly after sub-sampling, sediments were
frozen and stored at -20°C until solvent extraction.

3.2. Extraction and separation

Samples of 20-50 g were freeze-dried, crushed in an agate mortar to a fine powder,
and extracted with an automatic Accelerated Solvent Extractor (ASE 200/DIONEX) using a
solvent mixture comprised of dichloromethane (DCM): methanol (MeOH) (9:1, v/v) at 1000
psi and 100°C. Elemental sulfur was removed from the total extracts by adding ca. 30 mg of
activated copper and stirring the sample over night. An aliquot of the total extract was used
for total lipid analysis. To this end, fatty acids in the extract were methylated by heating at
60°C for 5 min in boron trifluoride-MeOH complex (in excess MeOH, ca.12 wt.% BF3), and
alcohols were transformed into trimethylsilyl (TMS)-derivatives by adding 25 pl of pyridine
and 25 pl of N,O-bis(trimethylsilyl)trifluoroacetamid (BSTFA) and heating at 60°C for 20
min. Another aliquot of the total extract was chromatographically separated into apolar and
polar fractions using a column with activated (2 h at 150°C) Al,Os as stationary phase. Apolar
compounds were eluted using hexane:DCM (9:1, v/v), and polar compounds, including
glycerol diethers and glycerol dialkyl glycerol tetraethers (GDGTs) core membrane lipids,
were obtained with MeOH:DCM (1:1, v/v) as eluent. To calculate absolute concentrations of
biomarkers in mud breccia matrixes, a known amount of 2,3-dimethyl-5-(1,1-
dideuterohexadecyl)-thiophene (C;H3sSD;) was added to each fraction as an internal
standard.

To analyze the ether-linked biphytanes in GDGTs, aliquots of the polar fractions were
subjected to ether cleavage using 57% HI (1 h at 110°C). The reduction of the resulting
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iodides was accomplished by using LiAlHs. The full procedure is described elsewhere
(Schouten et al., 1998).

3.3. Analysis and identification of lipid biomarkers

Gas chromatography (GC) was performed using a Hewlett Packard 6890 gas
chromatograph equipped with an on-column injector and a flame ionization detector. A fused
silica capillary column (CP Sil-5 25 m x 0.32mm, d=0.12 um) with helium as a carrier gas
was used. The samples were injected at 70° C. The GC oven temperature was subsequently
raised to 130° C at a rate of 20° C min™', and then to 320° C at 4° C min™'. The temperature
was then held constant for 15 min.

All fractions were analyzed by gas chromatography-mass spectrometry (GC-MS) for
compound identification. GC—-MS was conducted using a Hewlett Packard 5890 gas
chromatograph interfaced to a VG Autospec Ultima Q mass spectrometer operated at 70 eV
with a mass range of m/z 50-800 and a cycle time of 1.8 s (resolution 1000). The gas
chromatograph was equipped with a fused silica capillary column (CP Sil-5, 25 m x 0.32 mm,
d=0.12 pm) and helium as a carrier gas. The temperature program used for GC-MS was the
same as for GC. The structural designation of lipids was evaluated by the comparison their
mass spectral fragmentation patterns and Pseudo Kovats retention indices with reported data.

Isotope-ratio-monitoring gas chromatography—mass spectrometry (IRM—GC-MS) was
performed on a Finnigan MAT DELTA plus XL instrument used for determining compound-
specific 8'°C values. The GC used was a Hewlett Packard 6890 A series and the same
analytical conditions were used as described for GC and GC-MS. For carbon isotopic
correction of the added trimethylsilyl groups, the carbon isotopic composition of the used
BSTFA was determined (-49.3 + 0.5 %o0). Obtained values are reported in per mil relative to
the VPDB standard, and have been corrected for the addition of TMS group due to the
derivatisation procedure. In order to monitor the accuracy of the measurements, the analyses
were carried out with co-injection of two standards, C,9 and C,4 n-alkanes, which have known
carbon isotopic composition.

To determine the distribution and composition of intact glycerol dialkyl glycerol
tetraethers (GDGTs), samples were analyzed using a high performance liquid
chromatography—mass spectrometry (HPLC-MS) method for their direct analysis (Hopmans
et al., 2000). GDGTs were analyzed using an Aglient 1100 series / 1100 MSD series
instrument, with auto-injection system and HP-Chemstation software. The quantification of
GDGTs by HPLC-MS-analysis using single ion monitoring was accomplished as described
by Weijers et al., (2006).
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4. Results
4.1. Sedimentary lithologies and geochemistry of the studied locations

Figure 1 shows the lithology of the cores studied (Kenyon et al., 2001), concentration
profiles of methane and TOC content (Stadnitskaia et al., 2006). The sediments are
predominantly composed of mud breccia, which is different in the WMF and DSPF (Kenyon
et al., 2001). MVs from the WMF showed relatively fine mud breccias intensively bioturbated
at the top, possessing semi-consolidated rock clasts within a clayey matrix with high
carbonate content (Kenyon et al., 2000, 2001; Pinheiro et al., 2003). MVs from the DSPF
were characterized by stiff non-stratified mud breccias, only occasionally bioturbated, having
well-lithified clasts within clayey matrix with insignificant carbonate admixture (Kenyon et
al., 2000, 2001; Pinheiro et al., 2003). Mud breccias from the Jesus Baraza MV showed two
mud breccia intervals of the same lithology, probably representing different mud flows
(Kenyon et al., 2001; Pinheiro et al., 2003).

Pelagic sediments overlay the top of the recovered mud breccia section for two of the
three MVs studied. The upper 42 cm of the sedimentary section of the Bonjardim MV
comprised of pelagic marl (Figure 1). This marl was bioturbated at the top, and rich in
Foraminifera and Pogonophora (mainly Polybrachia sp.) tube worms (Kenyon et al., 2001;
Pinheiro et al., 2003). A similar pelagic cover was recovered from the Jesus Baraza MV,
where it constituted a 4 cm thick interval rich in Foraminifera (Kenyon et al., 2001).
Compared with the Bonjardim MV, only a few Pogonophora tube worms (Siboglinum sp.)
were found within this marl. Mud breccias recovered from the Ginsburg MV showed no
pelagic cover at the top (Kenyon et al., 2001). Gas hydrates were detected in this MV below 1
m (Figure 1).

Study of the gas hydrates and pore waters of the mud breccias showed deep sources of
upcoming fluids (Mazurenko et al., 2003). Molecular and stable carbon isotope signatures of
C;-Cs alkanes revealed high input of thermogenic gaseous hydrocarbons and two different
groups of gases in the WMF and DSPF (Stadnitskaia et al., 2006). The WMF gas represents
mature gases with methane 8'°C values between -28 and -42 %o. In contrast, the DSPF gas is a
mixture of thermogenic and bacterial gases with relatively immature characteristics and
methane 8"°C signatures between -50 and -67 %o (Stadnitskaia et al., 2006). High
concentrations of methane and C,; components and relatively low TOC values indicate an
allochthonous nature of the C;-Cs alkanes to the host mud breccias (Figure 1; Stadnitskaia et
al., 2000).

155



PART II: The Gulf of Cadiz, NE Atlantic

1001 13-14 cm; 31 ]
CPla5-34 CPl35.34=4.3 - ..2
0 2 4 6
L [ N | i 0cm e 25 27 (Ig)
terrestrial ,EBT;,Cg, 0. _ o
OMinput 7287771 °= 108 31 &
mixed signature O=>°\o 35-38 cm; o
1 i > CPly5.34 = 2.3 (_%7
'@ (0]
< o
L
100 | s 0 -
17 EEss| omp g 100 707-109 cm; CPlz5.34 = 1.6 4,
RS
F S ]
1150 %= g
] @
a S
13 100 193-195 cm; CPl5.34 = 1.0 o)
1200 27 =)
l 29 (S
31
i o

14 16 18 20 22 24 26 28 30 32 34 —
carbon number

Figure 2. Distribution of n-alkanes and CPI profile along the sedimentary core from the
Bonjardim MV. The n-alkane patterns show clear difference between the organic matter from the
pelagic sediments and from the mud breccia. Arabic numbers denote alkanes with the given
carbon chain length.

4.2. General lipid characteristics of MV deposits

The pelagic sediments and mud breccias are characterized by different lipid
distributions (e.g. Figure 2). Mud breccia matrixes from the Bonjardim MV (DSPF) and from
the Ginsburg and Jesus Baraza MVs (WMF) showed almost identical lipid biomarker
compositions (e.g. Figure 3). Apolar compounds strongly dominated the total extract. Polar
constituents were mainly represented by bacterial and archaeal lipids, marking in situ
microbial processes, mainly AOM.

The lipid extracts from all MVs contained abundant of n-alkanes ranging in carbon
number from C;s to Css with an odd-over-even carbon-number predominance in the Cy3-Css
range. In all mud breccias, C»5-C3; components dominate n-alkane distributions to a variable
extent, signifying an admixture of terrestrial organic matter. The Carbon Preference Index
(CPI; Bray and Evans, 1961) for C,5-Cs4 n-alkanes slightly fluctuates along the mud breccias.
The CPI values for the mud breccia of the Bonjardim MV (DSPF) are on average 1.4, and for
the mud breccias of the Jesus Baraza and Ginsburg MVs (WMF) are on average 1.6 and 1.5,

respectively (Table 1). Figure 2 shows that in the Bonjardim MV, the n-alkane distributions
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darker grey area). The mud breccia interval clearly shows the presence of petroleum-derived
n-alkanes (Figure 2).

The Cjs highly branched isoprenoid (HBI; 2,6,10,14-tetramethyl-7-(3-methylpentyl)-
pentadecane) alkane, a diagenetic product of HBI alkenes produced by two specific
phylogenetic clades of diatoms (Sinninghe Damsté et al., 2004a), was present in all mud
breccia sections in noticeable amounts (e.g. Figure 3). The steroid composition was
dominated by C,7, Cyg, and Cy9 Sa,14a,170u(H)-steranes with the Cyg sterane as the dominant
member. Low amounts of 20S- and 20R-epimers of 13a,17f-diacholestanes were also
detected (Figure 3; Table 2).

The pentacyclic triterpanes showed a similar distribution in the different MVs (e.g.
Figure 3; Table 2). Hopanes were the main constituents. C3o-C3, hopanes with fa- and Sf-

configurations were present in smaller amounts relative to their af-epimers (Table 1). The
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pentacyclic triterpanes.
Unsaturated hopanoids were
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(hop-22(29)-ene) and Cy9 and
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Figure 3. Typical lipid
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Peak Carbon
Compound name
number number
1 17o(H)-trisnorhopane 27
2 17a,21B(H)-30-norhopane 29
3 18a(H)-30-nornechopane 29
4 173,21a(H)-30-norhopane 29
5  170,21B(H)-hopane 30
6 170(H)-30-nor-29-homohopane 30
7 17B,21a(H)-hopane (moretane) 30
8  17a,21B(H)-homohopane 228 31
9 17a,21B(H)-homohopane 22R 31
10  17B,21a(H)-homohopane 31
11 Diploptene (hop-22(29)-ene) 30
12 170,21B(H)-bishomohopane 22S 32
13 170,21B(H)-bishomohopane 22R 32
14 17B,21B(H)-homohopane 31
15 170,21B(H)-trishomohopane 225 33
16 170a,21B(H)-trishomohopane 22R 33
17 17B,21a(H)-trishomohopane 33
18  17a,21B(H)-tetrakishomohopane 22S 34
19  170,21B(H)-tetrakishomohopane 22R 34
20  20,32-cyclo-32-methyl-17a-bishomohopane-20,22,31-triene 22 S/R 33
21 20,32-cyclo-32-ethyl-17a-bishomohopane-20,22,31-triene 22S/R 34
22  17a,21B(H)-pentakishomohopane 22S/R 35
23  13B,17a(H)-diacholestane 20S 27
24 13B,17a(H)-diacholestane 20R 27
25  5a-cholestane 27
26  5c-ergostane 28
27  5o-stigmastane 29

Table 2. Hopanes and steranes identified in apolar fractions from mud breccia matrixes.

In the mud breccia from the Jesus Baraza MV, 8'°C values of diplopterol varied from -
41 to -67 %o and of 174,21pA(H)-bishomohopan-32-ol from -36 to -48 %o (Table 3). In
contrast, pelagic sediments from the Bonjardim MV showed less depleted 8'°C signatures of
both hopanoids, i.e. -31 and -26 %o, respectively (Table 3). Initially, these lipids were detected
in many chemoorganotrophic bacteria which are mainly related to aerobic microorganisms
(Rohmer et al., 1984, 1992; Summons et al., 1999). The presence of hopanoids in fluid
venting anoxic sediments (Pancost et al., 2000; Stadnitskaia et al., 2005) together with their
identification in strictly anaerobic bacteria performing the anaerobic ammonium oxidation
(Sinninghe Damsté et al., 2004b) and in the sulfate reducing bacteria (SRB) of the genus
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Figure 4. Base peak HPLC chromatograms of the polar fractions from mud breccia matrixes
showing compositional variations among the GDGTs along the sedimentary successions. Circles
indicate subsampling interval. White circles specify samples, which were selected to cleave ethers
in GDGTs through the HI-treatment (see Table 3). Roman numbers refer to structures in the legend.
Percentage values in parentheses next to "V" denote the content of crenarchaeol from the total
identified GDGTs.

Desulfovibrio (Hiartner et al., 2005; Blumenberg et al., 2006) provided evidence that
anaerobic bacteria also significantly contribute to the sedimentary hopanoid pool.

Isoprenoid biomarkers derived from archaea were found in all locations. The irregular
acyclic hydrocarbons such as 2,6,11,15-tetramethylhexadecane (crocetane), mono- and di-
unsaturated crocetenes, 2,6,10,15,19-pentamethylicosane (PMI), trace amounts of dialkyl
glycerol diethers (DGDs) such as archaeol, hydroxyarchaeol, and glycerol dibiphytanyl
glycerol tetraethers (GDGTs) were detected up to 234 cm below the sea floor.
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Figure 4 reveals the distributions of GDGTs in all studied sedimentary sections. The
pelagic cover of the Bonjardim MV possessed the typical “marine” GDGT distribution
previously detected in seawater particulate organic matter and marine sediments (Schouten et
al., 2000; Pancost et al., 2001a,b; Sinninghe Damsté et al., 2002a,b; Wakeham et al., 2003;
Wuchter et al., 2003). This distribution is characterized by the abundance of crenarchaeol, the
characteristic GDGT of pelagic crenarchaeota (Sinninghe Damsté et al., 2002b), which
comprises 45-52 % of the total amount of GDGTs within this interval (Figure 4). Below this
level, the GDGT distribution is completely different, and is dominated by GDGTs with 0-2
cyclopentane rings and crenarchaeol is almost absent (Figure 4). This distribution is typical
for euryarchaeota involved in AOM (i.e. Pancost et al., 2001 a,b; Aloisi et al., 2002; Zhang et
al., 2003; Wakeham et al., 2003; Stadnitskaia et al., 2005). This interpretation is confirmed by
the stable carbon isotope signatures of the biphytanes formed after ether bond cleavage from
these GDGTs (cf. Schouten et al., 1998). In a sample (24 cm) from the pelagic section, §'°C
values for acyclic, bicyclic and tricyclic biphytanes are -21%o, -20%o, and -19%., respectively
(Table 3). These are typical for pelagic crenarchaeotal membrane lipids (Hoefs et al., 1997).
In contrast, in a sample from the mud breccia (75 cm), 8"°C values of the acyclic, monocyclic
and bicyclic biphytanes are -70%o, -87%o, and -89%o, respectively, and substantially depleted
relative to the average 8"°C values of in situ methane (-55%o), the carbon source for the
archaea involved in AOM. In the mud breccia from the Jesus Baraza MV the GDGT
distribution in the upper 50 cm represented a mixture of the AOM and pelagic crenarchaeotal
distributions due to enhanced relative amounts of both crenarchaeol and the GDGTs with 1
and 2 cyclopentane rings primarily derived from methanotrophic archaea (Figure 4). Below
this interval a GDGT distribution derived from archaea involved in AOM was observed. This
was confirmed by the 8'°C values for the acyclic, monocyclic and bicyclic biphytanes from a
sample (69 cm) from this section, i.e. -83%o, -91%o, and -81%o, respectively (Table 3), which
are substantially depleted relative to that of in-situ methane (-29%o). In the mud breccia from
the Ginsburg MV, the GDGT pattern varied along the mud breccia section. A pelagic
crenarchaeotal distribution was observed in the uppermost interval, whereas a clear “AOM”
distribution was evident in the 30-65 cm interval (Figure 4). Biphytanes derived from GDGTs
from this interval were characterized by the most depleted 8'°C signatures, e.g. -105%o for the
acyclic, -82%o for the monocyclic, and -104%o for the bicyclic biphytanes (Table 3). The
distribution of GDGTs in combination with their *C-depleted composition provided clear-cut
evidence for (palaco) AOM in all three M Vs.

The isoprenoid DGDs, archaeol and hydroxyarchaeol, derived from archaea were
detected in all MVs but their concentrations (e.g. Figures 3 and 5) are much lower than those
in the mud breccias from the Eastern Mediterranean (Pancost et al., 2000 2001a, b) and from
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Biomarker
Interval, Methane Non- 174,218 (H)- ) . ’ )
cmb.s.f. 2 PMI° Phytane+ Archaeol isopren. bish/émoﬁo(pa)n- Diplopterol Diploptene Biphytane Biphytane Biphytane Biphytane
crocetane b c d
DGD -32-ol
Jesus Baraza MV (WMF)
10 -31 -54 n.d. -39 n.d. n.d. n.d. -45 - - - -
30 -24 -54 n.d. -45 n.d. -36 -41 n.d. - - - -
50 -27 -46 n.d. -45 -34 -33 -41 n.d. - - - -
69 -30 -62 n.d. -76 -46 -48 -67 -62 -86 -91 -81 n.d.
89 -32 -61 n.d. n.d. n.d. n.d. n.d. n.d. - - - -
116 -28 n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - - -
Average -29
Ginsburg MV (WMF)
65 -41 n.d. n.d. n.d. n.d. n.d. n.d. n.d. -104 -82 -91 n.d.
Bonjardim MV (DSPF)
0 - n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - - -
13 - n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - - -
24 -51 n.d. n.d. n.d. n.d. n.d. n.d. n.d. -21 -21 -20 -19
36 -63 -67 -63 n.d. n.d. -26 -31 n.d. - - - -
46 -57 - - n.d. n.d. n.d. n.d. n.d. - - - -
65 - -42 -36 n.d. n.d. n.d. n.d. n.d. - - - -
75 -58 -41 -32 n.d. n.d. n.d. n.d. n.d. -70 -88 -56 n.d.
89 - -53 -39 n.d. n.d. n.d. nd. n.d. - - - -
109 - -74 -66 n.d. n.d. n.d. n.d. n.d. - - - -
141 -52 -71 -53 n.d. n.d. n.d. n.d. n.d. - - - -
161 -52 -40 -33 n.d. n.d. n.d. n.d. n.d. - - - -
195 -50 n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - - -
234 - n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - - -
Average -55

@ - Stadnitskaia et al., 2006

® _ the concentrations of archaeal and bacterial biomarkers in mud breccia matrixes were low.
Therefore, the error of 3'°C measurements is estimated to be + 3 %o.

n.d. - not determined

Table 3. Carbon stable isotope compositions of selected biomarkers, methane, and biphytanes
retrieved from GDGTs of selected samples. 8"°C values in %o vs Vienna PeeDee Belemnite.

the Black Sea (Stadnitskaia et al., 2006). Therefore, it was only possible to measure the §'°C
values of archaeol in the Jesus Baraza MV (Table 3). At the interval with the highest archaeol
concentration (69 cm; Figure 5) a substantially depleted value (-76%o) was recorded; at other
intervals archaeol was much less enriched.

Acyclic archaeal isoprenoids were also detected in all MVs. PMI, a typical biomarker
for archaea involved in AOM (Holzer et al., 1979; Wakeham, 1990; Kohnen et al., 1992;
Schouten et al., 1997; Pancost et al., 2000; Elvert et al., 2000; Thiel et al., 2001), was present
in all three MVs and was in the Bonjardim MV, one of the most abundant apolar archaeal
lipids in sediments at a depth >40 cm. Its 8"°C value varied between -40 and -74%. (Figure
5b). In the Jesus Baraza MV, its 8'"°C value varied between -46 and -62%o with the most
depleted values at the highest concentrations of PMI (Figure 5a). Crocetane, also a typical
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Figure 5. Abundances of archaeal lipids ( g/g of dry sediments), “C values of PMI,
phytane+crocetane, methane (Stadnitskaia et al., 2006), and crocetane/phytane ratio vs. depth. For
the structures of GDGT 1, II, and 111 see Figure 4.

biomarker for archaea involved in AOM (Elvert et al., 2000; Pancost et al., 2000; Bian et
al., 2001), and its mono- and di-unsaturated counterparts were only detected in the
Bonjardim MV, with substantially higher concentrations in the mud breccia section of the
core (Figure 5b). Crocetane is also carbon isotopically depleted (Figure 5b) but this
determination is complicated by a coelution with phytane. Using mass spectrometry (i.e.
m/z 183 as a diagnostic fragment ion for the phytane and m/z 169 for the crocetane) the
crocetane/phytane ratio was determined and this revealed that enriched 8"°C values for the

phytane/crocetane peak correlate with a decreased crocetane/phytane ratio, suggesting that
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crocetane is isotopically light and phytane isotopically heavy (Figure 5b). This would indeed
be consistent with an origin of crocetane from archaea involved in AOM.

Another "’C-depleted compound group is the non-isoprenoidal DGDs with
monomethyl-branched and linear carbon chain structures. The DGD with two anteiso ai-C;s
ether bond chains was the most prominent one. These non-isoprenoid DGDs are presumably
of SRB origin (Pancost et al., 2001 a,b; Werne et al., 2002; Stadnitskaia et al., 2005) and were
found in trace amounts in all mud breccias together with archaeal lipids. Only in the mud
breccia from the Jesus Baraza MV 8'"°C values (-34 to -46 %o) could be obtained for this DGD
(Table 3).

5. Discussion
5.1. Sources of organic matter in the mud breccias

Mud volcano deposits or mud breccia consist of a clayey matrix with a varying
terrigenous admixture (silt, sand, gravel) and a variety of rock fragments often arising from
sedimentary depth up to 10 kilometers (Camerlinghi et al., 1995; Akhmanov and Woodside,
1998; Ovsyannikov et al., 2003; Kozlova, 2003; Kozlova et al., 2004). Mud breccia comprises
the solid part of the erupted material. The gaseous-liquid part of the migrated fluid contains
hydrocarbon gases (predominantly methane), hydrogen sulfide, carbon dioxide, pore waters,
and often petroleum products. After an eruption of a MV, this complex material appears at the
seafloor surface providing unique information on the basin development, stratigraphy,
paleoenvironments, and hydrocarbon potential of the MV area. However, knowledge
regarding the sources of erupted sediments is still limited. The reason is that often mud
breccia rock clasts, mud breccia matrix, and gaseous-liquid fraction of the fluid are not
syngenetic. Previous study of hydrocarbon gases and pore-waters from MV deposits and gas
hydrates revealed deep sources for the migrated fluids (Mazurenko et al., 2003; Stadnitskaia
et al., 2006a). In contrast, studies of mud breccia rock clasts from the same MVs showed
diverse lithologies and ages of these rock fragments with different thermal maturation
characteristics within a single mud breccia interval and between the studied MVs (Kozlova,
2003; Ovsyannikov et al., 2003; Kozlova et al., 2004). Hence, rock clasts possess information
about sedimentary horizons brought up by eruption of a MV but they do not necessarily mark
the primary origin of the source-strata for the erupted sediments. The matrix holds an
integrated signal of mechanically assimilated rocks, sediments, as well as organic matter
inherited from diverse lithofacies passed by fluid. Consequently, the mud breccia matrix
possibly is the most reliable, although complicated, sedimentary material, that can contain
molecular signatures of the primary source-strata for the erupted sediments. This hypothesis
was checked on the mud breccia matrices from the Black Sea MVs (Stadnitskaia et al.,
2006b). In these MVs, lipid biomarker data from mud breccia matrices revealed different
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sources for the erupted material and different mud eruption episodes within a sedimentary
section, which was not apparent from the visual lithological description.

In the mud breccia matrices from the studied MVs in the Gulf of Cadiz, lipid analysis
show similar suites of biomarkers, indicating related sources for the erupted material in DSPF
and WMF, despite their distant location from each other (Figure 1). In addition, TOC data and
biomarker indices (Table 1) suggest that each collected mud breccia section from the
Ginsburg and Bonjardim MVs is part of a single mud flow within the MV. Hence, despite
visual differences in lithologies, the organic matter from mud breccia matrices of the three
MVs suggests a common source.

5.1.1. Degree of thermal maturation of the organic matter

The mud breccias of the three studied MVs all contain molecular signatures implying
a mixture of moderately mature and immature organic matter. The degree of 22S/(22S+22R)
homohopane epimerization for both the Cs; and Cs; 17,21 A(H)-homohopanes for all MVs is
ca. 0.5 (Table 1). This is close to the thermodynamic equilibrium ratio of ca. 0.6, signifying a
relatively mature character for these biomarkers (van Duin et al., 1997; Peters et al., 2005).
The CPI values for n-alkanes also imply moderately mature organic matter and an admixture
of petroleum-derived compounds, for instance in the mud breccia from the Bonjardim MV
(Figure 2; Table 1). Nevertheless, the abundance of terrestrial C,7-C33 n-alkanes, as reflected
in the CPI values, indicates an admixture of immature bitumen. An admixture with thermally
immature components is also evident from the presence of hopenes and 174214(H)
stereoisomers for the Csp and Cs; hopanes (Figure 3). These stereoisomers do not co-occur
with 17,21 f(H)-hopanes, when 22S/(22S+22R) hopane ratios are close to the value reached
at thermodynamic equilibrium (van Duin et al., 1997). This must indicate that organic matter
with various degrees of thermal maturation is brought to the surface during the eruption of the
MVs.

A high hydrocarbon potential in the Gulf of Cadiz was detected in mud breccia rock
fragments represented by clay-stones of the Upper Cretaceous age: TOC is ca. 6.7 % and HI
is ca. 560-577 mg HC/g TOC (Kozlova, 2003). Pyrolysis data revealed that these clays are
moderately mature and mostly at the beginning of the oil window: Tmax = 430-440° C
(Kozlova, 2003). This is consistent with the maturity estimation for the mud breccia matrixes
from MVs in the WMF and DSPF, and assumes that in both provinces fluid could pass
through the Upper Cretaceous horizons of the sedimentary formations of the Gulf of Cadiz.
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5.1.2. Probable source-strata for the erupted mud breccias

The similarities in lipid composition and degree of thermal maturation of the organic
matter in the mud breccias from the studied MVs suggest common source-strata for erupted
material in both DSPF and WMF. This is in contrast with the results obtained for mud breccia
matrices from the MVs in the Sorokin Trough, NE Black Sea. In this area, the studied MVs
are situated rather close to each other but lipid biomarker signatures revealed different sources
of the organic matter in the mud breccias from these MVs (Stadnitskaia et al., 2006b). The
similarity in lipid composition in the MVs of the Gulf of Cadiz indicates the presence of
sedimentary unit extending through the whole Gulf, which is consistent with the
understanding of the main tectonic structures and sedimentary content in the area (Maldonado
et al., 1999b; Medialdea et al., 2004). The complete stratigraphic filling in the Gulf of Cadiz
includes several major sedimentary units (see Medialdea et al., 2004 for a review). The
presence of an upper Cretaceous—lower Eocene unit, consisting of shales with chert layers and
limestones (Hayes et al., 1972), is in agreement with the age and lithology of the mud breccia
rock fragments, varying in age from the Upper Cretaceous to Pliocene (Kozlova, 2003;
Ovsyannikov et al., 2003). An upper Cretaceous origin is consistent with the presence of the
C,s HBI alkane in all mud breccias. The C,s HBI alkane was previously reported in crude oils,
rock and sediment extracts as old as Cretaceous (Robson and Rowland, 1986; Sinninghe
Damsté et al., 1999; Rowland and Robson, 1990). Recently, Sinninghe Damsté et al. (2004)
showed that this biomarker appears in the sediments and petroleum that are Upper Turonian
(Upper Cretaceous) in age or younger. HBIs were previously found in diatoms (Volkman et
al., 1994), and recently (Sinninghe Damsté et al., 2004) a phylogenetic study of >120 marine
diatom cultures showed that biosynthesis of HBIs is restricted to two specific phylogenetic
clusters. One of these clusters evolved in the Upper Turonian age (Sinninghe Damsté et al.,
2004). This finding postulated C,s HBI alkane as age-related biomarker (Sinninghe Damsté et
al., 2004). Its abundance (Figure 3) suggests that in both WMF and DSPF, the source-strata
for the erupted material are at least partly Upper Turonian or younger in age.

The moderate mature-immature characteristics of the organic matter from both mud
breccia rock clasts and matrix together with mature properties of hydrocarbon gases from the
same sampling locations (Stadnitskaia et al., 2006a) indicate that source-strata for the initial
fluid are likely located much deeper than the source-strata for the organic matter in the
erupted sedimentary material.

5.2. Microbial processes induced by upward migrating fluids

Fluid venting areas are ‘“hot-spots” for a variety of microbes dwelling in specific
niches of these environments. The metabolism of these microbes in such settings are
determined by a number of factors, such as the chemistry and physics of migrated fluids,
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temperature and pressure, the presence of inorganic and organic substances required for
microbial functioning and growth. In cold seeps, methane is often the most important
substance as a source for energy and carbon. Aerobic methane consumption is restricted to a
much narrow sedimentary interval than AOM since sulfate penetrates much deeper than
oxygen (Kriiger at al., 2005) and only bioturbation can enhance oxygen diffusion into
suboxic/anoxic sediments (Zorn et al., 2006). In comparison with oxygen-dependent
methanotrophy, AOM is though to be one of the most efficient barrier for methane release
from marine sediments (Hinrichs and Boetius, 2002; Kriiger at al., 2005).

Lipids biosynthesized by microbes involved in anaerobic methanotrophy are strongly
depleted in °C, signifying methane, which is commonly depleted in "°C, as their source of
carbon (Hinrichs et al., 1999, 2000b; Elvert et al., 1999, 2000; Boetius et al., 2000; Thiel et
al., 2001; Pancost et al., 2000). The specific GDGT distributions in the mud breccias (Figure
4) in combination with substantially *C-depleted biphytanes from these GDGTs in these
intervals (Table 3) provide evidence for the occurrence of AOM in all studied mud breccias.
This is confirmed by the presence of other specific *C-depleted biomarkers for archaea and
SRB (Figure 5 and Table 3) although their '°C values are more enriched than the biphytanes
and more variable. The presence of *C-depleted diplopterol and 17, 218(H)-bishomohopan-
32-ol in the MV deposits from the Jesus Baraza MV also denotes incorporation of methane-
derived carbon into hopanoid-producing microbes. The occurrence of “C-depleted non-
isoprenoidal DGD (Table 3), a lipid hypothetically marking SRB, together with archaeal
biomarkers could suggest the presence of SRB. AOM was not detected in the pelagic
sediments from the Bonjardim MV (Figure 4 and Table 3).

Methanotrophic euruarchaeota from seep environments fall in three different groups:
ANME-1 (Hinrichs et al., 1999), ANME-2 (Boetius et al., 2000; Orphan et al., 2001a,b), and
ANME-3 (Knittel et al., 2005) as revealed by molecular ecological studies. ANME-1 and
ANME-2 archaeal groups are characterized by a specific lipid composition (Blumenberg et al,
2004). The occurrence of crocetane and crocetenes in the mud breccias of the Bonjardim MV
is diagnostic for ANME-2 archaea (Blumenberg et al., 2004). However, AOM-derived
GDGTs with 0-2 cyclopentane rings (Figure 4) are indicative of the dominance of the ANME-
1 members (Blumenberg et al., 2004). In the mud breccia from the Ginsburg MV, the
composition of AOM-specific biomarkers varies with the depth implying a mixed AOM
archaeal community. The presence of PMI and GDGTs with 0-3 cyclopentane rings (Figure
4) along the whole mud breccia interval suggests that ANME-1 archaea are likely the most
dominant methanotrophs at this site. Similarly, in the mud breccia from the Jesus Baraza MV,
the set of AOM-related components lack of crocetane/crocetenes and hydroxyarchaeol while
PMI, archaeol (Figure 5a) and GDGTs with 0-2 cyclopentane (Figure 4) rings are present.

167



PART II: The Gulf of Cadiz, NE Atlantic

This suggests the main archaeal methanotrophs in the mud breccia from the Jesus Baraza MV
are likely also predominantly members of the ANME-1 archaeal group (Blumenberg et al.,
2004).

Changes in the methane flux and temperature can have a selective effect on the AOM
community (Treude, 2003; Nauhaus et al., 2002; 2005; Kriiger at al., 2005). Previous studies
have shown that ANME-1 and ANME-2 often co-occur, but depending on the environments,
one of these groups tends to dominate the microbial population (Nauhaus et al., 2005). Hence,
the observed variations of archaeal lipid compositions may indicate changes in the
environmental conditions through time resulting in an adaptational response of the archaea
involved in AOM.

Biomarkers indicative for AOM were detected in the whole interval of the mud
breccias of the three MVs. AOM only occurs in the zone where downward diffusing methane
and upward migrating methane, i.e. the sulfate-methane transition zone (SMT), meet. This is
typically only a small interval in the sediment. Therefore, our data suggest that the biomarker
lipids indicative for microbes involved in AOM are, at least in part, fossil in origin (i.e. they
do not reflect active AOM communities) and thus reflect AOM activity in these MVs
integrated over time. The position of the SMT is likely to shift in depth after the eruption of a
MYV and the formation of a mud breccia flow as the result of changes in the depth of sulfate
penetration and methane flux (cf. Hoehler et al., 1994). This probably explains the “noisy”
appearance of the concentration profiles (Figure 5) and changes in the 8"°C values of the
biomarkers with depth. It also indicates that a comparison of the 8"°C values of the fossil
biomarkers with in-situ methane is not always useful.

Compared to the presently active fluid venting provinces and related flourishing of
AOM in the Black Sea (Ivanov et al., 1998; Michaelis et al., 2002; Blumenberg et al., 2004;
Stadnitskaia et al., 2005), in the cold seeps from the Gulf of Mexico (Zhang et al., 2003), in
the Eastern Mediterranean MVs (Pancost et al., 2000), in the Tommeliten seep area in the
Central North Sea (Niemann 2005a) and in the Hakon Mosby MV on the Norwegian margin
of the Barents Sea (Niemann, 2005b), low concentrations of AOM-biomarkers are evident for
the three MVs from the Gulf of Cadiz. This likely relates to brief period of methane seeping
and thus to the absence of continuous methane/fluid influx. This is consistent with
hydrocarbon gas data (Stadnitskaia et al., 2006a) and measured AOM activity in MVs from
the Gulf, which is estimated as low to mid range in comparison to other fluid flow
environments of the World oceans (Niemann, et al., 2006). Nevertheless, this does not
indicate that the studied MVs are dormant since gas hydrates were repeatedly recovered from
these structures (Kenyon et al., 2000, 2001, 2002; Pinheiro et al., 2003).

The lowest concentrations of AOM-related lipid biomarkers were found in the mud
breccias from the Ginsburg MV. This is somewhat surprising since in this MV methane
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concentrations are the highest of the three MVs (Figure 1). The mud breccia from the
Ginsburg MV has no pelagic cover at the top (Kenyon et al., 2001) and gas hydrates were
found at depths greater than 120 cm (Kenyon et al., 2001; Mazurenko et al., 2003). This
indicates recent MV activity and the availability of methane. In this particular setting, the low
concentration of AOM biomarkers may possibly be explained by the fact that AOM activity
started only recently due to a recent mud eruption episode in combination with long doubling
times of methanotrophic archaea cells (Treude, 2003). By contrast, the low concentrations of
AOM-related lipid biomarkers in the Bonjardim and Jesus Baraza MVs have a different
reason than in the Ginsburg MV. The pelagic cover at both sampling sections indicates
relatively old mud breccia flows. The reduction of methane supply reflects in the significantly
lower methane concentrations compared with the Ginsburg MV (Figure 1). The Ginsburg MV
can thus be considered as one of the most active structure in the Gulf at present and is indeed
located within the tectonically active part of the Gulf, suggesting intensive fluid transport
(Kenyon et al., 2000, 2001; Stadnitskaia et al., 2006a).
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6. Summary

Lipid biomarker analysis was for the first time performed for MV deposits collected
from three MVs, the Bonjardim, Ginsburg and Jesus Baraza, from the Gulf of Cadiz. The
obtained data showed similar suite of biomarkers and maturity properties of organic matter
implying common sources for the mud breccias in both MV provinces. The combination of
existing geochemical data for the mud breccia rock fragments and our lipid biomarker data
from the mud breccia matrixes reveals that in both MV areas, the source of organic matter
from mud breccias is likely located below the Olistostrome deposits, possibly Upper Turonian
or younger sedimentary beds. The moderate mature-immature properties of organic matter
from both mud breccia rock clasts and matrix and mature characteristics of hydrocarbon gases
from the same sampling sites (Stadnitskaia et al., 2006) indicate that source strata of the
primary fluid are located deeper than the source strata of the organic matter from the erupted
sedimentary material.

The presence of *C-depleted lipid biomarkers derived from methanotrophic archaea
in the mud breccias revealed that AOM is or has been a dominant microbial process in these
habitats. The low concentrations of AOM-related biomarkers suggest low AOM rates within
all studied MV deposits and may even indicate that AOM was only a predominant process at
the time of active mud volcanism. The occurrence of *C-depleted non-isoprenoidal DGD, a
lipid hypothetically marking SRB, together with archaeal biomarkers supports the presence of
SRB in all mud breccias.
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Abstract

Detailed investigation of fluid venting and mud volcanism in the Gulf of Cadiz,
carried out during several cruises of the Training Trough Research (TTR) programme,
revealed that carbonate chimneys and crusts occur widespread. Their presence likely reflects
fluid escape events in the geological past, possibly in the Early Pleistocene. We studied a
carbonate crust from the Kidd mud volcano collected in the Gulf during the TTR-14 cruise in
2004. Concentrations of microbial lipids, their stable carbon isotope composition,
determination of 16S rRNA gene sequences of anaerobic methanotrophic archaea in
combination with mineralogical composition and 8"°C and 8O composition of carbonate
were obtained for seven different horizons of the crust and used to reconstruct microbiological
processes and biogeochemical conditions during the formation of the carbonate crust. The
combination of molecular organic, molecular biological and inorganic methods revealed good
correlation among the various independent parameters and indicated that the formation of the
crust took place in two phases and in a downward direction. Archaeal lipid biomarkers and
16S rRNA gene sequence data revealed the dominance of archacal ANME-2 group and
elevated methane flux during the formation of the top part of the crust. The lower part of the
carbonate likely was formed in the environments with less intensive methane flux in
comparison with the top part, which probably reflected in the dominance of ANME-1
archaeal members.
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1. Introduction

Anaerobic Oxidation of Methane (AOM) is an important sink for methane in marine
settings controlling, in part, atmospheric concentrations of methane. Although geochemical
evidence for AOM exists for decades (Martens and Berner, 1974; Reeburgh, 1976; Barnes
and Goldberg, 1976; Zender and Brock, 1979; Alperin and Reeburgh, 1984, 1985; Hoehler et
al., 1994; Hoehler and Alperin, 1996), it is only recently that we start to identify the microbes
responsible for AOM. The first unequivocal evidence for an involvement of archaea in AOM
came from the detection of *C-depleted archaca-specific lipid biomarkers in methane seep
environments (Hinrichs et al., 1999). Observations of conspicuous aggregates of archaea and
sulfate reducing bacteria (SRB) by microscopy made by Boetius et al. (2000), complemented
and strengthened this work. It showed that AOM can be accomplished by microorganisms
belonging to the domain of Archaea occurring mostly in a consortium with SRB belonging to
different phylogenetic groups developing in symbiotic aggregations of unknown functioning
(Boetius et al., 2000; Orphan et al., 2001 a,b; Teske et al., 2002; Michaelis et al., 2002).

AOM results in the production of sulfide and bicarbonate in anoxic sediments
(Reeburgh, 1976). Precipitation of carbonate, as a consequence of oversaturation of
bicarbonate in pore waters, is one of the most visually evident consequences of AOM in cold-
vent settings (Hovland et al., 1987; Ritger et al., 1987; 1993; Suess and Whiticar 1989;
LePichon et al., 1990; Buczynski and Chafetz, 1991; Jorgensen, 1992; Roberts and Aharon,
1994; Von Rad et al., 1996; Peckmann et al., 1999 a, b, 2001; Aloisi et al., 2000, 2002;
Michaelis et al., 2002; Stadnitskaia et al., 2005). Such AOM-related carbonates can occur in
the form of crusts, concretions, pavements and chimneys, varying in size from precipitates of
only a few millimetres to meters-high chimneys and carbonate pavements of hundred square
meters on the sea floor. Methane-related carbonates have been documented in sediments
ranging in age from Recent (Paul et al., 1992; Campbell, 1993; Roberts et al., 1994; Clari et
al., 1994; Michaelis et al., 2002; Stadnitskaia et al., 2005; Reitner et al., 2005) to up to the
Middle Devonian (Beauchamp, et al., 1989; Gaillard et al., 1992; Peckmann et al., 1999b;
Kauffman et al., 1996; Thiel, et al., 1999; Campbell et al., 2002; Peckmann et al., 2002, 2003,
2004). However, only the recent discovery of living methanotrophic mats in relationship with
carbonate chimneys and active methane emanation in the north-western Black Sea established
the direct relationship of carbonate formation in such habitats and AOM (Michaelis et al.,
2002). It is presently unknown how much methane is “trapped” in the carbonate during AOM
and how environmental conditions play a role in this conversion.

About twenty MVs have been discovered since 1999 during the five Training Through
Research (TTR) expeditions in the area of the Gulf of Cadiz (Kenyon et al., 2000, 2001, 2000;
Ivanov et al., 2000, 2001; Gardner, 2001; Pinheiro et al., 2003; Terrinha et al., 2003;
Mazurenko et al., 2002, 2003; Somoza et al., 2003; Ovsyannikov et al., 2003; Murton and
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Ivanov et al., 2004). Most Figure 1. Geological map, simplified bathymetry of the Gulf of
of these carbonates are Cadiz, with the location of the Kidd MV and other MVs discovered
spatially distributed on the during TTR cruises (compilation of TTR data 1999-2001 and
Medialdea et al., 2004).

m central domain of the

olistostrome (Frontal Slope) ® mud volcanoes

top and slopes of diapiric
ridges occurring in 800 to 1100 m of the water depth (Kenyon et al., 2002; Ivanov et al.,
2004). Diaz-del-Rio et al. (2003) showed similar petrographic characteristics among the
carbonate chimney from several areas within the Gulf of Cadiz. Simultaneously, §"°C and
380 data from these chimneys showed significant differences, indicating distinct sources of
migrated fluids (Diaz-del-Rio, et al., 2003). U/Th dating revealed that chimneys were formed
in the Early Pleistocene during glacials (Ivanov et al., 2004).

To learn more about complex environmental factors responsible for the development
of such carbonates and the associated microbiological processes, we studied in detail one
methane-related carbonate crust collected from the Kidd MV during the TTR-14 (2004) cruise
in the Gulf of Cadiz (Figure 1). The idea of this work was to reveal the “carbonate
precipitation history” within the local methane-seepage environment via the combination of
molecular geochemical tools with mineralogical and stable isotopes techniques. We analyzed
vertical distribution profiles of (i) lipid biomarkers derived from anaerobic methanotrophic
archaea and sulfate-reducing bacteria (SRB) responsible for AOM at different seepage
habitats, (i) 8'"°C and 8'®O signatures from bulk carbonate accompanied with mineralogical
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composition studies, and (iii) 16S rRNA gene sequence to characterize communities of
ANaerobic MEthanotrophs (ANME) during the development of the crust.

2. Material and methods
2.1. Sampling location and the carbonate crust

The Kidd MV is located on the Western Moroccan continental margin (Figure 1;
Kenyon et al., 2000; 2003; Medialdea et al., 2004). This part of the Gulf is known for
extensive mud diapirism and mud volcanism, which are structurally controlled and probably
triggered by the tectonic forces related to the convergence between the African and the
Eurasian plates (Gardner, 2001). Seismic and acoustic data revealed that the Kidd MV sits at
the top of the Vernadsky Ridge and has a diapiric nature (Kenyon et al., 2003). It disturbs
adjacent Quaternary age units, indicating its recent emplacement (Kenyon et al., 2000).

The sampling site was chosen on the basis of the data from previous TTR-9 (1999)
geophysical surveys in the Gulf (Kenyon et al., 2000). The carbonate crust was collected
from the top of the Kidd MV (35°25°W; 06°44°’W) during the TTR-14 (2004) expedition
using a TV-controlled grab sampler. The crust represents ca. 30 x 15 cm irregularly shaped,
elongated, porous at the top and well-cemented precipitate (Figure 2). The topmost 12 cm are
brownish-beige in colour with intensively porous the outer surface and with signs of erosion
caused by the presence of chemosynthetic fauna, e.g. cemented borrows and a number of shell
debris. The intermediate part of the crust, from 12 to 17 cm, is darker, brownish-grey, less
porous, and with no visual indication of the chemosynthetic biota presence. Below this
interval, the crust is grey in colour and massive (Figure 2).

For the set of analytical measurements outlined below, the crust was split into seven
intervals taking into consideration the visual differences in color and surface structure of the
precipitant.

2.2. Mineralogy and stable isotope composition of the carbonate

The mineralogy was determined using an X-ray diffraction (XRD) technique of dried
and powdered sub-samples of the crust (Shlikov and Kharitonov, 2001). The carbon and
oxygen stable isotope measurements were performed for the bulk carbonate material,
liberating CO, by the phosphoric acid techniques as described in McCrea, (1950) and in
Sharma and Clayton (1965). Measurements were made at the Laboratory of Isotope Geology
of Fluids in the St.-Petersburg State University (Russia) with a modernized AEI instrument
linked with MS-20 mass spectrometer. The carbon and oxygen stable isotope concentrations
are reported in the 0-notation (%o) relative to the Vienna PeeDee Belemnite (VPDB) standard
and relative to the Standard Mean Ocean Water (SMOW), respectively. The precision of the
analysis is 0.1 — 0.2%o for carbon and 0.1 — 0.3%o for oxygen (Prasolov et al., 2002).
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2.3. Lipid biomarker study
2.3.1. Preparation and extraction

Samples of ca. 20 g were crushed in an agate mortar to a fine powder, and extracted
with an automatic Accelerated Solvent Extractor (ASE 200/DIONEX) using a solvent
mixtures of dichloromethane (DCM): methanol (MeOH) (9:1, v/v) at 1000 psi and 100°C.
Elemental sulfur was removed from the total extracts by adding ca. 30 mg of activated copper
and stirring the sample over night. In accordance to the weight difference of total lipid
extracts before and after sulfur removal, a rough estimation of the concentration of elemental
sulphur in the crust was calculated. Afterwards, fatty acids were methylated by heating at
60°C for 5 min in BF;-MeOH complex (in excess MeOH, ca.12 wt.% BF3), and alcohols were
transformed into trimethylsilyl-derivatives by adding 25 ul of pyridine and 25 pl of BSTFA
and heating at 60°C for 20 min. A known amount of 2,3-dimethyl-5-(1,1-
dideuterohexadecyl)-thiophene (C,H33SD,) was added in each fraction as an internal
standard.

An aliquot of the total lipid extract (TLE) was chromatographically separated into
apolar and polar fractions using a column with activated (2 h at 150°C) Al,Os as stationary
phase. Apolar compounds were eluted using hexane:DCM (9:1, v/v), and polar compounds,
including glycerol ether core membrane lipids, were obtained with MeOH:DCM (1:1, v/v) as
eluent.

2.3.2. Instrumental analysis

Gas chromatography (GC) was performed using a Hewlett Packard 6890 gas
chromatograph equipped with an on-column injector and a flame ionization detector. A fused
silica capillary column (CP Sil-5 25 m x 0.32mm, d=0.12 um) with helium as a carrier gas
was used. The samples were injected at 70° C. The GC oven temperature was subsequently
raised to 130° C at a rate of 20° C min™, and then to 320° C at 4° C min™'. The temperature
was then held constant for 15 min.

All fractions were analyzed by gas chromatography-mass spectrometry (GC-MS) for
compound identification. GC-MS was conducted using a Termofinnigan TRACE gas
chromatograph with the same temperature program as for GC. The column was directly
inserted into the electron impact ion source of a Thermofinnigan DSQ quadrupole mass
spectrometer operated with ionization energy 70 eV with a scanning mass range of m/z 50—
800 at 3 scans per second. The structural designation of lipids was evaluated by the
comparison their mass spectral fragmentation patterns and Pseudo Kovats retention indices
with reported data.
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Isotope-ratio-monitoring gas chromatography—mass spectrometry (IRM—GC-MS) was
performed on a Finnigan MAT DELTA plus XL instrument used for determining compound-
specific 8"°C values. The GC used was a Hewlett Packard 6890 A series and the same
analytical conditions were used as described for GC and GC-MS. For carbon isotopic
correction of the added trimethylsilyl groups, the carbon isotopic composition of the used
BSTFA was determined (-49.30 £ 0.5 %o). Obtained values are reported in per mil (%o)
relative to the VPDB standard, and have been corrected for the addition of Si(CH3); group
due to the derivatisation procedure. In order to monitor the accuracy of the measurements, the
analyses were carried out with co-injection of two standards, Cy9 and C,4 n-alkanes, which
have known carbon isotopic composition.

To determine the distribution of intact glycerol dialkyl glycerol tetracthers (GDGTs),
the polar fractions were analyzed using a high performance liquid chromatography—mass
spectrometry (HPLC—MS) method for their direct analysis (Hopmans et al., 2000). GDGTs
were analyzed using an Aglient 1100 / 1100 MSD series instrument, with auto-injection
system and HP-Chemstation software. An Alltech Prevail Cyano column (150 mm x 2.1
mnm, 3 wm) was used with hexane:propanol (99:1, 13 v) as a mobile phase. For the first 5
min the flow rate of eluent was 0.2 ml min™. In the following 45 min, the flow rate was used

with a linear gradient to 1.8 % propanol. MS-analysis and quantification of isoprenoidal
GDGTs followed methods reported in Weijers et al. (2006).

2.3.3. DNA extraction

Genomic DNA was extracted from ca. 4 g of sample using a modified method
described by Hurt et al. (2001). Using standard agarose gel electrophoresis, the genomic DNA
quality and quantity were evaluated. The genomic DNA from all samples mainly consisted of
high molecular weight DNA (>20 kilobases).

2.3.4. PCR amplification of 16S rRNA genes

Amplification of 16S rRNA gene fragments specific for ANME archaeal groups,
appropriate in size for analysis by denaturing gradient gel electrophoresis (DGGE) (Schéifer
and Muyzer, 2001), was accomplished using combination of published primers (Schubert et
al., 2006), ANMEI111f (E. coli positions 111-128; Thomsen et al., 2001) and the general
archaeal primer ARCH915r (E.coli positions 915-934; Stahl and Amann, 1991). To ensure the
stability of 16S rRNA gene fragments during DGGE analysis, a 40-bp long GC-clamp (5°-
CGC CCG CCG CGC CCC GCG CcCC GGC €CG CCG cee €CCG-3’) (Schifer and
Muyzer, 2001) was added to the 5’-end of the ARCH915r primer (Coolen et al., 2004).

For the detection of ANME-specific 16S rRNA gene fragments, a two-step
amplification was applied. The first amplification (without GC-clamp) was performed in
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realtime using PCR conditions with an initial denaturation step of 4 min at 95°C, followed by
32 cycles including a denaturation step for 30 s at 94°C, a primer annealing step for 40 s at
64°C, a primer extension step of 60 s at 72°C, and a final extension (photomoment) of 25 s at
80°C. The reaction was stopped when the first products of PCR appeared above a threshold.
In order to attach the GC-clamp to the fragments and increase the sensitivity by at least a
factor of 10, a re-amplification was performed using a similar protocol, but with only 15
cycles and a final extension of 30 min at 72°C to prevent double banding in DGGE. All PCR
amplifications were performed with a iCycler real-time PCR machine (Bio-Rad). To prevent
impaired-fragment-running behaviour during the DGGE analysis, the first round
amplifications and re-amplifications were observed in realtime and non-realtime, respectively.
The PCR-reaction setup contained 2 pl of 10X Picomaxx High Fidelity buffer (Stratagene,
USA), 250 uM of each dANTP’s (Eurogentec, Belgium), 250 pM of each primer, 2.5 units of
Picomaxx enzyme, 8 ug of bovine serum albumin (BSA, Sigma-Aldrich) and 0.4 pl of genetic
DNA template. For the realtime setup, extra components were added: 1.0 mM MgCl,, 10 nM
Fluorescein (supplied by Bio-Rad) and 50k diluted Sybr-Green (molecular probes,
invitrogen). The final volume of the mixture was adjusted to 20 pl with molecular-grade
water (Sigma, Saint Louis, MO, USA). PCR resulted in fragment lengths (including GC-
clamp) of 834-847 bp. As positive controls, genetic DNA and diluted purified PCR product of
Methanosarcina mazei were used. Two types of negative controls, an extraction control (used
ultra pure H,O in stead of sample) and a PCR negative (added ultra pure H,O) were also
included.

Prior to performing PCR amplifications for DGGE, a PCR reaction was setup to
determine inhibition and maximum sensitivity. The setup was as followed: three five-fold
dilutions (1-5-25x) were made from genetic DNA. Amplifications were observed in realtime
and Ct (threshold cycles) were noted. All reactions were slightly inhibited when undiluted
template was used. In the case of the 5x and 25x diluted template, inhibition seemed minimal
while a signal was still possible to observe (around 1x10°-10° copies). The sediment sample
from 25 cm (Table 1) was diluted 625x to normalize for Ct value compared to the other
samples. Using the realtime PCR setup, the amount of gene copies per extracted sample was
determined using a diluted reference of a full-16s rTRNA amplicon (Methanosarcina mazei)
from 1x10° copies till 1x10°. Amounts between 5x10* to 5x10° copies/gram crust were
measured.

All PCR reactions of carbonate samples and positive controls yielded product of a
single length of sufficient quantity. All negative controls remained negative.
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2.3.5. DGGE analysis of 16S rRNA genes

All PCR-products were analyzed by DGGE (Schifer and Muyzer, 2001) with a Bio-
Rad DGene system (Biorad, Miinchen, Germany). PCR products were quantified by gel
electrophoresis using a mass molecular DNA marker (Smartladder, Eurogentec). For analysis
about 100 ng was applied directly onto 6% (wt/ vol.) polyacrylamide gel (acrylamide/N,NV-
methylene bisacrylamide ratio, 37:1 [w/w]) in 1xTAE buffer (pH=8.3), which was prepared
from sterile solutions and casted between glass plates. The gel contained a linear gradient of
denaturant from 20 to 70% Urea-formamide (100% denaturant is 7 M urea plus 40%[v/v]
formamide). Electrophoresis proceeded for 5 h at 200 V at 60°C. Afterwards, the gels were
stained by overlaying with 5 ml staining solution, consisting of a 2xTAE buffer containing
10k diluted Sybr-Green (molecular probes, invitrogen) for 20 min. Destaining was done by
rinsing with MQ-quality water. Gels were visualized using a Darkreader (Clare Chemical
Research, Inc. Dolores, CO 81323, USA) to prevent DNA damage and photographed using a
FluorS imaging system (Bio-Rad). DGGE fragments were excised from the gel with a sterile
scalpel and the DNA containing fragment was submerged in sterile 10 mM Tris—HCI
(pH=8.0) for >48 h at 2-8°C. Re-amplification of the eluded DNA was performed using a
standard, non-realtime setup, by using 0.4 ul of eluted DNA in a final 20 ul PCR volume as
described above, with the exception that 1 unit enzyme was used and a protocol consisted of
only 25 cycles.

2.3.6. Sequencing of DGGE bands

Prior to performing cycle sequencing reactions, PCR products were purified using a
PCR purification kit (Qiagen, Benelux). After purification, products were quantified on an
agarose gel as previously described. Cycle sequencing reactions were performed using the
ABI Prism Big DyeTerminator V1.1 kit components (Applied Biosystems, CA, USA), the
forward or reverse primer (without GC clamp) at a final concentration of 0.2 uM and 10 ng of
template DNA. The reaction volume was adjusted to a volume of 20 ul with molecular grade
water (Sigma). The following reaction conditions were set: 1 min initial denaturing at 95°C
followed by 25 cycles of 10 s at 95°C, 5 s at 55°C, and 4 min at 60°C. An isopropanol
mediated purification was used for purifying DNA, pellets were dissolved in HiDi formamide
ready for sequencing. Sequencing was performed on an automated ABI-310 capillary
sequencer (Applied Biosystems). Complementary sequences were aligned and manually
edited using the AutoAssembler software package (Version 2.1.1; Applied Biosystems).

2.3.7. Comparative analysis of 16S rRNA gene sequences
The partial sequences were aligned with sequences present in the database and added
by parsimony to a recently published extensive phylogenetic tree by Knittel et al. (2004) and
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the sequences consist of the -
prefix DGGE, indicating that the Table 1. Bulk parameters of the studied carbonate crust.

sequences were obtained from excised DGGE bands with ANME-#(1-40) indicating ANME
Euryarchaeota. The numbers used in the DGGE are the same as those used in the tree.

3. Results
3.1. Mineralogy and stable isotopes

XRD analyses revealed that the carbonate crust consists of aragonite and quartz with
an admixture of calcite, high-magnesium calcite, dolomite, ankerite, plagioclase and halite
(Figure 2). The magnesium content is in the range of 15-19 mole % MgCOs, increasing
downwards the crust. The quartz content also showed an increase with increasing depth
(Figure 2).

The bulk carbonate from the crust is strongly depleted in *C. Carbon stable isotope
composition varies from -20.2 to -27.0 %o (Table 1). Oxygen stable isotopes change vary from
+0.3 to +2.1 %o (Table 1). Figure 2 shows distribution profiles of 8"°C and §'°0 values from
bulk carbonates, revealing their variations along the crust.

3.2. Composition of lipid biomarkers

Figure 3 shows two representative gas chromatograms of total lipid extracts (TLEs)
from two intervals of the crust. The compounds identified include C;4 to C;7 n-alkanes, Ci4 to
Cig straight-chain fatty acids and straight-chain C;4 to Cis alcohols. All these compound
classes are present in subordinate amounts.

All samples lack biomarkers for aerobic methanotrophic bacteria. Instead, TLEs show
a set of compounds diagnostic for archaea. Among the apolar components, the irregular, tail-
to-tail linked isoprenoid acyclic Cyy (2,6,11,15-tetramethylhexadecane or crocetane; I, see
Appendix for structures) and Cys [2,6,10,15,19-pentamethylicosane, PMI; II] hydrocarbons,
are the dominant members. Crocetane and PMI were present in similar absolute amounts
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Figure 2. Stable carbon and oxygen isotope profiles and mineralogical composition of the crust. See
page 201 for color figure.

varying from 0.1 to 0.5 pg/g and from 0.1 to 0.6 pg/g, respectively, with their highest
abundances in the uppermost 10 cm of the carbonate crust (Figure 4). The unsaturated
derivatives of PMI, pentamethylicosenes (PMEs; III) with 1 to 5 unsaturations, were also
detected throughout the crust although they occur in trace amounts (Figure 3).

For the polar components, the topmost 10 cm of the carbonate showed the dominance
of archaeol (2,3-di-O-phytanyl-sn-glycerol; IV) and sn-2-OH-hydroxyarchaeol (2-O-3-
hydroxyphytanyl-3-O-phytanyl-sn-glycerol; V) and its dehydration product, mono-TMS
derivative, previously described in Hinrichs et al. (2000). Along the crust, their concentrations
vary from 0.7 to 4.6 pug/g and from 0.1 to 5.5 ug/g, respectively (Figure 4). GDGT
distributions were dominated by GDGTs with 0-2 cyclopentane moieties (VII, VIII, IX;
Figure 3). These patterns are similar to those previously reported in the Eastern Mediterranean
(Pancost et al., 2001b; Aloisi et al., 2002) and in the Black Sea MVs (Stadnitskaia et al.,
2005) as well as in the Black Sea water column (Wakeham et al., 2003). The total
concentration of GDGTs varied along the crust from 1.2 to 8.3 ug/g (Figure 4).
Concentrations of all archaeal lipids are noticeably lower within the intermediate part (10-12
cm) of the crust (Figure 4) and the proportions between the compounds become different, i.e.
the summed concentration of the most abundant GDGTs (i.e.VII-IX) is comparable to those
of archaeol and hydroxyarchaeol (Figure 4). Further down the carbonate, archaeol and
hydroxyarchaeol become less dominant and the GDGTs turn out to be the most abundant
polar components, with the GDGT possessing two cyclopentane moieties (IX) as the
dominant one (Figure 3).
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Figure 3. Gas chromatograms of the total lipid extracts from 5 cm and 20 cm depth intervals. Black
circles are n-alkanes, black squares are straight-chain alcohols, open squares are straight-chain fatty
acids, and the star is the dehydration product of the hydroxyarchaeol. Roman numbers refer to

structures in the Appendix.

Another distinct group of compounds detected are non-isoprenoidal DGDs,
tentatively inferred previously as a marker of uncharacterized SRB (Pancost et al., 2001a;
Werne et al., 2002). The concentration of the most abundant DGD (VI), possessing anteiso
pentadecyl moieties attached at both the sn-1 and sn-2 position (Pancost et al., 2001a),
varied from 0.1 to 0.4 ug/g (Figure 4), which is similar to concentration levels of crocetane
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and PMI. The depth profile

Crust Crocetane OH- : i
intervals, phytane PMI archaeol archaeol pgpvl of the DGD is similar to
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Table 2. Stable carbon isotope composition (in %o vs VPDB) of PMI, archaeol, sn-2

selected biomarkers in the studied carbonate crust.
hydroxyarchaeol and the

non-isoprenoidal DGD VI were strongly depleted in '*C (Table 2, Figure 4), indicating that
methane was used as the carbon source for their biosynthesis. Hydroxyarchaeol was ca. 10
%o more depleted in comparison with archaeol (Table 2). Crocetane is more enriched in *C
likely due to an admixture of isotopically less depleted phytane.

8"°C values of the non-isoprenoidal DGD were 14-17 %o heavier than those of
archaeol (Table 2; Figure 4). Non-isoprenoidal DGDs are typically enriched relative to
archaeal DGDs (Pancost et al., 2001a,b; Stadnitskaia et al., 2005) and these values do indicate
that the carbon source for the organism which biosynthesized this compound was likely also

methane.
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Figure 4. Distribution profiles of abundances ( g/g of dry sediment) and °C values of archaeal
and SRB lipid biomarkers along the crust. Roman numbers refer to structures in the Appendix.
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Figure 5. DGGE analysis of PCR products obtained with
primers specific fro the 16S rRNA encoding genes of anaerobic
methanotrophs (ANME). Lanes 1 and 9 are marker fragments.
The excised bands are numbered and named as DGGE ANME1
for the band no 1, DGGE ANME?2 for the bend no. 2, etc. (See
Figure 6 for their phylogenetic affiliation). The green and orange
selections on the gel are affiliated with ANME-2a and ANME-
2c, respectively, archaeal subgroups. The pink and blue
selections are related to ANME-1a and ANME-1b, respectively,
archaeal subgroups (See Figure 6). See page 201 for color
figure.

sequences were not detected. Simultaneously, the ANME-1 archaea were identified only in

samples from 9 cm and deeper in the crust. According to the sequences obtained from bands
within the interval of 9-12 cm, both ANME-1 and ANME-2 archaeal populations are present
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Figure 6. Phylogenetic affiliation of anaerobic methanotrophs in the carbonate crust. The light blue
sequences in the tree are those found in the carbonate crusts and related microbial mats in the deep
Black Sea mud volcanoes (Stadnitskaia et al., 2005).

(Figures 5 and 6). Hence, the DGGE profiles of PCR products from the carbonate crust
reveal changes in the archaeal community structure during the formation of the crust.

4. Discussion
4.1. Anaerobic methanotrophy as the process for the crust formation

The first observation indicating that AOM processes induced the formation of the
studied carbonate crust is the depletion in °C of the bulk carbonate (Brooks et al., 1986;
Hovland et al., 1987; Paull et al., 1992; Von Rad et al., 1996; Aharon et al., 1997; Bohrmann
et al., 1998; Peckmann et al., 1999 a,b, 2001, 2002; Stakes et al., 1999; Aloisi et al., 2000,
2002; Diaz-del-Rio et al., 2003; Peckmann et al., 2001; Michaelis et al., 2001, Mazzini et al.,
2004). The §"°C values vary between -20 and -27 %o (Table 1), which is substantially depleted
relative to typical values for marine carbonates. Such a depleted '*C-content of the carbonate
is likely related to methane oxidation since its composition can only be explained to derive in
part from isotopically depleted bicarbonate formed during microbial oxidation of isotopically
depleted methane (Ritger et al., 1987; Von Rad et al., 1996; Thiel et al., 1999; Peckmann et
al., 1999 a,b, 2001, 2002; Stakes et al., 1999; Aloisi et al., 2000, 2002). The absence of lipid
biomarkers derived from aerobic methanotrophs indicates that methane oxidation was a strict
anaerobic process and that aerobic methanotrophy did not play a role in the formation of the
crust. The occurrence of strongly *C-depleted archaeal lipid biomarkers in the crust, the
dominance of these components among the lipids extracted from this carbonate (Figure 3) and
the 16S rDNA sequence data, which revealed the presence of anaerobic methanotrophs
throughout the crust (Figure 5), confirm that bicarbonate used for carbonate precipitation is
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partially derived from AOM accomplished by methanotrophic archaea (cf. Boetius et al.,
2000; Pancost et al., 2000, 2001; Hinrichs and Boetius, 2002).

The occurrence of the *C-depleted non-isoprenoidal DGD may indicate that SRB
were possibly also involved in AOM (Pancost et al., 2001 a,b; Werne et al., 2002;
Stadnitskaia et al., 2005). The distribution profile of DGD correlates well with distribution
profiles of archaeal lipids (Figure 4) and the difference between the §'°C values of archaeal
lipids and the DGD is constant throughout the crust which is consistent with previous finding
of such carbon isotope difference detected in the Eastern Mediterranean cold seeps (Pancost et
al., 2001 a,b; Werne et al., 2002) and in the methane related carbonates from the Black Sea
MVs (Stadnitskaia et al., 2005). The similar concentrations levels of the crocetane and PMI
and the non-isoprenoidal DGD, may support the presence of a consortium of archaea with
SRB. This is also consistent with results of in vitro experiments, which revealed that AOM
communities use methane and sulfate in a stoichiometry of about 1:1 (Nauhaus et al., 2002).

4.2. Changes in the diversity of anaerobic methanotrophs along the crust

Figure 4 shows marked changes in the biomarker distributions along the crust. Based
on the lipid biomarker concentration profiles (Figure 4), the top, intermediate and the bottom
parts of the crust are characterized by different amounts of crocetane, PMI, archaeol,
hydroxyarchaeols, and GDGTs derived from archaea involved in AOM. The distribution of
archaeal lipids in the crust indicates the presence of both ANME-1 and ANME-2 archaeal
groups. Archaea in the ANME-II group are though to mainly produce DGDs as their
membrane lipids with concentrations of sn-2-hydroxyarchaeol exceeding those of archaeol
(Blumenberg et al., 2004). GDGTs have been proposed to constitute the majority of
membrane lipids in archaea in the ANME-1 group, but occur in ANME-2 group in small
amount (Blumenberg, et al., 2004). The predominance of sn-2 hydroxyarchaeol and archaeol
in the uppermost 9 cm of the crust over the other archaeal lipids, the relatively low
concentrations of GDGTs VII-IX, and the relatively high concentrations of crocetane and
PMI, also thought to be characteristic for ANME-2 archaea (Blumenberg, et al., 2004),
suggests the dominance of archaea of the ANME-2 group (Figure 4). Towards the bottom of
the crust, concentrations of cyclized GDGTs increase (Figure 4) and archaeol is more
abundant than hydroxyarchaeol. This suggests the dominance of the ANME-1 archaeal group
(Blumenberg et al., 2004) at the lowermost part of the crust during its formation. Thus, the
lipid biomarkers seem to indicate a shift in the archaeal community structure during the
development of the crust. This is confirmed by the DGGE patterns of 16S rDNA specific for
ANME groups which indeed reveal a dominance of ANME-2 archaea in the uppermost 9 cm
of the crust, of ANME-1 archaea in the bottom section and a mixed ANME-1/ANME-2
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archaeal population in the transition zone (Figure 5). The combined biomarker lipid and 16S
rDNA record thus reveal two different phases in the formation of the carbonate crust.

The mechanism controlling the preferential development of seepage-related anaerobic
methanotrophs is still uncertain. Recently, it was shown that changes in the methane flux and
in situ temperature can influence AOM rates and the AOM community structure (Treude,
2003; Nauhaus, et al., 2002, 2005). Archaea of the ANME-1 and ANME-2 groups can co-
exist (Nauhaus et al., 2005). Nevertheless, archaea from the ANME-2 group were found to
have a preferential niche in habitats of elevated methane partial pressures, whereas ANME-1
archaea are found when methane levels are lower (Blumenberg et al., 2004). The combined
biomarker lipid and 16S rRNA gene sequence data reveal the dominance of the ANME-2
archaeal members at the top of the crust (Figure 4, 5). This suggests that the top of the crust
was formed under conditions with higher in-situ methane concentrations and that during
further build-up of the crust, which apparently was extending in a downward direction,
methane levels ceased and ultimately resulted in conditions more favourable for archaea
affiliated with the ANME-2 group. Depth profiles of 8'°C values of archaeal and SRB lipids
(Figure 4) show rather constant values throughout the crust. This indicates that, despite
apparent changes in the methane flux, the §"°C values of the supplied methane, and, thus,
likely its source, remained the same during the various stages of carbonate crust growth.

4.3. Stable carbon and oxygen isotopes and authigenic minerals in the crust

Despite the relative constant §'"°C values of the methane during formation of the crust,
the §'°C of the bulk carbonate varies along the carbonate (Figure 2). This is probably caused
by different degrees of mixing of methane-derived bicarbonate with other sources of
bicarbonate such as in-situ oxidation of organic matter via sulfate reduction, mixture with
bicarbonate from the sea water or with migrated bicarbonate-bearing deep fluids.

The relatively '*O-enriched signatures in the carbonate crust (Figure 2) which fits with
the 8'%0 values from other carbonates in the Gulf (Figure 7; Diaz-del-Rio et al., 2003) may
indicate low temperatures during the carbonate formation. The fluctuations in §'°0 values
along the crust (Figure 2) may be caused by fluctuations in the pore water compositions, and
by water formed by decomposition of gas hydrates since gas hydrates are known to be
enriched in 'O (Bohrmann et al., 1998; Aloisi et al., 2000; Campbell et al., 2002; Mazurenko
et al., 2003; Campbell et al., 2002, 2006 and references therein).

The mineralogical composition of the crust shows substantial variation with depth.
The lack of terrigenous admixture as indicated by the presence of quartz in the top part of the
crust is noteworthy. Perhaps, this phenomenon indicates a relatively fast rate of carbonate
precipitation within the sediments, indicating local seepage environments with elevated
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methane fluxes and AOM rates. This is consistent with lipid biomarker and 16S rDNA data,
revealing the presence of ANME-2 archaeca, which were found predominantely in
environments with high methane partial pressures (Blumenberg et al., 2004). The noticeable
increase in terrigenous minerals, quartz and plagioclase, downwards the carbonate may
signify a drop in the rates of carbonate precipitation resulting from the reduction of the
methane flux and rates of AOM. These terrigenous minerals are likely presented in abundance
within the sediment and were entrained due to protracted downward accretion of the
carbonate. The presence of almost 50 % of quartz in the lower part of the crust probably
indicates the completion phase of the carbonate formation. The changes in the archaeal
community structure within the lower part of the crust, as was revealed by lipid biomarkers
and 16S rRNA gene sequence data, support the notion of two phases of the crust development
induced by the local environmental changes, e.g. methane flux.

The set of carbonate minerals dominates by aragonite, which is similar to methane-
related carbonates from the Eastern Mediterranean MVs (Aloisi et al., 2002). The process of
aragonite formation in methane-venting environments is still unknown. Zong and Mucci
(1989) showed that aragonite and calcite can precipitate at all salinities but that their
formation requires high sulfate environments. The dolomite group of minerals is represented
by dolomite and ankerite. The presence of dolomite and its slight increase downwards the
crust is considered to be an indicator of low-sulfate anoxic solutions (Walter, 1986) due to an
activity of SRB (Jorgensen, 1992). Its relatively small content may indicate a moderate sulfate
reduction (Figure 2). Van Lith et al. (2003) revealed that bacterial sulfate reduction and
elevated salinity are the most important factors enhancing the kinetic of dolomite formation.
Sulfate reduction increases carbonate ion activity, and decrease the hydration energy of
magnesium in water, promoting dolomite formation in the microenvironment around the
bacterial cells (Van Lith et al., 2003). The existence of sulfate reduction, especially during
precipitation of the lower part of the crust, can perhaps be related to the increase of the
elemental sulfur content in the lipid extracts (Figure 4). Accordingly, a slight increase in the
dolomite content in the lower part of the precipitant might record changes in the rates of
bacterial sulfate reduction and perhaps somewhat higher salinities compare to the top of the
carbonate.

Previous studies of microbial mats and associated carbonates from the Black Sea
(Stadnitskaia et al., 2005) revealed the strongest AOM signal within the carbonates and not
within the surrounded sediments, indicating the formation of such carbonates below the
seafloor surface. This is consistent with our lipid data from MVs in the Gulf of Cadiz
(Chapter 7), suggesting low AOM rates in the MV deposits, and the present lipid biomarker
results, showing the absence of biomarkers associated with aerobic microbes. AOM-
performing consortia are obligate anaerobes and the consequence of the interaction between
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AOM-resulted sulfide-enriched pore waters and oxygenated seawater is acidic environments
(Paull and Neumann, 1987), which are harmful for the carbonate precipitation. Taking into
consideration that the Gulf of Cadiz possesses oxygenated bottom waters and never
experienced anoxic episodes during its geological history, the formation of the crust was
indeed taken place within the sediments below the sediment-water interface and the growth
direction was in this case most likely downwards.
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5. Conclusions

A combination of molecular organic, molecular biological and inorganic methods was
applied to a methane-related carbonate crust collected from the Kidd mud volcano in the Gulf
of Cadiz. The data revealed that AOM is the process that induced the formation of the crust.
The obtained multidisciplinary data are well correlated with each other, indicating two phases
in the development of the crust caused by changes in the local microenvironments, most likely
methane fluxes, during the crust growth. These changes likely affected the archaeal
community structures at the upper and in the lower parts of the carbonate crust. In the top part
of the crust, archaeal lipid biomarkers and 16S rRNA gene sequence data indicate the
dominance of archacal ANME-2 group, whereas the intermediate and the bottom part of the
carbonate likely indicate the dominance of archacal ANME-1 members and likely lower
methane fluxes in comparison with the top part of the crust. The presence of aragonite as the
main carbonate mineral may indicate sulphate-rich environment during the formation of the
crust. Besides, vertical distribution profiles of 8'"°C values of archaeal and bacterial lipids
show that during the carbonate crust growth, the methane source remained the same, whereas
8'%0 signatures of the total carbonates together with mineralogical composition revealed
inconstancy of environmental conditions in the local environments. This close examination
showed and proved an advantage of “vertical-profile-study-strategy” and the advantage of the
combination of organic and inorganic methods to understand palaeo-processes that resulted in
the development of the carbonate fabrics.
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Chapter 9

Synthesis

The goal of this research was to compare geological and biogeochemical processes
occurring in two MV provinces, which are located in the Gulf of Cadiz (NE Atlantic) and in
the Sorokin Trough (NE Black Sea). These areas are characterized by fundamentally different
geological histories and present-day ecological environments. Both are known for the
presence of gas hydrates, seep ecosystems, and methane-related carbonates. In each of these
MV provinces, an experimental program, which comprised a spectrum of modern
geochemical and molecular ecological techniques was applied. An effort was made to
determine the possible sources of migrated fluids, especially methane, and to disclose a link
between the occurrence of microbes in such extreme environments and their symbiotic
partnerships and relation to migrated components from deep subsurface (methane, petroleum
products or their mixtures). Microbial anaerobic oxidation of methane (AOM ) process and
AOM-related carbonate-shaping ecosystems in the geological past (in the Gulf of Cadiz) and
within currently active fluid venting environments (in the Sorokin Trough) were investigated.
A wide set of hydrocarbon gases and lipid biomarkers was investigated and stable carbon
isotope and 16S rRNA gene sequence analyses for MV deposits, pelagic sediments,
carbonates and microbial mats collected from different fluid-venting settings within these two
areas were performed.

In this thesis it was aimed:

(1) to integrate and interpret the same set of biogeochemical data from both MV provinces
to gain an understanding of deep-fluid dynamics in these areas and to reveal the
sources for fluids (hydrocarbon gases) and MV deposits (mud breccias);

(2) to investigate the environmental impact of seepage phenomena, i.e. study of in situ
microbial processes involved in the methane cycle, predominantly AOM, and related
carbonate formation;

(3) to compare the obtained information for the Gulf of Cadiz and for the Sorokin Trough
in order to understand relationship between geological and biogeochemical regulatory
mechanisms of the fluid venting and mud volcanism as well as factors controlling the
occurrence, distribution and activity of methane-dependent microbial populations and
related carbonate fabrics in both areas.

9.1. Sources of hydrocarbon gas and mud breccias
The Sorokin Trough and the Gulf of Cadiz are characterized by different geological
histories, tectonic regimes, and the lithology of sedimentary cover. These affect the
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composition of the initially formed fluid, fluid venting activity, fluid migration history and, as
a result, the fluid composition as it appears at the near-surface sediments. Hydrocarbon gas is
one of the dominant components in the MV fluid system. In both MV provinces, the
molecular and carbon stable isotope compositions of C;-Cs hydrocarbons are significantly
affected by secondary alterations due to migration, mixing and microbial degradation. Despite
the first evidence for different maturity properties of gas among the MVs in the Sorokin
Trough, the wet gas components in all mud breccias and gas hydrates are related to each
other. In general, these wet hydrocarbon gases can be recognized as originally derived from
oil cracking and/or biodegradation in the subsurface. In contrast, hydrocarbon gases from two
MV provinces within the Gulf of Cadiz can be considered as a consequence of secondary
microbial alteration in the subsurface, which affected the 8"3C values of Cas hydrocarbons.
This complicated the assessment of the level of maturity and the original gas source.
Nevertheless, the presence of high molecular weight gaseous hydrocarbons indicated that
gases are in part thermally mature.

Hence, the hydrocarbon gas data indicate that an admixture of non-microbial,
thermogenic hydrocarbon gases characterize migrated fluid from both areas. This indicates
that the original source for gaseous fluids in both MV provinces locates in the deep subsurface
since the gas generation window was established at ca. 105-155°C to 175-220°C (Pepper and
Corvi, 1995). Hydrocarbon gases from both MV provinces represent a complex of
redeposited, secondary migrated, mixed with biogenic gas, and microbially altered gas
mixtures. In this respect, the redeposition of hydrocarbon gas in the Gulf of Cadiz would be
expected within the Olistostrome or in relation with the diapir bodies or with submarine
escarpments. The redeposition of the hydrocarbon gas at shallow subsurface in the Sorokin
Trough already proved by numerous geophysical surveys in the area which detected many
signs of the gas presence at ~ 250-300 m below the seafloor surface (Ivanov et al., 1998;
Bouriak and Akhmetzhanov, 1998; Krastel et al., 2003).

The organic matter composition of the mud breccia matrixes in the MVs from the
Sorokin Trough and the Gulf of Cadiz exhibit clear differences. These differences reflect the
location of source strata of the erupted material. Despite the proximate location of the studied
MVs in the Sorokin Trough, biomarker lipid distributions revealed different mud breccia
sources in these structures. This indicates different subsurface-sedimentary depths of
defluidization, which are directly linked to the location of fracture zones or diapiric folds.
MVs from the Gulf of Cadiz are located relatively distant from each other within tectonically
different parts of the Gulf. The lipid biomarker compositions from mud breccia matrixes in all
studied MVs showed strong compositional resemblance and similar thermal maturity
properties of the organic matter. This indicates related source strata for the erupted material,
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similar depths of defluidization, and the extension of common litho-stratigraphic units
through the Gulf.

Comparison of lipid biomarkers and hydrocarbon gas data from both areas sheds new
light on the question what triggers the eruption of a MV: (i) hydrocarbons or (ii) fluidized
sediments or (iii) a mixture of both? The maturity properties of organic matter in mud
breccias from MVs in the Gulf of Cadiz and in the Sorokin Trough generally indicate that the
source strata for the erupted sediments are located at shallower depth of burial than the source
strata for the hydrocarbon gases. Accordingly, our results support the notion that the
formation of the MV fluid starts with the release of overpressured hydrocarbons, followed by
the mechanical entrainment of encountered sediments.

9.2. Anaerobic oxidation of methane

At cold vents, the composition of fluids and seepage rates generally varies
considerably. This directly affects the diversity and abundance of seep-thriving biota. The
anoxic water column in the Black Sea eliminates the possibility for the presence of oxygen-
dependent macro- and microorganisms, thus limiting microbial inhabitants to only obligate
anaerobic species. In contrast, oxygenated waters in the Gulf of Cadiz promote the
development of substantially more diverse suite of (micro)organisms. The main outcome of
the applied lipid biomarker and 16S rDNA sequence study is that AOM is the dominant
biogeochemical process in MVs from both areas and archaea of the ANME groups have been
detected in all studied locations. However, the intensity of AOM processes, which was
tentatively suggested from the distribution and contents of AOM-derived lipid biomarkers,
and the location of AOM zones within the sediments are notably different in the MVs from
the Sorokin Trough and from the Gulf of Cadiz. Presently active fluid venting characterizes
the Sorokin Trough. In gas saturated mud breccias and sediments with gas hydrates, the
highest AOM activity was detected. Besides, lipid biomarker distribution profiles and 16S
rRNA gene sequence data revealed that in the MV deposits from the Sorokin Trough, AOM is
restricted within the ca. 20 cm zone with archaea belonging to the ANME-1 cluster. The
ANME-2 archaeal group was not detected, which does not prove their total absence; it
indicates a significant dominance of archaea from the ANME-1 guild in these presently active
methane-venting habitats. In contrast, the lack of strong upward fluid transport and the
absence of gas escape into the overlying water column characterize the Gulf of Cadiz. In the
studied locations, MV deposits showed unexpectedly low concentrations of lipids specific to
AOM, suggesting lower intensities of anaerobic methanotrophy. AOM-derived lipid
biomarkers were detected through the ca. 240 cm of the mud breccia section, tracing the
presence of both archaeal clades. In the site where methane concentration was the highest,
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AOM zone was close located to the sediment surface. In contrast, sampling locations with
relatively low methane concentrations showed shift of AOM deeper into the sediments.
Hence, the results of this study and inspection of published data suggest that the distribution
and composition of anaerobic methanotrophs in the studied MV deposits are ruled by the fluid
inflow, i.e. methane flux.

9.3. Carbonate shaping ecosystems

In local seepage environments in the Sorokin Trough and in the Gulf of Cadiz,
microbial system development results in the growth of specific seep-carbonate fabrics.
Carbonates were collected from principally different methane-seepage settings and include:
(1) carbonate crusts associated with two different types of living microbial mats from active
seepage and gas hydrate localities from the Sorokin Trough and (ii) a carbonate crust from a
non-active MV in the Gulf of Cadiz. Compared with the studied Black Sea’s
carbonates/microbial mats, the crust from the Gulf of Cadiz was considered to be a relict of
the past seepage activity.

The common feature among all studied carbonates is the significant role of AOM-
related microorganisms in their formation. However, the diversity of anaerobic methanotrophs
varied among the crusts. Lipid biomarkers and 16S rDNA sequence data revealed the
presence of archaea affiliated with the ANME-1 clade in all carbonates from the Sorokin
Trough, whereas carbonate crust from the Gulf of Cadiz shows the presence of both guilds.
Since the crust from the Gulf of Cadiz was examined in detail, changes in the archaeal
communities were traced along the carbonate, evaluating changes in the local environments
during the precipitation of the crust.

The difference in sulphate concentration is likely one of the causes for the different
suite of authigenic minerals present in the AOM-carbonates of the Sorokin Trough and in the
Gulf of Cadiz. For instance, compositional analyses of numerous carbonates from the Sorokin
Trough revealed the presence of calcite, with the predominance of high Mg-calcite, and
dolomite (Mazzini et al., 2004). Aragonite, which is common carbonate mineral in seepage
locations, was not detected at all. In contrast, aragonite is the dominate carbonate mineral in
the carbonate crust from the Gulf of Cadiz. At fluid venting sites, the precipitation of calcite is
favoured over aragonite when low sulphate concentrations occur in the system (Burton, 1993;
Naehr et al., 2000; Aloisi et al., 2002). Low sulfate environments (ca. 18 mM compare with
the ocean of 30 mM) are typical for the Black Sea bottom waters (Murray et al., 1991).
Accordingly this observation indicates that anaerobic methanotrophy only serves as a partial
source for the bicarbonate and the compositional variety for the resulted carbonates are
partially dictated by the sulphate reduction and probably by other microbial activities
impacting on cycles of other elements.
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In both areas the methane, lipid biomarker and 16Sr rRNA gene sequence data
revealed that the carbonate forming ecosystems are located below the seafloor and the
precipitation of methane-related carbonates via AOM takes place beneath the sediment water
interface, i.e. where methane and sulfate are abundant. AOM processes are most active within
the neoformed carbonates and are substantially reduced in the hosting sediments. The
carbonate growth direction likely follows the pathways of migrated methane although the
presence of anoxic water column in the Black Sea allows the upward accretion of carbonate.
In the Gulf of Cadiz, the carbonate growth is ultimately happenning in a downward direction.

Overall, the study of different fluid venting environments in the Sorokin Trough and
in the Gulf of Cadiz revealed different intensities and duration of AOM, most likely forced by
intensity of local seepage activity and by composition of migrated fluid.

9.4. Factors that regulate biogeochemical processes in the Sorokin Trough and in the Gulf of
Cadiz

The major cause for different fluid venting activity reflected in AOM intensities and
carbonate formation is the different marine geotectonic settings of the studied areas. The
regional topography and distinctiveness of the seafloor at the Sorokin Trough and at the Gulf
of Cadiz can be indicative for type and modes of seepages. For instance, the occurrence of
pock-marks, fissure outflows of mud breccias, or mud volcanoes at the seafloor specifies
different physical factors leading the formation of such different seep-system scenery. In other
words, relatively low-pressure events with less dense fluid will cause pock-marks topography.
A high-pressure event with outburst of high-density material is required for the formation of a
mud volcano. Thus, development of mud volcanoes is related to episodic high-pressure relief
of deep fluids.

Both areas are known for mud volcanism and associated phenomena. However, the
AOM signal in the mud breccias from the Gulf of Cadiz is considerably lower than in the MV
deposits from the Sorokin Trough. This suggests low AOM rates which indicate the absence
of intensive fluid venting and methane influxes in the Gulf, confirmed by the hydrocarbon gas
data. The Sorokin Trough is known to be a currently active fluid venting area which results in
dense AOM communities. Gas saturated sediments are ubiquitous in the Trough and AOM
even takes place in the water column. Unlike, in the Gulf of Cadiz, fluid venting activity is
distributed locally and often the most active sites are the craters of MVs. The phases of MV
activity in response to past and present geo-tectonic regimes or/and (palaco) environmental
events are not known for both MV provinces. Fields of outcropping methane-related
carbonate material in the Gulf of Cadiz mark the episode of active defluidisation in the
geological past. Besides, this period of seeping should last over a relatively long time span,
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since the length of these chimneys are in some cases reach 0.5 m (Kenyon et al., 2002; Diaz-
del-Rio et al., 2003). It is still enigmatic when such episode took place in the Gulf’s history,
and which factors acted as a trigger. Nevertheless, this can testify different modes of fluid
venting in the Gulf of Cadiz and in the Sorokin Trough. Likely, the absence of fluid supply in
the mud breccias from the MV in the Gulf of Cadiz can be explained by an abrupt and brief
period of MV eruptions associated with emissions of fluid saturated mud breccias followed by
fast consumption of introduced methane and other organic and inorganic components.
Accordingly, after some time, mud breccias in the Gulf are in “fluid-flux-starvation”
environments. In the Sorokin Trough, gas saturated sediments are ubiquitous and AOM even
take place in the water column. The fluid inflow is constant and some parts of the Trough are
characterized by the presence of so called “gas front” (Ivanov et al., 1998). This determines
the presently steady energy source environments and thus flourishing of chemosynthetic biota
and associated mineral formation.
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Chapter 1, Figure 1.
Examples of on-land
mud  volcano  and
seepages. A — Eruption
of the mud volcano at

Lokbatan, near Baku
(October 10, 2001;
Photo: Phil Hardy); B —
small gas  seepage
(Bulganak MV field,
Kerch Peninsular); C -
small oil seepage near
Baku, Azerbaijan.

rhi€robial’
mat:

Chapter 4, Figure 2. Two main types of investigated carbonate crusts and microbial mats.
a) the Odessa mud volcano, sampling site TTR-11 BS-336G. The inset assigns the location
of the microbial mat. b) the NIOZ mud volcano, sampling site TTR-11 BS-328G. The inset
is a binocular image with typical appearance of microbial films within pores and
interstices.
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Chapter 8, Figure 2. Stable carbon and oxygen isotope profiles and mineralogical

composition of the crust.
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Chapter 8, Figure 5. DGGE analysis of
PCR products obtained with primers
specific fro the 16S rRNA encoding
genes of anaerobic methanotrophs
(ANME). Lanes 1 and 9 are marker
fragments. The excised bands are
numbered and named as DGGE ANME1
for the band no 1, DGGE ANME2 for
the bend no. 2, etc. (See Chapter 8,
Figure 6 for their phylogenetic
affiliation). The green and orange
selections on the gel are affiliated with
ANME-2a and ANME-2c, respectively,
archaeal subgroups. The pink and blue
selections are related to ANME-1la and
ANME-1b,  respectively, archaeal
subgroups (See Chapter 8, Figure 6).
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