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Fir meine Eltern
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Abstract

The Barents Sea is a broad, epicontinental Sea in northern Europe. With an
area of about 1.4 million km? it extends from Novaya Zemlya (Russia) in the
east to the continental slope of the Norwegian-Greenland Sea in the west, and
from Svalbard and Franz Josef Land in the north to the coast of Norway and
Russia in the south. The southwestern part of the Barents Sea is strongly
characterized by its geological history with subsidence and uplift periods and
several events of glacial erosion. The last glacial maximum (LGM) is one of
the most important and best preserved glacial phases in this area. During
the last decades the Barents Sea evolved into an oil and gas prospecting area.
Several source rocks have been identified and hydrocarbon discoveries have
been made. Additionally, indications for hydrocarbon seepage, so called “cold
seeps” have been detected. These include extensive pockmark fields, carbon-
ate crusts bearing areas and fault related gas flares. Leaking hydrocarbons,
released by cold seeps, gained increasing attention during the last years for
two reasons. First because they are potential indicators for underlying hydro-
carbon reservoirs in the subsurface and second because emitted hydrocarbons,
particularly methane as a greenhouse gas, are known to significantly affect the
global climate when released to the atmosphere.

In this thesis samples from different areas located in the Loppa High region
in the southwestern Barents Sea were investigated. Two surface manifestations
of cold seep systems such as huge pockmark areas and carbonate crust sites
were studied in detail, in order to determine the activity, formation and spatial
distribution of the different seepage structures as well as the origin and timing
of the seeping hydrocarbon fluids. Therefore, samples, collected during three
research cruises, were studied. These include sediment cores from pockmarks,
reference sites and carbonate crust areas as well as carbonate crust samples.
An interdisciplinary approach, applying organic geochemical, biogeochemical
and geomicrobiological methods in combination with a geophysical data set
was chosen to answer the key questions mentioned above. In order to deter-
mine the abundance of seep-associated microorganisms, the microbial activity
was investigated by analyzing sulfate reduction rates (SRRs). Furthermore,
the assessment of specific biomarkers was used to characterize the seeping flu-

ids. The detection of petroleum related compounds can, for instance, indicate
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the presence of oil in the sediment. The analysis of biomarkers diagnostic
for microorganisms, which perform anaerobic oxidation of methane (AOM)
in the presence of methane, can indicate the release of gas from the subsur-
face. Compound specific carbon isotope signatures of microbial biomarkers
can offer further indications for seeping hydrocarbon gases, since very neg-
ative carbon isotope values indicate the utilization of methane as a carbon
source by methanotrophs. Furthermore, the precipitation of carbonates often

occurs in consequence of AOM.

The presence of carbonate crust patches in the carbonate crust area together
with rising gas bubbles from the sediment are first indications for active me-
thane seepage in this area. Furthermore, diagnostic AOM biomarkers were
detected in the sediment samples as well as in the corresponding carbonate
crusts. The depth profiles of these biomarkers show a distinct interval of higher
concentrations, which points towards a shallow AOM zone in this depth inter-
val. This was further supported by very negative compound specific carbon
isotope signatures (§3C), which suggests the participation of the correspond-
ing organisms in methane consumption processes and, thus, the presence of

gas in these study sites.

In the pockmark areas, however, active release of gas from the sediment
could not be observed, neither in the data of the gas measurements, nor in
the biogeochemical and geomicrobiological data. Throughout the whole depth
interval of the sediment cores, both from pockmark and reference cores, un-
usually low microbial activity was determined. Further, the diagnostic AOM
biomarkers were essentially absent. Although the presence of petroleum bio-
markers potentially indicates the escape of higher molecular hydrocarbons, it
is inferred that their presence is not due to emitted petroleum from the pock-
marks. The presence of thermogenic hydrocarbons seems to be ubiquitous
in the Loppa High area occurring in pockmark as well as in reference cores.
Biomarker depth profiles showed that the mature hydrocarbons show the same
variability as the immature background compounds. This implies that the oil
related compounds are derived from mature material which has been eroded,

mixed with immature organic matter and distributed over the entire area.

Using geophysical data as well as literature data on the geologic and glacial

history of the study area and the data obtained during this study, it is sug-
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gested that the present pockmark fields are the result of area wide gas hydrate
decomposition as a consequence of the retreat of the ice sheet which covered
the Barents Sea during the Weichselian. Due to changing temperature and
pressure conditions the destabilization and, thus, the decay of gas hydrates
which were accumulated under the ice sheet, occurred. This resulted in a
massive release of large amounts of gas associated with the formation of the
pockmark craters. This scenario explains well the existence of the large areas
of inactive pockmarks which are still preserved on the seabed surface. In con-
trast, the currently active cold seep structures are claimed to be correlated to
fault systems in the subsurface as indicated by seismic data. It is known that
faults can act as conduits for migrating hydrocarbons. Since numerous faults
are present in the carbonate crust areas, and hydrocarbon reservoirs occur in
the vicinity, it is well possible that these faults act as migration pathways for
hydrocarbon gases from deeper hydrocarbon sources towards the cold seeps.
It can be concluded, that the southwestern Barents Sea contains at least
two cold seep systems. Although these systems seem to be morphologically
totally different from each other, it is conceivable that these features were re-
lated in the past. The gas hydrates which are claimed to be responsible for the
formation of the large pockmark areas may have been fed by the same fault
system, which today act as conduits for the active cold seeps. Furthermore,
it was shown, that by combining geochemical and geomicrobiological tools a
good assessment of the current seeping activity of cold seep structures can be
achieved which can, thus, be used as a relatively fast and cheap tool to evalu-

ate cold seep systems.

SW Barents Sea, pockmarks, cold seeps, organic geochemistry
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Zusammenfassung

Die Barentssee ist ein ausgedehntes Schelfmeer im Norden Europas und um-
fasst eine Fliche von rund 1.4 Mio km?. Sie liegt zwischen Spitzbergen (Nor-
wegen) und Franz Josef Land (Russland) im Norden und der Kiiste Norwegens
und Russlands im Siiden sowie Novaya Zemlya (Russland) im Osten und dem
Europaischen Nordmeer und der Gronlandsee im Westen. Die Morphologie
der stidwestlichen Barentssee ist gepragt durch die geologische Entstehungsge-
schichte mit Phasen von tektonischer Hebung und Senkung sowie durch den
Einfluss glazialer Erosionsereignisse insbesondere wéhrend der letzten Eiszeit.
Durch die Entdeckung diverser Muttergesteine und Kohlenwasserstofflagerstét-
ten hat sich die Barentssee in den letzten Jahrzehnten zu einem aussichtsrei-
chen Ziel fiir die Ol- und Gasindustrie entwickelt. Dariiber hinaus gibt es auf
dem Meeresboden eine Reihe Indikatoren, die das natiirliche Austreten von
Kohlenwasserstoffen aus sogenannten “Cold Seeps” vermuten lassen. Die be-
obachteten Strukturen umfassen ausgedehnte Felder mit kraterférmigen Struk-
turen, die als “Pockmarks” bezeichnet werden, sowie Gebiete, in denen entlang
von bekannten Stoérungen Karbonatkrusten und Gasaustritte aufzufinden sind.
Cold Seeps haben zunehmend an Bedeutung gewonnen, zum einen weisen Sie
auf mogliche Kohlenwasserstoffquellen im Untergrund hin und zum anderen
hat der Aussto8 von Kohlenwasserstoffen, insbesondere des Treibhausgases Me-
than, einen signifikanten Einfluss auf die Klimaentwicklung der Erde, wenn es
in die Atmosphére gelangt.

Im Rahmen der vorliegenden Doktorarbeit wurden Proben aus unterschied-
lichen Gebieten innerhalb der Loppa High Region in der siidwestlichen Ba-
rentssee analysiert. Diese erlauben die Untersuchung von zwei unterschiedli-
chen Cold Seep Systemen, zum einen Pockmark Felder und zum anderen Ge-
biete, die Karbonatkrusten aufweisen. Dabei wurde untersucht, inwieweit die
Systeme heute noch aktiv sind, durch welche Ausloser sie gebildet wurden und
welche die zugrundeliegenden Quellen der Fluide sind. Die Proben wurden
im Rahmen von 3 Expeditionen genommen. Diese umfassen Sedimentkerne
aus Pockmarkstrukturen und von Referenzstellen auflerhalb der Pockmarks,
sowie aus Gebieten mit Karbonatkrusten. Des Weiteren wurde Probenmateri-
al der Karbonatkrusten selbst untersucht. Um die oben genannten Fragestel-

lungen zu beantworten, wurde ein interdisziplindrer Ansatz gewahlt, bei dem
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organisch geochemische, biogeochemische und geomikrobiologische Methoden
angewendet und mit geophysikalischen Daten kombiniert wurden. So wurde
beispielsweise die Abundanz der Mikroorganismen, welche im Zusammenhang
mit austretenden Fluiden stehen, untersucht. Dies kann durch die Bestimmung
der Sulfat Reduktionsraten (SRR) erfolgen, die die mikrobiellen Aktivitédten
im Sediment widerspiegeln. Die Analyse spezieller Biomarker liefert dartiber
hinaus Hinweise iiber die austretenden Fluide. Spezielle Kohlenwasserstoffver-
bindungen, z.B. n-Alkane oder Hopane, kénnen auf den Eintrag von Ol in das
Sediment hinweisen. Charakteristische Biomarker fiir Mikroorganismen, die
an der anaerobe Oxidation von Methan (AOM) beteiligt sind, geben hingegen
Hinweise auf den Austritt von Methan aus dem Sediment am Meeresboden.
Die Kohlenstoffisotopensignaturen von mikrobiellen Biomarkern kénnen weite-
re Informationen tiber den Austritt von Kohlenwasserstoffgasen liefern, da sehr
negative Werte die Aufnahme von Methan durch methanotrophe Mikroorga-
nismen anzeigen. Des Weiteren wird im Zuge der AOM héaufig die Ausfallung

von Karbonaten beobachtet.

Das Vorkommen von Karbonatkrusten in Zusammenhang mit aufsteigenden
Gasblaschen in der Wasserséule sind erste deutliche Hinweise fiir einen derzeit
aktiven Methanaustritt aus den Sedimenten in dem durch Karbonatkrusten
gepragten Untersuchungsgebiet. Unterstiitzt werden diese Hinweise durch die
Anwesenheit der filr AOM spezifischen Biomarker sowohl in den Sedimentker-
nen, als auch in den dazugehorigen Karbonatkrusten. Im Tiefenprofil des Sedi-
mentkerns weisen diese Biomarker ein ausgepragtes Intervall erhohter Konzen-
trationen auf. In Verbindung mit sehr negativen Kohlenstoffisotopenverhélt-
nissen deutet dies auf eine aktive AOM Zone und somit das Vorhandensein

von Methan im Sediment hin.

In den Pockmark Gebieten hingegen kénnen keine Hinweise fiir den akti-
ven Austritt von Gas aus dem Sediment gefunden werden, weder durch di-
rekte Messungen der Gaskonzentrationen noch durch biogeochemische und
geomikrobiologische Analysen. So kénnen in allen untersuchten Proben, un-
abhangig von dem Tiefenintervall oder dem Probenahmeort (Pockmarkkerne
vs. Referenzkerne), ausschliefllich ungew6hnlich niedrige mikrobielle Aktivita-
ten festgestellt werden. Des Weiteren sind keine spezifischen AOM Biomar-

ker vorhanden. Obwohl spezifische Olkomponenten im Sediment nachgewiesen
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werden konnen, die potentiell auf den Austritt von Olkohlenwasserstoffen hin-
weisen, hat die vorliegende Studie gezeigt, dass deren Anwesenheit vermutlich
nicht auf die Freisetzung von Ol aus den Pockmarkstrukturen zuriickzufiih-
ren ist. In der Loppa High Region scheinen die Olkomponenten allgegenwiéirtig
zu sein, unabhéngig ob es sich um eine Pockmark- oder Referenzlokation han-
delt. Die Tiefenprofile der Olkomponenten zeigen sehr dhnliche Variabilitit wie
die unreifen Komponenten des organischen Hintergrundsignals. Dies legt den
Schluss nahe, dass die Erdoélbiomarker vielmehr aus erodiertem reifem Material
stammen, welches vermischt mit einem unreifen organischen Hintergrundsignal
gleichmafig als allochthoner Eintrag in das Untersuchungsgebiet eingetragen

wurde.

Mit Hilfe geophysikalischer sowie publizierter Daten iiber die geologische
und glaziale Geschichte des Untersuchungsgebietes und den in dieser Studie
erzielten Ergebnisse konnen Szenarien tiber den Ursprung und die Bildung der
zwei unterschiedlichen Cold Seep Systeme formuliert werden. So legen die Da-
ten nahe, dass die hier untersuchten Pockmarkfelder auf den Riickgang des
aufliegenden Eisschildes im Anschluss des Weichsel-Glazials zuriickzufithren
sind. Das Abschmelzen der Eisdecke im Zuge des Klimaumschwungs vom letz-
ten Glazial zum Holozén fiihrte, auf Grund sich verandernden Temperatur-
und Druckbedingungen, zur Destabilisierung und damit zum Zerfall der unter
dem Eispanzer akkumulierten Gashydrate. Dies resultierte in einer Freiset-
zung immenser Gasmengen, welches zur Entstehung zahlreicher Pockmarkkra-
ter fithrte. Dieses Szenario liefert eine plausible Erklarung fir die Existenz
weitreichender Pockmarkfelder die eine hohe Dichte an heutzutage inaktiven
Pockmarks auf dem Meeresboden aufweisen. Die aktiven Cold Seep Systeme,
die sich hingegen in den Karbonatkrustengebieten befinden, stehen vermutlich
in Verbindung mit Stérungen im Untergrund, worauf auch seismische Daten
hinweisen. Es ist bekannt, dass diese als Migrationspfade fiir Kohlenwasser-
stofffluide dienen konnen. Zahlreiche Storungen im Untergrund der aktiven
Karbonatkrustengebiete sowie Gas- und Olfelder in der nidheren Umgebung
liefern demnach eine denkbare Erklarung fiir mogliche Quellen und Migrati-

onspfade fiir die Versorgung der Cold Seeps in den Karbonatkrustenregionen.

Zusammenfassend kann geschlossen werden, dass es in der siidwestlichen

Barentssee mindestens zwei verschiedene Cold Seep Systeme gibt. Trotz des
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Eindrucks, dass diese Systeme voneinander unabhéngig sind, besteht durchaus
die Moglichkeit, dass beide Systeme in der Vergangenheit in Verbindung zu-
einander standen. Die Gashydrate, die als Faktor fiir die Entstehung der Pock-
markfelder diskutiert werden, kénnen moglicherweise ebenfalls iiber dieselben
Storungen gespeist worden sein, die heutzutage auch die aktiven Cold Seeps in
den Karbonatkrustengebieten versorgen. Letztendlich konnte gezeigt werden,
dass durch Anwendung geochemischer, biogeochemischer und geomikrobiolo-
gischer Techniken eine gute Beurteilung der Gasaustrittsaktivitdten von Cold
Seep Systemen erreicht werden kann. Dies liefert eine verhéltnismaBig schnelle

und kostengiinstige Methode zur Beurteilung von Cold Seep Systemen.

SW Barentssee, Pockmarks, Cold Seep, organische Geochemie
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Chapter 1

Introduction

1.1 Objectives and outline

Cold seep systems have widespread implications for their associated environ-
ments including the marine water column, the seabed and the subsurface. Ac-
tive fluid flow from cold seeps strongly affects the seafloor ecosystem, such as
microbial communities, and the seafloor morphologies for instance due to the
formation of pockmarks or carbonate crusts. Moreover, cold seep systems can
provide important information on hydrocarbon systems in the underlying sub-
surface, they are therefore particularly valuable for the petroleum exploration
industry. Furthermore, hydrocarbons emitted from cold seeps, particularly
methane, can have significant impact on the global climate and carbon cycle
and are, therefore, considered to represent pathways for sedimentary stored

carbon and climate-relevant greenhouse gases back to the atmosphere.

In the present thesis different manifestations of cold seep systems from the
Loppa High region in the southwestern (SW) Barents Sea have been ana-
lyzed using organic geochemical, biogeochemical and microbiological methods.
These include widespread fields of pockmarks in high density as well as study
sites, which are characterized by patches of carbonate crusts on the seafloor
and escaping gas bubbles from the sediment. In order to understand these
cold seep systems the main scientific questions addressed within the scope of

this thesis were:

e What is the activity of the investigated cold seep systems?
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e What is the source and composition of the seeping fluids and how are

the seeps related to underlying hydrocarbon sources?
e What caused the formation and spatial distribution of the cold seeps?
e What was the timing of the seeping fluids?

e What is the driving force for the formation of the cold seeps?

Comparison of the results, obtained by the investigation of each area, allows
for recognizing characteristic differences or similarities. Furthermore, the data
embedded in the general geological framework can offer a consistent under-
standing of the overall petroleum system in the Loppa High region in the SW
Barents Sea.

The following aspects were addressed in three publications forming the
Chapters 2, 3 and 4 of this thesis to contribute to the key questions men-
tioned above:

In Chapter 2 sediment samples from pockmark fields in the SW Barents
Sea were analyzed for their gas content and microbial activity. Several cores
in the Loppa High region were investigated to screen the area for locations
of elevated gas concentrations. Multibeam bathymetry was used to study the
seafloor morphology and to select the target sites in all areas. Gas measure-
ments (adsorbed, occluded and free gas) were conducted in order to obtain
information about the presence of gaseous hydrocarbons in the sediment and
to pinpoint locations of elevated hydrocarbon concentrations as an indication
for active seepage. The analysis of sulfate reduction rates can help to iden-
tify areas of elevated microbial activity. In case of increased concentrations
of methane in the sediment the presence of specific hydrocarbon-consuming
microbial communities can be expected. By tracing the process of sulfate re-
duction, which goes along with the anaerobic oxidation of methane (AOM) in
anoxic sediment, a first indication for sites with elevated gas concentrations
can be obtained. The combination of the sulfate reduction rate (SRR) data
with depth profiles of pore water sulfate concentration and gas measurements
showed that there is currently no active fluid flow. It was hypothesized that
the retreat of the ice sheet during the last deglaciation and the gas release due
to the related decomposition of gas hydrates caused the formation of the large

pockmark fields.
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In Chapter 3 the petroleum biomarker inventory of selected cores of the
same study area as described in Chapter 2 was investigated to gain informa-
tion about the presence of higher molecular hydrocarbons, which may indicate
current or past petroleum leakage from a deeper lying hydrocarbon source. In
order to identify the presence of oil, the focus was placed on n-alkanes and
cycloalkanes, which represent the main constituents of petroleum. Addition-
ally, specific lipid biomarkers, ubiquitous in petroleum, such as hopanes and
steranes, were analyzed. The abundance of these biomarkers in the study area
and their distribution throughout the depth interval should provide new in-
sights on the formation of pockmarks and their relation to petroleum leakage.
Various biomarkers, indicating the presence of petroleum hydrocarbons in the
sediment could be identified. However, similarities in abundance and level of
maturity throughout the depth intervals and between the different cores stud-
ied suggested that the presence of thermogenic hydrocarbons is attributed to
reworked, eroded material, rather than the result of oil expulsion through the

pockmarks.

In Chapter 4 the inventory of biomarkers diagnostic for AOM was investi-
gated to trace the presence of methane in two different cold seep systems, the
pockmark area studied previously (Chapter 2 and 3) and an area with carbon-
ate crusts. Since carbonate crust formation is often the result of AOM, they
can be indicative of methane leakage. In order to decipher if the study sites
are, or were, affected by methane expulsion, the focus was placed on the anal-
ysis of specific AOM-biomarkers. These include methane oxidizing archaea as
well as the associated sulfate reducing bacteria. Depth plots of the amounts
of these specific biomarkers can, e.g., reveal the existence of a present or past
AOM-zone, if elevated concentration of the biomarkers can be found in a cer-
tain depth intervals. With this it is possible to trace locations that exhibit

active or past expulsion of methane.

The absence of the specific AOM-biomarkers in the pockmark samples sup-
ported the results of the previous studies (Chapter 2 and 3). The pockmarks
are currently inactive and no present or past release of methane can be iden-
tified. In contrast, the cold seep systems in the carbonate crust area show
active release of methane at present. Based on the data a link of the cold seep

systems to underlying sources and potential plumbing systems was inferred.
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Finally, the relation of the two cold seep systems was discussed with respect

to the geological context.

1.2 Submarine seeping systems

1.2.1 Cold seeps

The term “submarine seeping systems” is used to describe the flow of fluids
(gases and liquids) through the seabed. Such flows of fluid can generally be
divided into two groups: “hot vents” and “cold seeps” Hot vents are geother-
mally or hydrothermally driven systems like volcanoes or black smokers. They
are often associated with the formation of new oceanic crust. In contrast to
hot vents, cold seeps are not directly linked with thermal anomalies. They are
charged by fluids like hydrogen sulfide, methane, groundwater or pore water
(Dugan and Flemings, 2000; Taniguchi et al., 2002), and other hydrocarbon-
rich fluids rising from the subsurface to the seafloor. This can result in the
formation of structures such as pockmarks (seafloor depressions), brine lakes,
gas flares or mud volcanoes. Cold seeps have been identified all over the world
in a broad range of tectonic settings, on both passive and active continental
margins (Levin, 2005; Sibuet and Olu, 1998). Paull et al. (1984) were the first
who observed cold seeps as well as the associated faunal communities that
could be detected on the seafloor close to the cold seeps (as shown e.g. in
Figure 1.1). However, indications for cold seeps have been described long be-
fore the term “cold seep” even existed. Most known cold seeps are associated
to hydrocarbon (HC) reservoirs or indirectly to gas hydrates. In retrospect,
several observations, which were made in the past, can be attributed to the
presence of cold seeps. This includes natural oil seeps (Eyer et al., 1977; Link,
1952; Spies and Davis, 1979), tar polluted beaches (Ludwig and Carter, 1961)
and oil slicks (Dietz and Lafond, 1950; Kawahara and Ballinger, 1970). Natu-
ral occurring bitumen is even mentioned in biblical references. Tar balls have
been reported from most of the world’s oceans (e.g., Horn et al. 1970; Morris
1971). Sweet Jr. (1974) claimed that hydrocarbon seepage existed throughout
most of the geologic history. Today it is assumed that roughly half of the
crude oil entering the marine environment is from natural seeps, the residual

half is thought to result from leaks and spills caused by anthropogenic utiliza-
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1.2 Submarine seeping systems

Figure 1.1: Cold seep fauna; pictures were taken during an ROV survey within a research cruise
in February 2011.
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tion of petroleum including extraction, transportation, refining and storage
(Kvenvolden and Cooper, 2003).

1.2.2 Seabed pockmarks

Seabed pockmarks, as one of the topics discussed in this thesis, are features
generally classified as cold seeps. They are characterized as craterlike struc-
tures that are ubiquitous on the seafloor and in lake sediments. During the
late 1960s King and MacLean (1970) were the first to discover pockmarks.
They described them as “cone-shaped depressions that occur in large numbers
across the La Have clay of the Scotian Shelf” (Nova Scotia, CA) (King and
MacLean, 1970).

Pockmarks can exist in many different shapes and sizes. Based on their mor-
phology Hovland et al. (2002) subdivided them into different classes comprising
single features e.g., small “unit pockmarks” (diameter 1-10 m) and “normal
pockmarks” (diameter 10-700 m) as well as “pockmark cluster” which describes
an association of several pockmarks (Hovland and Judd, 1988). Pilcher and
Argent (2007) classified two types of pockmarks, the first one being “random
pockmarks”, an irregular distribution of pockmarks or the occurrences of single
craters, the second type designates the “arrangement of pockmarks” such as
“strings of pockmarks” and “pockmark clusters”. Strings of pockmarks often
occur in association to structural features like faults and fractures that are
located in the subsurface. Apart from normal pockmarks, larger craters often
referred to as “giant pockmarks” or “mega pockmarks”, with diameter up to
10 km, have been observed (Bge et al., 1998; Cole et al., 2000; Davy et al.,
2010; Kelley et al., 1994; Maestro et al., 2002).

During the last decades numerous authors have been trying to find ex-
planations for the presence of pockmarks. Scenarios involving the impact of
meteorites (Solheim and Elverhgi, 1993), iceberg plunging (e.g., Chand et al.
2012) or even marks from whales (Woodside et al., 2006) have been discussed
to account for the crater structures. However, the most widespread and also

most reliable theory explains the presence of pockmarks with the expulsion of

fluids.

Several models have been developed to explain the mechanisms of pockmark

formation due to fluid escape. However, there is no consensus on the detailed
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formation mechanism. Hovland and Judd (1988) suggested that fluids from
a deeper source in the sediment migrate towards the seabed where accumula-
tion causes doming. Due to the resulting tension, small fractures are formed,
leading to small conduits for the migrating gas to “escape” through the sedi-
ment to the water column. Thus, a hydraulic connection is built, resulting in
a pressure drop which causes a violent burst followed by the formation of a
unit pockmark. Clusters of several unit pockmarks can coalesce to a normal
pockmark (Hovland and Judd, 1988).

Kelley et al. (1994) propose two very different mechanisms. One describes
an ongoing process of continuous gas seepage caused by microbial degradation
of organic matter leading to successive excavation of a crater. The second
model describes a catastrophic scenario that depends on instantaneous events

like tsunamis or earthquakes as a trigger for pockmark formation.

Yet another model of gas induced pockmark formation was described re-
cently by Cathles et al. (2010). They assume that gas is accumulated below
a capillary seal in the deeper sediment. Build-up of overpressure causes sub-
sequent seal failure and results in an upward moving gas diapir. At the same
time pore waters are displaced, liquefying the near surface sediment which is

then removed by ocean bottom currents causing the formation of a pockmark.

Since their first discovery, pockmarks have been detected all over the world
in many different environments and geologic settings, e.g., lakes (Chapron
et al., 2004), continental slopes, shelves and rises (Vogt et al., 1994), shallow
bays (Kelley et al., 1994), fjords (Hammer and Webb, 2010), as well as in
the deep sea (Bayon et al., 2009; Judd and Hovland, 2007). Many examples
for pockmark sites have been described for the North Atlantic (Kelley et al.,
1994), the North Pacific (Paull et al., 2002), the North Sea (Cole et al., 2000),
the Norwegian Sea (Mazzini et al., 2006) and the Mediterranean Sea (Acosta
et al., 2001; Hasiotis et al., 2002). Also in the Barents Sea, the target area of
the present thesis, pockmarks and even extensive pockmark fields have been
detected (Chapters 2, 3 and 4; Ostanin et al. 2012; Solheim and Elverhgi 1993;
Vadakkepuliyambatta et al. 2013).

Different sources have been taken into account for the formation of the
crater structures. In most cases pockmarks are thought to deliver methane of

thermogenic or biogenic origin and/or serve as a possible conduit for seeping
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oil. However, also gases like CO5 (De Vittor et al., 2012) or HyS (Etiope et al.,
2006) as well as fluids like pore water (Harrington, 1985), artesian groundwater
(Jensen et al., 2002) or combinations of different types of fluids have been

discussed to be responsible for the formation of a pockmark crater.

Since hydrocarbons are often the predominant fluids in seeps, pockmarks
are considered to be potential indicators for underlying hydrocarbon accumula-
tions. For this reason they have received significant interest from the petroleum
industry, because pockmark structures are easy to localize on the seabed and
can, therefore, be used as a relatively cheap exploration tool (Heggland, 1998;
Hovland, 1981; Hovland and Judd, 1988). Furthermore, the understanding of
pockmark systems is important in order to identify, evaluate or avoid poten-
tial geologic hazards. Within offshore operations, pockmarks can be valuable
indicators of potential gas voids in the subsurface. These gas pockets are sta-
ble under high pressure, however, their penetration can lead to failure in the
seal, followed by destabilization and eventually resulting in a blowout scenario
(Sills and Wheeler, 1992). Furthermore, pockmarks can indicate subsurface hy-
draulic activity and, thus, the risk of resulting slope failure as well as seabed
instability (Hovland et al., 2002). For this reason pockmarks are often targets
for diverse geophysical studies to model and understand subsurface fluid flow
processes (Cathles et al., 2010), understand seepage dynamics (Hovland, 2003)
or visualize the link of the pockmarks to the underlying plumbing systems by
seismic interpretation (Chand et al., 2008; Ostanin et al., 2013).

However, pockmarks are not only of considerable interest for the petroleum
industry. Due to the seeping fluids pockmarks can build unique habitats for
specific microbial communities who use the venting fluids as their sources for
nutrients and energy (Kulm et al., 1986; Thauer and Shima, 2008). Therefore,
pockmarks often host a wide diversity of organisms, which was documented in
several environmental (Hovland et al., 2012; Olu-Le Roy et al., 2007), geomi-
crobiological and biogeochemical studies (Pimenov et al., 2008; Wegener et al.,
2008). Thus, their detailed investigation contributes to the understanding of
major microbial and geochemical processes, which take place in the seabed

sediment and is, therefore, an important part of the global hydrocarbon cycle.
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1.3 The role of methane in the carbon cycle

Methane is the most abundant hydrocarbon in the atmosphere (Reeburgh,
2007) with approximately 3.6 Gt of methane carbon (Whiticar, 1990). After
carbon dioxide (CO3) and water (HyO), methane is the third most important
greenhouse gas (Heimann, 2010). Its global warming potential (GWP), a rel-
ative parameter indicating the ability of heat absorption in the atmosphere,
is 21 times higher than that of carbon dioxide (Schimel and 75 others, 1996).
Thus, enhanced methane concentration in the atmosphere is an important fac-
tor that has helped drive recent and past climate changes (e.g., IPCC 2011;
Seinfeld and Pandis 2006). Furthermore, changing methane concentrations in
the atmosphere considerably affect the carbon cycle, since the equilibrium of
chemical reactions, e.g. the photochemical oxidation in the troposphere, is
shifted.

Both, natural and anthropogenic sources are known to contribute to the
global methane budget. However, the current anthropogenic input (63%) is
significantly higher than that from natural sources (EPA, 2010). Enteric fer-
mentation of cattle is the most important anthropogenic source for global
methane emission, other human-influenced sources are e.g., fossil fuel mining,
landfills, rice agriculture or wastewater decomposition (EPA, 2005; Sheppard
et al., 1982; Whiticar, 1990).

With a share of 30% of total methane emissions wetlands, e.g., bogs and
swamps, are the dominating natural sources of methane, which is produced by
methanogenic microorganisms. Due to an oxygen poor environment and a high
level of water saturation these systems provide ideal conditions for fermenta-
tion processes. Beside wetlands, also soils, oceans, lakes and rivers, permafrost,
and gas hydrates, wildfires, and wild animals contribute to a certain degree to
the global methane cycle Figure 1.2 (EPA, 2010; Kvenvolden, 1998; Matthews
and Fung, 1987).

Natural methane sources can be divided into biogenic and thermogenic
sources, both of which depend on degradation of buried (sedimentary) organic
matter (OM). OM is built by photosynthetic processes in which carbohydrates,
e.g., glucose, are synthesized from light energy under the uptake and fixation

of CO,. This process is performed by phototrophic organisms, for example
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Figure 1.2: Global methane cycle after Encyclopaedia Britannica (2010).

higher plants and phytoplankton. The organic matter formed by photosyn-
thesis can in turn be recycled as part of the nutrient cycle by other organisms
or, once the source-organisms die, be brought into the sediment or soil where

subsequent decomposition takes place.

The global organic carbon cycle, which integrates the flux of carbon in the
lithosphere, biosphere and atmosphere, can be subdivided into the “surface
carbon cycle” and the “subsurface carbon cycle”. Their common interface is
located at the earth surface. However, the residence time of the carbon in
either of the two cycles differs by several orders of magnitude. The surface
part of the carbon cycle which mainly includes the release of COs-carbon back

to the atmosphere and hydrosphere has an average duration of days to several
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decades (Hunt, 1996; Tissot and Welte, 1984). In contrast, the subsurface
carbon cycle, in which geologic processes occur, can last up to millions of
years (Horsfield et al., 2006; Tissot and Welte, 1984).

Organic matter available at the sediment surface is mineralized rapidly un-
der aerobic conditions. However, under certain circumstances in both marine
as well as terrestrial depositional environments, anoxic conditions promoting
organic matter preservation can occur. For example in marine settings the
oxic sediment interval is relatively narrow and varies between a few millime-
ters in coastal areas up to 1 m in pelagic sediment (Jgrgensen, 1982). Below
this zone, fermentation, denitrification and sulfate reduction processes take
place in which anaerobic microorganisms break down OM to obtain energy
(Tiedje et al., 1984). As compared to aerobic settings anaerobic environments
are characterized by a much slower overall degradation-rate. During the min-
eralization of organic compounds, such as alcohols and organic acids, COq
is formed. Methanogenesis, the process of methane formation, is often the

terminal step in the degradation or fermentation of organic matter.

Only approximately 0.1% of the carbon taking part in the surface car-
bon cycle is sequestered into the geosphere and can lead to the formation
of kerogen (Tissot and Welte, 1984). Kerogen is formed by two pathways, ei-
ther repolymerization and polycondensation processes of organic matter (the
“degradation-recondensation” pathway) or by “selective preservation” of resis-
tant biomacromolecules (Tegelaar et al., 1989). The transformation of organic
matter during burial can be divided into three stages: diagenesis, catagenesis
and metagenesis. Diagenesis, in which mainly polycondensation reactions take
place, occurs at relatively low temperatures and pressures, usually at burial
depths of a few hundred meters. Biogenic methane is the most important
hydrocarbon which is produced during this stage, but also CO, is generated
(Tissot and Welte, 1984).

Biogenic methane produced by microbial organisms makes up about 20% of
the natural gas reserves (Rice and Claypool, 1981). It is generated in anoxic
environments at temperatures below 80°C and at burial depths up to 1 km
(Rice and Claypool, 1981). Microorganisms of the domain archaea mediate this

process by using carbon as an electron acceptor under anaerobic conditions.
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The most important pathways of methanogenesis are the reduction of carbon

dioxide (Equation 1.1) and acetate (Equation 1.2) to methane (Figure 1.2).

Thermogenic methane is generated by thermochemical degradation of higher
molecular weight organic matter (mainly kerogen) through cracking and arom-
atization processes (Tissot and Welte, 1984). This occurs primarily during
catagenesis which takes place at burial depths reaching up to several kilome-
ters due to the related increase of subsurface temperature (up to 150°C). At
this stage the thermal degradation of kerogen to petroleum (oil and/or gas)
controlled by consecutive or parallel bond-cracking reactions occurs.

During metagenesis, at even higher temperature conditions, additional me-
thane along with minor amounts of nonhydrocarbon gases is formed by hy-
drocarbon cracking processes (Tissot and Welte, 1984). Latest research has
shown that also in the transition of catagenesis to metagenesis methane gener-
ation can occur, mainly by de-methylation reactions of highly mature kerogen
(Mahlstedt and Horsfield, 2012).

The origin of the gas (biogenic vs. thermogenic) can be identified based on
its carbon isotopic composition, §3C (Whiticar, 2000). §3C values between
-52 to -70%o indicate a biogenic origin, thermogenic methane usually has §'3C
values between -25 to -52%o (Judd, 2000). For details the reader is referred to
Chapter 1.4.3.

The majority of the methane generated in the subsurface, biogenic or ther-
mogenic, is controlled and eliminated by microorganisms even before entering
the atmosphere. Estimations of methane consumption in marine sediment sug-
gest, that on a global scale, the biogeochemical process of microbial methane
oxidation recycles over 90% of the methane flux from sediments (Hinrichs and
Boetius, 2002).

Generally there are two pathways of methane oxidation:

1) Aerobic methane oxidation takes place in oxygenated environments. This

process is ubiquitous in soil and water and conducted by specific methan-
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otrophic bacteria that in most cases belong to the phylum Proteobacteria
(Hanson and Hanson, 1996). Under reaction with oxygen methane is oxidized
to methanol, formaldehyde, formate, and finally to carbon dioxide.

2) Under oxygen free conditions usually prevailing within centimeters of the
sediment-water interface, anaerobic oxidation of methane (AOM) takes place
(Boetius et al., 2000). Due to the absence of oxygen another electron acceptor
is required to perform methane oxidation. The reduction of sulfate is quantita-
tively the most important process in AOM in marine sediment (Regnier et al.,
2011). Within this process, sulfate functions as an electron acceptor whereas
methane, the electron donor, is oxidized (Equation 1.3, see also Chapter 1.3.2).

Net reaction:
CHy,+ S0, — HCO; + H,O+ HS™ (1.3)

In sulfate-free sediment AOM can also utilize other electron acceptors. In
freshwater sediment and enrichment cultures, for instance, denitrification pro-
cesses occur (Ettwig et al., 2010; Raghoebarsing et al., 2006) in which nitrate

assumes the function of the electron acceptor (Equation 1.4).

5CHy+8NO; +8H" —5C0, +4 Ny + 14 HyO (1.4)

In marine sediment, however, this process does not seem to play a significant
role and has not yet been well proven (Orcutt et al., 2011).

Also metals like manganese and iron have been described to function as
potential reducing counterparts in AOM reactions (e.g., Equation 1.5) (Wankel
et al., 2012) e.g.,

CH,+8 Fe(OH)3 +15 H" — HCO; + 8 Fe*™ + 21 H,O (1.5)

It was recently shown through incubation experiments, that the processes of
metal reduction during AOM may also play a role in lake or marine sediments
(Beal et al., 2009; Sivan et al., 2011).

The methane which is not consumed by microorganisms in the sediment or
the water column is released to the atmosphere where further reactions occur.
In the troposphere, about 85% of the methane are destroyed by photochemical
oxidation by radicals. Hydroxyl radicals (OH-) are the most significant reac-

tants, but also smaller fractions of chlorine (Cl-) and atomic oxygen (O-) react
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with methane mainly under the formation of water vapor and carbon dioxide
(Cicerone and Oremland, 1988; Ehhalt and Schmidt, 1978; Hanson and Han-
son, 1996). The remaining 15% of the methane which cannot be retained by
the troposphere enter into the stratosphere where it is eventually destroyed
(Levy, 1971).

1.3.1 Methane in marine systems

The largest methane reservoir on Earth can be found in marine sediments
which contain about 500-10,000 Gt of methane carbon (Kvenvolden, 1988;
Whiticar, 1990). Large amounts are stored in gas hydrates which have cap-
tured approximately 500-2500 Gt of methane carbon (Milkov, 2004). Earlier
estimates even suggested up to 10000 Gt of methane carbon (Knittel and
Boetius, 2009; Kvenvolden, 1993; Maslin and Thomas, 2003). The methane
can either be of biogenic or thermogenic origin. Methane hydrates, also re-
ferred to as clathrates, are rigid water cages that enclose methane molecules
in their structure (Kvenvolden, 2002; Sloan, 2003). Their composition mainly
depends on the available gas as well as temperature and pressure conditions
(Sloan and Koh, 2008). Low temperature and/or high pressure are required to
stabilize these structures. Often, these conditions are prevailing on continental

margins or in permafrost regions (Kvenvolden et al., 2001).

As long as gas hydrates are present in stable environments, their contribu-
tion to the release of methane to the atmosphere is negligible. However, chang-
ing environmental conditions, like global warming could result in a tremendous
influence on the methane cycle. The destabilization and thus the decomposi-
tion of gas hydrates can result in the liberation of large volumes of gas along
with the release of methane to the atmosphere. It has been inferred that
throughout the geologic history periodic pulses of hydrate-derived methane
significantly contributed to increases in global temperatures and changes in
global carbon fluxes (e.g., Chappellaz et al. 1993; Dickens 2003; Hesselbo et al.
2000; Kennett et al. 2000; Maslin et al. 2004).

In the subsurface the largest fraction of upward diffusing gas is consumed
by microorganisms (Valentine and Reeburgh, 2000). Thus, even though the
content of methane in marine sediment is significantly higher, the ocean only

accounts for 2 to 5% of the global methane emission to the atmosphere (Judd
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et al., 2002; Reeburgh, 2007). Only if the gas concentration exceeds the oxidiz-
ing capacity of methanotrophic microorganisms, can methane be discharged to
the water column resulting in e.g., microseeps or cold seeps. Globally 0.02 Gt
yr~! are estimated to be emitted by cold seeps (Judd, 2004; Kvenvolden et al.,
2001). Due to the released hydrocarbons cold seeps are usually colonized by
a specific and unique faunal community. Tubeworms, molluscs, crustaceans,
bacterial mats and fishes (e.g, Figure 1.1), species often associated to seeping
hydrocarbons, can be found at active seeping sites (Foucher et al., 2009; Levin,
2005). The most important faunal community at cold seep sites, however, is
the microfauna, which controls the release of large amounts of methane to the

surface by the process of anaerobic oxidation of methane (see Chapter 1.3.2).

1.3.2 Anaerobic oxidation of methane (AOM) in marine

sediments

The process of AOM along with the presence of sulfate reduction in marine sed-
iments was first inferred in the 1970s (e.g., Barnes and Goldberg 1976; Martens
and Berner 1974; Reeburgh 1976). A more detailed hypothesis explaining the
functioning of AOM was provided by Hoehler et al. (1994) who proposed the
existence of a microbial consortium of methanotrophic archaea and sulfate
reducing bacteria (SRB). Approximately 5 years later Hinrichs et al. (1999)
and Boetius et al. (2000) provided the first microbiological and biogeochemical
evidence for such microbial consortia. They showed that methane oxidizing ar-
chaea mediate AOM apparently in syntrophy with SRB (Boetius et al., 2000).
Orphan et al. (2002) could finally prove the existence of such a microbial con-
sortium by using coupled isotopic and phylogenetic analyses. In the following
years, intensive investigations on this topic have been performed (e.g., Blumen-
berg et al. 2004; Elvert et al. 2003; Hinrichs and Boetius 2002; Niemann and
Elvert 2008; Treude et al. 2005a), but the mechanisms and the participating

microbial communities have still not been fully unraveled.

In methane rich sediments AOM with sulfate as the terminal electron ac-
ceptor is the dominant biogeochemical process (Hinrichs and Boetius, 2002).
Methane is oxidized to bicarbonate and sulfate reduced to sulfide (Equation
1.3). Due to increasing alkalinity and increasing amounts of inorganic carbon,

the bicarbonate produced precipitates together with metal ions to form au-
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thigenic carbonate (Luff et al., 2004; Valentine, 2002) according Equation 1.6.

Net reaction:
CH, + SO;7 + Ca*" — CaCO3 + HyO + HyS (1.6)

The centimeter to decimeter thick carbonate crusts are predominantly com-
posed of calcium carbonate (aragonite) or magnesium calcite (e.g., Kulm et al.
1986). Typically they are formed at shallow depth in the sediment, however,
subsequent erosion or gravitational processes, expose them at the seafloor (Luff
et al., 2004). Thus, patches of carbonate crust as well as carbonate reefs can
often be found at active seepage sites, building habitats for a diverse faunal
marine community (Foucher et al., 2009; Kulm et al., 1986).

Microbiological investigations showed that methanotrophic archaea belong
to the three clades of anaerobic methanotrophs (ANME) ANME-1, ANME-2
and ANME-3 within the Euryarchaeota (Knittel and Boetius, 2009). They
are distantly or closely related to the orders Methanomicrobiales (ANME-1),
Methanosarcinales (ANME-2 and ANME-1) (Blumenberg et al., 2004), and
Methanococcoides and Methanolobus (ANME-3) (Losekann et al., 2007; Nie-
mann et al., 2006). All these orders are methanogens, therefore it was claimed
that the ANME are also methanogens, but operating with a reverse metabolism
(Hallam et al., 2004; Hinrichs et al., 1999). This was further supported by ad-
ditional microbiological analyses using genomic techniques (e.g., Hallam et al.
2004; Kriiger et al. 2003). All three ANME groups can coexist in methane-
rich environments, however, ANME-2 is often found to be the dominating
clade (e.g., Bertram et al. 2013; Knittel et al. 2005). So far, four subgroups
of ANME-2 could be identified, namely ANME-2a, -2b, -2¢ and -2d (Knit-
tel and Boetius, 2009), but also subgroups of ANME-1 (e.g., ANME-1a and
-1b) have been found (Teske et al., 2002). ANMEs often occur in syntrophic
association with sulfate reducing bacteria (SRB) (Boetius et al., 2000) belong-
ing to the Deltaproteobacteria. These include Desulfosarcina/ Desulfococcus(for
ANME-1, ANME-2) and Desulfobulbus (for ANME-3) (e.g., Losekann et al.
2007; Michaelis et al. 2002; Orphan et al. 2002). However, the possibility has
been debated that there are archaea of the group ANME that are capable of
methane oxidation even without a syntrophic partner (Milucka et al., 2012;
Pernthaler et al., 2008). The sulfate-methane transition zone (SMTZ) forms
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the main niche for the AOM microbial ecosystems. It denotes the zone where
there is an overlap of dissolved sulfate diffusing into the sediment from above
and methane coming from below (Knittel and Boetius, 2009). The depth and
width of the SMTZ can vary between a few centimeters up to tens of me-
ters below seafloor, depending on the supply of methane and sulfate and the
consumption rates (Knittel and Boetius, 2009).

Dissimilatory sulfate reduction is the quantitatively most important process
in the degradation of organic matter (Jorgensen, 1982). Thus, the analysis of
sulfate reduction rates, e.g., using a radiotracer technique (Fossing and Jgr-
gensen, 1989; Kallmeyer et al., 2004), can be used to assess microbial activity

in general and to trace the interval in which AOM occurs.

Although AOM has been the scientific target of many studies for decades,
the underlying mechanisms have not yet been fully understood and cultiva-
tion and isolation of the responsible microorganisms has not been successful
(Alperin and Hoehler, 2009). Furthermore, there was doubt that this process
could support the metabolism of the two syntrophic partners in AOM due
to its very low free energy yield of AGY=-25 kJmol~' (Hochler et al., 1994;
Knittel and Boetius, 2009; Valentine and Reeburgh, 2000). Hence, AOM still
contains many unsolved questions and deciphering its processes will remain of

great significance throughout the upcoming years.

1.4 Biomarkers

Biomarkers, also referred to as geochemical fossils or molecular biological
marker compounds, are complex organic molecules derived from formerly liv-
ing organisms (Wang et al., 2006). During diagenetic and catagenetic processes
they lose most of their functional groups, therefore, their basic skeleton is pre-
dominantly composed of carbon and hydrogen. However, biomarkers including
heteroatoms (mainly N, S and O) are also common. The basic structure of the
biomarkers is relatively stable over geological time periods, which means they
can even be isolated from very old Precambrian samples (Peters et al., 2005b).
Biomarkers can be found in sediments and crude oils and can be extracted
from rocks without losing their characteristic features. Many biomarkers are
taxonomically specific, which allows assigning them to their specific biological

sources. Thus, biomarkers can be used to trace the biological origin of or-
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Figure 1.3: Simplified sketch of a cell membrane showing the basic compositional elements
(after Ruiz 2007).

ganic matter (Isaksen and Bohacs, 1995), to denote depositional environment
(Peters et al., 1986), to unravel past environmental conditions (Seifert and
Moldowan, 1981) or to record periods of global climate change (Brassell et al.,
1986). Along with the information about the chemical alteration due to dia-
genetic and catagenetic processes they can also provide insights into thermal
maturity of the organic matter (Peters et al., 2005b).

Most biomarkers are derived from lipid components which are parts of cell
membranes Figure 1.3. Within the membranes they can assume different
functions like the modulation of fluidity of the membranes (e.g., steroids or
hopanoids, Chapter 1.4.2). In some organisms they are even responsible for
the formation of lipid bilayers (e.g., phospholipids, Chapter 1.4.1) to form cell
membranes. These biomarkers can be isolated via chemical extraction and
chromatographic separation methods. Archaea, Bacteria and Eukarya, which
form the three domains of life, can be distinguished by the molecular structure
of their corresponding biomarkers (Peters et al., 2005b). Thus, the structures
and the degree of functionalization can provide substantial information on the
environment and their associated communities (e.g., Bianchi and Canuel 2011).

Additionally, the extent of molecular breakdown can give evidence about the
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past environmental conditions such as exposure to higher temperatures and

high pressure, anoxic conditions or salinity (Peters et al., 2005b).

The following sub-chapters provide further details on selected biomarkers
which are roughly divided into “AOM related biomarkers” and “petroleum
biomarker”. These cover the biomarkers which were applied and interpreted in
the present study. Furthermore, a brief insight into the topic “carbon isotope

signature” is provided.

1.4.1 AOM-related biomarkers

The release of methane from the sediment to the water column and/or to
the atmosphere is controlled by specific microbial communities which con-
sume most of the methane. Therefore, it is of high importance to understand
their metabolism and the occurring processes. Specific biomarkers which are
diagnostic for AOM were the subjects of numerous studies described in the
literature (e.g., Hinrichs and Boetius 2002; Knittel and Boetius 2009; Orphan
et al. 2002; Zhang et al. 2003). From these studies we learned that in most
cases AOM is performed and controlled by a consortium which consists of spe-
cific archaeal communities in close association to their corresponding bacterial
partners capable of performing sulfate reduction. To study the qualitative
and quantitative abundance of the archaeal and bacterial communities at cold
seep sites, their diagnostic biomarkers can be analyzed. These include e.g.,
archaeol and hydroxyarchaeol, pentamethylicosane (PMI) and crocetane, spe-
cific glycerol dialkyl glycerol tetraethers (GDGTs) as markers for archaea and
phospholipid fatty acids (PLFAs) for bacteria. The cell membranes of Archaea
consist predominantly of lipids which contain characteristic diether bilayers or
tetraether monolayers (De Rosa et al., 1986). These lipids are composed of iso-
prenoidal alkyl moieties linked by ether bonds to a glycerol backbone (GBB)
which is further connected to a polar head group. Tetraethers are composed of
two isoprenoid C4o moieties which are linked to the GBB at both ends (Figure
1.4).

During the process of diagenesis and the corresponding degradation of the
lipid membranes, the polar head groups are lost. In contrast, the relatively sta-
ble glycerol dialkyl glycerol tetraether (GDGT) fragments (core lipids) remain

well preserved and are, therefore, indicators for fossil archaeal microorganisms.
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Figure 1.4: Intact polar lipids, (A) archaeal tetraether lipid, (B) bacterial phospholipid, GBB:
Glycerol backbone.

The isoprenoidal GDGTs detected in sediments show some variability in their
structure. The basic form is GDGT-0 containing only isoprenoid alkyl chains.
Additionally, GDGTs can contain between 1 and 4 cyclopentyl rings (GDGT-1
to GDGT-4), while crenarchaeol bears additionally up to 4 cyclopentyl rings
one cyclohexyl ring (see Appendix A for GDGT structures).

For years GDGTs have been assigned exclusively to extremophilic archaea
(De Rosa and Gambacorta, 1988), however, over the last 10-15 years they have
often been detected in mesophilic marine and lacustrine environments with
moderate conditions (Schouten et al. 2013 and references therein). GDGTs
0-3, for example, have been shown to derive from mesophilic Euryarchaeota
capable of anaerobic oxidation of methane (e.g., Aloisi et al. 2002; Pancost
et al. 2001). GDGT-0 is not only related to AOM processes, in fact it is
ubiquitous in many different environments. This is the reason why it is often
the dominant compound within the GDGTs. Crenarchaeol, which can also be
found frequently in sediment samples, is assumed to be derived from Crenar-
chaeota being the most abundant archaea in marine environments, however,
picoplankton coming from the water column can be an additional source (Sin-
ninghe Damsté et al., 2002; Stadnitskaia et al., 2005).

Since they are insufficiently volatile, the identification of entire GDGT-

molecules by application of conventional chromatographic methods like gas
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chromatography mass spectrometry (GC-MS) has been a challenge for many
years. Using GC-MS, only partial structures, subsequent to chemical degra-
dation, could be analyzed (Schouten et al., 2000). Additional attempts for
the direct analysis of GDGTs have been made by using high temperature GC-
settings (e.g., Nichols et al. 1993). However, insufficient peak resolution as well
as technical difficulties in coupling the high temperature GC to an MS unit
hindered the major breakthrough (Schouten et al., 2013). With the develop-
ment of a high performance liquid chromatography (HPLC)-mass spectrome-
try (MS) method suitable for the analysis of GDGTs a major step forward was
achieved, which enabled GDGT structures to be proven and new GDGT com-
pounds to be identified (Bai and Zelles, 1997). This led to, amongst others,
the detection of branched GDGTs containing non-isoprenoid alkyl chains that

have been assigned to Bacteria or Eukaryotes (Weijers et al., 2006a).

Further information on the structural composition of the ether-bound alkyl
chains within the GDGTs can be obtained by hydrolysis experiments to pro-
voke ether cleavage. Different techniques are known to achieve ether cleavage,
while the selection of the preferred setup is primarily dependent on the subse-
quent analysis. Commonly ether cleavage is performed using boron tribromide
(BBr3) or hydroiodic acid (HI) resulting in the respective alkyl halogenides
followed by reduction /hydration using lithium aluminium hydride (LiAlH,) or
zinc (Zn) (Chappe et al., 1980; Gattinger et al., 2003; Schouten et al., 1998).
The analysis of the released alkyl chains via e.g., GC-MS or GC-IR-MS can
give additional information on the structure as well as the isotope signature of

e.g., carbon (see Chapter 1.4.3).

Bis-O-phytanylglycerolether, also known as archaeol, and its derivatives
(e.g., hydroxyarchaeol) are diether compounds which are known to be derived
from archaeal organisms. The diacyl-glycerols consist of two alcohol moieties
that are ether-bound to a GBB. In contrast to the previously discussed GDGTs
which form membrane monolayers, archaeols form lipid bilayers as part of mi-
crobial membranes (Lederberg, 2000). The archaeal character is again dis-
played in the isoprenoid structure of the fatty acids being attached to the
glycerol. Archaeol, containing two phytanyl (Cqg) moieties, is ubiquitous in di-
verse environments (e.g., Tornabene and Langworthy 1979). Hydroxyarchaeol,

containing an additional hydroxyl group on the phytanyl chain either linked
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to the second (sn2) or third (sn3) glycerol carbon, is predominantly found
in methanogens (Koga et al., 1998). Methanosarcina sp. are believed to be
the major producers of sn-2-hydroxyarchaeol, whereas sn-3-hydroxyarchaeol
has been found in Methanosaeta concilii (Hinrichs et al., 1999; Sprott et al.,
1993). Dihydroxyarchaeol, containing two hydroxyl groups at both phytanyl-
chains, has been detected recently and is associated to methanogenic archaea
(Birgel et al., 2011; Bradley et al., 2009). Furthermore, Stadnitskaia et al.
(2008) described the discovery of extended Cyg 25 sn2-hydroxy isoprenoid glyc-
erol diether, inferring that these biomarkers are produced by methanotrophic
ANME-2 archaea.

The irregular tail-to-tail linked Css isoprenoid hydrocarbon 2,6,10,15,19-
pentamethylicosane (PMI, Co5Hjy) is abundant in cold seep samples and at-
tributed to methanogenic and methanotrophic archaea (Elvert, 1999). The
analogous Cy isoprenoid hydrocarbon crocetane (2,6,11,15-tetramethylhexa-
decane, CooHyo) is also known to be derived from methanotrophs (Peters et al.,
2005b). The main evidence for their contribution within AOM processes was
provided by isotope measurements. Extremely *C depleted carbon isotope
signatures revealed the link of PMI and crocetane to methane consumption
(Elvert, 1999; Peters et al., 2005b). While PMI has been ascribed to originate
also at least partially from algal sources (Kohnen et al., 1992), the source for
crocetane in marine sediments has been assigned exclusively to methanotrophy.
PMI has been described to be a free lipid in methanotrophic archaea (Holzer
et al., 1979; Rowland, 1990) being particularly abundant in Methanosarcina
barkeri (Risatti et al., 1984). In addition, the unsaturated counterparts of PMI
and crocetane, pentamethylicosenes (Elvert, 1999; Sinninghe Damsté et al.,
1997) and crocetenes (Pancost et al., 2000), respectively, have been identified.
Their light isotopic composition in seep environments could prove that these
biomarkers also participate in methanotrophic processes. Whereas PMI can be
easily detected by gas chromatography, the determination of crocetane is dif-
ficult due to co-elution with phytane, a specific column setup, however, allows

the partial separation of these two compounds (Peters et al., 2005b).

In contrast to archaeal microorganisms characterized by ether-bound iso-
prenoidal carbon skeletons, bacteria contain ester-linked alkyl-lipids (Woese

et al., 1990). Within intact cell membranes of living bacteria they are orga-
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nized as intact phospholipid esters (PLs). Intact PLs are usually composed of
a polar (hydrophilic) head-group and a non-polar (hydrophobic) tail (Figure
1.4B). The polar head group is linked to a glycerol backbone which is, in turn,
ester-linked to one or two fatty acid units representing the hydrophobic part. In
a bacterial membrane PLs form lipid bilayers in which the non-polar fatty acid
chains are oriented towards each other and the polar head-groups build the in-
ner and outer membrane surface. Intact PLs are known to decompose quickly
and can thus be used as “life markers” indicating viable microbial biomass
(Harvey et al., 1986; Zink et al., 2003). Direct analysis of intact PLs, how-
ever, has been impossible for a long time since the thermally labile molecules
are decomposed when analyzed by gas chromatography (Fang and Barcelona,
1998). The development of high performance liquid chromatography coupled
to a mass spectrometer (HPLC-MS) in the late 1990s brought tremendous
progress in the analysis of intact PLs concerning their qualitative and quan-
titative assessment (Fang and Barcelona, 1998). The analysis of intact PLs
is an important tool to study microbial communities. Based on their struc-
tural composition, e.g., diverse head groups and varying fatty acid side chains,
the presence of different groups of microorganism can be estimated (Riitters
et al., 2002) and adaptation mechanisms of bacteria to varying environmental
conditions can be assessed (Mangelsdorf et al., 2009, 2005).

Hydrolysis of intact PLs releases their phospholipid fatty acid (PLFA) side
chains. In former times, when HPLC-MS was not yet available, the analysis
of PLFAs by GC-MS was the only possibility for quantification of the viable
biomass (Vestal and White, 1989). However, PLFAs can also reveal qualitative
information on the microbial communities present. With chain lengths between
approximately Ci5-Cog they can exhibit a large structural variety including
saturated, (poly)unsaturated (enoic) and cyclic (e.g., cyclopropyl) parts. The
most abundant PLFAs are the Ci4 and Cig saturated fatty acids which are
known to occur in the lipids of most living organisms (Rhead et al., 1971a).
Dependent on their structure PLFAs can be diagnostic for microorganisms
performing specific processes such as sulfate reduction/methane oxidation or
differentiate between microbia clades (Zelles, 1999). The diagnostic PLFAs for
sulfate reducing bacteria include e.g., iso- and ai-Cy5, 2so- and ai-Cy7, Cig.105

as well as cyclo-Ci7,9 (Elvert et al., 2003; Nauhaus et al., 2007; Niemann and
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Elvert, 2008). Together with significantly negative isotope signatures (§3C, see
Chapter 1.4.3) they can indicate the presence of SRB involved in the process
of AOM.

1.4.2 Petroleum biomarkers

Seepage of gas in cold seeps is often accompanied by petroleum dragged along
towards the seabed surface (Hvoslef et al., 1996). Therefore, the presence of

petroleum biomarkers can be an indicator for present or past seeping activity.

Petroleum is a complex mixture composed of hydrocarbons (HCs) of vari-
ous molecular weights. It is formed by deposition and preservation of organic
matter due to subsequent burial combined with the impact of high tempera-
ture and pressure. The most abundant compounds in petroleum are linear or
branched alkanes (paraffins), cycloalkanes (naphthenes) and aromatic hydro-
carbons. For the characterization of petroleum, however, the relatively scarce
biomarkers are the most frequently utilized compounds. The organic matter
of petroleum can basically be divided into 4 classes: aliphatic HCs, aromatic

HCs, resins (hetero compounds) and asphaltenes.

Asphaltenes are high molecular weight HCs containing hetero atoms such
as sulfur, oxygen and nitrogen. Due to their bulky structure they are not dis-
solved but dispersed as colloids in petroleum and, in contrast to the remaining

petroleum compounds, insoluble in n-hexane (e.g., Hirschberg et al. 1984).

Aromatic HCs are cyclic and planar compounds that fulfill Hiickel’s rule of
aromaticity (Hiickel, 1937). In petroleum aromatics comprise monoaromatic
compounds like benzenes, toluenes, xylenes and polyaromatic compounds like
naphthalenes, phenanthrenes, fluorenes and chrysenes as well as their corre-

sponding derivatives (Blumer, 1976).

The polar hetero compound fraction contains hydrocarbons that bear, be-
side carbon and hydrogen, additional atoms such as nitrogen, sulfur and oxygen
and metals. In petroleum, sulfur structures are the most abundant compounds
within this class comprising e.g., thiols, disulfides, thioalkanes and thiophenes
(Orr and Sinninghe Damsté, 1990). The oxygen compounds comprise, beside
alcohols and aliphatic acids, neutral substrates such as furans, dibenzofluranes
or fluorenones. Although oxygen and nitrogen containing biomarkers repre-

sent only a minor share of the polar hetero compound fraction, they play an
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important role in petroleum geochemistry due to their structural complexity
and reactivity (Snyder, 1970). The nitrogen compounds resemble the structure
of sulfur containing molecules and comprise, beside others, pyrrole, carbazole,
pyridine or quinoline and their derivatives. Porphyrins, being tetrapyrrole
compounds, are a special class of nitrogen containing biomarkers since they
can be regarded as the first biomarkers in the history of geochemistry (Treibs,
1936). Treibs (1936) proposed chlorophyll molecules being the direct precursor
of the porphyrins which he detected in oil.

Aliphatic compounds in petroleum mainly include linear and branched alka-
nes, cycloalkanes, hopanes and steranes. Since the aliphatic petroleum con-
stituents and biomarkers were in the focus of the present thesis they will be
discussed in more detail below. Petroleum shows a wide variety in its com-
position mainly depending on the source and the depositional environment
and the subsequent alteration due to e.g., fractionation or degradation. Thus,
the qualitative and quantitative analysis of the biomarker inventory plays an
important role in the characterization, differentiation, correlation as well as
identification of possible sources, the maturity assessment of the organic mat-
ter and the interpretation of past or present environmental conditions (Peters
et al., 2005a,b). Biomarkers are relatively stable against thermal degradation
and show little changes from their parent molecules. However, selective alter-
ation in their molecular structure due to external influences can occur, high-
lighting the influence of maturation, biodegradation, anoxic/oxic conditions,
prevailing temperature or migration processes (Bennett et al., 2006; Brocks
et al., 2005; Farrimond et al., 1998; Larter et al., 1996; Weijers et al., 2006b).

In the following the oil-derived biomarkers and petroleum compounds from

the aliphatic fraction are discussed in more detail:

Alkanes are the most abundant compounds in crude oils. These include
linear n-alkanes, branched alkanes as well as isoprenoid alkanes. Their origin
can be found in different sources, such as plant material, constituents of lipids
from microorganisms or algal material. Alkanes can be easily determined by
chromatographic methods, e.g., gas chromatography coupled to a flame ioniza-
tion detector (GC-FID) or mass spectrometer (GC-MS). Based on the presence
of different alkanes and their quantitative abundance to each other they can

be used to indicate the source, the maturity as well as the age of the organic

57



1 Introduction

material studied (Peters et al., 2005a,b). An important parameter is the ratio
of odd to even carbon numbers. Predominance of odd over even n-alkanes is
common in many samples derived from lacustrine and marine sources and of-
ten represents a contribution of higher-plant epicuticular waxes (Eglinton and
Hamilton, 1967). Due to microbial consumption of n-alkanes, biodegradation
can affect the original distribution of the compounds. Often, biodegradation is
reflected by a significant “hump” consisting of an unresolved complex mixture
(UCM) of hydrocarbons which increases with the level of biodegradation. The
isoprenoid alkanes in particular pristane (Pr) and phytane (Ph) are important
compounds within the class of alkanes. Specific ratios between Pr and Ph, also
in combination with n-C;; and n-Cig, can be calculated to estimate the matu-
rity of the organic matter (Alexander et al., 1981), the degree of biodegradation

and can be used for petroleum correlation (Peters et al., 2005b).

Hopanes are pentacyclic triterpenes, which originate from cyclisation of
the acyclic isoprenoid compound squalene (Rohmer et al., 1984). They consist
of four cyclohexyl and one cyclopentyl ring and contain, beside some addi-
tional methyl groups, a longer alkyl chain linked to the C21 atom in the cy-
clopentane ring. Hopanes are indicators for procaryotic organisms since they
originate from hopanoic precursors (mainly Css bacteriohopanetetrol), which
are main constituents of bacterial cell membranes controlling the fluidity of
the membrane (Ourisson et al., 1979). By comparing the terpane fingerprint
they are often used to correlate oils and source rocks (Seifert and Moldowan,
1981).

During diagenesis the hydroxyl groups of the bacteriohopanepolyol precur-
sor are rapidly lost and a stepwise degradation of the longer alkyl chain (Cs;
to Css) occurs (Sinninghe Damsté et al., 1995). Additionally, their stereo-
chemistry is changed. Hopanes exhibit a stereocenter at position C17 and
C21 which enables the formation of different stereoisomers, a(H)- or B(H)-
isomers. The spatial orientation a(H) indicates that the hydrogen is located
below the plane of the paper, S(H) signifies that it is above the plane. In
the natural precursor usually the 175(H), 215(H) (short: ) configuration
exists (see Appendix A for molecular structures). With ongoing diagenesis
and catagenesis a systematic change of their configuration to the thermody-

namically more stable fa- and af-isomers occurs. [Sa-hopanes, also referred
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to as moretanes, are thermally less stable than the a-hopanes (Peters et al.,
2005b). Thus, with increasing maturity the equilibrium is shifted towards the
af-isomer (Seifert and Moldowan, 1980). By calculating ratios of the different
stereoisomers the maturity as well as possible sources of the analyzed material
can be estimated. However, the applied ratios have to be evaluated carefully
since af3- and Sa-isomers could also be observed in “immature” sediments and
may stem directly from biogenic sources, e.g., a3-Cz; R- (Thiel et al., 2003),
Ba-Csp-hopane (Mackenzie, 1984).

The C3;1 to C35 homohopanes exhibit an additional stereocenter at the car-
bon atom C22. In the biologic precursor only the 22 R-isomer is present. Since
isomerization to the 22S-isomer occurs relatively early, the homohopanes in-
dex, a ratio to calculate the isomerization of the homohopanes, can be used to
estimate the thermal maturity in the immature to early mature stage (Peters
et al., 2005b).

Hopanes being composed of less than 30 C-atoms are referred to as norhop-
anes. Norhopanes are formed due to the loss of methyl groups, which can occur
at different positions. The loss of the methylgroup at C25 leads to the forma-
tion of 25-norhopanes and is typically correlated to biodegradation processes
(Bennett et al., 2006). Likewise, 30-norhopanes miss a methyl group at position
C30. Very prominent examples are the 17«(H)-22,29,30-trisnorhopane (Tm)
and the 18a(H-)22,29,30-trisnorhopane (Ts) which are common parameter to

determine thermal maturity ratios and sources (Farrimond et al., 1998).

Usually hopanes are analyzed using GC-MS. Identification occurs based on
their mass spectra selecting m/z=191 as well as by comparing retention times

in the gas chromatograms.

Steranes are tetracyclic triterpenes which consist of three cyclohexyl and
one cyclopentyl ring. Beside two methyl groups at position C10 and C13 they
contain a hydrocarbon chain of variable length at C17 in the cyclopentane ring

(see Appendix A).

The tetracyclic Coz- to Csp-sterols which occur naturally in plants, animals,
and fungi (all belonging to the domain Eukaryota), are source compounds of
the homologue steranes (Nes, 1974). Due to their flat fused-ring structure
they are important constitutional parts of the cell membranes modulating and

refining membrane properties in Eukaryota (Barenholz, 2002).
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Sterols and the potentially resulting steranes exhibit several stereocenters
leading to different isomers. The biosynthesized sterols reveal only the 83(H),
9a(H), 108(CHs), 133(CHs), 14a(H), 17a(H), 20R configuration (Nes, 1974).
The steranes built during diagenesis by removal of the OH group, which is
attached to C3, and by hydration of the C5 to C6 double bond, first exhibit
the configuration which was initially present in the sterols (Dastillung and Al-
brecht, 1977; Rhead et al., 1971b). However, with progressing diagenesis and
catagenesis, isomerization particularly at the C5-, C14-, C17- and C20-atom
occurs. Often, a simplified labeling for sterane isomers is applied, e.g., 5a(H),
l4a(H), 17a(H), 20R configuration or acaR (Chapter 3). Within the isomer-
ization process the formation of thermodynamically more stable configurations
occurs (Mackenzie et al., 1982). With increasing maturity the formation of the
afp isomers are favored and isomerisation at the chiral C20 enhances the for-
mation of the 205 isomer (Grantham, 1986; Mackenzie et al., 1982). Thus,
beside the biological conformation aaaR three geological sterane configura-
tions are possible: aaasS, afBS and afBR. Ratios of these compounds can
be used to assess the maturity of the studied sample (Peters et al., 2005b).
Additionally, aromatization can occur with progressing diagenesis leading to

monoaromatic or triaromatic steranes (Mackenzie et al., 1982).

Diasteranes, also referred to as rearranged steranes do not reveal methyl
groups at position C10 and C13 but at C5 and C14. They have no biological
precursors, and are most likely a result of diagenetic and catagenetic processes.
Since diasteranes are more thermally stable than steranes, their ratio can be

used as a maturity parameter (Peters et al., 2005b).

Also steranes are analyzed using GC-MS. Identification is usually based on
their mass spectra selecting m/z=217 and by correlation of retention times in

the gas chromatograms.

1.4.3 Carbon isotope signature

Isotopes of a given atom contain the same number of protons, but differ in
their numbers of neutrons. This results in atoms variable in their atomic mass.
Carbon has three naturally occurring isotopes: 2C (6 protons and 6 neutrons),
13C (6 protons and 7 neutrons), and *C (6 protons and 8 neutrons). ?C and

13C are stable isotopes and occur with a natural abundance of 98.89% and
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1.109%, respectively. *C is produced by thermal neutrons originating from
cosmic radiation and can be incorporated by living biomass when entering the
lower troposphere. Due to its radioactivity with a half-life time of 5730 years,
14C can be used for radiometric dating (Libby, 1955).

The ratio between the stable 2C and 3C are often used within biomarker
approaches and offer important information, such as generic relationships or
the origin of a carbon source (Hayes et al., 1990). Values of stable isotope ra-
tios are presented in §'*C notation and are typically given in per mill (%) often
in relation to the defined standard carbonate rock “Vienna Pee Dee Belem-
nite” (VPDB), which was assigned to §*C = 0%o. Negative values indicate
that the compound is depleted in the '3C isotope, whereas positive §'*C val-
ues indicate an enrichment of the *C isotope. The variation within the §3C
values is caused by isotope fractionation due to preferred incorporation of one
isotope, leading to compounds enriched in this isotope and a relative depletion
in the respective precursor pool. Isotope fractionation can be influenced by
different factors such as isotope exchange reactions (equilibrium processes) or
by reaction kinetics e.g., due to different reaction rates. The binding energy
between 2C - 2C is slightly weaker than '2C - ¥C which leads to preferen-
tial cracking (thermogenic and enzymatic/biogenic) of the 2C - 12C bonds in
hydrocarbons resulting in 2C enriched light hydrocarbons. However, thermo-
genic methane generally show values less depleted in **C compared to biogenic
methane. Microorganisms preferentially cleave the bonds of the lighter carbon
isotopes (12C) which results in a high isotopic fractionation and, therefore,
in low values for the carbon isotopic composition. In contrast, thermogenic
gas is usually the result of the impact of high temperatures resulting in less
discrimination of higher-energy bonds (Whiticar, 1999). Thus, the origin of
gas can be identified based on its carbon isotopic composition. §*C values
lower than -52% indicate a biogenic source, whereas higher 6'3C values (-20

to -52%o) denote a thermogenic origin (Judd, 2000).

Methane shows the largest variation of the 6'2C ratio of any hydrocarbon
and typically reveals very “light” values. Incorporation of the very light me-
thane in turn, for example in methane consuming organisms, leads to the
enrichment of the light '2C carbon in the microbial biomass resulting in **C
depleted biomarkers (Hoefs, 2004; Peters et al., 2005a).
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The §'3C ratio of samples can be determined by isotope ratio mass spec-
trometry (IRMS). Additionally it is possible to analyze compound specific
(biomarker) isotope signatures by coupling chromatographic methods for ex-
ample gas chromatography to the IRMS unit (GC-IRMS).

1.5 Geological setting and study area

The Barents Sea is an area which is known for the presence of cold seep systems.
Extensive pockmark fields, gas flares in the water column as well as carbonate
crust areas exhibiting rising gas bubbles have been detected in several surveys.
Additionally, the Barents Sea evolved to an oil and gas prospective area which
means that sources are available to potentially feed cold seep systems. There-
fore, this area has been chosen as ideal setting for the investigation of cold
seep systems. In the following an introduction to the geological setting and

the geologic history of the study area is given.

1.5.1 Geological setting

The Barents Sea is located north of Norway and Russia and borders the Nor-
wegian Sea in the southwest, the Arctic Ocean in the north and Novaya Zemlya
in the east. The geological evolution has been influenced by several tectonic
events since the Early Devonian during which the major structural elements
have been established (Gabrielsen et al., 1990). The western part of the Bar-
ents Sea has been tectonically active throughout the Mesozoic and Cenozoic,
whereas the eastern and northeastern part has been affected by less tectonic
activity since the Late Carboniferous. It is proposed, that the structural evo-
lution in the area was always associated to the previously established main
structural elements (Gabrielsen, 1984). The erosion and uplift processes that
occurred in the Late Pliocene and Pleistocene are believed to be related to
glacial events (Eidvin et al., 1993) and will be discusses in more detail in
Chapter 1.5.2.

The study areas described in this thesis are located in the southwestern part
of the Norwegian Barents Sea. A structural map is provided in Chapter 2,
Figure 2.1. Due to the numerous tectonic events in this area it is characterized
by several shallow banks, crossed by deep troughs and faults. This led to a

complex topographic setting consisting of several basins, highs and platforms,
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such as the Loppa High, the Polheim Sub-Platform, the Tromsg Basin or the
Hammerfest Basin (Gabrielsen et al., 1990).

The Loppa High, a structural high in the SW Barents Sea, is the main
target of the present study. Fault complexes like the Ringvassgy-Loppa Fault
Complex (RLFC) and the Bjgrngyrenna Fault Complex (BFC) in the west
and the Asterias Fault Complex in the north separate the Loppa High from
surrounding basins (Gabrielsen et al., 1990). In the south it borders the Ham-
merfest Basin, in the western/northwestern part the Bjorngya Basin. In the
eastern/northeastern part it is separated from the Bjarmeland Platform by a
monocline (Larssen et al., 2005). The evolution of the Loppa High can be
traced back to the Devonian. Subsequently, it passed through several rejuve-
nation cycles. In its present state the Loppa High is a result of Late Jurassic
to Early Cretaceous tectonism (Gabrielsen and Klgvjan, 1997). The Polheim
Sub-Platform is a positive, tectonically active element and part of the Loppa
High at its western boundary. It was formed during the Late Paleozoic. The
western boundary of the Polheim Sub-Platform is defined by the RLFC and
BFC, which consist of numerous faults formed during Mid Jurassic to Early

Cretaceous and reactivated in the Late Cretaceous (Gabrielsen et al., 1990).

Numerous potential source rock intervals are present in the Barents Sea.
In the Norwegian part, the dark, organic rich shales of the Upper Jurassic
Hekkingen Formation are described to be the most prolific source (Figure 1.5).
Additional source rock potential is described for the underlying Lower Juras-
sic shales and coals (Tubden and Nordmela), which are mainly gas prone and
the shales of the Upper and Middle Triassic (Kobbe and Snadd Formation).
However, the extent of their contribution to the preserved hydrocarbon ac-
cumulation in the Barents Sea, especially in the study area, is still under
discussion (Doré, 1995). Major hydrocarbon discoveries are located in the
Hammerfest Basin including the Albatross, Askeladd and Snghvit fields, which
contain predominantly gas in lower-middle Jurassic sandstones (Doré, 1995).
During the last two years the hydrocarbon fields Skrugard and Havis have
been discovered. They are located further north, at the northern edge of the
Polheim Sub-Platform/Loppa High (Figure 2.1). Each of these fields has been
estimated to contain at least 50 million Sm? of oil and gas (Maugeri, 2012).
Recently, a new oil discovery (well 7120/1-3) was made at the SW edge of the
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Figure 1.5: Lithostratigraphy of the flanks of the Loppa High and the Hammerfest Basin.
Further, the proposed source rocks (SR) and reservoirs (R) as well as the basic elements of the
geological and tectonic history of the area are outlined (modified after Rodrigues Duran et al.
2013a).
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Loppa High. Preliminary estimations predict 10-23 million Sm? of recoverable
oil and 8-15 billion Sm? of recoverable gas (Norwegian Petroleum Directorate,
2013).

1.5.2 Glacial history

The Barents Sea was affected by many glacial cycles with alternating glaciation
and deglaciation. The most important glacial period, however, was the last
glacial cycle, the “Weichselian”, which lasted from 25 - 13 ka BP. Before this
time, during the Arnoya Interstadial about 29 ka BP, most of the southern
Barents Sea as well as the coastal areas of northern Norway and Spitsbergen
were probably deglaciated (Vorren and Laberg, 1996). During the last glacial
maximum (LGM), subsequent to the Arnoya Interstadial, the study area was
totally covered by grounded ice (Andreassen et al., 2008; Siegert et al., 2001).
During this time the ice sheets reached the shelf break twice (LGM I and
LGM II) in the SW Barents Sea. The LGM I occurred at 22 ka BP followed
by the Andoya Interstadial (22-19 ka BP) during which large areas of the
southern Barents Sea were deglaciated again. The LGM II followed in this
area at 20 ka BP (Junttila et al., 2010; Vorren and Laberg, 1996). Ice streams
flowing from Bjgrngyrenna and Ingsydjupet were the main contributors to
the LGM (Andreassen et al., 2008). A fan-shaped depocenter coming from
the accumulation of sediment in front of ice streams can be observed at the
trough’s mouth in the western part (Vorren and Laberg, 1996). Between 16
and 15 ka BP a warm period caused the thinning of the ice sheets and resulted
in deglaciation. A major retreat of the marine-based Barents Sea Ice Sheet

took place at about 14.5 ka BP.

Since about 12 ka BP the study area has remained under ice-free conditions.
The glacial cycles discussed above are the crucial factors responsible for recent
erosion. An additional tectonic event resulted in significant leakage from oil
reservoirs during the Oligocene-Miocene (Ohm et al., 2008) whilst the loss
of gas can be attributed to glacial erosion events in the recent geologic past
(Rodrigues Duran et al., 2013a).
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Table 1.1: Numbers of samples and sample types from three different study areas, which were

taken during the expedition in November 2009.

Total High res PM High res Ref Gas anomaly

Area B 150 6 16 -
Area D 16 - 1 2
Area F 47 4 7 -

1.6 Samples and sample processing

1.6.1 Available sample set

In November 2009 a research and sampling cruise to the Loppa High area,
SW Barents Sea was conducted using the R/V HU Sverdrup. The expedition
was organized by Lundin Petroleum Norway in cooperation with the Geologi-
cal Survey of Norway (Norges Geologiske Undersgkelse, NGU), the Norwegian
Defense Research Establishment (Forsvarets Forskenings Institutt, FFI), the
University of Potsdam and the Helmholtz Centre Potsdam, German Research
Centre for Geosciences (GFZ). A Kongsberg Maritime EM710 multibeam echo-
sounder was used to screen the seafloor for seep structures and to create bathy-
metric maps. Three areas (B, D and F) were sampled during the cruise. Area
B and F show pockmark structures on the seabed, area D was of interest due to
indications of an underlying gas anomaly which was previously deduced from
seismic data (NGU, Lundin).

A total of 213 sediment gravity cores with a maximum length of 2.6 m were
taken, both within and outside (as reference) pockmarks. Coring was per-
formed by Fugro N.V.. Gas measurements were conducted on samples from
the deepest interval of each core. For high resolution analysis (high res) 36
cores were selected for detailed biogeochemical and geomicrobiological studies.
From each high-resolution core ten 10 cm-long whole round cores (WRC), were
taken directly on board. The top 50 cm were sampled entirely and the other
5 intervals were spaced over the remaining length of each core. Subsampling
was performed by the team of GFZ Potsdam and Potsdam University. Table

1.1 shows the number of cores which were taken in each area.
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Table 1.2: Numbers of samples from seven different study sites, which were taken during the

expedition in February 2011.

Total High res (GFZ)

PM A 6
PM B 7
PM C 3
PM D 3
3
4
3

— = = N W

PMF
Fracture
Old Well

In February 2011 a research and site survey cruise, organized by Lundin
Petroleum Norway in cooperation with NGU, FFI and GFZ Potsdam to the
Loppa High area, SW Barents Sea was conducted using the R/V HU Sverdrup.
Five pockmarks (PM A-D and PM F), 2 reference sites, one location to monitor
an old well and samples from a site located above a fracture were taken. In
total 33 cores with a maximum length of 1.7 m were gathered. This study
was focused only on the pockmark sites. Therefore, 8 pockmark cores were
selected for detailed geochemical and geomicrobiological analysis. Again, ten
10 cm-long WRCs were taken directly on board, with the top 50 cm sampled
entirely and the other 5 intervals spaced over the remaining length of the core.
Subsampling was performed by GFZ staff. Gas measurements were conducted
of the deepest interval of each core. Table 1.2 shows the cores which were

taken in each area.

The results of the geomicrobiological and organic geochemical analyses are
very similar to the data obtained for the samples which were taken during
the November 2009 cruise. For this reason they will not be discussed in more
detail in this thesis. However, data plots are presented in the Appendix C;

tables with the respective data are given in the attached data disc.

In September 2012 Lundin petroleum Norway conducted a site survey to
different areas (PR1-PR5) located in the Loppa High/Polheim Sub-Platform
area in the SW Barents Sea on the R/V Fugro Meridian. In total, 12 sediment
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Table 1.3: Numbers of samples and sample types from five different study areas, which were

taken during the expedition in September 2012.

Total Total Gas High res Crust
Cores Crust samples Cores GFZ

Area PR1 4 8 3 4 2
Area PR2 only one coral sample

Area PR3 2 4 / 1 2
Area PR4 4 / 3 1
Area PR5 2 4 / 2 /

push cores with a maximum length of 24 c¢cm, 19 carbonate crust samples and
3 gas samples exclusively for gas analysis were taken by a remotely operated
vehicle (ROV). Each core was capped, sealed, frozen at -20°C and shipped to
GFZ Potsdam for subsampling. Subdivision into 8 intervals was performed
on the frozen cores. The frozen cores were entirely sampled into eight depth
intervals of two to three cm each. The deepest section of each core was used for
gas analysis in the laboratories of Applied Petroleum Technology AS (APT).

Table 1.3 shows the samples which were taken in each area.

1.6.2 Applied methods

A wide spectrum of different methods has been applied in the context of the
present study to achieve a detailed characterization of the study site and its
cold seep systems. In order to give an overview on the interaction of the applied
techniques, each method is discussed briefly in this chapter (Figure 1.6). The
reader is referred to the method descriptions in the individual papers that

constitute separate chapters of this thesis for details.

1. Bathymetry was used to gain a basic understanding of the seabed surface
topography and to select the sample targets. A multibeam eco sounder,
mounted on the research vessel, transmits a broad acoustic fan shaped
pulse was used. According to the shape of the seabed’s surface the acous-
tic beams are reflected. The received data can be used to calculate and
create a topographic map of the seabed. Bathymetry maps have been

kindly provided by Lundin Petroleum Norway.
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Figure 1.6: Schematic illustration of the methods applied during the different sampling cam-

paigns. The numbers refer to the numeration in Chapter 1.6.2.
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70

. An autonomous underwater vehicle “Hugin” was used for high-resolution

seabed mapping and visual inspection of selected areas. Side scan sonar
as well as a still image camera were used. The Hugin was operated by
the Norwegian Defense Research Establishment (FFI).

. A remotely operated vehicle (ROV) was applied at the carbonate crust

sites. The installed camera enabled the monitoring of the seep-associated
fauna as well as to choose specific sample locations. The remotely oper-
ated robotic arm was used for targeted sampling of carbonate crust as
well as for taking short push cores. The ROV was operated by Abyss

International.

. Gravity cores of a maximum length of 2.6 m were taken by Fugro and

FFI. Sectioning into 10 cm subsamples was done by the teams of GFZ
Potsdam, University of Potsdam and Lundin Petroleum Norway imme-

diately after retrieval of the cores.

. The deepest sample of each core was used for gas analysis of the C;-

Cg hydrocarbons. The sediment was stored in sealed cans from which
the concentration of free, occluded and absorbed gas could be directly

determined in the laboratory. Gas measurements were performed by
Geolab Nor AS.

. The subsampling was designed according to the analyses planned within

the respective cruise. Generally the core was split into several depth
intervals by a regular handsaw. To avoid contamination the outer core

material was scraped off. Subsequently, several subsamples were taken,
e.g.,
(a) “Organic geochemistry” samples for biomarker analysis

(b) “Pore water samples” to analyze the ion inventory as well as sedi-

ment density and porosity

Sampling was performed by the GFZ Potsdam staff.
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1.6.3 Additional available background data

Bathymetry data was kindly provided by Lundin Petroleum Norway and was
used to identify core locations and assign sample types. Seismic data was avail-
able upon request for certain coordinates to explain or support the findings
based on geochemical /microbiological work. Since seismic interpretation was
not within the scope of this study, the sporadic use of seismic data was limited
to information on certain coordinates that were provided by Ilya Ostanin (GFZ
Potsdam) or Harald Brunstad (Lundin Petroleum Norway) as part of an inter-
nal cooperation. Additionally, the data obtained within this study was brought
into the framework of a basin model which was performed by Enmanuel Ro-
drigues Duran (GFZ Potsdam) in the same study area Rodrigues Duran et al.
(2013a,b).

1.6.4 Software

GC-MS analysis and GC-MS data evaluation was performed using the software
Xcalibur (Thermo Electron Cooperation). The GC-FID data was analyzed
using the software Chem Station (Agilent Technologies) and for GC-IR-MS
the program Isodat (Thermo Scientific) was used. lon chromatography analysis
was performed using the software ChromStar (Sykam).

All calculations were performed with Microsoft Excel. Graphs and figures
were developed using Microsoft Excel, Grapher 6 and CorelDRAW 14. Chem-
ical structures were designed using the freeware software ChemSketch.

This thesis was layouted with ITEX using MiKTeX 2.9 and the TeXnicCen-
ter 2.0 editor.
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Chapter 2

Characterization of microbial

activity in pockmark fields of
the SW Barents Sea

2.1 Abstract

Multibeam bathymetry revealed the occurrence of numerous craterlike depres-
sions, so-called pockmarks, on the sea floor of the Hammerfest Basin and the
Loppa High, south-western Barents Sea. To investigate whether these pock-
marks are related to ongoing gas seepage, microbial processes associated with
methane metabolism were analyzed using geochemical, biogeochemical and mi-
crobiological techniques. Gravity cores were collected along transects crossing
individual pockmarks, allowing a direct comparison between different locations
inside (assumed activity center), on the rim, and outside of a pockmark (ref-
erence sites). Concentrations of hydrocarbons in the sediment, particularly
methane, were measured as headspace (free) gas, and in the occluded and ad-
sorbed gas fraction. Down to a depth of 2.6 m below sea floor (mbsf) sulfate
reduction rates were quantified by radiotracer incubations. Concentrations of
dissolved sulfate in the porewater were determined as well. Neither the sulfate
profiles nor the gas measurements show any evidence of microbial activity or

active fluid venting. Methane concentrations and sulfate reduction rates were

This chapter has been published as: J. C. Nickel, R. di Primio, K. Mangelsdorf, D. Stoddart & J.
Kallmeyer, 2012, Characterization of microbial activity in pockmark fields of the SW Barents Sea: Marine
Geology, v. 332-334, p. 152-162.
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2 Microbial Activity in Pockmark Fields

extremely low or even below the detection limit. The results show that the
observed sediment structures are most likely paleo-pockmarks, their formation

probably occurred during the last deglaciation.

2.2 Introduction

Pockmarks are craterlike depressions in the seabed that form due to expul-
sion of fluids (Hovland and Judd, 1988). Fluids can be aqueous liquids like
porewater (Harrington, 1985; Whiticar, 2002) but many published examples
indicate formation by seeping hydrocarbons, especially methane, which can be
of biogenic (Vaular et al., 2010) or thermogenic origin (Solheim and Elverhgi,
1985; Gay et al., 2006).

Pockmarks were first discovered in the late 1960s in Nova Scotia (King and
MacLean, 1970), since then they have been observed globally in many different
geologic settings, e.g. lakes, continental slopes, shelves and rises, shallow bays,
fjords, as well as in the deep sea (Hovland and Judd, 1988; Judd and Hovland,
2007). They occur in different shapes e.g. as circular craters or as non-circular,
elongated forms (Hovland et al., 2002). Sizes generally range from 10 to 200
m with depths up to 35 m, but also giant pockmarks with diameters of up
to 1 km or more have been reported (Cole et al., 2000; Ondréas et al., 2005).
Pockmarks can appear as single features (Prior et al., 1989) or in aggregations
of hundreds of pockmarks, extending over tens of square kilometers (Lammers
et al., 1995).

Hovland and Judd (1988) proposed a general model for pockmark evolu-
tion. Gas from greater depth migrates upwards through the sediment towards
the seabed where it accumulates and causes doming. Stretching of the seabed
causes small tensional fractures. Gas migrating along routes towards those
fractures establishes a hydraulic connection, which results in a pressure drop
followed by a violent burst. A unit pockmark is formed. Clusters of unit pock-
marks can coalesce to a normal pockmark. A model by Woolsey et al. (1975)
simulating “diatreme emplacements by fluidization” supports this theory. Re-
cently, Cathles et al. (2010) came up with a conceptual model of pockmark and
gas chimney formation. They assume that there is a capillary seal which traps
the gas in the deeper sediment. Gas accumulation leads to overpressure and

seal failure and an upward migrating gas diapir forms. With gas approaching
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2.2 Introduction

the seabed, the sediment becomes fluidized and is removed, pockmarks begin

to develop.

Pockmark formation is often associated with tectonic or sedimentary fea-
tures such as faults or buried channels (Chand et al., 2008). It can be controlled
by underlying bedrock and lithological boundaries (Forwick et al., 2009), but
can also be triggered by extreme events like earthquakes and tsunamis, melting

of grounded icebergs or even by human influence (Hovland et al., 2002).

There are only few examples in which active fluid or gas flux could be
observed. However, active pockmarks have been found all over the world
(Solheim and Elverhgi, 1985; Lammers et al., 1995; Ondréas et al., 2005; Gay
et al., 2007) but also inactive, dormant pockmarks (Hovland and Judd, 1988;
Ussler et al., 2003; Webb et al., 2009), even entire inactive pockmark fields
(Solheim and Elverhgi, 1993; Paull et al., 2002) and buried paleo-pockmarks,
discovered by 3D seismic data (Cole et al., 2000; Hartwig et al., 2012), have

been described.

Leakage of hydrocarbons through pockmarks infers that there is a gas source
in the underlying sediment. As potential indicators for deeper hydrocarbon
reservoirs, pockmarks received considerable interest from the hydrocarbon ex-
ploration industry (Hovland and Judd, 1988; Hasiotis et al., 2002).

Submarine hydrocarbon seeps, such as pockmarks or mud volcanoes, are
habitats for specific microbial communities. Epifaunal and bacterial aggrega-
tions like thiotrophic bacterial mats associated with these structures are widely
described in the literature (Niemann et al., 2006; Foucher et al., 2009) and pro-
vide evidence of ongoing nutrient provision and metabolization. Pockmarks
also play an important role in the global methane cycle. Methane coming
from a source at greater depth can be released to the overlying ocean and even
partly to the atmosphere (Lammers et al., 1995; Reeburgh, 2007; O’Connor
et al., 2010), effectively bypassing the zone of anaerobic oxidation of methane,

which normally prevents any methane escape from sediments.

In subsurface sediments microbial activity dominates, with dissimilatory
sulfate reduction as the quantitatively most important electron acceptor pro-
cess in the anaerobic degradation of organic matter (Jorgensen, 1982; D’Hondt
et al., 2002). Thus, determination of sulfate reduction rates provides a rea-

sonably good estimate of total microbial activity in anoxic marine sediments.
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2 Microbial Activity in Pockmark Fields

According to the carbon source used, sulfate reduction (SR) can be divided
into two main pathways.

Organiclastic sulfate reduction takes place in the upper part of the sediment
close to the sediment-water interface. It is fuelled by small organic molecules
like fatty acids, derived from the degradation of organic matter. The organic
matter is oxidized by dissolved sulfate, which is in turn reduced to hydrogen
sulfide (Martens and Berner, 1974; Jgrgensen, 1982), according to Equation
(2.1).

2 CH,O + SO;” — 2 HCO3 + H)S (2.1)

Methanotrophic SR, also known as anaerobic oxidation of methane (AOM),
occurs below the zone of organiclastic sulfate reduction in a narrow band where
there is an overlap of dissolved sulfate and methane (Martens and Berner,
1974; Iversen and Jgrgensen, 1985), the so-called sulfate-methane transition
zone (SMTZ). The reduction of sulfate to sulfide is facilitated by the oxidation
of methane to bicarbonate (Equation (2.2)).

CH,+ SO — HCO3 + HyS + Hy0 (2.2)

A consortium of archaea and sulfate-reducing bacteria (SRB) has been re-
ported to facilitate the anaerobic oxidation of methane with sulfate as an
electron acceptor (Boetius et al., 2000; Orphan et al., 2001b). Recently, other
electron acceptors have been identified, e.g. Nitrate (Raghoebarsing et al.,
2006).

Below the SMTZ sulfate is usually not detectable in the porewater, some
very minor concentrations (single to tens of uM) are usually attributed to
reoxidation of hydrogen sulfide during sample processing. However, molecular
studies could identify sulfate reducing microbes below the SMTZ (Schippers
et al., 2010), even in the zone of active methanogenesis (Leloup et al., 2007).

In this study, three areas in the southwestern Barents Sea were investigated
(Figure 2.1). Two of these areas (areas B and F) are part of a large field of
many small depressions in the seabed (Figure 2.2), which were identified as
pockmarks. The third area (area D) does not contain any pockmark features
but was chosen for further investigations due to an assumed underlying gas

anomaly, as interpreted from seismic data. Since pockmarks could be valuable
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Figure 2.1: Tectonic framework of the sampling areas, southwestern Barents Sea (after
Gabrielsen et al. 1990 and Nyland et al. 1992).
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Figure 2.2: Bathymetric map of the three sampling sites in the Loppa High area, southwestern
Barents Sea derived from EM 710 echosounder system. The coring positions are indicated by

black dots on the map.
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2 Microbial Activity in Pockmark Fields

indicators for deeper hydrocarbon reservoirs, we investigated whether these
pockmarks are related to ongoing gas seepage or if they are manifestations of
a past event. About 200 sediment gravity cores were collected and analyzed. A
combined study of gas measurements, quantification of geochemical parameters
and microbial activity was conducted to obtain a better understanding about
ongoing processes in and around the pockmarks and to reveal their formation

history.

2.3 Geological setting

The Barents Sea is a deep epicontinental sea, which borders to the Norwegian
Sea in the southwest and to the Arctic Ocean in the north. It is characterized
by several shallow banks and is crossed by deep troughs and faults (Figure
2.1). The investigated area is located between the southwestern part of the
Loppa High, comprising the Polheim Sub-Platform, and the Ringvassgy-Loppa
Fault complex and defined by a square with SW and NE coordinates 72°13’N,
20°38’E and 71°57'N, 19°53’E (Figure 2.1).

The Loppa High is a structural high near the south-western margin of the
Norwegian Barents Sea. Fault complexes separate the Loppa High from the
Hammerfest Basin in the southern and the Bjgrngya Basin in the western part.
In the south-east it passes into the Hammerfest Basin and the Bjarmeland
Platform, separated by a monocline.

The area has undergone a complex geological history, characterized by sev-
eral phases of uplift/subsidence and subsequent tilting and erosion (Larssen
et al., 2005), whereby the Loppa High is a result of Late Jurassic to Early Cre-
taceous tectonism (Gabrielsen et al., 1990). According to Eidvin et al. (1993)
and Cavanagh et al. (2006) the latest erosion phase is linked to the glacial
period.

During the Last Glacial Maximum (LGM) the study area was totally cov-
ered by grounded ice (Siegert et al., 2001; Andreassen et al., 2008). During that
time the ice sheets reached the shelf break twice (LGM I and LGM II) in the
SW Barents Sea. LGM I occurred at 19 ka followed by the Andoya Interstadial
which commenced with a high arctic climate after which middle to low arctic
climate prevailed. Large areas of the southern Barents Sea were deglaciated
again. At 18 ka the LGM II occurred in this area (Vorren and Laberg, 1996;
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2.4 Samples and methods

Junttila et al., 2010). Between 16 and 15 ka a warm spell caused the thinning
of the ice sheets, triggering a major deglaciation. A major drawdown of the
marine-based Barents Sea Ice Sheet occurred around 14.5 ka. As of roughly

12 ka the study area was totally free of ice.

2.4 Samples and methods

2.4.1 Acoustic survey and sampling

In 2009 the Forsvarets Forskenings Institutt (FFI) conducted a multibeam
bathymetric survey of the Hammerfest/Loppa High and the Tromsg Basin/
Inggydjupet area of the western Barents Sea region, using an EM 710 echo-
sounder system, with a medium frequency of 70-100 kHz. During a cruise in
November 2009 on R/V HU Sverdrup to the Loppa High about 200 sediment
gravity cores with a maximum length of 2.6 m were taken in three different
areas (B, D, F).Topographic seafloor maps of the three investigated areas (B,
D, F) showing the exact sample locations are given in Figure 2.2. To map the
general gas distribution within each area, between 15 and 115 cores were taken
for gas analysis. Due to the massive amount of cores for gas analysis, samples
were only taken from the deepest part of each core. Two sediment samples of
ca. 500 cm® each were taken and immediately transferred into gas-tight metal

cans and stored at -80°C until analysis after the cruise.

A total of 35 cores (exact locations are given in Table 2.1) were selected
for detailed microbiological and geochemical studies. Each of these cores was
sampled in ten depth intervals directly on board. To avoid contamination
from shallower sediment being dragged down during penetration of the core,

the exterior of the material was shaved off prior to subsampling.

Sampling for sulfate reduction rate (SRR) incubation experiments was car-
ried out by inserting 5-mL tip-cut plastic syringes into the sediment, thereby
retrieving small subcores with an intact sedimentary structure. After retrieval
of the subcore, the open end was closed with a butyl rubber stopper and the
syringes stored in No-flushed gas-tight bags in a refrigerator close to in-situ
temperature (+5°C). Usually this type of incubation is carried out in gas-tight
glass barrels. Unfortunately our glass barrels got lost during transport, so

we had to revert to plastic syringes. Although plastic syringes are less than
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2 Microbial Activity in Pockmark Fields

Table 2.1: Samples in the SW Barents Sea, investigated in the present study. PM: pockmark.

ID Area Type Latitude Longitude Water Depth (m)
LU75 B reference 72°5 252”7 N 20° 30° 42.76” E 375.45
LU76 B reference 72°572.66” N 20° 30" 41.96” E 375.34
Lu77 B reference 72°5 217" N 20° 30° 43.53” E 376.00
LU78 B reference 72°5710.147 N 20° 30’ 45.48” K 374.40
LUS81 B PM rim 72°5710.077 N 20° 30" 40.30” E 374.51
LU84 B reference 72°58.93" N 20° 30" 45.01” E 374.40
LUS8S8 B reference 72° 57 8.89” N 20° 30" 40.13” E 374.98
LU104 B reference 72°577.55” N 20° 30’ 43.10” E 374.20
LU105 B PM rim 72°5710.85” N 20° 30" 43.01” E 375.17
LU111 B reference 72°579.727 N 20° 30° 47.82” E 374.98
LU137 B reference 72°57 3,517 N 20° 30’ 29.25” E 376.28
LU151 B reference 72°575.07” N 20° 30’ 57.56” E 375.94
LU175 B reference 72°572.58” N 20° 30’ 23.19” E 377.00
LU182 B reference 72° 5 9.22” N 20° 31’ 1.41” E 374.21
LU185 B PM 72° 57 6.34” N 20° 31" 1.94”7 E 374.82
LU294 B reference 72°5°9.56” N 20° 30° 37.53” E 374.16
LU400 B PM 72°579.4980” N 20° 30° 42.89” E 374.98
LU401 B PM 72°579.4994” N 20° 30’ 42.04” E 374.78
LU402 B PM 72°579.33” N 20° 30’ 43.09” E 374.30
LU420 B reference 72°5710.82” N 20° 30’ 29.46” E 373.57
LU429 B PM 72°579.54” N 20° 30’ 22.81” E 374.71
LU450 B PM 72°579.49” N 20° 30’ 42.48” E 374.51
LU252 D reference 71° 57 36.41” N 19° 56’ 31.95" E 321.78
LU258 D gas anomaly 71° 57 44.05” N 19° 55’ 14.40” E 322.80
LU266 D  gas anomaly 71° 57 51.83” N 19° 54’ 47.83” E 320.00
LU301 F reference 72° 13" 11.08” N 20° 37 45.27" E 342.49
LU302 F reference 72° 137 13.00” N 20° 37’ 34.77" E 341.42
LU306 F reference 72° 13" 7.84” N 20° 37" 34.06” E 339.67
LU319 F reference  72° 12’ 58.82” N 20° 37’ 53.63” E 338.57
LU320 F reference  72° 12’ 56.88” N 20° 37’ 57.82” E 339.57
LU321 F reference  72° 12’ 56.117 N 20° 37’ 48.18” E 340.52
LU330 F PM rim 72° 13 9.66” N 20° 37" 38.73” E 343.67
LU331 F PM 72° 13’ 10.03” N 20° 37’ 35.22” E 343.71
LU332 F reference 72° 13 11.117 N 20° 37 30.34” E 343.42
LU338 F PM 72° 12’ 56.89” N 20° 37’ 52.54” E 339.43
LU341 F PM 72° 12’ 55.16” N 20° 37’ 50.98” E 339.89
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2.4 Samples and methods

perfect for incubating SRR samples because of their permeability for gasses,
in this case the potential bias should be minimal because there is basically no
methane in the sample which could potentially be lost. Changes in pH due to
loss of CO4 can also be neglected because the porewater is well-buffered with
regard to its carbonate system. An aliquot of the sediment was frozen at -20°C

in No-flushed gas-tight bags for porewater extraction after the cruise.

2.4.2 Sulfate reduction rates

Sulfate reduction rates were determined using a modification of the whole core
%807 injection method (Jorgensen, 1978) as described by Ferdelman et al.
(1999) and Treude et al. (2005b). All incubations were performed in duplicates.

4 pL of carrier-free 3SO7~ (180 kBq/ulL) were injected along the longi-
tudinal axis of the subcore. The incubations were conducted for 24 h and
terminated by transferring the radiolabeled sediment into 10 mL of 20% (w/v)
zinc acetate (ZnAc). Blank samples were prepared by injecting 3°SO3™ ra-
diotracer into a sample, followed by immediate transfer into 20% (w/v) zinc
acetate. Additionally, tracer blanks were prepared by adding 4 ul of radio-
tracer directly into ZnAc without any sediment. The total reduced inorganic
sulfur (TRIS) compounds (mono- and disulfides, elemental sulfur) were sep-
arated using the cold chromium distillation method (Kallmeyer et al., 2004).
Radioactivity was quantified using a Perkin Elmer Tri Carb 2800 TR liquid
scintillation analyzer and Perkin Elmer Ultima Gold XR Scintillation cocktail.
SRRs were calculated using the following equation (Jorgensen, 1978; Kallmeyer
et al., 2004):

SRR = 0T O]

aror t

x pspp % 1.06 x 1000000 (2.3)

where argrrs and aror are the activities of the TRIS compounds and the
total activity of the injected **SO3; ™, respectively, using the raw counts (given
as counts per minute, cpm) from the scintillation counter; t is the incubation
time and pgpp the porosity of the sediment (mL porewater cm ™ sediment).
SO3™ is seawater SO3~ concentration, which was set to 28 mM for all samples,
because there was no measurable down-core depletion of porewater SO3~ con-

centrations in any of our samples. 1.06 is a correction factor for the expected
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isotopic fractionation (Jgrgensen and Fenchel, 1974), 1,000,000 is the factor to

change units from mmol L~! to pmol cm™3.

2.4.3 Determination of gas concentrations

GeolabNor (Trondheim, Norway) quantified C;-Cg hydrocarbons in the head-
space (free) and occluded gas fraction as well as C;-Cg hydrocarbons in the
adsorbed gas fraction, using gas chromatography. Headspace gas was deter-
mined by thawing the frozen samples over night with subsequent analysis of
the free gas in the headspace of the container. Occluded gas was released
mechanically from an aliquot of the sediment using a ball mill under vigorous
shaking. Treatment of an aliquot of sediment with orthophosphoric acid led
to the detachment of the gas adsorbed to clay minerals. All values are shown
in the unit gmol L~! sediment (uM). Interpolated gas distribution maps were

generated based on the obtained gas data.

2.4.4 Porewater sulfate concentration

Sediment porewater was obtained by centrifugation and careful decantation fol-
lowed by filtration through a 0.2 pgm membrane. Porewater sulfate concentra-
tions were determined by suppressed ion chromatography using a SYKAM IC-
System (injection volume 50 uL, anion exchange column, SYKAM LCA Al4;
conductivity detector, SYKAM S3115).The elutant was a 6.25 mM sodium
carbonate solution with 0.1% (v/v) modifier (1 mL 4-hydroxy-benzonitrile in

50 mL methanol), the flow rate was 1 mL min™"'.

2.5 Results

2.5.1 Morphology of seabed

The morphology of the seabed in our study areas is shown in Figure 2.2.
Multibeam bathymetry revealed the presence of a multitude of circular seafloor
depressions interpreted as pockmarks. Area B and F contain an average density
of 100 pockmarks per square kilometer, either randomly distributed or in arrays
along iceberg plough marks, which are the result of former iceberg activity,
formed primarily during glacial retreat (Solheim, 1991). The up to 15 m deep

plough marks can be observed all over the seabed surface.
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The circular pockmarks are between 10 and 50 m in diameter with an av-
erage depth of about 1-3 m. According to Hovland and Judd (1988); Hovland
et al. (2002) these pockmarks can be termed “normal pockmarks”. Addition-
ally, some larger, irregular pockmarks with diameters of up to 300 m and
depths up to 25 m were observed. As mentioned before, area D does not con-
tain any pockmark features, but, like in area B and F, many plough marks

could be seen on the seabed of area D.

2.5.2 Samples

The average water depth in the investigated area was found to be around
350 m with an average water temperature of about 6°C. Sediment composition
appeared to be very similar in all three areas, being brown to dark brown in
color. Except for the first 10 cm which were softer, porosity averaged around
0.52 throughout the entire length of the core.

In general the cores consisted of very sticky silty clay, occasionally contain-
ing some less dense structures like small pieces of siliceous sponges as well as
pebbles or fragments of bivalve shells. There was no difference between sed-
iment from within or outside the pockmarks. No hydrogen sulfide smell was
noticed in any core nor were there any obvious authigenic carbonate structures.

In area D the penetration depth of the gravity corer was relatively small (av-
erage penetration depth of 50 cm). The sediment material above the anomaly

structure consisted of very sticky mud preventing a deeper penetration.

2.5.3 Gas concentrations

Concentrations of hydrocarbons (methane and higher n-alkanes, cyclic and
branched hydrocarbons) in the headspace (free), occluded, and adsorbed gas
fraction were determined on samples from the deepest interval of the core
(maximum depth 2.6 mbsf). Interpolated gas distribution maps were created to
show the distribution of hydrocarbons in the three study areas. All maps show
extremely low concentrations and do not reveal any correlation between gas
concentration and sampling sites (pockmark or reference site). The following
discussion is focused just on adsorbed methane, since this fraction exhibited
highest concentrations. In the occluded and free gas fraction only marginal
amounts could be found, concentrations of longer chain hydrocarbons were

also negligibly low.
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Table 2.2: Minimum (Min), maximum (Max) and average (Av.) values of adsorbed and free

methane in the three sampling areas. Values are given in umol L=! (sediment).

Area Ads. Methane Free Methane
uM uM
B Min 0.87 0.047
Max 29.08 0.200
Av. PM 6.19 0.125
Av. Ref 5.93 0.118
D Min 2.93 0.072
Max 16.84 0.145
Av. 5.42 0.106
F Min 1.13 0.054
Max 19.18 0.202
Av. PM 6.63 0.116
Av. Ref 5.78 0.116

Table 2.2 summarizes some statistic values for the adsorbed methane and
free methane fraction of the three study areas. Figure 2.3 shows exemplarily
the distribution of adsorbed methane in area B. In area B the highest methane
concentration in the adsorbed gas fraction was 29.1 uM. Average values were
only 6.19 uM in the pockmark cores and 5.93 M in reference cores (Table 2.2,
Figure 2.3).

In area D the maximum concentration of adsorbed methane was 16.84 uM,
with an average value of 5.42 uM. In area F concentrations of adsorbed me-
thane reached a maximum value of 19.18 uM, the average values for the pock-
mark samples 6.63 M and for the reference samples 5.78 uM. There are some
local maxima in gas concentration in all three areas, but even these anomalies
are still very low and they do not generally correlate to pockmarks. Due to
the very low gas concentrations no isotope measurements could be carried out.
Consequently it remains unknown whether the gas is coming from a biogenic

or thermogenic source.
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Figure 2.3: Interpolated gas distribution maps of methane (C;-HCs) for area B, given as an
example of the three sampling areas. Sediment samples for gas analysis were taken from the
deepest section of the core. The core positions are indicated by black dots on the map. Gas

concentrations are extremely low and do not show any correlation with pockmarks.
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2.5.4 Sulfate profiles

On 12 cores porewater sulfate concentrations were determined in 10 depth
intervals between 0 and 240 cm. The profiles show very little variation with
depth and among each other (Figure 2.4). The almost linear profiles and the
only minimal decrease with depth indicate very low net sulfate consumption.
When extrapolating linearly, the calculated SO2™ penetration depth is 37 m,
a value that is more common for oligotrophic open ocean sites, not for ocean
margins. For gas rich sediments, this value normally ranges between 0.02 and
0.2 m (Luff and Wallmann, 2003; Treude et al., 2005a).

2.5.5 Sulfate reduction rate

Exemplary SRR depth profiles for pockmark and reference sites in area B
are presented in Figure 2.5A to D. Irrespective of pockmark or reference site,
most of the sulfate reduction activity was restricted to the upper 30 cm of
the sediment (Figures 2.5A and B). In this depth interval the highest ob-
served SRR was 600 pmol cm™ d~!. Deeper than 30 cm below the sea floor
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2.5 Results

Figure 2.5: Profiles of
sulfate reduction rates
(SRR) of selected cores
from area B and F in
the upper 240 cm of
the sediments. For each
area both profiles from
pockmark sites and ref-
erence sites are shown
for comparison. lrre-
spective of the location
of the core (pockmark
or reference site), most
of the sulfate reduction
activity was restricted
to the upper 30 cm of

the sediment.
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(cmbsf) measurements fell mostly below the minimum detection limit (MDL)
of 10 pmol ecm ™ d~! (Figure 2.5A). Only a few single samples showed higher
values of up to 200 pmol cm™ d~! (Figure 2.5B), but even those maximum val-
ues are still very low when compared with other sites from literature e.g. active
seeps (Boetius et al., 2000; Treude et al., 2003; Pimenov et al., 2010). Even in
the permanently cold sediments of Svalbard in the northern part of the Bar-
ents Sea, sulfate reduction rates are much higher (around 60 nmol cm™> d~!)
(Finke et al., 2007). In some cores all values fell below the MDL, irrespective
whether the site was located within or outside of a pockmark (Figures 2.5C
and D).

In area F (Figures 2.5E to H), highest SRR was also found in the top layer.
For the majority of the samples, sulfate reducing activity was restricted to the
upper 30 cm of the sediment, reaching a maximum of up to 370 pmol cm =3 d~!
(Figure 2.5G). Below this depth interval most values were close or below the
MDL (Figures 2.5E and H), slightly higher values could only be detected in
very few samples. In several cores from both pockmarks and reference sites,
SRR fell continuously below the MDL (Figure 2.5H).

In area D, SRR measurements fell consistently below the minimum detection
limit in all samples.

In general, sulfate reduction rates do not show any difference between cores
from within or outside of pockmark structures. Profiles with slightly higher
values in the upper part as well as profiles showing all values below the MDL
have been detected for both pockmark and reference sites. Furthermore all
SRR profiles show values close to the detection limit, indicating a generally

very low microbial activity in the sediments of the investigated area.

2.6 Discussion

A multi-proxy approach was undertaken to obtain chemical, geomicrobiological
and geochemical evidence for active fluid or gas venting. Seafloor seeps that
contain methane or hydrogen sulfide can easily be identified by their sediment
porewater chemistry, their association with specific microbial communities and
high rates of microbial turnover as well as characteristic features in seismic
data. However, in our study area there was no evidence for active fluid venting

currently occurring from either type of analysis.
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During sampling we did not notice any hydrogen sulfide smell, not even
on acidified porewater samples, implying that there are neither significant
amounts of dissolved HsS nor any finely precipitated sulfides such as ferrous
monosulfide (FeS). Furthermore, no apparent carbonate concretions, being an
indicator for active or recent anaerobic oxidation of methane, could be identi-
fied (Ferrell and Aharon, 1994; Knittel and Boetius, 2009).

2.6.1 Gas distribution maps

Gas concentrations in sediments of the investigated areas were extremely low.
In some single samples, slightly elevated gas concentrations could be detected
but no consistent correlation with the occurrence of pockmarks or any other
parameter could be established. Headspace gas and occluded gas concentra-
tions were negligibly small, implying that no active seepage is taking place in
the pockmark structures. Highest values were always detected in the adsorbed
gas fraction, it is therefore reasonable to assume that this gas is derived from
previous gas emissions, during which a portion of the gas was adsorbed onto
the clay minerals.

There are no significant differences between the concentrations of adsorbed
methane in all three areas. Throughout our study site, the average gas con-
tent is very low and shows no correlation between sites from within or outside
the pockmarks. Very low gas contents in area D demonstrate that there is no
connection between the potentially underlying gas anomaly and the surface
sediments. Due to the fact that gas concentrations were always below satura-
tion and no bubble formation occurred, any major loss due to degassing during

sampling and processing can be ruled out.

2.6.2 Sulfate reduction rate and sulfate profiles

Unlike methane, which can be lost from the sediment during coring due to
degassing, porewater sulfate cannot be lost as it does not form a gaseous
phase. In sulfidic sediments however, there is the potential for increasing
sulfate concentrations due to oxidation of hydrogen sulfide. Because of the
lack of hydrogen sulfide, we can rule out this possibility and assume the sulfate
profile to represent true in-situ conditions.

The linear decrease in porewater sulfate concentration at all sites indicates

that diffusion dominates sulfate transport into the sediment and that there is
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2 Microbial Activity in Pockmark Fields

no sulfate consumption in this depth interval. As described by Berner (1980)
SR activity can be estimated from porewater sulfate profiles. However, direct
radiotracer measurements of SRR provide much more reliable results of SR
activity, especially if diffusion is not the only means of transport and other
processes like advection may replenish the sulfate pool in near-surface sedi-
ments (Fossing et al., 2000; Jorgensen et al., 2001; Weber et al., 2001). This
is the case in our study because contrary to the linear sulfate profiles, which
indicate no net sulfate consumption over the length of the core, direct radio-
tracer SRR measurements reveal some very low activity in the upper few cm.
Much higher rates of sulfate reduction were expected in the pockmark cores,
particularly if active fluid venting was taking place. In most cases SR was
only measurable in the upper 30-40 cm below sea floor. This also leads to the
assumption, that AOM does not occur in the recovered depth interval (2.6 m)
and the SR activity can be attributed entirely to organiclastic SR and not to

anaerobic oxidation of methane.

The calculated SO~ penetration depth of 37 m is quite deep when com-
pared to data of gas-rich sediments. In Eckernférde Bay (German Baltic Sea)
for example, Treude et al. (2005a) determined a penetration depth of only
0.32 m. Such a deep sulfate penetration depth as determined here shows that
very little sulfate is consumed in the upper part of the seabed. Sulfate re-
duction rates in our study area are generally very low, with no significant
differences between SRR profiles from pockmark cores and reference cores.
Additionally, SRR values in area D fall consistently below the minimum de-
tection limit in all samples. This leads to the assumption that the pockmarks
do not release any gas at present, which is supported by our findings of very
small decreases in porewater sulfate concentration with sediment depth and

very low gas concentrations.

2.6.3 Pockmark formation theory

Fluid and gas venting is commonly believed to be the main factor for pock-
mark generation. While pockmark structures could clearly be detected on the
seabed, we did not find any indications for significant concentrations of me-
thane in the sediments of the sampling area. Neither did we find indications

for ongoing fluid flow through these features.
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2.6 Discussion

Although expulsion of methane is the most frequently reported process lead-
ing to the formation of pockmarks, seepage of other fluids has been described
as well. However, in most cases only minor quantities of gases like hydro-
gen sulfide or carbon dioxide are associated with hydrocarbon leakage. The
expulsion of porewater through the seabed, so called submarine groundwater
discharge (SGD), has been widely described in the literature. In a review
Taniguchi et al. (2002) describe different systems showing SGD.

Some examples of pockmarks being formed by porewater discharge, have
been reported (Whiticar and Werner, 1981; Harrington, 1985; Webb et al.,
2009). However, those few examples are primarily based on assumptions and
lacking direct evidence of the processes involved. Moreover, the mechanisms
described in these studies are unable to explain the procedure of pockmark
formation in detail. Given the enormous area of extensive pockmark occurrence
within and beyond our study area and the fact that we have no evidence for

past or present SGD, we rule out this mechanism.

Recently the occurrence of unit pockmarks (pockmarks diameter < 5 m)
was discussed to be an indicator for active gas seepage (Cathles et al., 2010;
Hovland et al., 2010).

Mapping unit pockmarks requires application of high-resolution bathymetry
(at least 1 m x 1 m gridding) (Hovland et al., 2010). The resolution of the
bathymetry equipment which was used in this study is too low to locate unit
pockmarks. However, due to the very low gas concentrations in the pockmark
as well as in the reference sites (Table 2.2) we rule out the existence of seeping

hydrocarbons in our study area.

Pockmark structures which are present in the seabed consistently over sev-
eral years are not necessarily an indicator for active fluid flow (Brothers et al.,
2011). Numerical modeling by Hammer et al. (2009) showed that upwelling
currents can be a possible mechanism to maintain pockmark structures even

if activity has ceased for several years.

This leads us to the more likely hypothesis that the pockmarks in our study
area are preserved features from past activity. The present seabed shows many
plough marks, derived from iceberg drifting during the last deglaciation. As

undisturbed pockmark craters can be found within and outside of the plough
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2 Microbial Activity in Pockmark Fields

mark structures, the pockmarks must have formed during and after the main

phase of iceberg movement.

Considering the glacial history of the Barents Sea as well as the great num-
ber of glacial plough marks in the study area, it can be assumed that the whole
area was covered by a grounded ice sheet during Last Glacial Maximum (ca.
20 ka ago). Gaseous hydrocarbons like methane, derived from a deeper lying
source, could have migrated through the porous sediment towards near-seabed
sediments. Due to the conditions during the glacial period, including pres-
sure of a thick grounded ice sheet affecting the sediment, combined with the
prevailing low temperatures, the necessary conditions for clathrate formation
were given (Kvenvolden, 1998; Sloan, 2003). Methane could thus have been
trapped as gas hydrate in the shallow sediment.

The uplifted Atlantic margin basins, comprising the Hammerfest Basin and
the Loppa High, contain several oil and gas fields commonly occurring in un-
derfilled traps. Corcoran and Doré (2002) suggested that this was caused due
to large scale leakage of gas during the Cenozoic exhumation. 2D basin mod-
eling of this area by (Cavanagh et al., 2006) revealed that glacially controlled
pressure oscillations provide a mechanism for episodic discharge of methane
from the deep petroleum reservoirs and sequestration of methane as gas hy-

drates near the surface.

Alternatively sub-glacial gas hydrates may have been fed by a biogenic

source or a combination of biogenic and thermogenic gases.

About 14 ka ago the climatic conditions of the SW Barents Sea changed
within a relatively short time interval (approximately 5 ka, Elverhgi et al.
1995), causing deglaciation, melting of the ice sheet and iceberg calving. Thus,
the conditions to preserve hydrate layers no longer persisted, resulting in the
rapid decomposition of the gas hydrate as well as the release of potentially
accumulated gas. Such an event probably occurred over large areas of the
Barents Sea more or less simultaneously, resulting in widespread pockmark
structures on the seabed. Similar formation mechanisms have already been
described for other areas (Long, 1992; Solheim and Elverhgi, 1993; Long et al.,
1998; Mienert et al., 1998; Davy et al., 2010; Sultan et al., 2010; Plaza-Faverola
et al., 2012).
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Maslin et al. (2004) collected published data from submarine sediment fail-
ures and correlated them with climatic changes from the past 45 ka. They
found that over 70% of continental slope failures could be dated to the periods
between 15-13 ka and 11-8 ka. These dates, as well as the rising sea level and
global atmospheric methane records, correlate well with the timing of the last
deglaciation. The hypothesis of pockmark formation due to rapid methane
release caused by destabilization of gas hydrates during this time is supported
by ice-core data (Chappellaz et al., 1993).

From the foregoing discussion we can summarize the following points con-

cerning the proposed scenario on the formation of the Loppa High pockmarks:

1. During LGM a grounded ice sheet existed in the study area. Thermo-
genic and /or biogenic gas from a source in the Mesozoic bedrock migrated
through the sediment and accumulated as gas hydrate, which was stable

under the given pressure and temperature conditions (Figure 2.6A).

2. The retreat of the ice sheet during deglaciation caused changes of pressure
conditions, which resulted in the decomposition of the hydrate layer and
the release of large volumes of gas over a large areal extent, resulting in

the formation of seafloor pockmarks (Figure 2.6B).

3. Nowadays the pockmark structures are still preserved despite the seeping

activity having ceased several thousand years ago (Figure 2.6C).

The depressions seem to be relatively young features. As many pockmarks are
located inside the iceberg plough marks, it can be assumed that the pockmarks
were formed postglacially, probably in an early phase after the last deglacia-
tion. Similar observations have also been reported from the northern Barents
Sea (Solheim and Elverhgi, 1993) and could be an indication for a large me-
thane release event caused by the decay of the Barents ice sheet during the

last deglaciation.

2.7 Conclusions

Deep, craterlike structures, identified as pockmarks were observed by multi-
beam bathymetry on the seafloor of the SW Loppa High in the SW Barents

Sea. Geochemical, biogeochemical and microbiological analyses revealed
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2 Microbial Activity in Pockmark Fields

Figure 2.6: (A) During LGM a
grounded ice sheet covered the
area. Upwards migrating methane
accumulated under the ice and
formed gas hydrates. (B) Dur-
ing the glacial retreat the gas hy-
drates decomposed, releasing large
volumes of gas, resulting in the
formation of pockmarks.  (C)
Present day situation in the study
area. No detectable seeping ac-
tivity but pockmark structures still

preserved.
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2.8 Acknowledgments

1. Very low concentrations of hydrocarbons in the sediment.

2. Almost no depletion of porewater sulfate with depth.

3. Low sulfate reduction rates, close to detection limit.

4. Currently no anaerobic oxidation of methane in upper 3 mbsf.

5. No significant and consistent differences in any measured parameter be-

tween sites inside and outside of pockmarks.

This indicates astonishingly low microbial activity in the study area, which
supports the assumption that currently no active fluid venting is taking place.
Based on our own findings and the current literature we hypothesize that the
pockmark occurrence and its formation is most likely related to a paleo-event

during the last deglaciation.
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Chapter 3

Tracing the origin of
thermogenic hydrocarbon
signals in pockmarks from the

southwestern Barents Sea

3.1 Abstract

The glacially influenced southwestern Barents Sea is a promising area for pe-
troleum exploration. The present study area, which is located in the Loppa
High region, exhibits extensive pockmark fields covering an area of several
square kilometers and containing thousands of pockmarks in high density. To
investigate whether the pockmark formation was driven by petroleum leakage
to the surface, acting thus as indicators for an active petroleum system, grav-
ity cores from selected pockmark and reference sites were investigated using
an organic geochemical approach. Various biomarkers indicative of thermo-
genic hydrocarbons such as short chain n-alkanes with a low carbon prefer-
ence index, alkylcyclohexanes, af-hopanes, steranes and diasteranes mixed
with biomarkers representing immature organic matter were detected in the
pockmark, but also in reference cores outside of the pockmark and even from

a non-pockmark area. The abundance and level of thermal maturity of the

This chapter has been published as: J. C. Nickel, R. di Primio, J. Kallmeyer, . Hammer, B. Horsfield,
D. Stoddart, H. Brunstad & K. Mangelsdorf, 2013, Tracing the origin of thermogenic hydrocarbon signals

in pockmarks from the southwestern Barents Sea: Organic Geochemistry, v. 63, p. 73-84.
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3 Thermogenic Hydrocarbon Signals in Pockmarks

thermogenic hydrocarbons are comparable between the pockmark and ref-
erence sites. Additionally, their distribution with depth is quite similar to
those of the immature biomarkers. These observations support the conclu-
sion that the thermogenic hydrocarbon signal in the pockmarks is the result
of reworked, eroded mature material mixed with immature organic matter
distributed across the entire area, rather than the result of seepage events of
thermogenic hydrocarbons through the pockmark system. The data show that
in the Loppa High region the pure presence of petroleum-derived hydrocarbons
in pockmark areas cannot be used to indicate the presence or leakage of deeper

petroleum systems.

3.2 Introduction

The Barents Sea is an epicontinental sea, situated between the Norwegian Sea
in the southwest and the Arctic Ocean in the north. It consists of several
platforms and sedimentary basins, being the result of a complex geological
history (for detailed overview see Doré 1995 and Gabrielsen et al. 1990) with

several events of tilting, subsidence, uplift and erosion (Larssen et al., 2005).

The study area is located in the southwestern part of the Loppa High (Figure
3.1), a structural high that was formed during Late Jurassic to Early Creta-
ceous by tectonic movement. To the south, the Loppa High borders to the
Hammerfest Basin which is the most promising basin for petroleum explo-
ration in the southwestern (SW) Barents Sea (Doré, 1995). Some hydrocarbon
systems also have been recognized in the southwestern part of the Loppa High
(Ohm et al., 2008). Source rocks have been identified in all stratigraphic in-
tervals, ranging from the Carboniferous to the Cretaceous (Ohm et al., 2008).
The most prolific source rock is the Upper Jurassic Hekkingen shale formation,
containing high total organic carbon (TOC) contents with high hydrocarbon
potential (S2) and high hydrogen index (HI) values (Ohm et al., 2008). How-
ever, most of the discoveries in the SW Barents Sea consist of gas dominated,
underfilled traps (Corcoran and Doré 2002; Ohm et al. 2008 and references
therein) and it is commonly believed that the lack of oil is due to uplift and
leakage caused by several erosion events (Wood et al., 1989; Nyland et al.,
1992; Doré and Jensen, 1996; Cavanagh et al., 2006).
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Figure 3.1: Location and tectonic framework of the sampling areas, southwestern Barents Sea
(after Nickel et al. 2012). Study areas B and D are indicated.

The Loppa High and its adjacent basins are glacially influenced. During
the Last Glacial Maximum (LGM) the entire area was covered at least twice
(LGM I: 22 ka and LGM II: ca. 19 ka BP) by grounded ice (Siegert et al., 2001;
Andreassen et al., 2008), interrupted by an interstadial in which large areas
of the SW Barents Sea were deglaciated. According to Eidvin et al. (1993)
and Cavanagh et al. (2006) the latest erosional phase in this area took place
during the last glacial period. The seabed of the study area still preserves
the imprints of the glacial history. Drag marks of drifting icebergs, so called

plough marks, are still present all over the seafloor (Solheim, 1991).

A specific feature of the seabed in the study region is that large areas of
several square kilometers are covered by a high density of pockmarks (Figure
3.2). Pockmarks are craterlike structures being formed by the seepage of gases
or other fluids from deeper sources in the sediments (Hovland and Judd, 1988;
Judd and Hovland, 2007). Gas analysis and microbiological investigations
in the southwestern Loppa High revealed that the pockmarks in this area

are currently inactive (Nickel et al., 2012). Thus, the pockmarks must have
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Figure 3.2: Bathymetric map showing a cutout of the larger pockmark field of the sampling area
B in the Loppa High region (southwestern Barents Sea) recorded by an EM 710 echo sounder
system. The insert shows the positions of the pockmark and reference cores examined in this

study.

been formed during seepage events in the near geological past, since their
structures are still visible and some of the pockmarks are located within the
plough marks. Based on geochemical and microbiological data, Nickel et al.
(2012) proposed that pockmark formation in this area may be caused by the
decay of gas hydrates during the retreat of the Barents Sea Ice Sheet around
14.5 ka. Similar hypotheses for the SW Barents Sea were reported by Solheim
and Elverhgi (1993), analyzing the seabed morphology and Chand et al. (2012)
applying seismic stratigraphy and modulation of the methane hydrate stability
zone. Based on reconstructions of the pressure and temperature history of the
Norwegian Channel Forsberg et al. (2007) described a similar scenario for the
North Sea.

Today the gas contents in the studied pockmark sediments are too low to
determine the carbon isotopic composition and to assess their origin (Nickel
et al., 2012). However, as pockmarks can be indicators for underlying petro-
leum systems, the sediments might contain oil related hydrocarbons. Together

with thermogenic gas, these hydrocarbons might have migrated to the seafloor
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(Thrasher et al., 1996; Hood et al., 2002; Logan et al., 2009); thus, forming the
pockmark structures (Hvoslef et al., 1996). Boitsov et al. (2011) reported that
petroleum leakage pulses might have occurred in pockmarks in the SW Barents
Sea. To identify the potential seepage of oil, the pockmark sediments can be an-
alyzed for specific petroleum-derived thermogenically generated biomolecules,
such as n-alkanes, hopanoids and steranes. The distribution and the degree of
structural alteration of these biomarkers can provide strong evidence for the

occurrence of petroleum and its thermal maturity (Schumacher and Abrams,
1994; Wenger and Isaksen, 2002).

The aim of the current study is to analyze the sediment of the apparently
inactive pockmarks for their organic compound inventory to determine whether
seepage of 0il can be detected in the pockmarks. The identification of migrating
hydrocarbons (macro or micro seeps (Abrams, 1996)) can be an important
indicator for underlying petroleum systems (Faber and Stahl, 1984; Hood et al.,
2002; Abrams, 2005). Therefore, cores taken within pockmarks were studied
for the distribution and composition of petroleum biomarkers and compared
to cores taken outside of pockmarks (references cores) or from a non-pockmark
area. Furthermore, knowledge on the organic matter (OM) composition of the
sediment in the study area might provide insights into the history of pockmark

formation.

3.3 Morphology of the seabed in the study

area

A typical picture of the seabed morphology in our study area B is shown in
Figure 3.2. Multibeam bathymetry revealed the presence of a multitude of
circular seafloor depressions that were interpreted as pockmarks. The study
area contains an average density of 100 randomly distributed pockmarks per
square kilometer. The circular pockmarks are between 10 and 150 m in di-
ameter with an average depth of about 1 to 10 m. According to Hovland and
Judd (1988) and Hovland et al. (2002) these pockmarks can be termed “nor-
mal pockmarks”. Sampling area D, about 25 km southwest from area B, does
not contain any pockmark features, but many plough marks can be observed

on the seabed.
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The sediment is very similar in all investigated cores at all depths. In gen-
eral, the cores consisted of sticky silty clay of brown to dark brown color,
occasionally containing some less dense structures like small pieces of siliceous
sponges as well as pebbles or fragments of bivalve shells. There was no visual
difference in the sediment texture between samples from within or from outside
the pockmarks in area B or between the samples from different core depth, sug-
gesting that different adsorption effects regarding thermogenic hydrocarbons
due to variations in the sedimentary composition (Horvitz, 1985) do not play
a significant role in the investigated samples. In area D, the penetration depth
of the gravity corer was relatively small (average penetration depth area B: 200
cm, area D: 50 cm) as the very sticky mud prevented a deeper penetration.
The average water depth in the investigated areas is around 350 m with an

average water temperature of about 6°C.

Seismic data are not directly available from area D. However, several seismic
profiles including pockmarks are published from area B and the surrounding
areas (Chand et al., 2012).

3.4 Samples and methods

3.4.1 Samples

In November 2009, a research cruise was conducted into the southwestern
Barents Sea on the research vessel HU Sverdrup II. The project is a cooperation
between the GFZ German Research Centre for Geosciences, the University of
Potsdam (Germany), the Swedish oil company Lundin, the Geological Survey
of Norway (NGU) and the Norwegian Defense Research Establishment (FFI).
During this cruise sample material was recovered from two different sites (area
B and D) located in the southwestern Barents Sea (Figure 3.1). In total
about 250 gravity cores with a maximum length of 2.6 m were taken from
the different sites. Area B is characterized by a large pockmark field (Figure
3.2), area D does not contain any pockmarks, but shows a shallow subsurface

seismic anomaly.

From each core 10 whole round core samples of 10 cm length each from dif-
ferent core depths were taken immediately after retrieval of the core. To avoid

contamination from shallower sediment being dragged down during penetra-

102



3.4 Samples and methods

Table 3.1: Names, sampling areas, types, coring positions and water depth of the investigated

cores in the SW Barents Sea.

Core ID Area Type Latitude Longitude Water Depth
LU78 B Reference 72°5’10.14"N  20°30°45.48"E 374 m
LUSS8 Reference 72°5’8.89”N 20°30’40.13"E 375 m

B
LU185 B Pockmark 72°56.34”N 20°31'1.94”E 375 m
LU402 B Pockmark 72°5’9.33”N 20°30’43.09"E 374 m
LU450 B Pockmark 72°5’9.49”N 20°30742.48"E 375 m
LU266 D  Reference 71°5751.83"N 19°54’47.83"E 320 m

tion of the gravity corer, the outer core section was removed. The individual
whole round core intervals were divided into several subsamples. The sediment
samples were immediately frozen at -20°C in N, flushed, gas tight bags and

transported to GFZ after the cruise in a frozen state.

In the current study, analytical results from three pockmark (PM) cores,
two from “pockmark 17(LU450 in the center, LU402 at the rim) and one
from “pockmark 2”(LU185) are presented (Figure 3.2). For comparison two
reference (Ref) cores (LU78 and LUS88) from area B (Figure 3.2) and one from
area D (LU266) were analyzed. The exact locations are given in Table 3.1.
Accurate positioning was made possible by a gravity corer equipped with an
Ultra Short Baseline (USBL) acoustic GPS transponder allowing the placement
of the gravity core above the target site (pockmark or reference site). The
sampling positions were selected using high resolution bathymetry data. The

deviation from the selected target site was generally less than 3 m.

3.4.2 Biomarker analysis

Samples were freeze dried and ground using a Fritsch Pulverisette disk-mill
with a stainless steel grinding set. To obtain the total lipid extract, about
70-90 g of the dried sediment were extracted using a flow blending system
(Radke et al., 1978) and a modified version of the Bligh and Dyer (1959)
extraction method with a mixture of methanol:dichloromethane:ammonium
acetate in a volumetric ratio (v:v:v) of 2:1:0.8 (buffered at pH 7.6) for 5 min

(for details see Zink and Mangelsdorf 2004). The solvent extract was separated
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3 Thermogenic Hydrocarbon Signals in Pockmarks

by centrifugation (3500 rpm) for 10 min at 20°C. The residual sediment was
twice re-extracted ultrasonically (for 5 min) using the same extraction mixture.
The solvent extracts were combined and collected in a separation funnel. Phase
separation was achieved by changing the solvent ratio to 1:1:0.9 (v:v:v). After
phase separation the organic phase was separated and the water phase was
re-extracted twice with 20 ml dichloromethane (DCM). The organic phases

were combined and evaporated to dryness.

Since the sediment material was also intended for biogeochemical investiga-
tions, the solvent extract was first separated into different fractions. For this
purpose the dissolved extract (1 ml dichloromethane:methanol; 9:1) was sepa-
rated using two chromatographic columns in sequence. An upper column filled
with silica gel (1 g, 63-200 um) and a lower one with Florisil (1 g, 150-200 pm).
Four different fractions of polarity were obtained: a low polar lipid fraction
(20 ml chloroform), a free fatty acid fraction (50 ml methylformate 4+0.025%
glacial acetic acid), a glycolipid fraction (20 ml acetone) and a phospholipid
fraction (25 ml methanol, only the upper column). Details of the procedure
are described in Zink and Mangelsdorf (2004). The biogeochemical analysis of

the sample material is not part of this communication.

For the analysis of the petroleum biomarkers, the low polar lipid fraction
was separated into aliphatic, aromatic and hetero compound fractions using a
medium pressure liquid chromatography (MPLC) system (Radke et al., 1980).
Each fraction was concentrated by a TurboVap system, evaporated to dryness

via nitrogen stream and stored at -24°C.

Using the methods described above, the volatile hydrocarbons (< Cy5 frac-
tion) might get lost. However, we do not expect to find many of the more
volatile components, which are usually only detectable from oils, source rock
extracts or fresh oil seepage spots. Volatile hydrocarbons are expected to
be lost over the geological past. Headspace gas measurements have shown
that there are no C,-Cg hydrocarbon gases present in the pockmark sediments
(Nickel et al., 2012). For this reason we focused on the C;5, n-alkane fraction,

alkylcyclohexanes, hopanes and steranes in this study.

The aliphatic fraction of the core extracts was analyzed by gas chromatogra-
phy (GC) and gas chromatography-mass spectrometry (GC-MS). For GC anal-

ysis the aliphatic fraction was diluted in n-hexane and analyzed on a GC-FID
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system (6890, Agilent Technologies, USA) equipped with a 50 m x 0.2 mm
x 0.33 pm HP-Ultra 1 capillary column. The injector temperature was set to
40°C and heated with a rate of 11.6°C/s to 300°C held for 3 min. The gas
chromatograph oven was programmed from 40°C (2 min isothermal) to a final
temperature of 300°C (65 min isothermal) at a heating rate of 5°C/min with
a constant helium flow rate of 1 ml/min. The FID was operated at 310°C.
For GC-MS analysis the samples were measured on a DSQ Thermo Finnigan
Quadrupole MS coupled to a gas chromatograph. The gas chromatograph was
operated in the splitless mode using the following temperature program: initial
temperature 50°C (1 min isothermal), heating rate 3°C/min to 310°C (held
isothermal for 30 min). The GC was equipped with a Thermo PTV injection
system (Thermo Electron Corporation) and a 50 m x 0.22 mm x 0.25 pm
BPX5 (SGE) column. Helium was used as carrier gas with a constant flow rate
of 1 ml/min. The injector temperature was programmed from 50 to 300°C at
a rate of 10°C/s. Full scan mass spectra were recorded from m/z 50 to 600 at

a scan rate of 2.5 scans/s.

3.4.3 Foraminiferal analysis

Foraminifera were extracted by wet sieving of ca. 100 g of sediment through

a 63 micron mesh and identified under a Zeiss stereo microscope.

3.5 Results

To investigate whether petroleum compounds are present in the pockmark sed-
iments, the sediment extracts were analyzed with regard to specific compound
classes providing the potential to indicate the presence of migrated oil-derived
hydrocarbons such as n-alkanes, alkylcyclohexanes, hopanoids and steranes
(Simoneit et al., 1992; Rushdi and Simoneit, 2002; Peters et al., 2005b; Logan
et al., 2009).

The total organic carbon (TOC) contents in the pockmark and reference
sites are quite similar and range between 0.56% and 1.54% with an average
value of 1.06%. The TOC profiles do not show any significant trend with depth

(Figure 3.3).
A homologous n-alkane series is present in all aliphatic fractions of the in-

vestigated samples with chain lengths usually between n-Cy4 and n-Cjs (Figure
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3.5 Results

3.4). The n-alkane patterns reveal a bimodal distribution for both the pock-
mark and reference sites (Figure 3.4) with a smaller maximum in the short
chain length (n-C14-n-Csy) and a dominating maximum in the long chain range
(n-Cag3-n-Cg5). While in the short chain range the difference between odd/even
carbon numbers is small, the long chain range is characterized by a stronger
odd/even carbon number predominance with the dominating compounds at
n-Cos and n-Cy; (Figure 3.4).

The different distribution of the n-alkanes also is reflected in the carbon
preference index (CPI). The selected n-alkane range and the applied formula
for the CPI parameters are presented in the figure caption of Figure 3.3. For
the short chain length the average CPl;5_5; value is 1.14 for the pockmark sites
and 1.20 for the reference sites. For the long chain range the average CPlyz o9
value is higher with 2.15 for the pockmark sites and 2.23 for the reference
sites. Depth profiles of the CPI;5_5; and the CPIy3_59 values show only minor
variability for the pockmark and reference sites (Figure 3.3). The distribution
of the sum of all short and long chain n-alkanes (3° n-Ciy_92 and 3 n-Coz_35)
with depth for the three pockmark and the two reference cores is shown in
Figure 3.3. The amount of short chain n-alkanes varies between 50 and 1400
ng/g sediment (Sed) for the pockmark samples and between 50 and 800 ng/g
Sed for the reference samples. In the long chain range the values vary between
250 and 2600 ng/g Sed for the pockmark samples and between 250 and 2700
ng/g Sed for the reference samples (Figure 3.3).

The long chain n-alkanes as well as the short chain n-alkanes reveal a quite
similar variability with depth with some occasional deviations. This does not
only apply to the pockmark but also to the reference cores (Figure 3.3).

Alkylcyclohexanes are present in all investigated samples, albeit in relatively

low abundance. The average amount in all investigated cores is below 50 ng/g
Sed with a maximum of up to 400 ng/g Sed (LU185) and 100 ng/g Sed (LU402

Figure 3.3 (preceding page): Depth profiles of the TOC values, of the sum of the short and
long chained n-alkanes, of the CPly5_2; for lower molecular weight and the CPly3_o9 for higher
molecular weight n-alkanes as well as of the alkylcyclohexanes. (A-C) Pockmark cores, (D-E)

reference cores. CPl = Carbon preference index (after Marzi et al., 1993):

_ 1/nCi54nCi74+nCig nCi74nCi94+nCs1 .
CPlLis o = 2(nc16+n018+nc20 + TLC16+TLC18+TLC20)'

_ 1/nCs3+nCo5+nCoy nCas5+nCo74+nCag
CPlyz o9 = 2(nc24+n026+n028 + n024+n025+n028)
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Figure 3.4: Distribution of n-alkanes of aliphatic fractions (analyzed by GC-FID) exemplary for
(A) a pockmark sample (LU402, 210-220 cm) and (B) a reference sample (LU78, 230-240 cm).
IStd: Internal standard 5a-androstane. The n-alkanes are indicated by circles. Some n-alkanes

are marked with their carbon number for orientation.
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Figure 3.5: Exemplary GC-MS m/z = 191 mass trace showing a typical distribution of hopanoids
in the studied sediments. The chromatogram represents the deepest interval (150-160 cm) of
the pockmark core LU450. Abbreviations see Table 3.2.
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and LU450) in the upper part (0-40 cm) of the pockmark cores (Figure 3.3).
In the reference cores the values reach a maximum of only 50 ng/g Sed. The
alkylcyclohexane depth profiles are similar to those of the short chain n-alkanes

from the corresponding pockmark or reference cores.

Pentacyclic triterpenoids can be identified in significant amounts based on
their mass spectra (selecting m/z = 191) and gas chromatographic retention
time. Figure 3.5 shows the typical distribution of hopanes in the sediments of
the analyzed cores. On average the relative amount of hopanoids ranges from
100-3670 ng/g Sed. The complete homologous series of a/3-hopanes is generally
present in the analyzed samples, independent of sample location (PM or Ref)
or sediment depth. Overall, the most abundant isomers are the «S-hopanes.
In contrast, the fa- and (3-hopanes comprise only about one quarter of the

total amount of all hopanes. Additionally, a series of hopenes can be found.

No significant trend with depth can be detected in the upper part of the
sediment, neither in the PM samples nor in the Ref samples (Figure 3.6). How-
ever, in the deepest interval of the two cores taken in pockmark 1 (Figure 3.6B
and C), a significant increase in the a-hopane concentration can be observed
as compared to the reference sites. The distribution of a/-hopanes shows an
analogous trend. The hopane concentration in the sediment of the core from
pockmark 2 (Figure 3.6A) does not show an increase in its deeper part. With
the exception of a single interval of elevated hopane concentration in pock-
mark 1, the hopane depth profiles show many similarities to the n-alkane and
alkylcyclohexane plots in the pockmark as well as in the reference cores. The
225/(22S + 22R) ratio of the Cg; 17a-hopane isomers and the af5/(af +
Pa) ratio of the Cgy hopane isomers are standard geochemical parameters to
estimate the sample maturity. Figure 3.6 shows the development of this param-
eter with depth for the investigated cores. The values range between 0.27-0.35
for the 225/(22S + 22R) ratio and between 0.62-0.70 for the a5/(af + fa)
ratio, respectively. The calculated parameters show no significant change with
depth and, the depth profiles of the pockmark and reference cores do not differ

significantly from each other.

A wide range of steranes and diasteranes are present in all investigated
sediment samples (see Figure 3.7 for an exemplary chromatogram). The

Sa,14a,17a(H)-20R isomers are clearly the dominating compounds in the m/z
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3 Thermogenic Hydrocarbon Signals in Pockmarks

Table 3.2: Hopanoids identified in the m/z 191 mass trace of exemplary aliphatic hydrocarbon

fractions from pockmark area B and the non-pockmark area D as shown in Figure 3.5 and 3.9.
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Abbreviation

Compound

trinor-Hop-17(21)-ene
Cor Ts

Co7 Tm

B Car

af Cog
nor-Hop-13(18)-ene
af Cag
Hop-17(21)-ene

Ba Cag

a8 Cso
neo-Hop-13(18)-ene
Ba Diploptene

Ba Cso

BB Cag

af C31S

af CaR

pa Gz

BB Cao

af C3S

af CaR
homo-Hop-13(18)-ene
Ba Cao

af C3S

BB Ca

af Cs3R

a8 CsuS + BB Cao

aﬁ 034R
Oéﬁ 0355
Oéﬁ C35R

22,29,30-trinor-Hop-17(21)-ene
18a(H)-22,29,30-trinorneohopane
17a(H)-22,29,30-trinorhopane
175(H)-22,29,30-trinorhopane

17a(H), 213(H)-29, 30-dinorhopane
30-nor-Hop-13(18)-ene

17a(H), 218(H)-30-norhopane
Hop-17(21)-ene

175(H), 21a(H)-30-normoretane
17a(H), 218(H)-hopane
neo-Hop-13(18)-ene

178(H), 21a(H)-hop-22(29)-ene
178(H), 21a(H)-moretane

175(H), 215(H)-30-norhopane
(225)-17a(H), 218(H)-29-homohopane
(22R)-17a(H), 215(H)-29-homohopane
175(H), 21a(H
175(H), 215(H
(225)-17a(H), 215(H)-29-dihomohopane
(22R)-17a(H), 215(H)-29-dihomohopane
homo-Hop-13(18)-ene
176(H),21a(H)-29-dihomomoretane
(225)-17a(H), 218(H)-29-trihomohopane
176(H), 215(H)-29-homohopane
(22R)-17a(H), 215(H)-29-trihomohopane
(225)-17a(H), 215(H)-29-tetrahomohopane
+ 175(H), 215(H)-29-dihomohopane
(22R)-17a(H), 215(H)-29-tetrahomohopane
(225)-17a(H), 218(H)-29-pentahomohopane
(22R)-17a(H), 215(H)-29-pentahomohopane

-29-homomoretane

-hopane
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3.5 Results

Figure 3.6: Depth
profiles of the sum of
all  17a(H), 21B(H)-
hopanes and 178(H),
218(H)- hopanes as
well as selected hopane
maturity ratios. Abbre-
viations see Table 3.2.
(A-C) Pockmark cores
and (D-E) reference

cores.
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Figure 3.7: Exemplary GC-MS m/z 217 mass trace showing a typical distribution of steranes
and diasteranes in the studied sediments. The chromatogram represents the deepest interval
(150-160 cm) of the pockmark core LU450. Abbreviations see Table 3.3.
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217 mass trace (Figure 3.7) within each isomer set of the three regular steranes,
cholestane (Caor-sterane), 24-methylcholestane (Cayg-sterane), and 24-ethylchol-
estane (Cyg-sterane). Overall the ava-20R-Cyg isomer is the most abundant
sterane. However, some diasteranes occur in significant amounts. The domi-
nating compounds for the rearranged steranes comprise the 145(H), 17a(H)-
20S isomers of diacholestane (Cqr-diasterane), 24-methyldiacholestane (Cos-

diasterane) and 24-ethyldiacholestane (Cyg-diasterane).

The steranes and diasteranes are ubiquitous in all samples investigated al-
though in low amounts ranging between 30-300 ng/g Sed for the steranes and
8-185 ng/g Sed for the diasteranes. The sum of diasteranes as well as the sum
of steranes plotted with depth does not show any considerable trend nor is
there a significant difference between reference and pockmark cores (Figure
3.8). Again there are many similarities of the sterane and diasterane depth pro-
files with those of the hopanes, n-alkanes and alkylcyclohexanes. The diaster-
ane/sterane ratio as well as the a53/(af8 + aaa) ratio for the (20R + S)-Cayg
compounds are largely a function of the thermal maturity of the organic mat-
ter (Seifert and Moldowan, 1981; Peters et al., 2005b). The analyzed samples
show average diasterane/sterane ratios of 0.25 and average a53/(aff + aaq)
ratio values of 0.39. Both ratios do not show significant changes when plotted
against depth (Figure 3.8). Additionally, the results obtained from pockmark

cores do not differ from those from the reference cores.

For a tentative age assessment of the pockmark sediments foraminiferal as-
semblages were investigated in selected samples from two cores, LU402 and
LU450. In LU402 (pockmark rim), the fauna around 100 cmbsf is completely
dominated by FElphidium sp., with rare Cassidulina reniforme and Nonionel-
lina labradorica. At 150 cm, N. labradorica dominates, while a somewhat
more diverse assemblage with Elphidium sp., C. reniforme, N. labradorica and
Stainforthia sp. is found at 180-190 cm. Planktonic foraminifera are common
below 210 cm. In LU450 (pockmark center), planktonic forms are common

already below 100 cm, continuing to the bottom of the core.
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Table 3.3: Steranes and diasteranes identified in the m/z 217 mass trace of an exemplary

aliphatic hydrocarbon fraction from pockmark area B as shown in Figure 3.7.

Abbreviation Compound

C27d BasS 20S-138(H), 17a(H)-diacholestane

C27d BaR 20R-138(H), 17aa(H)-diacholestane

C27d aBR 20R-13a(H), 178(H)-diacholestane

C27d apBS 20S-13«a(H), 178(H)-diacholestane

C27 aaaS 20S-5a(H), 14a(H), 17a(H)-cholestane

C27 aBBR 20R-5a(H), 14B8(H), 178 (H)-cholestane

C27 aBBS 20S-5a(H), 1458(H), 178(H)-cholestane

C27 caaR 20R-5a(H), 14a(H), 17a(H)-cholestane

C28d BaS 20S-24-Methyl-138(H), 17a(H)-diacholestane
C28d BaR 20R-24-Methyl-138(H), 17a(H)-diacholestane
C28d afBR 20R-24-Methyl-13a(H), 178(H)-diacholestane
C28d apBS 20S-24-Methyl-13a(H), 178(H)-diacholestane
C28 aaasS 20S-24-Methyl-5a(H), 14a(H), 17a(H)-cholestane
C28 aBBR 20R-24-Methyl-5a(H), 148(H), 178(H)-cholestane
C28 aBpBS 20S-24-Methyl-5a(H), 148(H), 178b(H)-cholestane
C28 aaaR 20R-24-Methyl-5a(H), 14a(H), 17a(H)-cholestane
C29d BasS 20S-24-Ethyl-138(H), 17a(H)-diacholestane

C29d BaR 20R-24-Ethyl-138(H), 17« (H)-diacholestane
C29d apBR 20R-24-Ethyl-13a(H), 178 (H)-diacholestane
C29d apBS 20S-24-Ethyl-13a(H), 178(H)-diacholestane

C29 aaasS 205-24-Ethyl-5a(H), 14a(H), 17a(H)-cholestane
C29 aBBR 20R-24-Ethyl-5a(H), 148(H), 178(H)-cholestane
C29 aBBS 20S-24-Ethyl-5a(H), 148(H), 178 (H)-cholestane
C29 aaaR 20R-24-Ethyl-5a(H), 14a(H), 17a(H)-cholestane
C30d BasS 20S-24-Propyl-138(H), 17« (H)-diacholestane
C30d BaR 20R-24-Propyl-138(H), 17a(H)-diacholestane
C30d aBR 20R-24-Propyl-13a(H), 178(H)-diacholestane
C30d apBS 20S-24-Propyl-13a(H), 178(H)-diacholestane

C30 aaasS 20S-24-Propyl-5a(H), 14a(H), 17a(H)-cholestane
C30 aBBR 20R-24-Propyl-5a(H), 148(H), 178(H)-cholestane
C30 aBBS 20S-24-Propyl-5a(H), 148(H), 178(H)-cholestane
C30 caaR 20R-24-Propyl-5a(H), 14a(H), 17a(H)-cholestane
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3.5 Results

Figure 3.8: Depth profiles of the sum
of all steranes and diasteranes and of the

Ca9 (R+S) (aBp)/(aBf + aaa) ratio.
Abbreviations see Table 3.3. (A-C) Pock-

mark cores and (D-E) reference cores.
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3 Thermogenic Hydrocarbon Signals in Pockmarks

3.6 Discussion

3.6.1 Fossil hydrocarbons in the Barents Sea sediments

The bimodal n-alkane distribution reveals differences in the odd/even carbon
number predominance between the short and the long chain length range as
reflected in the CPI. The CPI of n-alkanes is an important indicator of the
source of the n-alkanes and maturity of the organic matter (Bray and Evans,
1961). Values close to unity suggest mature organic matter and petroleum-
derived hydrocarbons, whereas higher CPI values in the longer chain length
range reflect an input of immature terrestrial higher plant material (Bianchi
and Canuel, 2011). In this study the average CPIj5_5; for the short chain
lengths are relatively close to unity for both the pockmark and reference sites,
which suggests a contribution of thermogenically derived hydrocarbons to the

sediments.

For the long chain n-alkanes the average CPly3 99 values range around
2.2. This indicates an odd over even carbon number predominance (Figure
3.4), which is characteristic for a terrigenous higher plant signal (Eglinton and
Hamilton, 1967; Tissot and Welte, 1984). However, CPI values for hydrocar-
bons linked to higher plants are usually higher (Bray and Evans, 1961; Marzi
et al., 1993). The reason for these intermediate values might be found in a
mixture of mature petroleum-derived n-alkanes and immature land plant de-
rived n-alkanes, whereas the oil-derived hydrocarbons tail into the long chain
n-alkane signal, reducing the CPI values of the typical land plant signal (Man-
gelsdorf and Rullkétter, 2003). The immature n-alkane signal might also influ-
ence the fossil signal in the short chain length range, preventing the values to
reach unity. The small variability in the depth profiles of the CPI;5_5; values
for the pockmark and reference sites (Figure 3.3) confirms the thermogenic
source of the short chain n-alkanes (Bray and Evans, 1965). The variability of
the CPI in the long chain range is slightly higher, which might indicate small
variations in the composition of the recent source material. Concentrations of
short chain n-alkanes in the pockmark and reference samples are rather low,
however, they fit well with data of other studies that were carried out in the
SW Barents Sea (e.g. Boitsov et al. 2011).
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3.6 Discussion

Another indication for a supply of thermogenic hydrocarbons into the sedi-
ment is the occurrence of alkylated cyclohexanes in all sediments investigated.

Alkylated cyclohexanes are compounds ubiquitous in crude oils (Fowler et al.,
1986; Kissin, 1990; Hostettler and Kvenvolden, 2002).

Hopanoids, natural pentacyclic compounds, are present in considerable
amounts in all samples investigated. They originate from hopanoic precur-
sors (e.g., bacteriohopanepolyols), which occur mainly in cell membranes of
aerobic bacteria (Rohmer et al., 1984). However, some anaerobic bacteria are
reported to contain hopanoids (Hartner et al., 2005). Their basic structure is
relatively stable over geological times; but a systematic change of their configu-
ration at the chiral C17 and C21 positions occurs during late diagenesis/early
catagenesis to the beginning of the oil window (Farrimond et al., 1998; Vu
et al., 2009). During maturation the biogenic [f-isomers (175(H), 215(H))
are replaced by the Sa-isomers (moretanes) and finally by the thermodynam-
ically more stable abisomers. Hence, with increasing maturity the hopanoid
composition shifts towards the af-isomers, which can be used to assess the

maturity of the organic matter (Seifert and Moldowan, 1980).

The dominant presence of a homologous series of a/3-hopanes in the ana-
lyzed samples clearly indicates a supply of petroleum hydrocarbons into the
sediments of the pockmark and reference sites. However, this petroleum sig-
nal is mixed with a series of biogenic f3-hopanes and hopenes and indicates
a contribution of recent, immature biomass. These data support the results
obtained from the aliphatic hydrocarbon fraction, which suggests that the
analyzed organic matter reveals a mixture of thermogenic hydrocarbons and
immature organic matter. The hopane maturity parameters do not reach their
end points (for 225/(22S + 22R) C3; 17a5-hopanes ca. 0.6 and a5/ (af + fa)
C30 hopanes ca. 0.9) yet, indicating a maturity of early catagenesis. However,
these parameters might be skewed towards lower maturity by the mixture with
immature organic matter. a5-22R Cs;-Hopane and fa-Csp-hopane (moretane)
are known to derive also from immature sources (Mackenzie, 1984; Mangelsdorf
et al., 2011).

The detected steranes also support the presence of thermogenic hydrocar-
bons. Steranes originate from sterol precursors which are constituents of eu-

karyotic cell membranes (Mackenzie et al., 1982). They are abundant in oil
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3 Thermogenic Hydrocarbon Signals in Pockmarks

and exhibit a complex stereochemistry with a wide variety of stereoisomers.
Changes of their chemical configuration during catagenesis can provide im-
portant information about the thermal maturity. Changes occur at position
Ch, C14 and C17 from aaa to aff configuration and at C20 from R to S
configuration. The presence of a3 steranes as detected in our samples is an
additional indication for the presence of thermogenic hydrocarbons. Besides
providing information on the depositional environment (Mello et al., 1988),
the diasterane/sterane ratio can be an indicator for thermal maturity of the
organic matter, since diasteranes have no biological precursors (Peters et al.,
2005b). Significant amounts of diasteranes in our samples are further proof for
the presence of oil hydrocarbons. The a85/(afBf5 + aaa) 20(R + S) Cag ster-
ane maturity parameter also does not reach equilibrium yet (endpoint 0.54)

indicating a maturity of early catagenesis of the fossil hydrocarbons.

Hopanoid and sterane maturity parameters are very similar (Figure 3.6 and
3.8) independent from the sample depth or the core location (Ref or PM).
This implies a similar level of geothermal transformation for the thermogenic
hydrocarbons, suggesting a more or less similar source in the whole area over
time.

Overall the presented biomarker analysis clearly shows the presence of pe-
troleum hydrocarbons of similar maturity in all sediment samples studied.
With the finding of these compounds in the investigated pockmark field the
question arises whether these oil-derived hydrocarbons are indicators for un-
derlying petroleum systems being released through the pockmark system to

the surface.

3.6.2 Origin of thermogenic hydrocarbons in the Bar-

ents Sea sediments

To provide an insight into the origin of the widespread thermogenic hydrocar-
bon signal, depth profiles of petroleum hydrocarbons are compared to profiles
of immature biomarker signals to identify significant differences of these two
organic matter sources with depth. Positive deviations of the thermogenic hy-
drocarbon signal from the trend outlined by the immature biomarkers might
demonstrate that both sources are decoupled, indicating intervals of hydro-

carbon seepage in the pockmark area on top of a background of a continuous
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supply of immature OM into the sediments. In contrast, similar depth distri-
bution patterns might indicate a mixed allochthonous source of mature and
immature material being transported into the study area. Since pockmarks
can act as conduits for underlying petroleum sources, a particular focus is

placed on the pockmark samples.

In the pockmark sites (LU185, LU402 and LU450) the depth profiles of
the thermogenic hydrocarbon signal (3 Cy4-Cos n-alkanes and alkylcyclohex-
anes, Figure 3.3A-C) are, generally, very similar to the profiles of the imma-
ture biogenic markers (3 Ca3-Co9 n-alkanes, Figure 3.3A-C). The same can
be observed when comparing the af-hopanes (mature OM, Figure 3.6A-C)
with the $f-hopanes (immature OM, Figure 3.6A-C). Generally, the confor-
mity between the different biomarker depth profiles indicates that both OM
fractions are somehow related. An exception can be observed in pockmark
LU185 (Figure 3.3A) where the uppermost sample shows an increase in fossil
hydrocarbons relative to the biogenic organic matter signal, especially within
the alkylcyclohexanes. However, this increase is not visible in the respective
af-hopane profile. The fact that this deviation can only be detected in the up-
permost sample seems to indicate a surface contamination rather than seeping

oil hydrocarbons coming from below.

If pockmarks are an expression of migration conduits for the oil-derived
hydrocarbons, then petroleum hydrocarbons would be expected to be absent or
at least much lower in abundance in the reference sites that were taken outside
the pockmark structures. However, a comparison (Figure 3.3D-E) shows that
fossil hydrocarbons occur in all reference samples and that their abundance is
in most cases in the same range. Additionally, the depth profiles of mature
and immature markers in the reference samples are very similar. The only
difference is a higher proportion of the immature signal (long chain n-alkanes,
Figure 3.3D) in reference sample LU78 (70 cm depth). Overall, the comparison
of the pockmark and reference sites confirms that the contributions of mature
and immature OM into the sediments in the pockmark area are similar. These
observations contradict a petroleum seepage scenario. A more likely source of
the mature hydrocarbons is eroded material from uplifted source rocks, mixed
with immature organic matter followed by distribution of this material over

the entire area. Such a scenario better explains the similarities in abundance
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3 Thermogenic Hydrocarbon Signals in Pockmarks

between the thermogenic hydrocarbon and immature biomarker signals in the
sediments. Uplift and erosion occurred several times during the geological
history of the study area (Doré et al. 2002; Ohm et al. 2008, see introduction).
Yunker et al. (1996) argued that due to the uplift source rocks might be eroded
and that the reworked material has been transported and distributed across the
entire area. Similar observations were made for other locations in the world.
Cole et al. (2001) and Dembicki Jr. (2010) observed a background signal of
thermogenic hydrocarbons in some of Gulf of Mexico sample extracts, showing
similar distribution patterns as observed in our study. Their samples also
revealed a mixture of recent organic matter and signals of reworked material
from immature source rocks, indicated by lower molecular weight hydrocarbons
(C11-Cyg n-alkanes) as well as a series of mature af-hopanes and steranes.
Furthermore, Piggott and Abrams (1996) provide an additional example for
reworked source rocks for near-surface sediments from the Cretaceous on the
Arctic shelf.

Another origin of the oil hydrocarbons might be oil leakage in former ge-
ological periods with subsequent erosion and distribution of the respective
sediments during modern times. The uplifted Atlantic margin basins, includ-
ing the Loppa High, enclose under-filled traps containing mainly gas and less
oil. The loss of oil is supposed to be a result of Cenozoic uplift and tilting of
the basins leading to the leakage of the oil (Doré and Jensen, 1996; Corcoran
and Doré, 2002; Ohm et al., 2008). Biodegradation might also be an issue for
seeping thermogenic hydrocarbons (Wenger and Isaksen, 2002), however, the
chromatograms (Figure 3.4) and the biomarker composition do not provide

indication for extensive biodegradation.

An additional argument for the origin of the petroleum hydrocarbons from
reworked eroded source rock or eroded material from past oil leakage can
be deduced from the biomarker analysis of additional samples taken in the
non-pockmarked area D during this study. Figure 3.9 shows an exemplary
chromatogram of an aliphatic fraction from core LU266 that is located in
area D (see Table 3.1 for exact location). It can be seen, that the general
n-alkane distribution is very similar to the exemplary chromatogram of the
samples in pockmark area B (see Figure 3.4). Furthermore, the n-alkanes

occur in similar abundance (546 ng/g Sed). The carbon preference index for
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Figure 3.9: Distribution of n-alkanes of the aliphatic fraction (analyzed by GC-MS) and the
distribution of hopanoids (mass trace m/z = 191) in depth interval 0-10 cm exemplary for
sediments in the non-pockmark area D. IStd: Internal standard (5a-Androstane). The n-alkanes

are indicated by circles. Some n-alkanes are marked with their carbon number for orientation.

the short chain n-alkanes is close to unity and indicates for the long chain range
a predominance of odd chain n-alkanes. Additionally, a similar distribution of
the hopanoic compounds (see Figure 3.5), especially the homologous series of
the aS-hopanes, can be identified in the m/z trace 191, clearly indicating the
presence of thermogenic hydrocarbons in area D sediment. Although area D
does not contain any pockmarks, its sediment contains significant amounts of
petroleum hydrocarbons, thereby supporting the eroded mature hydrocarbon
scenario.

Our conclusions are in contrast to the interpretations of Boitsov et al.
(2011), who also investigated a pockmark area in the SW Barents Sea (ap-
proximately 50-100 km from our study area). They reported indications for
an input of petroleum hydrocarbons to the pockmarks, assuming that these
hydrocarbons are a result of migrating fluid pulses from deep strata. However,
they only distinguish between samples from a pockmark and a non-pockmark
area. Whether sample material was directly from a pockmark is not certain.
Also, they do not provide an explanation as to how the migration should have
occurred and how the presence of pockmarks could be related to the existence

of ubiquitous petroleum hydrocarbons. Such a seepage scenario of thermo-
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3 Thermogenic Hydrocarbon Signals in Pockmarks

genic hydrocarbons through the pockmark system cannot be concluded from
our data. Nevertheless, the pockmark area investigated by Boitsov et al. (2011)
was very close to the Goliat oil field, which might explain the different findings

between the two studies.

The assumption that the studied pockmarks do not show active fluid flow
is in agreement with geomicrobiological and geochemical data from the same
pockmarks in the SW Barents Sea (Nickel et al., 2012). Very low free and ad-
sorbed methane concentrations in the pockmark sediments indicate that seep-
ing activity is not taking place at present. Nickel et al. (2012) concluded that
the pockmarks were formed by gas expulsion resulting from the decay of large
amounts of gas hydrate during the last deglaciation (about 14 ka ago) due to
the pressure release in consequence of the ice shield retreat. This interpretation
is in accordance with a scenario presented by Chand et al. (2012). Analyzing
seismic data of the Loppa High region as well as modulation of the methane
hydrate stability zones they concluded that the present pockmarks are most
likely inactive and related to the dissociation of gas hydrates caused by glacial
retreat. High resolution sub-bottom profiler images show that the pockmarks
cut through the glaciomarine sediments, indicating that their formation oc-
curred during deglaciation. This is supported by the fact that pockmarks are
found within plough mark from drifting icebergs. Similar observations were
made for the Hammerfest Basin (Figure 3.1) south of the Loppa High. Based
on analysis of high resolution 3D seismic data, Ostanin et al. (2013) claimed
that gas venting events took place following the Last Glacial Maximum. In
contrast, periodic gas venting as well as pore water escape is unlikely, since
these scenarios explains more localized phenomena and would not explain the
large extend of the observed pockmark fields. All data point to a scenario in
which gas from a deeper hydrocarbon source migrated upwards (Floodgate and
Judd, 1992; Sassen et al., 2001) and accumulated area-wide as gas hydrates
over thousands of years during the last glacial period under the ice shield.
During deglaciation the gas hydrates rapidly decay due to the pressure release
as a result of the ice shield retreat, releasing huge amounts of hydrocarbon
gases forming the large pockmark fields. Thermogenic gas is very likely in an
area such as the SW Barents Sea known for underlying hydrocarbon systems
(Vorren et al., 1991; Doré, 1995; Doré and Jensen, 1996). The thermogenic
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source is supported by gas measurement on methane collected from active gas

seeps north of our study area showing a 6'2C value of -47%.

We conclude that the presence of petroleum hydrocarbons in the pockmark
sediments in the Loppa High is not an indicator for migrated oil or even active
fluid flow. In this context it might be argued that the analysed cores (maximum
2.5 m) are too short to cover the whole history of the pockmarks since their
formation during the last deglaciation and that there might have been a period
in the past where oil hydrocarbon leakage from the pockmarks was relevant.
This was assessed by foraminiferal biostratigraphy, considering the successions
in the SW Barents Sea reported by Chistyakova et al. (2010) and Aagaard-
Sorensen et al. (2010). The LU402 core, from the pockmark rim, contains
a typical ice-marginal fauna at 100-200 cmbsf. The N. labradorica acme at
150 cm is typical of the lower part of Zone B in the area, and has been dated
to 14-16 ka BP (calibrated) by Chistyakova et al. (2010). The planktonic
foraminifera below 210 ¢cm (Zone C) indicate ice-free conditions and could
date from the initial end-Weichselian deglaciation phase or even from an older
interstadial (e.g., the Eemian, 120 ka BP). The core depths of these bioevents
are typical of undisturbed localities in the area. In contrast, the LU450 core
contains Zone C fauna in all investigated samples below 100 c¢m, showing a
very thin deglaciation sequence and Holocene cover. This confirms that the
core was taken from the centre of a pockmark, and also demonstrates that the
sedimentary record of both pockmark rim and centre cores cover an age interval
larger than the assumed age of the pockmarks. This observation suggests that
seeping oil hydrocarbons never played a significant role in the investigated

pockmarks.

3.7 Conclusions

A large pockmark field in the Loppa High area, southwestern Barents Sea,
was investigated by organic geochemical approaches to answer the question
whether these pockmarks have been conduits for oil-derived hydrocarbons to
the surface, thereby indicating deeper petroleum systems. For this purpose
sample material from pockmarks and references sites (from outside pockmarks
and from a non-pockmark area) were examined with regard to specific oil

related biomarkers.
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In all pockmark samples the investigated petroleum hydrocarbons are pres-
ent and mixed with immature organic matter. The presence of thermogenic
hydrocarbons is indicated by a series of biomarkers such as short chain n-
alkanes with almost no odd/even carbon number predominance, alkylcyclo-
hexanes, af-hopanes, steranes and diasteranes. Maturity parameters for the
investigated samples indicate a similar level of maturity for the thermogenic
biomarkers.

However, fossil hydrocarbons with a similar distribution and abundance also
were found in the references sites even from a non-pockmark area. Addition-
ally, the depth profiles of the oil-derived biomarkers are very similar to those
representing the immature background organic matter. This indicates that
the presence of oil-derived hydrocarbons in the pockmarks is rather a signal of
eroded material mixed with immature organic matter and distributed across
the entire area, than a signal for seeping oil-derived hydrocarbons from deeper
petroleum sources through the pockmark system. Age assessment of the pock-
mark cores suggests that oil hydrocarbons never played a significant role in
the pockmark formation scenario. Thus, the data support the conclusion that
the pure presence of oil-derived hydrocarbons in pockmark areas in the Loppa
High cannot be used to indicate deeper petroleum hydrocarbon systems or
at least that care has to be taken while interpreting the mature hydrocarbon

signals.
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Chapter 4

Insights into the activity,
formation and origin of cold

seep systems on the seafloor of
the SW Loppa High in the SW

Barents Sea

4.1 Abstract

The southwestern Loppa High region, located in the SW Barents Sea, is a
promising area for oil and gas exploration. The occurrence of numerous fault
systems, extensive pockmark (PM) fields, gas hydrates, gas flares and patches
of carbonate crusts suggest hydrocarbon seeping in this area. Here, sediment
and carbonate crust samples from two different cold seep systems, a PM field
and a carbonate crust area, were investigated. To unravel the activity and for-
mation scenarios of the different seep structures as well as the origin and timing
of the seeping hydrocarbons a biogeochemical approach was applied. For this
purpose the biomarkers of microbial communities being associated to hydrocar-
bon seeping systems as well as their carbon isotope signatures were examined.
In the carbonate crust area archaeal biomarkers diagnostic for the anaerobic
oxidation of methane (AOM) such as pentamethylicosane (PMI), crocetane,

archaeol and hydroxyarchaeol, highly depleted in *C, were detected in the sed-
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iment as well as in the corresponding carbonate crust. Plotted against depth
all biomarkers show a distinct interval of elevated concentrations, indicating
the occurrence of a shallow AOM zone. This zone was further confirmed by el-
evated concentrations of highly 3C depleted phospholipid fatty acids (PLFAs)
being specific for sulfate reducing bacteria (SRB) which are known to medi-
ate the AOM in syntrophy with anaerobic methanotrophs (ANMEs). Along
with rising gas bubbles, observed during sample recovery, the biomarker data
indicate a currently active cold seep system in the carbonate crust area. In
contrast the diagnostic AOM biomarkers are absent in the sediment from the
PM area which suggests that the PM field is currently inactive. Together with
the findings of previous studies performed in this area, it is hypothesized that
the large PM fields were formed as a result of the decay of area wide dis-
tributed gas hydrates which were destabilized due to the retreat of the thick
ice shield during the last deglaciation. In contrast seismic data show that the
carbonate crust areas are fault-related active seep structures for hydrocarbon
gases presumably from thermogenic origin. During glacial times these seeps
might have been the pathway for the hydrocarbon gases leading to an area

wide accumulation of gas in form of gas hydrates below the ice shield.

4.2 Introduction

The Barents Sea, a shelf sea located between northern Norway and the Eu-
ropean coast of Russia in the south and Svalbard and the Arctic Ocean in
the north (Gabrielsen et al., 1990), is a promising area for hydrocarbon ex-
ploration. The epicontinental sea consists of many structural platforms and
sedimentary basins and reveals several hydrocarbon systems including oil and
gas fields (Ohm et al., 2008). The entire region is glacially influenced (e.g.
Andreassen et al. 2008; Elverhgi et al. 1993) as the Barents Sea was covered
by a thick ice shield during the last glacial period, and its retreat is still visible
on the seafloor in form of drag marks (plough marks) from drifting icebergs.
The Loppa High, a structural high in the southwestern part of the Barents
Sea, is characterized by extensive pockmark fields on the seabed (Hovland,
1992; Nickel et al., 2012). Pockmarks are craterlike seafloor structures result-
ing from fluid expulsion. They can be conduits for hydrocarbon gases such

as methane being released from deeper formations to the seafloor (Hovland
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et al., 2005). Thus, in a hydrocarbon prospective area such as the Barents
Sea, pockmarks may serve as indicators for underlying hydrocarbon systems,
making such areas an attractive target for hydrocarbon exploration as already
demonstrated by the finding of the Skrugard, Havis and Lundin 7120 oil fields
(Figure 4.1).

Additionally, multibeam ecosounder monitoring detected active gas seepage
in form of gas flares in the water column in certain parts of the SW Loppa High
(Chand et al., 2012). Patches of carbonate crusts on the seafloor, known to be
often associated with methane seeping (e.g. Naehr et al. 2007; Peckmann and
Thiel 2004), were visible on high resolution interferometric synthetic aperture

sonar (HISAS) images and seafloor photos.

Methane is one of the most important greenhouse gases in the atmosphere
(Heimann, 2010). Fluid flow processes, like hydrocarbon leakage through pock-
marks, have been estimated to contribute up to 2% of global methane emissions
(Judd et al., 2002). Therefore, methane formation and migration dynamics are

of considerable interest regarding the global carbon and climate cycle.

Hydrocarbon seeps form a particular habitat for microbial communities
which use methane as a carbon and energy source (Foucher et al., 2009; Watkin-
son and Morgan, 1991). In anoxic subsurface sediments methane is consumed
by microorganisms performing the anaerobic oxidation of methane (AOM),
which effectively controls the release of methane from the sediment to the
ocean and finally to the atmosphere (Knittel and Boetius, 2009). AOM is
mediated by anaerobic methanotrophic archaca (ANME) reversing methano-
genesis and living primarily in syntrophy with sulfate reducing bacteria (SRB)
(Boetius et al., 2000; Hinrichs et al., 1999; Orphan et al., 2001a). Three in-
volved archaeal clades, ANME-1, ANME-2 and ANME-3, all belonging to the
Euryarchaeota, are known (Niemann et al., 2006; Orphan et al., 2001a). SRB
comprise the groups Desulfosarcina/Desulfococcus for ANME-1 and ANME-2
and Desulfobulbus for ANME-3 (Knittel et al., 2005; Lésekann et al., 2007;
Orphan et al., 2002). During AOM the electron acceptor (sulfate) is reduced to
sulfide and methane as the electron donor is oxidized to bicarbonate (Iversen
and Jgrgensen, 1985; Reeburgh, 2007). Due to reaction of bicarbonate with

dissolved cations (e.g. calcium or potassium), the precipitation of authigenic
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Figure 4.1: (A) Location and tectonic framework of the sampling areas in the southwestern
Barents Sea (after Nickel et al. 2012). Study areas B, PR 4 and PR1 are indicated. Red triangles:
oil fields Skrugard and Havis, yellow L: Lundin discovery. The position of the seismic line (Figure
4.9) is shown. (B) Bathymetry of the pockmark area B indicating the location of core LU450. (C)
High-resolution interferometric synthetic aperture sonar (HISAS) image obtained by autonomous
underwater vehicle (AUV) of the carbonate crust area PR4. The carbonate crusts occur in the

upper right and lower left parts of the image as dm- to m-scale mounds (red arrows).
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carbonates can occur, leading to the formation of carbonate crusts associated
with the seeps (Aloisi et al., 2002; Ritger et al., 1987).

Since part of the isotopically very negative methane carbon is incorporated
into the biomass of the microorganisms participating in AOM, the carbon
isotope signal of characteristic molecular markers (biomarkers) for these mi-
croorganisms can be used to track seeping processes (e.g. Blumenberg et al.
2004; Elvert et al. 2003; Hinrichs et al. 1999; Orphan et al. 2002). Common
biomarkers used to trace archaea are e.g. archaeol, hydroxyarchaeol (Hin-
richs et al., 1999; Koga et al., 1998) 2,6,10,15,19-pentamethylicosane (PMI),
2,6,11,15-tetramethylhexadecane (crocetane) (e.g. Boetius et al. 2000; Elvert
et al. 2000; Thiel et al. 2001) and glycerol dialkyl glycerol tetraethers (GDGTs)
(Schouten et al., 2001; Wakeham et al., 2004; Weijers et al., 2011). For SRB,
specific phospholipid fatty acids (PLFAs) can be used, for instance iso- and
anteiso-Cy5 fatty acids etc. (Blumenberg et al., 2004; Boetius et al., 2000;
Niemann and Elvert, 2008; Zhang et al., 2002).

Studies of geomicrobiological and organic geochemical gas and oil biomarker
analyses of cores taken from a large pockmark field in the SW part of the Loppa
High suggested that most of the pockmarks are presently inactive. There are
neither indications for high microbial activity nor for current gas or oil release
from the pockmarks (Nickel et al., 2012, 2013).

In the present paper we extended our previous work (Nickel et al., 2012,
2013) by biogeochemical investigations on sediment cores as well as a car-
bonate crust samples taken from the different seep structures (pockmark and
carbonate crust areas) in the SW Loppa High region. A focus was laid on po-
lar molecular markers characteristic for microbial communities associated to
methane seeps. Together with the compound-specific carbon isotope signals
(613C) of these biomarkers, the data offer a deep insight into the activity and
formation of the different seepage structures and the origin and timing of the

seeping hydrocarbon fluids.
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4.3 Samples and methods

4.3.1 Samples

Lundin Petroleum Norway AS, the Norwegian Defense Research Establishment
(Forsvarets Forskenings Institutt, FFI) and the Geological Survey of Norway
(Norges Geologiske Underspkelse, NGU) conducted an extensive survey pro-
gram to identify potential hydrocarbon leakage structures such as pockmarks,
gas flares and carbonate crusts on the seafloor in the SW Loppa High region.

A Kongsberg Maritime EM710 multibeam echosounder with seafloor reflec-
tion (backscatter) capability was used to screen the seafloor for seep struc-
tures and the water column for gas flares (Chand et al., 2012). Promis-
ing areas were further inspected using the autonomous underwater vehicle
(AUV) “Hugin” equipped with high-resolution interferometric synthetic aper-
ture sonar (HISAS). Acquired sonar images and photos of the seafloor allowed
to identify carbonate crust areas.

The sample material for the current study was recovered from two different
sampling areas (labeled areas B and PR4) in the southwestern Barents Sea
(Figure 4.1A). Area B is located at the southwestern edge of the Loppa High
and shows an extensive field of pockmarks of different sizes (between 10 and
50 m in diameter), which are randomly distributed on the seafloor (Figure
4.1B). Area PRA4 is located at the northern edge of the Polheim Sub-Platform
towards the Loppa High and is characterized by patches of carbonate crust
(Figure 4.1C). Furthermore, area PR4 reveals several iceberg plough marks.

In November 2009 a series of sediment gravity cores with a maximum length
of 2.6 m were collected in area B both within and outside (as reference) pock-
marks. The cruise was initiated and conducted by Lundin Petroleum Norway
in cooperation with the NGU, FFI, University of Potsdam and GFZ Potsdam
using the R/V HU Sverdrup. Gas measurements were conducted on samples
from the deepest interval of each core. For detailed geochemical and geomicro-
biological studies, several cores were selected. From each core ten 10 cm-long
whole round cores (WRC), spaced over the entire length of each core, were
taken directly on board, whereas the top 50 cm were always sampled entirely.
To avoid contamination from shallower sediment, the exterior of the core ma-

terial was removed prior to subsampling for the diverse biogeochemical and
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Figure 4.2: Carbonate Crust sample P1210018, taken in PR4. The sample was divided into

three parts: top, middle and bottom to investigate the variation over the entire crust.

microbiological analyses. For detailed biogeochemical analyses in the home
laboratory an aliquot of each sediment sample was stored in Ny-flushed gas-
tight bags and stored frozen at -20°C until analysis. Since the results of the
pockmark cores are quite similar, in the current paper we present the results
of one pockmark core (LU450) as an example of the pockmarks in area B.
For more information on cores from the pockmark areas see also Nickel et al.
(2013) and Nickel et al. (2012).

In September 2012 Lundin Petroleum Norway AS conducted a ROV survey
in four carbonate crust areas using the R/V Fugro Meridian. In total, 12
sediment push cores with a maximum length of 24 cm and 18 carbonate crust
samples were taken. Each core was capped, sealed, frozen at -20°C, shipped to
GFZ Potsdam and subsectioned while still frozen. The deepest section of each
core was used for gas analysis. Again, the outer core material was removed to

avoid possible contamination from shallower sediment.

For this paper we focus on sediment push core P1210020 (divided into 8
depth intervals) and carbonate crust sample P1210018 (divided into 3 parts:
top, middle and bottom, Figure 4.2), both from the carbonate crust area PR4.
The reported push core was split into 2 cm intervals for the upper 10 cm
and 3 cm for the lower part (10-19 ¢cm depth). The exact locations of the
investigated sample material from areas B and PR4 are presented in Table
4.1.
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Table 4.1: Sample IDs, sampling areas as well as types and coring positions of the investigated

samples in the SW Barents Sea.

Sample ID  Area Area Type Sample Latitude Longitude

P1210018 PR4 Crust Carbonate Crust 72°34°02.19”N  20°52’09.26"E
P1210020 PR4 Crust Sediment 72°34°02.07”N  20°52’05.96"E
P1210031 PR1 Crust Gas 72°09°28.07"N  19°43'37.72"K
LU450 B Pockmark  Sediment 72°05°09.49”N  20°30’42.48"E

4.3.2 Sample preparation, extraction and chromatogra-

phic separation

Each sample was homogenized prior to any processing. The frozen sediment
samples were freeze dried, ground, extracted and divided into a low polar
fraction including glycerol dialkyl glycerol tetraethers (GDGTs), a free fatty
acid fraction, a glycolipid fraction and an intact phospholipid (PL) fraction
using a chromatographic method (Zink and Mangelsdorf, 2004).

Half of the low polar fraction was analyzed by high performance liquid chro-
matography - mass spectrometry (HPLC-MS) for GDGT analysis (see section
4.3.5). After measurement selected samples from specific depth intervals and
from the carbonate crust were exposed to ether cleavage to determine the 6*3C
values of the detected GDGTs. As described by Gattinger et al. (2003) the
GDGT samples were treated with 2 mL hydriodic acid (57%, v/v), sealed and
kept for 18 h at 100°C to cleave the ether bonds and to produce the corre-
sponding alkyl diiodides. 4 mL water was added to stop the reaction followed
by three times extraction with 10 mL n-hexane. The combined organic phases
were washed in succession with 10 mL water, sodium carbonate solution (10%,
w/v) and sodium thiosulfate solution (50% w/v). The dried samples of the re-
sulting alkyl diiodides were reduced to the corresponding hydrocarbons using
300 mg zinc powder in 3 mL glacial acetic acid at 100°C for 18 h. After cooling,
the reaction mixture was neutralized by adding 5 mL sodium carbonate solu-
tion (0.1 M), and extracted three times with 7 mL n-hexane. The combined
organic phases were washed with 10 mL of sodium carbonate solution (0.1 M)

and twice with 10 mL of water followed by evaporation to dryness.
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The other half of the low polar fraction was separated into an aliphatic
compound, aromatic compound and hetero compound (NSO) fraction using
medium pressure liquid chromatography (MPLC). The NSO fractions con-
taining the glycerol diethers were derivatized prior to analysis. Trimethylsi-
lylation was performed using N-methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA) for 1h at 75°C. For analytical details see Nickel et al. (2013).

Half of the PL fraction was used for mild alkaline hydrolysis to obtain the
phospholipid fatty acids (PLFA) fraction via ester cleavage. Following the
method of Miiller et al. (1990), the aliquot was dissolved in 500 pL dichloro-
methane/methanol (9:1 v/v). 500 uL trimethylsulfonium hydroxide (TMSH)
was added and kept at 70°C for 2 h. After cooling, the reaction mixture
was dried under a stream of nitrogen and re-dissolved in dichloromethane for
GC-MS analysis.

4.3.3 Gas measurements

Gas compositional and isotopic measurements were performed by APT (Ap-
plied Petroleum Technology AS, Norway) following NIGOGA (Weiss et al.,

2000) analytical recommendations.

4.3.4 GC-MS analysis

The aliphatic, NSO and PLFA fractions of the core extracts were analyzed
by gas chromatography-mass spectrometry (GC-MS). For GC-MS analysis,
the samples were measured on a DSQ Thermo Finnigan Quadrupole MS cou-
pled to a gas chromatograph (Trace GC Ultra, Thermo Electron Corporation).
The gas chromatograph was operated in the splitless mode using the follow-
ing temperature programs. For the NSO fraction the initial temperature was
50°C (1 min isothermal), heating rate 3°C/min to 350°C (held isothermal for
25 min). For the aliphatic and PLFA fraction the initial temperature was
50°C (1 min isothermal), heating rate 3°C/min to 310°C (held isothermal for
30 min). The GC was equipped with a Thermo PTV injection system (Thermo
Electron Corporation) and a 50 m x 0.22 mm x 0.25 pm BPX5 (SGE) column.
Helium was used as carrier gas with a constant flow rate of 1 mL/min. The
injector temperature was programmed from 50 to 300°C at a rate of 10°C/s.
Full scan mass spectra for NSO and aliphatic fractions were recorded from m/z

50 to 650 u or m/z 50 to 600 u, respectively, at a scan rate of 2.5 scans/s.
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4.3.5 High Performance Liquid Chromatography - At-
mospheric Pressure Chemical Ionization - Mass

Spectrometry (HPLC-APCI-MS)

Glycerol dialkyl glycerol tetraethers (GDGTs) were analyzed by HPLC-APCI-
MS using a Shimadzu LC10AD HPLC coupled to a Finningan MAT TSQ
7000 mass spectrometer. Compounds were separated at 30°C using a Prevail
Cyano column (2.1 x 150 mm, 3 pm; Alltech) equipped with a precolumn filter.
Tetraethers were eluted isocratically with 99% n-hexane and 1% iso-propanol
for 5 min, followed by a linear gradient to 1.8% iso-propanol in 40 min. The
gradient was changed within 1 min to 10% iso-propanol and maintained for
5 min to clean the column and set back to initial conditions and kept for 16 min
until equilibrium was reached. Flow rate was set to 200 pL/min.
Atmospheric pressure chemical ionization (APCI) was used to detect the
compounds in the eluent, applying a corona current of 5 mA (5 kV), a va-
porizer temperature of 350°C, a capillary temperature of 200°C and nitrogen
sheath gas at 60 psi without auxiliary gas. Positive ion mass spectra were
generated by selected ion monitoring (SIM) using the following masses for iso-
prenoid GDGTs 1302, 1300, 1298, 1296, 1294 and 1292 for branched GDGTs
1049, 1047, 1045, 1035, 1033, 1031, 1021, 1019 and 1017 and for archaeol
654. Absolute quantification of GDGTs is not possible without appropriate
response factors of the different GDGTs (Huguet et al., 2006). However, to
enable the comparison of GDGTs from different samples within our sample
set, we quantified the GDGTs relative to archaeol used as external standard.

Thus, the GDGT concentrations can only be considered as semi-quantitative.

4.3.6 Gas Chromatography - Isotope Ratio Mass Spec-
trometry (GC-IRMS)

The carbon isotope composition of selected biomarkers was either determined
at the GFZ in Potsdam or at the University Gottingen, Germany.

The GC-IRMS system in Potsdam consisted of a GC unit (7890, Agilent
Technology, USA) connected to a GC-C/TC III combustion device coupled
via open split to a Delta V Plus isotope mass spectrometer (ThermoFisher

Scientific, Germany). The organic substances of the GC effluent stream were
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oxidized to COy in the combustion furnace held at 940°C on a CuO/Ni/Pt
catalyst. CO5 was transferred on line to the mass spectrometer to determine
carbon isotope ratios. 3 ul of the aliphatic fraction were injected to the pro-
grammable temperature vaporization inlet (PTV, Agilent Technology, USA).
The injector was held at a split ratio of 1:2 and an initial temperature of
230°C. Upon injection, the injector was heated to 300°C with a heating rate
of 700°C/min and held at this temperature for the rest of the analysis time.
The aliphatic fractions were separated on a fused silica capillary column (HP
Ultra 1, 50 m x 0.2 mm ID, 0.33 pym FT, Agilent Technology, Germany) with
a temperature program starting at 40°C, increased with a rate of 4°C/min to
300°C held for 45 min. For the ether cleavage products the initial temperature
was set to 50°C and increased to 310°C at a heating rate of 3°C/min and was
held isothermal for 45 min. Helium, set to a flow rate of 1.0 mL/min, was
used as carrier gas. All aliphatic hydrocarbon fractions were measured in trip-
licate with a usual standard deviation of <0.5%¢. The quality of the carbon
isotope measurements was checked regularly by measuring n-alkane standards
(n-Ci5, n-Cyg, n-Cas) with known isotopic composition (provided by Campro
Scientific, Germany).

§13C values of selected biomarkers in the derivatized polar fraction (BSTFA)
were repeatedly determined in Gottingen using a Trace GC, equipped with an
SGE BPX5 column (30 m, 0.32 mm inner diameter, 0.25 pm film thickness)
and coupled to a Delta Plus IRMS (both ThermoFisher Scientific). Helium
was the carrier gas (flow 2.0 mL/min) and the GC temperature program was
80°C (3 min) to 310°C (held 35 min) at 6°C/min. Samples were injected
splitless into a split-splitless injector held at 300°C (splitless for 0.8 min).
The combustion reactor was similar to the one described above. GC-C-IRMS
precision in Gottingen (usually <0.5%q) and linearity were routinely checked
by using an external n-alkane isotopic standard provided by A. Schimmelmann

(Indiana University).
4.3.7 Stable isotope composition §>C of the carbonate
crusts

The stable isotope composition §'3C of the carbonate crust was determined

using a Finningan GasBench II with carbonate option coupled to a DELTA-
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plusXL mass spectrometer, following the analytical procedure described by
(Spotl and Vennemann, 2003).

4.4 Results

4.4.1 First indications for active seeping

Indications for gas seepage were obvious from the detection of visible gas bub-
bles in the carbonate crust areas using the ROV camera. Gas bubbles em-
anated when the core liner was pushed into the sediment, indicating that the
sediment was supersaturated with gas. In one of the carbonate crust areas
(PR1), from which no carbonate crusts were sampled, bubbling gas was col-
lected. Subsequent gas measurements revealed that the gas was almost pure
methane (>99%) with a §'3C value of -47.8%¢. Cores from the carbonate crust
area PR4 (e.g. P1210020) emitted a strong HyS smell upon opening. When
the cores were pushed out of the liner for subsampling small expanding gas
voids could be observed on the core exterior indicating the release of gas. Gas
measurements of the deepest interval of the core revealed the presence of sig-
nificant amounts of methane, whereas higher hydrocarbon gases (e.g. ethane,
propane) were below the detection limit. The carbonate crust had a 6'3C

signal of -36%.

4.4.2 Characteristic biomarkers for archaeal communi-

ties

In the following result chapters biomarker concentrations are provided in ng/g
Sed (sediment) or ng/g CC (carbonate crust). Since total organic carbon
(TOC) values of the studied sediment samples show almost no variation with
depth (data not shown), TOC has no influence on the depth trends of the
biomarker profiles presented. Partial chromatograms highlighting the bio-
markers archaeol, hydroxyarchaeol, dihydroxyarchaeol, crocetane, pentamethyli-
cosane (PMI) and GDGTs (see Appendix A for molecular structures) being
characteristic for archaeal communities are shown in Figure 4.3 for the three
sample types investigated (carbonate crust samples, sediment from carbonate

crust area and sediment from pockmark area).
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Table 4.2: Concentration of selected microbial biomarkers in the carbonate crust sample
(P1210018) from area PR4. PMI = pentamethylicosane; OH-archaeol = hydroxyarchaeol; GDGT
= glycerol dialkyl glycerol tetraether; PLFA = phospholipid fatty acids; CC: carbonate crust.

P1210018
Compounds top middle bottom
(ng/g CC) (ng/g CC) (ng/g CC)
Crocetane 86.3 53.5 74.9
PMI 136.5 109.0 218.0
Archaeol 2383 2088 3597
OH-archaeol 4591 1795 2496
> GDGTs 1471 5566 11433
> PLFAs 452 581 573

Carbonate crust (CC) samples

In the carbonate crust (CC) samples (top, middle, bottom part of P1210018;
Figure 4.2) from area PR4, archaeol and hydroxyarchaeol was present in high
amounts (archaeol: 2088-3597 ng/g CC and hydroxyarchaeol: 1795-4591 ng/g
CC; Table 4.2). The relative proportions of archaeol and hydroxyarchaeol var-
ied within the crust. For example, in the top part of the crust hydroxyarchaeol
was more abundant than archaeol, whereas in the middle and bottom intervals
archaeol was slightly more abundant than hydroxyarchaeol. The §'3C values
determined exemplarily for the bottom sample from the carbonate crust were
110.7%o for archaeol and 112.7%¢ and 113.5%¢ for hydroxyarchaeol as di- and
mono trimethylsilylated (TMS) derivatives, respectively (Table 4.3). PMI and
crocetane were the dominant compounds in the aliphatic fractions of the crust
samples. Generally, crocetane (75-86 ng/g CC) was less abundant than PMI
(109-218 ng/g CC) (Figure 4.3A, Table 4.2). Both compounds were signifi-
cantly depleted in ¥*C with §'3C values ranging between 100.5%0 and 108.5%
for crocetane and 111.3%o and 113.2%o for PMI (Table 4.3). Additionally, mi-
nor amounts of the unsaturated homologues (like crocetenes and pentamethyli-

cosenes) could be traced, but not quantified.

High amounts of GDGTs ranging between 1471-11433 ng/g CC were found
(Table 4.2). All three parts showed a similar isoprenoidal GDGT composition
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Table 4.3: §3C signal given in %o of selected archaeal biomarkers in the carbonate crust
sample (P1210018) and the sediment core (P1210020) both from the carbonate crust area PR4.
PMI: pentamethylicosane, EL: etherlipid, n.d.: not determinable, n.a.: not analyzed, TMS:

trimethylsilyl.
13C (%)
Sample Type Carbonate Crust Core Carbonate Crust
Interval 2 cm 6 cm top  middle bottom
Crocetane n.d. n.d. -107.5 -100.5 -108.5
PMI n.d. n.d. -111.5  -111.3  -113.2
Archaeol -115.0 -102.0 n.a. n.a. -110.7
Hydroxyarchaeol
/ / n.a. n.a. -113.5
(monoTMS)
Hydroxyarchaeol
-111.7 -111.8 n.a. n.a. -112.7
(diTMS)
Dihydroxyarchaeol -108.5 -116.3 n.a. n.a. /
EL-0 n.d. n.d. -106.3 -1124 -111.4
EL-1 n.d. n.d. -106.4 -112.5  -112.0
EL-2 n.d. n.d. nd. -113.2 -113.2
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Figure 4.4: Relative abundance of isoprenoid GDGTs within different intervals for A) the top,
middle and bottom part of the carbonate crust sample P1210018 from the carbonate crust area
PR4 B) the surface, 6 and 16 cm intervals of the sediment core P1210020 from the carbonate
crust (CC) area PR4 and C) the surface, 60 and 150 cm intervals of the sediment core from
pockmark (PM) LU450 from the pockmark area B.

with GDGT-1 (31-37%) and GDGT-2 (41-46%) being the dominating com-
pounds followed by GDGT-0 (12-16%) and GDGT-3 (5-10%) (Figure 4.4A).
Crenarchaeol was only present in traces of less than 0.5% (Figures 4.3A and
4.4A). Cleavage of the ether bonds in GDGTs resulted in the formation of
acyclic- (EL-0) monopentacyclic (EL-1) and dipentacyclic (EL-2) biphytane
molecules (Appendix A). The acyclic biphytane can be released from GDGT-
0, -1 or -2, the monopentacyclic biphytane from GDGT-1, -2 and -3. The §3C
values of the three biphytanes (EL-0, EL,-1, EL-2) are highly depleted in *C
ranging from 106.3 to -113.2%¢ (Table 4.3).

Sediment from the carbonate crust area

In the sediment from the carbonate crust area (PR4) archaeol and hydrox-
yarchaeol were present within the entire depth interval of the analyzed core
P1210020 (Figure 4.5A). Additionally and in contrast to the carbonate crust,
small amounts of dihydroxyarchaeol could be traced in the depth intervals
between 2 and 8 cm (Figure 4.5A). Archaeol was present in amounts rang-
ing between 107-376 ng/g Sed and was generally less abundant than hydrox-
yarchaeol ranging between 193-1544 ng/g Sed. Dihydroxyarchaeol accounted
for 63 to 293 ng/g Sed. Plotted against depth, the concentration of all archaeol
derivatives showed increased values between 3 and 9 cm with a maximum at
a depth of 6 cm (Figure 4.5A). The §'3C values determined for selected in-
tervals of the core (2 and 6 cm depth) ranged between -102 and -115%o for
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4.4 Results

Figure 4.5: Diagrams showing the depth profiles of A) archaeol, hydroxyarchaeol, dihydrox-
yarchaeol and pentamethylicosane (PMI) for the sediment core in the carbonate crust area PR4
and B) PMI for the pockmark core from the pockmark area B. The shaded area indicates the

presumed AOM (anaerobic oxidation of methane) zone.

archaeol, -111.7 and -111.8%¢ for hydroxyarchaeol and -108.5 and -116.3%o for
dihydroxyarchaeol (Table 4.3).

Pentamethylicosane (PMI) was also present in all depth intervals, although
in much lower amounts than the isoprenoidal diethers. The concentrations
generally ranged between 31-52 ng/g Sed. A small maximum was also obvious
between 3 and 9 cm (Figure 4.5A). For §'?C analyses the compound concen-
trations were too low. Crocetane could be detected in traces. However, with
the GC-column used reliable quantification was impossible due to co-elution

with phytane and n-C;g alkane.

Archaeal GDGTs were present in significant concentrations. The total con-
centration ranged between 128 and 291 ng/g Sed. The absolute amounts of
the archaeal GDGTs were generally 20 times lower than in the carbonate crust
from the same area. A small maximum at 6 cm depth was observed, which is
mainly derived from slightly increased concentrations of GDGT-0, GDGT-1,
GDGT-2 and crenarchaeol. Below 8 cm an increasing trend with depth in the
total GDGT concentration was found, which arises from an increase of mainly
GDGT-1 and GDGT-2 as well as slightly of GDGT-0 and GDGT-3 (Figure

4.6). In contrast, crenarchaeol remains relatively constant or even decreases
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Figure 4.6: Diagrams showing the depth profiles of the glycerol dialkyl glycerol tetraethers
(GDGTs) with 0, 1, 2, and 3 cyclopentyl rings and crenarchaeol for the sediment core P1210020

taken in the carbonate crust area PR4. The shaded area indicates the presumed AOM (anaerobic
oxidation of methane) zone.

slightly (Figure 4.6). This trend becomes more obvious when comparing the
relative GDGT-compositions of the surface, 6 cm and deepest sample. In
the surface sample, GDGT-0 and crenarchaeol dominated with 53% and 35%,
respectively. In the 6 cm sample, GDGT-0 (42%) and crenarchaeol (31%) de-
creased, while GDGT-1, GDGT-3 and mainly GDGT-2 (14%) increase (Figure
4.4B). This trend continued in the deepest samples, where GDGT-2 became
the dominant component (30%).

Sediment from the pockmark area

In the pockmark (PM) core (LU450) from area B archaeol and hydroxyarchaeol
were absent (Figure 4.3C). The mass spectra of the small peaks in Figure 4.3C
could neither be assigned to archaeol nor hydroxyarchaeol. Crocetane was
also absent in the sediment samples of the PM core. PMI was present only in

marginal amounts ranging between 2.4-21.1 ng/g Sed (Figure 4.5B).
GDGT-0 and crenarchaeol were by far the most prominent compounds of

all archaeal GDGTs. Their relative abundance comprised up to 64% and 37%,

respectively. GDGT-1 to -3 were present only in minor amounts (Figure 4.4C).

A comparison between samples from the surface, from 60 cm and 150 cm shows
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Figure 4.7: Exemplary chromatograms for the characteristic bacterial biomarkers (phospholipid
fatty acids, PLFA) for the three sample types investigated: Carbonate crust and sediment core
both from carbonate crust area PR4 and sediment core from pockmark LU450 from pockmark
(PM) area B.

that the relative proportions of the GDGTs does not change significantly with
depth. The total archaeal GDGTs concentration (41-438 ng/g Sed), however,
was similar to the amounts of GDGTs detected in the sediment core from the

carbonate crust area.

4.4.3 Characteristic biomarkers for bacterial communi-
ties

Exemplary partial total ion chromatograms for the analyzed biomarkers char-
acteristic for bacterial communities (phospholipid fatty acids, PLFA) are shown

in Figure 4.7.
Carbonate crust samples

The carbonate crust revealed a series of saturated- (Cyq9 to Cag.), branched-

(iso/anteiso-Cys.g, iso/ai-Cyr9) unsaturated- (Cis.q,7. and Cir.1,8) PLFAs as
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Table 4.4: §'3C signal given in %o of selected phospholipid fatty acids (PLFAs) in the sediment
core (P1210020) from the carbonate crust area PR4. n.d.: not determinable.

§13C (%o) in Carbonate Crust Core

Interval 0 cm 2 cm 4 cm 6 cm
ai—C15:0 n.d. -72.0 -76.2 -87.5
Cig:105 CiS + trans -56.2 -69.8 -65.3 -65.8
C20;5 -39.2 -52.0 -42.2 n.d.
Caa:s -43.0 -55.0 -42.3 -40.4

well as the cyclopropyl-Ci7.o fatty acid. The most prominent compounds were
Ci6:0, Cig.0 and Cig.17. PLFAs. The concentration of the total PLFAs, with
452-581 ng/gCC, did not vary much within the top, middle and bottom sample
(Table 4.2).

Sediment from the carbonate crust area

In contrast to the PLFA composition in the carbonate crust, the sediment from
the crust area revealed a broader range of different PLFAs. Especially, a higher
diversity in mono- and polyunsaturated PLFAs with 16, 18 and 20 carbon
atoms was observed. Additional PLFAs were iso-Ci4.9, cis- and trans-Cig.107,
cis- and trans-Cig.1,5, iso- and anteiso Cir.q, polyunsaturated C;g3 PLFAs,
cis- and trans-Cig.1,7, Cis.1w5, Cig:109, @ range of mono- to polyunsaturated
Cqo compounds and Coqs fatty acid (Figure 4.7B). The total concentration
of PLFA was higher than in the carbonate crust samples. The depth pro-
file of the total PLFA-signal in general decreases from the surface sediment
(17938 ng/g Sed ) to the 16 cm sample (503 ng/gSed). However, the data
reveal an intermediate increase between 2 and 8 ¢m with values up to 12028
ng/gSed. The same trend was observed for selected PLFAs such as the iso-,
ai-Cs.0, cis- and trans-Cig.1.5, Cop.s and Coys fatty acids (Figure 4.8A). 613C
measurements of selected samples demonstrated relatively negative values for
the ai-Cys.9 ranging between -72 and -87.5%0 and for the cis- and trans-Cig.105
ranging between -56.2 and -69.8%¢. Additionally, also Cap.5 and Cag.5 showed
13C depleted values between -39.2 and -55.0%0 (Table 4.4).
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AOM (anaerobic oxidation of methane) zone.
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Sediment from the pockmark area

In the sediment of the pockmark area, the PLFA composition was character-
ized by the abundance of Cy4.9, Cis.0 and Cig.1,7. compounds, which is similar
to the carbonate crust sample. Although present in only low concentrations,
other PLFAs include Cyy4., iso/ai-Cy5,9 and Cys,. The total PLFA concentra-
tions were lower than in the carbonate crust ranging from 61 to 157 ng/gSed.
Highest total PLFA concentrations were observed for the surface sample fol-
lowed by a significant decrease in the upper 30 cm. Further downcore, the
concentration remained relatively constant (Figure 4.8B). Similar trends were

recognized for the iso/ai-Cys, fatty acids (Figure 4.8B).

4.5 Discussion

4.5.1 Archaeal and bacterial biomarkers in a carbonate

crust and sediments from the SW Barents Sea

Carbonate crust (CC)

The carbonate crust material from area PR4 contained significant amounts
of specific archaeal biomarkers like archaeol, hydroxyarchaeol, pentamethyli-
cosane (PMI) and crocetane (Figure 4.3). Their carbon isotope signatures
revealed a strong depletion in *C (Table 4.3), indicating that the correspond-
ing archaea are involved in the process of anaerobic oxidation of methane
(AOM, Blumenberg et al. 2004; Hinrichs et al. 1999; Pape et al. 2005), uti-
lizing methane as a carbon and energy source (Hayes et al., 1990; Whiticar,
1999).

Isoprenoid GDGTs, indicative for archaea, were also found in high concen-
trations in the crust material. The high relative abundance of GDGT-1 and -2
compared to GDGT-0 and crenarchaeol (Figure 4.3A and 4A) seems to be a
feature for archaeal communities involved in AOM. This has been inferred by
several authors who described elevated concentrations of GDGT-1 and -2 in
sediment from cold seeps (Pancost et al., 2001; Zhang et al., 2011), sediment
characterized by diffusive methane flux (Weijers et al., 2011) as well as in car-
bonate crusts samples (Bouloubassi et al., 2006). The strongly negative carbon

isotope signatures of the biphytanes with 0 to 2 cyclopentyl rings (Table 4.3)
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that were obtained after ether cleavage of the GDGTs confirm that the pro-
ducing archaea participated in the AOM process (Aloisi et al., 2002; Schouten
et al., 1998; Thiel et al., 2001). The variability in the relative proportions of
the archaeal biomarkers (PMI vs. crocetane; archaeol vs. hydroxyarchaeol;
GDGT and/or biphytane abundance) between the top, middle and bottom
part of the crust (Table 4.2) might reflect variations in the composition of
ANME (Blumenberg et al., 2004; Niemann and Elvert, 2008).

In contrast to the high abundance of archaeal AOM related biomarkers, only
relatively low amounts of bacteria-derived phospholipid fatty acids (PLFAs)
were detected. Biomarkers specific for sulfate reducing bacteria (SRB) such as
iso , ai-Cys; iso-, ai-Cy7; Cig.105 cyclo-Cyrg (Elvert et al., 2003; Nauhaus et al.,
2007; Niemann and Elvert, 2008), were found only in relatively low concentra-
tions. This observation is most likely due to the fact that the crust represents
an ancient AOM setting, now exposed to the seafloor as a consequence of an
exhumation process (Naehr et al., 2007). Intact phospholipids might already
be partly degraded since they are considered to be indicators for living bacte-
ria (life markers) due to rapid degradation after cell death (White et al., 1979;
Zink and Mangelsdorf, 2004; Zink et al., 2003).

Overall, the presence of the archaeal and bacterial biomarkers, together
with the highly negative §'3C signatures of the archaeal compounds and the
carbonate itself (-36%) indicate that the crust was formed as a result of AOM
(Crémiere et al., 2011; Peckmann and Thiel, 2004).

Sediment core from carbonate crust area

In the sediment core from the crust area PR4 specific 1*C-depleted archaeal
biomarkers like archaeol, hydroxyarchaeol and dihydoxyarchaeol as well as PMI
were abundant (Table 4.3). Crocetane was present only in traces. The depth
profiles of these biomarkers show an increased concentration between 2 and
9 cm depth with a maximum at about 6 cm (Figure 4.5A). Together, our data
point at an AOM zone (2 and 9 cm) in the sediment from the carbonate crust
area.

The presence of an AOM zone in this interval is supported by depth profiles
of GDGT 0, 1 and 2 (Figure 4.6), which show slightly elevated values around
6 cm depth. However, also crenarchaeol shows a small increase at the same
depth. Relative abundance of archaeal GDGTs changes with depth. In the
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uppermost sample a typical marine GDGT pattern (Sinninghe Damsté et al.,
2002; Wakeham et al., 2003; Wuchter et al., 2003) dominated by GDGT-0
and crenarchaeol is observed. At 6 cm depth this pattern changes to less
GDGT-0 and and enhanced GDGT 1 and 2 abundances (Figures 4.4B and
4.6). As mentioned above, a relative increase of GDGT 1 and 2 to GDGT 0
and crenarchaeol is typically observed in AOM areas. However, the relative
increase of GDGT 1 and GDGT 2 continues further down core (Figure 4.4B)
until, in the deepest sample of the core (16 cm), GDGT 2 is the dominating
compound (Figures 4.4B and 4.6). This continuous increase of GDGT 1 and
2, which is considered to be indicative for AOM, is remarkable, since none of
the other lipid biomarkers diagnostic for AOM show this increase with depth,
except for their local maximum at 6 cm. It is still unclear how the increase of
GDGT 1 and 2 in the crust core can be interpreted.

PLFAs were also detected in high abundance (Figure 4.8A), indicating an
intensive bacterial life in the upper 10 cm of the investigated core from the
carbonate crust area. Bacterial PLFAs including those fatty acids being di-
agnostic for SRB like iso Cis., ai-Cisy, cyclo-Cir.9 and Cig1.s (Elvert et al.,
2003; Nauhaus et al., 2007; Niemann and Elvert, 2008) were detected in varying
patterns (Figure 4.7). The high abundance of PLFA at the sediment surface
(Figure 4.8A) is explainable by contributions of fresh material and a wide vari-
ety of living bacterial organisms on the seafloor. However, a maximum in PLFA
concentration was also found in the interval between 2 and 8 cm depth, over-
lapping with the maximum of archaeal biomarkers denoting the zone where
AOM seems to take place. This is also confirmed by the pronounced max-
ima of specific fatty acids being common in SRBs within this interval (Figure
4.8A) as well as their '3C-depleted isotope signatures (Table 4.4). The 3C
depletions were most pronounced for ai-Cis.9 as well as cis- and trans-Cig.105
PLFAs. Additionally, also Cg.5 and Cag.5 reveal maximum concentrations in
the presumed AOM zone. Formerly highly polyunsaturated fatty acids like
Ca:5 and Cayo.5 were considered to be exclusively attributed to eukaryotic al-
gae (Volkman et al., 1998). However, more recent studies showed that these
compounds can also be derived from bacteria (e.g. Freese et al. 2009; Metz
et al. 2001). Fang et al. (2006) described the presence of Cyp.5 PLFAs in cold

seep sediment, however, they did not assign their occurrence to the presence
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of SRB. A significant rise in concentration of these polyunsaturated PLFAs in
the presumed AOM zone along with their negative 6'3C values might imply
the involvement of the source organism in AOM or feeding on *C-depleted
biomass.

Overall the depth profiles of the bacterial and archaeal biomarkers in the
sediment core from the crust area indicate the presence of a consortium of SRB
and archaea mediating the process of AOM at a depth interval between 2 and
8 cm. Since the PLFAs are the result of the hydrolysis of intact phospholipids,
being indicators for living bacteria, their depth profiles, especially of those
being indicative for SRB, point towards a currently active AOM zone. The
depth of this AOM zone is remarkably shallow. However, Niemann et al. (2006)
also observed AOM activity close to the seabed (2-4 cm) in the sediment of the
Haakon Moosby Mud Volcano. Furthermore, in upper slope sediments from
the Chilean continental margin Treude et al. (2005b) reported about methane
oxidation close to the surface significantly above the sulfate methane transition
zone (SMTZ). It is conceivable, that something comparable is also observed
in the carbonate crust area PR4 and that the actual SMTZ is located in the

deeper part of the sediment not recovered by the 19 cm long push core.
Sediment core from the pockmark area B

In contrast to the carbonate crust area, specific archaeal biomarkers excluding
PMI, which was traced only in small amounts, are absent in the pockmark sed-
iment (Figure 4.5B). The absence or low abundance of AOM related archaeal
biomarkers suggest that AOM does not play a significant role in the pockmark
sediment recovered.

Total PLFAs are also a hundred-fold lower, indicating much lower microbial
life in the pockmark core than in the sediment core from the crust area. Also
the iso- and ai-Cys.¢ fatty acid concentrations are much lower suggesting only
low rates of sulfate reduction. This is in accordance with the findings of Nickel
et al. (2012) who described the absence of seepage gas in the investigated
pockmark cores from area B as well as extremely low sulfate reduction rates.

Biomarkers indicative for archaea were recognized mainly by the presence
of GDGTs in similar concentrations as in the sediment from the carbonate
crust area. However, GDGT-0 and crenarchaeol are the dominant compounds

throughout the entire core material representing the typical marine sedimen-
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tary GDGT record from marine water columns (Sinninghe Damsté et al., 2002;
Wakeham et al., 2003; Wuchter et al., 2003). A distinct shift to more GDGT-1
and -2 as seen in the crust area was not observed in the pockmark sediment.
Hence, from the GDGT distribution pattern in the investigated pockmark sed-

iment, the presence of an AOM zone cannot be inferred.

These biomarker findings hold also true for other PM (2 cores) and reference
cores (2 cores) taken in area B (data not shown), which show similar qualitative
and quantitative biomarkers distributions.

It might be argued that due to the lower sample resolution of the pockmark
core (first meter of the core was split into ten 10 cm subintervals) as compared
to the core from the carbonate crust area (first 10 cm were subdivided into
five 2 cm intervals), an AOM zone as in the crust area might be overlooked
(Figure 4.8) since the extent of the AOM zone can be limited to a range of a
few centimeters (e.g. Niemann et al. 2006; Pohlman et al. 2011). However, in
a 10 cm section containing an AOM zone of several centimeters, the typical
markers diagnostic for AOM processes should be detectable, which was not
the case in any of the pockmark cores investigated from area B neither in the
surface samples nor in deeper sedimentary intervals. Carbonate crust pieces
were also never found in the recovered pockmark material. Additional evidence
for the absence of an AOM zone is given by the study conducted by Nickel
et al. (2012) who determined the corresponding sulfate profiles of several cores
in area B. Despite a small decrease with depth, which could be attributed ex-
clusively to diffusion, there was no significant change in sulfate concentration.
The lack of an AOM zone in the studied Barents Sea pockmark (area B) is
in accordance with measurements on the pockmark material, showing no free

gas and only very small amounts of adsorbed and occluded gas (Nickel et al.,
2012).

4.5.2 Origin and formation of different seeping struc-

tures in the SW Barents Sea
The findings of the current study imply that there are at least two different
seeping systems on the seafloor of the investigated area of the SW Loppa

High, an active and an inactive system. The active seeps are characterized by

carbonate crusts, the occurrence of diagnostic AOM biomarkers, microbial life

150



4.5 Discussion

markers (intact phospholipids) and relatively high gas concentrations in the
sediment. In contrast, the extensive pockmark fields appear to be inactive at
present, considering the absence of diagnostic AOM biomarkers, extremely low

gas concentrations and generally low microbial activity (Nickel et al., 2012).

The presence of these active and inactive seeping systems in close vicinity is
an intriguing feature. In a gas and oil prospective area such as the SW Barents
Sea, the feeding of these systems by an underlying thermogenic hydrocarbon
source is likely. At least in the crust area, this is supported by the observation
of seeping gas with a 6'2C value of -47.8%q in crust area PRI, most likely an
analogue to area PR4. However, the different activity of the seeping systems

implies different geological histories and formation scenarios.

Crust area PR4 is located in the western part of the Loppa High at the
northern edge of the Polheim Sub-Platform. It is situated close to the newly
discovered oil fields Skrugard and Havis (Figure 4.1), which have been esti-
mated to contain at least 300 million barrels of oil and gas each (Maugeri,
2012). Within that area, gas anomalies (Andreassen and Hansen, 1995) as
well as bottom simulating reflectors (BSR) have been observed, indicating the
presence of gas hydrates in the subsurface (Shipley et al., 1979). Chand et al.
(2012) supported the presence of gas in the subsurface by seismic interpretation
and disclosed the presence of gas flares connected to faults in the subsurface.
Generally, the whole area surrounding the Polheim Sub-Platform is known for
numerous faults of varying sizes (Gabrielsen et al., 1990). As shown in seismic
data (Figure 4.9), area PR4 is also the surface manifestation of an underlying
fault system. It is conceivable that this active seep structure is related to ther-
mogenic gases migrating upwards along fault systems in the subsurface from

hydrocarbon reservoirs such as the Skrugard field (Figure 4.9).

In contrast to the carbonate crust area PR4, all data obtained from the
current study and from Nickel et al. (2012) point to presently inactive pock-
mark structures in area B indicating that their formation is dated back to
former times. The existence, the wide distribution and the high number of the

pockmarks require a more complex formation scenario.

Using high resolution SBP (sub-bottom profiler) images of PMs, Chand
et al. (2012) were able to show that the present pockmarks were formed during

the last deglaciation period, since the pockmarks cut through the glaciomarine
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4.5 Discussion

deposits. This is also supported by the observation of pockmarks occurring
within plough marks of drifting icebergs (Nickel et al., 2012). It is known that
during the Last Glacial Maximum the entire area was covered by a thick ice
shield (e.g. Andreassen et al. 2008; Siegert et al. 2001). Hydrocarbon gases
from reservoirs present in the deeper subsurface might have migrated upwards
through the sediment towards the surface and accumulated under the ice shield.
Due to prevailing pressure and temperature these gases were trapped as gas
hydrates in the sediment below the ice. With the retreat of the glaciers about
14 ka ago (Elverhgi et al., 1995) these gas hydrates might have decomposed,
resulting in a massive release of large volumes of gas over a huge area which
formed the pockmark fields (Nickel et al., 2012). Since there is no gas left from
this event today (Nickel et al., 2012) the source of the migrating hydrocarbon
gases (e.g. thermogenic vs. biogenic gases) cannot be determined. However,
several oil and gas fields in the SW Barents Sea (e.g. Snghvit) are known to
occur in underfilled traps (Corcoran and Doré, 2002), indicating past leakage

of thermogenic gas which might have sourced the gas hydrates.

Even though migration of gas often occurs along with oil migration (Hvoslef
et al., 1996), indications for simultaneous or subsequent migration of oil could
not be detected in the pockmark cores of area B (Nickel et al., 2013). It
might be also argued that the formation of the pockmark fields is a result
of, for instance, episodic gas release or the escape of porewater. However,
such scenarios are more localized phenomena and cannot explain these large

pockmark fields.

Due to the absence of indications for gas, neither for present day activity nor
for the dissociation of gas hydrates in the sediment of the studied pockmarks
of area B, it might be claimed that the cores with a maximum length of 2.5 m
are too short and have never reached the interface of pockmark formation.
However, foraminiferal age assessment of selected intervals from the pockmark
core LU450 from pockmark area B showed that the sedimentary record of the
investigated pockmark core covers an age interval larger than the assumed age
of the pockmarks (Nickel et al., 2013). Thus, the fact that no AOM related
biomarker signals could be observed in the pockmarks might point to a very
rapid process of gas release preventing an extensive establishment of associ-

ated microbial communities. Indications for a massive or maybe explosive gas
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release are provided by Pau and Hammer (pers. comm.) who observed the
loss of sedimentary layers in a pockmark core from the Loppa High area when
comparing it to a reference core.

The current results show that even in areas located at short distances to
each other, different gas discharge scenarios can develop. Moreover, the close
vicinity of the seep and seep structures is supportive for the hypothesis that
these structures are related. The fault systems in this area are numerous
(Chand et al., 2012) forming conduits for migrating gas from deeper hydrocar-
bon systems. Still active gas seeps in areas PR4 and PR1 might be examples
of this process. During glacial times a thick ice shield prevented the release of
migrating gas by sealing the sediment surface. In consequence the gas accumu-
lated over thousands of years below the ice and might have migrated laterally
into specific areas such as area B where it was trapped as gas hydrates. During
deglaciation the gas hydrates rapidly decayed leaving behind a large field of

currently inactive pockmarks.

4.6 Conlusions

Different seep structures from two study areas on the seafloor of the SW Loppa
High in the SW Barents Sea were investigated using organic biogeochemical
analyses. One area is characterized by a large field of pockmarks (area B),
and the other area by patchy carbonate crusts (PR4) located further to the
north at the western edge of the Loppa High. To gain information on the
activity and formation of the different seepage structures sediment cores from
the pockmark and the carbonate crust area, as well as carbonate crust material
were analyzed with the focus on AOM diagnostic biomarkers.

The sediment from the carbonate crust area contained bacterial and ar-
chaeal AOM biomarkers with a maximum abundance within the same depth
interval between 3-8 cm. J'3C values of these biomarkers showed strong de-
pletion in *C, demonstrating the participation of the source microorganisms
in the process of AOM. Visual observation of gas escape during sampling and
the presence of life markers (fatty acids from intact phospholipids) with highly
negative '3C values further point towards an active gas seepage site. Simi-
lar AOM biomarkers with low §'3C values were also found in an authigenic

carbonate crust indicating the formation of the crust as a result of AOM.
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In contrast, in sediment cores retrieved from the pockmark field AOM bio-
markers were essentially absent, indicating that AOM related processes did
not play an important role neither at present day nor in the past. This differ-
ent extent and activity suggests different formation scenarios for the described
seeping systems. The seeps in the carbonate crust area seem to be the surface
phenomenon of thermogenic gas migrating upwards from deeper hydrocarbon
sources along faults to the surface. In contrast, the pockmarks in area B are
speculated to be attributed to large volumes of gas accumulated over a large
area as gas hydrates under the ice shield covering the Barents Sea during the
last glacial period, which rapidly decomposed upon the pressure release due
to the retreating ice shield during the last deglaciation. It is conceivable that
the faults, nowadays still active, were the conduits for the migrating gas which

sourced widespread gas hydrates in area B.
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Chapter 5

Summary and Outlook

5.1 Summary

Hydrocarbon seeps provide a wealth of information on energy and mass fluxes
in sedimentary basins. For the petroleum industry they increasingly gain sig-
nificance as potential indicators for hydrocarbon reservoirs located deeper in
the sedimentary column. In addition, they can be used to estimate the seafloor
stability, which is important for offshore operations since cold seeps potentially
point to the presence of underlying overpressured gas pockets or slope instabil-
ities. Thus, they can raise awareness to prevent operational hazards like blow
out scenarios.

Furthermore, it has been proposed that the release of hydrocarbons in the
form of cold seeps affects the global carbon cycle, since significant amounts
of carbon (e.g., methane and CO;) can be released to the atmosphere. Thus,
formation, migration and degradation of seeping hydrocarbons and their sub-
sequent release from the sediment into the water column and/or atmosphere
are key processes which should be considered when evaluating, reconstructing
or predicting climate conditions.

The basic approach to understand the fluid flow processes, however, is a
detailed assessment of the object’s current state. In this context, the following

key questions play an important role:
e In which areas does hydrocarbon seepage occur?

e When did the cold seep systems form?
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e What is the activity and spatial distribution of the cold seep systems?
e Which sources and triggers caused the presence of hydrocarbon seeps?

The goal of this thesis is to contribute to the understanding of the complex
dynamics of cold seeps, their association with underlying sources and their
role in the global carbon cycle. Detailed investigations of cold seep systems,
with emphasis on their fluid flow activity, should provide an insight into cur-
rent processes. The southwestern Barents Sea represents a perfect setting for
such investigations. Within the last decades the area has developed into a
promising region for hydrocarbon exploration due to the discovery of numer-
ous reservoirs (e.g., Hammerfest Basin). The Barents Sea, located in polar
latitudes, was strongly influenced by glacial cycles and the resulting dynamics
of grounded ice sheets that underwent several periods of buildup and destabi-
lization. Glacier induced erosional phases and severe uplifts are believed to be
responsible for leakage events, which caused partial drainage of local reservoirs
and the predominance of gas over oil. Due to several tectonic events a complex
fault system developed (e.g. Ohm et al. 2008). Thus, the southwestern Barents
Sea provides the main preconditions for hydrocarbon leakage to the seafloor, in
particular the presence of hydrocarbon sources and the existence of potential
migration pathways. Furthermore, huge pockmark fields as well as carbonate
crust aggregations as seen in the Loppa High and extensively studied in the
present thesis, point to hydrocarbon leakage activity in this area.

Determination of the gas content is a direct approach to trace gas seepage
as a consequence of sediment saturated with gas. However, the analysis of the
gas concentration alone is insufficient to evaluate a cold seep system. In order
to investigate the current processes in a cold seep it is of great use to iden-
tify the response of the microbial community to the available hydrocarbons.
Since some microorganisms use oil or gas as their carbon and energy source
(Foucher et al., 2009) it is possible to identify these specific hydrocarbon-
degrading communities if hydrocarbons are present. Different approaches can
be used to assess the microbial community, e.g., by determination of microbial
activity, pore water geochemistry and the analysis of specific biomarkers in the
sediment. These methods provide appropriate tools for the evaluation of the

present day situation in the shallow sediment as well as of processes which may

158



5.1 Summary

have occurred in the past. Thus, this multidisciplinary approach was chosen

to address the key questions mentioned above.

Within this project different study areas have been investigated, all located
in the Loppa High. Generally they can be divided into pockmark and car-
bonate crust areas. The pockmark areas are extensive fields which contain
thousands of pockmarks with an average density of 100 pockmarks per square
kilometer. Furthermore, they are characterized by many iceberg plough marks
that reveal the glacial history of the area. The carbonate crust sites cover much
smaller areas. However, due to the carbonate crust patches on the seafloor and
gas bubbles emitted from the sediment, these study site are of high interest

since these observations provide direct evidence for the presence of gas.

A screening of the pockmark areas was achieved by detailed analysis of sev-
eral sediment cores from within and outside the pockmark structures combin-

ing different geomicrobiological, organic geochemical and geophysical methods.

The analysis of gas in the sediment reveals that only low amounts of ad-
sorbed and very low amounts of free gas are present in all studied cores (Chap-
ter 2). Extremely low microbial activity, as inferred from the quantification of
sulfate reduction rates, shows that the microbial community, which is expected
to be on site in the presence of methane, is essentially absent. These are first
indications for extremely low methane concentrations (Chapter 2). This ob-
servation is further supported by the corresponding sulfate profiles which show
almost no depletion with depth (Chapter 2). In case of methane oxidation,
which is driven by sulfate reduction, a consumption of sulfate and significant
sulfate depletion should occur. Additionally, the microbial lipid biomarkers
diagnostic for AOM are absent, which supports the previous hypothesis that
methane and thus, a corresponding AOM zone, are absent in the depth inter-
vals studied (Chapter 4). In contrast, the analysis of petroleum biomarkers,
shows elevated concentrations of petroleum compounds in the investigated sed-
iment samples. This could imply that thermogenic hydrocarbons from deeper
sources migrating towards the seabed are responsible for the formation of the
pockmark structures. Extensive analysis showed, however, that petroleum
compounds are also present in the reference samples which were taken outside
of the pockmarks. Even sediment samples from areas that do not contain any

pockmark structures show very similar compositions and amounts of petroleum
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compounds. It was further shown that the depth profiles of the oil-derived bio-
markers exhibit very similar trends compared to the compounds which display
the input of immature organic background material. This led to the conclusion
that the petroleum hydrocarbons detected are most likely derived from eroded
material mixed with immature organic matter and distributed across a wide
area in the SW Barents Sea rather than indications for seeping oil (Chapter 3).
Generally, and independent of the compounds studied or the core location, it
is striking that all sedimentary depth profiles in the pockmark areas are very
similar to each other. The integrated results suggest that the investigated
pockmark areas are not related to present day seepage activity. They neither
revealed indications for present day hydrocarbon expulsion, nor for past/paleo

seepage activity, neither for oil (Chapter 3) nor gas (Chapter 2, Chapter 4).

In contrast, the carbonate crust areas reveal obvious indications for methane
seeping activity. The presence of carbonate crust patches on the seafloor as
well as rising gas bubbles from the seafloor to the water column suggest that
the sediment is supersaturated with gas. This assumption is supported by
subsequent sediment analysis, in particular from area PR4, which reveals the
presence of the typical AOM biomarkers. These diagnostic AOM biomarkers
denote a distinct zone of elevated concentrations, which probably displays an
active AOM zone in the sediment (Chapter 4). All studied biomarkers that are
known to be associated to the process of AOM show elevated concentrations
in this interval, which includes biomarkers of archaeal as well as bacterial ori-
gin. Furthermore, the compound-specific carbon isotope signature reveals very
negative values which indicate methane consumption by the source organisms

of the respective biomarkers.

It is intriguing that the two studied cold seep systems, even though they
are located in relatively close proximity, are at the same time very different
concerning their fluid leakage behavior. Even though the areas are believed
to have undergone the same geological and glacial histories, two apparently
independent cold seep systems are found. On the one hand there are the huge,
currently “inactive” pockmark areas, on the other hand there are the carbonate

crust sites that show active fluid flow.

To identify the origin and formation processes of these cold seep structures

it is necessary to embed the findings into a geological context.
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The active carbonate crust site PR4 is located at the northern edge of the
Polheim Sub-platform in the western part of the Loppa High. Generally this
area contains several indications for the presence of oil. Beside the detection
of shallow gas, gas anomalies and bottom simulating reflectors (BSRs), which
indicate the presence of gas hydrates in the subsurface, also the oil fields Skru-
gard and Havis are located close to the carbonate crust site. Additionally, gas
flares which are connected to faults (Chand et al., 2012) have been described
to occur in this area. The edges of the Polheim Sub-platform comprise many
faults of varying sizes. Hence, the localized seeps of the carbonate crust area
are likely related to a thermogenic source in the subsurface, which releases the
fluids by focused migration along fault systems to the sediment surface. For

the study site PR4 this is supported by seismic data (Chapter 4).

In contrast, the existence and formation of extensive fields of presently in-
active pockmarks cannot be explained by distinct events of fluid migration
along faults. The present pockmarks are not necessarily related to structural
features in the subsurface. Additionally, the influence of fluids others than hy-
drocarbons (e.g., pore water, COy or HyS) can be excluded since these sources
are not suitable to explain the wide distribution of the pockmarks in such high
density. Therefore, an alternative formation model is required. Due to the ob-
servation that the pockmarks cut through the glaciomarine deposits (Chand
et al., 2012) and the pockmarks occur within plough marks of drifting ice-
bergs (Chapter 2) it was concluded that the present pockmarks were formed
during the last deglaciation period. Several authors (e.g., Andreassen et al.
2008; Siegert et al. 2001) estimated that the entire area was covered by a thick
ice sheet during the Last Glacial Maximum. This ice sheet, acting as a seal,
trapped all hydrocarbon gases that possibly migrated from biogenic sources
or from reservoirs in the deeper subsurface towards the surface. Accumulation
under the ice shield occurred in the form of gas hydrates since appropriate
pressure and temperature conditions were present to support clathrate for-
mation. Large volumes of gas might have led to a lateral distribution of gas
along with the formation of gas hydrates in the entire area. The retreat of
the glaciers occurred about 14 ka ago (Elverhgi et al., 1995). Decomposition
of gas hydrates might have been induced in a rapid process when the ice bur-

den on the sediment was released for instance due to an upfloating event of
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the melting ice sheet which caused a very rapid change of temperature and
pressure conditions. This resulted in a release of large volumes of gas which
formed the pockmark craters. Such a rapid event may also explain the absence
of biomarkers diagnostic for the presence of methane in the upper meters of
the sediment. The sudden expulsion of large volumes of gas did not leave the
microbial community enough time to adjust to these conditions. It is further
imaginable that large parts of the sediment have been removed due to the
explosive character of pockmark formation. This may have also removed the
signals (biomarkers) of the microbial communities (Chapter 2, Chapter 4).

The amounts of gas released from the sediment within such methane venting
events are too large to be consumed by methanotrophic microbes. Thus, rapid
large-scale methane venting scenarios during deglaciation periods may have a
tremendous effect on the flux of large amounts of methane to the atmosphere
and the global climate. Such a scenario is also supported by the work of Maslin
et al. (2004) who linked slope failure to climatic changes and showed, that
there is a good correlation between deglaciation events with global atmospheric
methane records.

The results of this study show that even in areas located in close proximity to
each other, different seepage systems can develop. However, it is conceivable,
that pockmarks were formed by decaying gas hydrates, which were sourced
through the same fault systems that still feed the active seeps today.

This thesis has proven that the SW Barents Sea contains cold seep systems,
which are related to natural occurring seepage. Additionally, it shows that
pockmarks are not necessarily indicators for active fluid expulsion. Thus, it is
always essential to have a more detailed look at the entire system by applying
different methods. In this context, geochemical methods proved to be useful
tools to screen the sediment for hydrocarbons as they can provide further
evidence for potential sources in the subsurface and the fluid expulsion activity

of cold seep structures.

5.2 Outlook

For this study several sediment cores were taken in the SW Barents Sea. De-
tailed analysis of the samples with focus on geochemical and geomicrobiological

methods showed that both, inactive and active cold seep systems, are present
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in the SW Barents Sea. Hypotheses for potential formation scenarios of the
investigated cold seep structures were developed. However, additional research
could be conducted to further constrain the results of the present work and to

enhance the understanding of the hydrocarbon systems in the Barents Sea.

Within the framework of this project, interdisciplinary techniques, e.g.,
analysis of seismic data, age assessment of the sediment and microbiological
methods, have been applied. However, due to time constrains and limitations
on the available infrastructure not all methods could be used on the entire
sample set. The integration of the gathered data with other disciplines would
be of great advantage to understand the processes in the area and the broader
context. Age analysis of every interval of the studied sediment core could es-
tablish a direct link to the geologic history. Based on this, it is possible to
relate certain events, which are proven and well documented in the literature
(e.g., phases of glaciation or deglaciation), to distinct intervals and the cor-
responding data. Additional high resolution seismic data of cold seep sites
could be useful to identify further possible migration pathways, e.g., underly-
ing faults, which feed into the seep structure. Additionally, the seismic data
could help to identify deeper lying reservoirs, shallow gas accumulation or gas

hydrates, as potential sources of the seeping hydrocarbons.

The integration of the results in a basin model could be used to test the de-
veloped theory in a broader geological context. Based on the predicted volumes
of hydrocarbons generated from the potential source rocks and in comparison
to the volumes potentially retained in the fields of the southwestern Barents
Sea, a mass balance could be derived to calculate the volume of hydrocarbons
available as a feed to cold seeps. Combined with a detailed migration model
and considering the available fault systems, preferred locations for active cold

seeps could be predicted.

For active seep systems, such as the carbonate crust sites of the present
study, the application and integration of geomicrobiological methods would
add great value. Quantitative assessment of the microbial community could be
achieved for example by determination of total cell abundance. The analysis of
sulfate reduction rate and rates of methane oxidation could provide additional
evidence for the presence of an AOM zone. Qualitative evaluation of the

microbial inventory could be achieved using microbial ecology methods, e.g.,
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fluorescent in situ hybridization (FISH). With this it is possible to classify
the composition of different species (e.g., methanotrophic archaea) within the
microbial community in order to draw conclusions on occurring processes.

The analysis of the seep-associated macrofauna could be used to determine
whether the seeping fluids form the base of the trophic cycle.

During the examination of the short push cores from the carbonate crust
site questions arose concerning a deeper located AOM zone in depth intervals
which were not reached by the cores. The retrieval of longer cores could further
verify this hypothesis.

Sampling of smaller intervals of the core would lead to data in higher res-
olution, which could improve the ability to capture subtle changes within the
sediment and to better resolve small zones e.g., the sulfate methane transition
zone (SMT7Z).

Although seepage has always been described as expulsion of hydrocarbon
fluids in this study, only indications for seeping methane could be found. The
present oil biomarkers in the sediment are proposed to be derived from eroded
material which was distributed across the entire study area. The investigation
of sediment, which is obviously affected by leaking oil/oil slicks, could display
a typical fingerprint of petroleum compounds in the sediment in case of oil
leakage.

As part of a global perspective it would be of interest to transfer and corre-
late the data of the current study with settings which exhibit similar conditions.
Appropriate settings are regions which are also exposed to arctic conditions
e.g., the North Shelf of Alaska (Beaufort Strait or the Mackenzie Delta), the
Kara Sea (West Siberian Basin) or the West Spitsbergen continental margin.
Glacial retreat induced events of hydrocarbon venting, similar to those de-
scribed for the southwestern Barents Sea, may have also occurred in these

arctic regions.
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List of Abbreviations

al anteiso

ANME anaerobic methanotroph

AOM anaerobic oxidation of methane

APCI atmospheric pressure chemical ionization

BP before present

bsf below sea floor

CcC carbonate crust

cmbsf cm below the sea floor

CPI carbon preference index

§13C carbon isotope ratio

AGY standard free energy change

DCM dichloromethane

eq. equation

FFI Forsvarets Forskenings Institutt
(Norwegian Defense Research Establishment)

FID flame ionization detector

GC gas chromatography

GC-MS gas chromatography-mass spectrometry

GBB glycerol backbone

GDGT glycerol dialkyl glycerol tetraether

GPS Global positioning system

Gt gigatons

GWP global warming potential

HC hydrocarbon

HISAS high resolution interferometric synthetic aperture sonar

HPLC high performance liquid chromatography
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List of Abbreviations

IRMS
IStd
ka
LGM
NGU
MDL
MPLC
MS
m/z
OM
Ph

PL
PLFA
PM
PMI
Pr
Ref
ROV
Sed
SGD
Sm
SMTZ
sp.
SR
SRB
SRR
SW
TIC
TMS
TOC
TRIS
UCM
USBL

yr
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isotope ratio mass spectrometry
internal standard

thousand years

Last Glacial Maximum
Geological Survey of Norway
minimum detection limit
medium pressure liquid chromatography
mass spectrometry
mass/charge

organic matter

phytane

phospholipid

phospholipid fatty acid
pockmark

pentamethylicosane

pristane

reference

remotely operated vehicle
sediment

submarine groundwater discharge
standard cubic meter
sulfate-methane transition zone
species

sulfate reduction

sulfate reducing bacteria
sulfate reduction rate
southwest(ern)

total ion chromatogram
trimethylsilyl

total organic carbon

total reduced inorganic sulfur
unresolved complex mixture
Ultra Short Baseline

year
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Figure A.1: Archaeols and saturated alkanes



17B(H),21B(H)-Hopanes (C,-C,,) (22R)-17a(H),21B(H)-Hopanes (C,,-C.;)

Figure A.2: Pentacyclic triterpanes
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General structure R=H,C,-C,
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Figure A.3: Steranes and diasteranes
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Figure A.4: Phospholipid fatty acids (PLFAs)
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B Publication Data

Table B.1: Data of Figure 2.3.

Sample Adsorbed Gas, Area B Coordinates
Methane WGS84, Zone 34
pmol/L Sediment Longitude (E) Latitude (N)

LU 078 16.67 20.51263 72.08615
LU 081 11.37 20.51119 72.08613
LU 084 7.97 20.51250 72.08581
LU 088 3.70 20.51115 72.08580
LU 091 6.63 20.50968 72.08636
LU 093 1.43 20.50987 72.08581
LU 094 6.16 20.51000 72.08553
LU 095 4.44 20.51020 72.08508
LU 096 8.72 20.51101 72.08656
LU 097 8.01 20.51112 72.08644
LU 098 3.80 20.51105 72.08594
LU 099 8.74 20.51111 72.08562
LU 104 3.32 20.51197 72.08543
LU 105 3.28 20.51195 72.08635
LU 106 6.48 20.51216 72.08516
LU 108 16.79 20.51272 72.08519
LU 109 6.26 20.51304 72.08668
LU 110 19.68 20.51308 72.08625
LU 111 7.42 20.51328 72.08603
LU 113 6.22 20.51347 72.08527
LU 114 8.83 20.51433 72.08564
LU 115 2.15 20.51423 72.08669
LU 116 3.24 20.51444 72.08620
LU 117 7.23 20.51434 72.08646
LU 118 6.48 20.51444 72.08579
LU 119 20.38 20.51445 72.08516
LU 120 5.96 20.51528 72.08688
LU 121 4.87 20.51531 72.08659
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Table B.1 — continued

Sample Adsorbed Gas, Area B Coordinates
Methane WGS84, Zone 34
pmol/L Sediment Longitude (E) Latitude (N)
LU 122 6.49 20.51550 72.08616
LU 123 6.30 20.51553 72.08579
LU 124 2,77 20.49680 72.08801
LU 125 3.55 20.49727 72.08623
LU 126 2.84 20.49803 72.08455
LU 127 5.82 20.49866 72.08279
LU 128 4.12 20.50268 72.08828
LU 130 5.03 20.50394 72.08470
LU 131 3.33 20.50442 72.08292
LU 133 13.81 20.50632 72.08659
LU 134 3.52 20.50680 72.08573
LU 135 9.48 20.50703 72.08477
LU 136 2.68 20.50733 72.08388
LU 139 5.66 20.50855 72.08561
LU 140 4.48 20.50873 72.08442
LU 141 1.73 20.50901 72.08849
LU 142 2.91 20.51034 72.08312
LU 143 5.92 20.51039 72.08390
LU 145 5.69 20.51213 72.08768
LU 146 8.83 20.51276 72.08455
LU 147 1.17 20.51334 72.08402
LU 148 4.07 20.51414 72.08868
LU 149 1.92 20.51538 72.08733
LU 150 8.22 20.51598 72.08398
LU 151 14.83 20.51599 72.08474
LU 152 4.86 20.51616 72.08330
LU 153 5.81 20.51738 72.08788
LU 154 7.61 20.51794 72.08689
LU 155 5.57 20.51819 72.08610

continued on next page
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Table B.1 — continued

Sample Adsorbed Gas, Area B Coordinates
Methane WGS84, Zone 34
pmol/L Sediment Longitude (E) Latitude (N)

LU 156 8.54 20.5185 72.08502
LU 157 9.14 20.5188 72.08413
LU 158 2.25 20.5199 72.08890
LU 159 4.48 20.5205 72.08699
LU 160 3.71 20.5214 72.08519
LU 161 5.06 20.5219 72.08351
LU 162 3.03 20.5260 72.08910
LU 163 2.42 20.5266 72.08728
LU 164 3.60 20.5275 72.08547
LU 165 4.45 20.5279 72.08370
LU 167 5.54 20.5053 72.08714
LU 168 5.61 20.5045 72.08731
LU 170 19.17 20.5013 72.08710
LU 177 4.14 20.5158 72.08508
LU 178 24.61 20.5156 72.08546
LU 179 4.77 20.5150 72.08635
LU 180 12.59 20.5161 72.08621
LU 181 8.20 20.5177 72.08618
LU 182 5.86 20.5171 72.08590
LU 183 6.38 20.5167 72.08554
LU 184 3.84 20.5177 72.08573
LU 185 11.59 20.5172 72.08509
LU 186 9.05 20.5197 72.08523
LU 187 4.47 20.5192 72.08571
LU 294 0.97 20.5104 72.08600
LU 400 4.41 20.5119 72.08597
LU 401 4.56 20.5117 72.08597
LU 402 32.64 20.5120 72.08593
LU 403 7.66 20.5130 72.08641
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Table B.1 — continued

Sample Adsorbed Gas, Area B
Methane
pmol /L Sediment

Coordinates
WGS84, Zone 34

Longitude (E)

Latitude (N)

LU 404 8.13
LU 405 4.65
LU 406 5.46
LU 407 6.64
LU 408 4.65
LU 409 5.33
LU 410 10.73
LU 411 8.25
LU 412 7.19
LU 413 2.51
LU 414 1.60
LU 415 12.85
LU 416 16.49
LU 417 6.68
LU 418 10.48
LU 419 3.79
LU 421 2.77
LU 422 4.46
LU 423 6.22
LU 424 7.37
LU 425 4.26
LU 426 6.00
LU 427 4.68
LU 428 2.87
LU 429 6.82
LU 430 4.40
LU 450 4.15

20.5136
20.5104
20.5097
20.5133
20.5143
20.5105
20.5101
20.5098
20.5113
20.5114
20.5119
20.5119
20.5126
20.5134
20.5033
20.5064
20.5083
20.5119
20.5066
20.5027
20.5043
20.5036
20.5054
20.5053
20.5063
20.5050
20.5118

72.08672
72.08633
72.08658
72.08552
72.08541
72.08553
72.08535
72.08607
72.08543
72.08515
72.08571
72.08670
72.08553
72.08581
72.08645
72.08751
72.08706
72.08725
72.08683
72.08681
72.08666
72.08637
72.08659
72.08624
72.08598
72.08577
72.08597
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Table B.2: Data of Figure 2.4.

Core  Depth Interval ¢ (SO7") c (SO3)

cm mg/L. mmol/L
LU 137 0-10  3056.771 31.84
LU 137 10-20  3085.295 32.14
LU 137 20-30  3063.856 31.92
LU 137 30-40 2901.33 30.22
LU 137 40-50  3132.462 32.63
LU 137 70-80  2742.146 28.56
LU 137 110-120  2784.795 29.01
LU 137 150-160  2821.718 29.39
LU 137 190-200  2620.381 27.3
LU 137 230-240  2631.055 27.41
LU 420 0-10  2996.704 31.22
LU 420 10-20  3039.004 31.66
LU 420 20-30  3074.447 32.03
LU 420 30-40  3017.755 31.43
LU 420 40-50  2924.519 30.46
LU 420 70-80  2948.655 30.72
LU 420 110-120  2948.644 30.72
LU 420 150-160  2949.536 30.72
LU 420 190-200  2797.668 29.14
LU 420 230-240  2893.529 30.14
LU 78 0-10  3259.384 33.95
LU 78 10-20  3080.193 32.09
LU 78 20-30  3101.248 32.3
LU 78 30-40  3218.387 33.52
LU 78 40-50  3102.947 32.32
LU 78 70-80  3049.522 31.77
LU 78 110-120  3244.507 33.8
LU 78 150-160  2992.211 31.17

continued on next page



Table B.2 — continued

Core Depth Interval c (SO7) ¢ (SO7)

cm mg/L. mmol/L
LU 78 190-200  3014.845 31.4
LU 78 230-240  3001.541 31.27
LU 88 0-10  2889.155 30.1
LU 88 10-20  2827.366 29.45
LU 88 20-30  2893.882 30.14
LU 88 30-40  2933.262 30.55
LU 88 40-50  3063.354 31.91
LU 88 70-80  2961.385 30.85
LU 88 110-120 3025.74 31.52
LU 88 150-160  2959.803 30.83
LU 88 190-200  2907.299 30.28
LU 88 230-240  2826.895 29.45
LU 175 0-10 6893 71.8
LU 175 10-20 2428 25.29
LU 175 20-30 2470 25.73
LU 175 30-40 2426 25.27
LU 175 40-50 2370 24.69
LU 175 70-80 2737 28.51
LU 175 110-120 2841 29.6
LU 175 150-160 2516 26.2
LU 175 190-200 2451 25.53
LU 175 230-240 2428 25.29
LU 151 0-10 3132.49 32.63
LU 151 10-20  3007.473 31.33
LU 151 20-30  3234.658 33.69
LU 151 30-40  2790.087 29.06
LU 151 40-50  2883.157 30.03
LU 151 70-80  2806.154 29.23
LU 151 110-120  2647.542 27.58

continued on next page
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Table B.2 — continued

Core Depth Interval c (SO7") ¢ (SO7)

cm mg/L. mmol/L
LU 151 150-160  2608.968 27.18
LU 151 190-200  2769.323 28.85
LU 151 230-240 2647.44 27.58
LU 84 0-10  2638.671 27.49
LU 84 10-20  2525.322 26.31
LU 84 20-30  2515.831 26.21
LU 84 30-40 2488.87 25.93
LU 84 40-50  2625.277 27.35
LU 84 70-80  2524.908 26.3
LU 84 110-120  2374.264 24.73
LU 84 150-160  2385.799 24.85
LU 84 190-200  2469.561 25.72
LU 84 230-240  2379.826 24.79
LU 175 0-10  4329.827 45.1
LU 175 10-20  3044.138 31.71
LU 175 20-30  3000.154 31.25
LU 175 30-40  2928.502 30.51
LU 175 40-50  2844.246 29.63
LU 175 70-80  2958.571 30.82
LU 175 110-120  3125.351 32.56
LU 175 150-160  3123.815 32.54
LU 175 190-200  3091.035 32.2
LU 175 230-240  3071.183 31.99
LU 151 0-10 2973.25 30.97
LU 151 10-20  2941.084 30.64
LU 151 20-30  2932.097 30.54
LU 151 30-40  2919.726 30.41
LU 151 40-50  2864.939 29.84
LU 111 70-80  2947.592 30.7

continued on next page



Table B.2 — continued

Core  Depth Interval c¢ (SO7”) c (SO7")

cm mg/L. mmol/L
LU 111 110-120  2868.702 29.88
LU 111 150-160  2849.111 29.68
LU 111 190-200  2852.813 29.72
LU 111 230-240  2840.173 29.59
LU 338 0-10  2982.118 31.06
LU 338 10-20  3112.455 32.42
LU 338 20-30  2688.661 28.01
LU 338 30-40  2474.574 25.78
LU 338 40-50  2157.191 22.47
LU 338 70-80  3124.162 32.54
LU 338 110-120  3031.287 31.58
LU 338 150-160  2938.956 30.61
LU 338 190-200  2888.648 30.09
LU 338 230-240 2966.3 30.9
LU 77 0-10  3028.455 31.55
LU 77 10-20  3113.835 32.44
LU 77 20-30  2878.861 29.99
LU 77 30-40  2997.556 31.22
LU 77 40-50  2942.637 30.65
LU 77 70-80 3011.02 31.36
LU 77 110-120  2896.122 30.17
LU 77 150-160  2920.572 30.42
LU 77 190-200  2891.985 30.12
LU 77 230-240  2933.967 30.56
LU 76 0-10  2963.352 30.87
LU 76 10-20  3001.979 31.27
LU 76 20-30  2934.432 30.57
LU 76 30-40  2943.901 30.67
LU 76 40-50  2982.857 31.07

continued on next page
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Table B.2 — continued

Core  Depth Interval c¢ (SO7”) c (SO7")

cm mg/L. mmol/L
LU 76 70-80  2975.286 30.99
LU 76 110-120  2760.167 28.75
LU 76 150-160  2868.684 29.88
LU 76 190-200  2867.031 29.86
LU 76 230-240 2896.43 30.17




Table B.3: Data of Figure 2.5.

Core Depth Interval SRR

cm  pmol/cc/d
LU 400 0-10 A 598.61
LU 400 0-10 B 503.92
LU 400 10-20 A 88.80
LU 400 10-20 B 49.54
LU 400 20-30 A 0.00
LU 400 20-30 B 0.00
LU 400 30-40 A 0.00
LU 400 30-40 B 0.00
LU 400 40-50 A 0.00
LU 400 40-50 B 0.00
LU 400 70-80 A 0.00
LU 400 70-80 B 0.00
LU 400 110-120 A 0.00
LU 400 110-120 B 0.00
LU 400 130-140 A 0.00
LU 400 130-140 B 0.00
LU 400 160-170 A 0.00
LU 400 160-170 B 0.00
LU 400 180-190 A 0.00
LU 400 180-190 B 0.00
LU 450 0-10 A 0.00
LU 450 0-10 B 0.00
LU 450 10-20 A 0.00
LU 450 10-20 B 0.00
LU 450 20-30 A 0.00
LU 450 20-30 B 0.00
LU 450 30-40 A 0.00
LU 450 30-40 B 0.00
LU 450 40-50 A 0.00

continued on next page
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Table B.3 — continued

Core Depth Interval SRR

cm  pmol/cc/d
LU 450 40-50 B 0.00
LU 450 50-60 A 0.00
LU 450 50-60 B 0.00
LU 450 60-70 A 0.00
LU 450 60-70 B 0.00
LU 450 90-100 A 0.00
LU 450 90-100 B 0.00
LU 450 120-130 A 0.00
LU 450 120-130 B 0.00
LU 450 150-160 A 0.00
LU 450 150-160 B 0.00
LU 341 0-10 A 85.28
LU 341 0-10 B 230.66
LU 341 10-20 A 187.60
LU 341 10-20 B 306.03
LU 341 20-30 A 0.00
LU 341 20-30 B 169.68
LU 341 30-40 A 30.09
LU 341 30-40 B 0.00
LU 341 40-50 A 0.00
LU 341 40-50 B 0.00
LU 341 70-80 A 0.00
LU 341 70-80 B 0.00
LU 341 110-120 A 0.00
LU 341 110-120 B 0.00
LU 341 150-160 A 0.00
LU 341 150-160 B 19.16
LU 341 190-200 A 0.00
LU 341 190-200 B 0.00
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Table B.3 — continued

Core Depth Interval SRR

cm  pmol/cc/d
LU 341 240-250 A 0.00
LU 341 240-250 B 0.00
LU 331 0-10 A 9.32
LU 331 0-10 B 24.15
LU 331 10-20 A 25.96
LU 331 10-20 B 34.08
LU 331 20-30 A 0.00
LU 331 20-30 B 361.53
LU 331 30-40 A 14.63
LU 331 30-40 B 13.42
LU 331 40-50 A 0.00
LU 331 40-50 B 0.00
LU 331 70-80 A 11.94
LU 331 70-80 B 0.00
LU 331 100-110 A 0.00
LU 331 100-110 B 0.00
LU 331 130-140 A 29.00
LU 331 130-140 B 0.00
LU 331 160-170 A 21.02
LU 331 160-170 B 19.29
LU 111 0-10 A 313.35
LU 111 0-10 B 67.54
LU 111 10-20 A 52.79
LU 111 10-20 B 49.09
LU 111 20-30 A 41.35
LU 111 20-30 B 20.18
LU 111 30-40 A 56.35
LU 111 30-40 B 125.81
LU 111 40-50 A 47.08
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Table B.3 — continued

Core Depth Interval SRR

cm  pmol/cc/d
LU 111 40-50 B 45.81
LU 111 70-80 A 17.61
LU 111 70-80 B 23.10
LU 111 110-120 A 22.65
LU 111 110-120 B 0.00
LU 111 150-160 A 11.89
LU 111 150-160 B 0.00
LU 111 190-200 A 32.72
LU 111 190-200 B 23.88
LU 111 230-240 A 17.04
LU 111 230-240 B 10.61
LU 76 0-10 A 35.36
LU 76 0-10 B 0.00
LU 76 10-20 A 0.00
LU 76 10-20 B 0.00
LU 76 20-30 A 0.00
LU 76 20-30 B 0.00
LU 76 30-40 A 0.00
LU 76 30-40 B 0.00
LU 76 40-50 A 0.00
LU 76 40-50 B 0.00
LU 76 70-80 A 0.00
LU 76 70-80 B 0.00
LU 76 110-120 A 0.00
LU 76 110-120 B 0.00
LU 76 150-160 A 0.00
LU 76 150-160 B 0.00
LU 76 190-200 A 0.00
LU 76 190-200 B 12.39
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Table B.3 — continued

Core Depth Interval SRR

cm  pmol/cc/d
LU 76 230-240 A 0.00
LU 76 230-240 B 0.00
LU 319 0-10 A 54.62
LU 319 0-10 B 45.52
LU 319 10-20 A 314.88
LU 319 10-20 B 154.76
LU 319 20-30 A 39.47
LU 319 20-30 B 122.81
LU 319 30-40 A 0.00
LU 319 30-40 B 12.91
LU 319 40-50 A 17.63
LU 319 40-50 B 0.00
LU 319 70-80 A 0.00
LU 319 70-80 B 0.00
LU 319 110-120 A 0.00
LU 319 110-120 B 11.18
LU 319 150-160 A 0.00
LU 319 150-160 B 0.00
LU 319 190-200 A 0.00
LU 319 190-200 B 0.00
LU 319 230-240 A 17.73
LU 319 230-240 B 0.00
LU 332 0-10 A 0.00
LU 332 0-10 B 17.06
LU 332 10-20 A 0.00
LU 332 10-20 B 0.00
LU 332 20-30 A 0.00
LU 332 20-30 B 0.00
LU 332 30-40 A 0.00
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Table B.3 — continued

Core Depth Interval SRR
cm  pmol/cc/d

LU 332 30-40 B 0.00
LU 332 40-50 A 0.00
LU 332 40-50 B 0.00
LU 332 60-70 A 0.00
LU 332 60-70 B 0.00
LU 332 80-90 A 0.00
LU 332 80-90 B 0.00
LU 332 100-110 A 0.00
LU 332 100-110 B 0.00
LU 332 120-130 A 0.00
LU 332 120-130 B 0.00
LU 332 140-150 A 0.00
LU 332 140-150 B 0.00
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Appendix C
Supplemental Data

Data from samples of the 2011 cruise. Spreadsheets can be found on the

enclosed data disc in Appendix D.
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Figure C.1: Total organic carbon (TOC)
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Figure C.7: Sum of glycerol dialkyl glycerol tetraethers (GDGTs)
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Figure C.8: Sum of phospholipid fatty acids (PLFAs)

251



C Supplemental Data

252



Appendix D

Data Disc

The enclosed data disc includes a digital copy of the document at hand and
selected data from organic geochemical, biogechemical and geomicrobiological

measurements which has been generated during this study.
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