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Abstract

The Black Sea is the world’s largest anoxic marine basin and offers ideal conditions for the
decomposition of organic matter and for gas generation. Methane escape into the water column is
observed at abundant sites in the coastal areas and along the shelfbreak, but also in areas within the
gas hydrate stability zone (GHSZ), i.e. deeper than 720 m water depth, and at mud volcanoes in the
deep basins. The hydrologic structure of the Black Sea is controlled by the inflow of salty waters from
the Mediterranean Sea through the Bosphorous, and by the inflow of freshwater from the surrounding
rivers, leading to a stratification of the water column with anoxic conditions below 150 m water depth.
The rivers formed large deep-sea fan complexes where sedimentation is mainly controlled by glacial
cycles and the accompanying sea level rises and falls. Two of these deep-sea fan complexes, the Danube
deep-sea fan in the west and the Don Kuban deep-sea fan in the northeast, were investigated in this
work in order to study various aspects of gas hydrate complexes in these settings. The area in the
Danube deep-sea fan is of particular interest because of the high potential for hosting exploitable gas
hydrate reservoirs in high-permeable sediments.

In the first case study, 2D multichannel seismic data were used for identification and mapping
of anomalous multiple bottom simulating reflectors (BSR), which were observed in the levee deposits
of a buried channel-levee system in the Danube deep-sea fan. BSR formation due to overpressure
compartments could be excluded because the necessary gas column height would exceed the vertical
distance between two overlying BSRs. Instead, the BSRs are likely paleo-BSRs caused by a change in
pressure and temperature conditions during different limnic phases of the Black Sea. The BSRs remain
visible in seismic data up to 300,000 yr after they have left the GHSZ, because free gas is still present
beneath them. As the free gas can only be transported by diffusion, it largely remains trapped within
the fine-grained levee deposits, and therefore only small amounts of gas are released after gas hydrate
dissociation.

The second case study is also located in the Danube deep-sea fan and focusses on a potential
shallow gas hydrate reservoir that is of interest in terms of exploitation of gas hydrates as an energy
resource. The study area is located in a paleo channel-levee system. To determine whether a
hypothetical gas production out of the hydrate reservoir induces slope failures along the seabed slopes
near the production area, a slope stability analysis was carried out. A screening of the area identified
critical slopes at the inner levees along the channel’s course. Numerical simulation of hydrate
production out of a shallow hydrate reservoir showed that seafloor subsidence due to reservoir
compaction likely does not reduce the stability of the nearby slope. Consequently, naturally occurring
slope failures are more likely to occur than landslides triggered by gas hydrate production. The
mobilization of sediments along the calculated slip zone could generate a landslide that would impact
the production site with velocities of up to 10 m s™'.

The third case study focuses on the Kerch seep site located in the Don Kuban deep-sea fan in
the northeastern Black Sea. The seep site, composed of three closely-spaced seep domes, is located
within the GHSZ in about 900 m water depth. The study consisted of 3D seismic imaging of the seeps’
plumbing systems using the P-Cable seismic system, sidescan sonar imaging to analyze seep surface
backscatter characteristics, and pore water analyses to investigate the transport mechanism of
methane through the sediments towards the seafloor. Each of the three seeps hosts its own gas pocket
underneath the seep domes. The transport of biogenic methane predominantly occurs in the form of
gas bubbles along narrow pipes through the GHSZ. Based on seismic expressions and surface



backscatter of the seeps, the Kerch seep site is interpreted as a rather young seep system lacking the
extensive carbonate crust observed at other seep sites in the Black Sea.

The studies show that the exploitation of gas hydrate out of reservoirs in the sediments of the
Danube deep-sea fan likely does not pose a hazard for the triggering of landslides, but more detailed
investigations including drilling are required. Similarly, the multiple BSRs underneath the gas hydrate
reservoir are not a hazard as they are not related to gas overpressure. The Kerch seep site is an ideal
study site for the investigation of short-term and long-term changes of gas migration pathways and
seep activity over time. Extending the seismic and hydroacoustic datasets over time should therefore
be the objective of future studies.
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Zusammenfassung

Das Schwarze Meer ist das grofste anoxische Meeresbecken der Welt und bietet ideale
Bedingungen fiir die Zersetzung organischen Materials und die daraus folgende Generierung von
Gasen. In flachen Wassertiefen kann an zahlreichen Stellen am Meeresboden entweichendes
Methangas beobachtet werden. Vereinzelt treten Gasaustritte auch in Wassertiefen unterhalb der
Gashydratstabilitdtszone (GHSZ) auf, die bei etwa 720 m Wassertiefe liegt, sowie an Schlammvulkanen
in den tieferen Becken. Die Hydrologie des Schwarzen Meeres wird im Wesentlichen durch
Salzwassereintrag aus dem Mittelmeer als auch durch Frischwassereintrag aus zahlreichen
umliegenden Fliissen beeinflusst, wodurch eine Stratifikation der Wassersdule mit anoxischen
Bedingungen unterhalb von 150 m Tiefe entstand. Durch Sedimentablagerungen an den
Flussmiindungen bildeten sich grofSe Tiefseefdcher, deren Sedimentationsrate durch die Glazialzyklen
und die daraus resultierenden Meeresspiegelschwankungen gesteuert werden. Gegenstand dieser
Arbeit ist die Untersuchung von zwei Tiefseefichern hinsichtlich verschiedener Aspekte von
Gashydratvorkommen: der Donau-Tiefseefiacher im westlichen Bereich des Schwarzen Meeres, sowie
der Don-Kuban-Tiefseefacher im norddstlichen Bereich. Das Gebiet des Donau-Tiefseefiachers ist dabei
von besonderem Interesse fiir die Gashydratforschung, da hier ideale Bedingungen fiir
Gashydratlagerstitten in hochpermeablen Sedimentschichten herrschen.

In der ersten Fallstudie wurden hochauflosende reflexionsseismische Profildaten untersucht,
um ungewohnliche, mehrfach-bodensimulierende Reflektoren (BSR) zu identifizieren und zu kartieren.
Diese Mehrfach-BSRs wurden in den Leveeablagerungen eines verschiitteten Channel-Leveesystems
des Donau-Tiefseefachers entdeckt. Gasiiberdruckzonen als Ursache fiir die BSRs konnte
ausgeschlossen werden, da die Hohen der fiir den Uberdruck notwendigen Gassédulen den vertikalen
Abstand zwischen zwei BSRs iibersteigen wiirden. Stattdessen konnte gezeigt werden, dass die BSRs
vermutlich Paleo-BSRs sind, die durch Druck- und Temperaturschwankungen wiahrend limnischer und
mariner Phasen bedingt sind. BSRs konnen somit selbst in Bereichen seismisch erfasst werden, die sich
seit Giber 300.000 Jahren nicht mehr in der GHSZ befinden. Dies liegt daran, dass sich unterhalb der
BSRs noch immer durch Gashydratauflosung freigesetztes Gas befindet, welches nur durch Diffusion
aufsteigen kann und somit innerhalb der feinkornigen Leveeablagerungen verbleibt.

Die zweite Fallstudie betrachtet ein potenzielles Gashydratreservoir in flacher Sedimenttiefe,
welches sich ebenfalls im Donau-Tiefseefacher befindet. Dieses Gashydratreservoir stellt eine mogliche
Lagerstatte fiir die Gewinnung von Methangas durch Hydratzersetzung dar. Um herauszufinden, ob
durch Gasproduktion Hangrutschungen im Bereich der potenziellen Produktionsstitte verursacht
werden konnten, wurde eine Hangstabilitatsanalyse durchgefiihrt. Bei einem Screening des
Meeresbodens im Bereich des Donau-Tiefseefachers wurden dabei kritische Hangneigungen an den
inneren Levees entlang der Kanile des Tiefseefiachers identifiziert. Anhand einer Simulation der
Hydratproduktion wurde untersucht, ob durch eine wiahrend der Gashydratproduktion auftretende
Kompaktion des Reservoirs eine Absenkung des Meeresbodens hervorgerufen wiirde, welche die
Stabilitat des Leveehanges verandern konnte. Die Simulation ergab, dass die Stabilitdt des Leveehanges
nahe der Produktionsstitte wahrscheinlich nicht durch die Produktion beeintrachtigt wiirde. Demnach
ist im Produktionsgebiet die Wahrscheinlichkeit hoher, dass eine natiirliche Hangrutschung auftritt,
als dass Hangrutschungen durch Gashydratproduktion verursacht werden. Eine mogliche mobilisierte
Rutschungsmasse konnte mit einer Geschwindigkeit von bis zu 10 m s' den Bereich der
Produktionsstétte treffen.
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Die dritte Fallstudie konzentriert sich auf die drei Kerch-Seeps im Don-Kuban-Tiefseefacher
des nordostlichen Schwarzen Meeres. Die Seeps befinden sich in einer Wassertiefe von 900 m und damit
innerhalb der GHSZ. Die verwendeten Methoden umfassen P-Cable-3D-Seismik zur Untersuchung der
Gasmigrationswege unterhalb der Seeps, Seitensichtsonar zur Analyse der Meeresbodenriickstreuung
und Morphologie, sowie die Analyse von Porenwasserdaten, die einen Einblick in die Art des
Methantransportes durch die Sedimentschichten geben. Jeder der drei Seeps besteht aus einer
Aufwolbungsstruktur, unter der sich biogenes Gas angesammelt hat. Dieses Gas migriert in der Form
von Gasblasen entlang schmaler Aufstiegskanile durch die GHSZ in Richtung Meeresboden. Die
seismischen Eigenschaften und die Art der Meeresbodenriickstreuung an den Seeps ldsst darauf
schliefSen, dass die Kerch-Seeps ein vergleichsweise junges Seepsystem darstellt, das bislang keine
ausgepragten Karbonatkrusten am Meeresboden ausgebildet hat, welche an anderen Seepsystemen des
Schwarzen Meeres zu beobachten sind.

Die Resultate der Studien zeigen, dass eine mogliche Gashydratproduktion in der Region des
Donau-Tiefseefichers zwar vermutlich keine Hangrutschungen verursacht, jedoch sind aufgrund
fehlender Bodenproben und mangelnden Daten zur Hydratsattigung und der tatsdchlichen
Ausbreitung und Dimension des Gashydratreservoirs noch weitere Folgestudien notwendig. Die
unterhalb des Gashydratreservoirs liegenden Mehrfach-BSRs stellen kein Risiko fiir die
Gashydratproduktion dar, da Gasiliberdruckbereiche unterhalb der BSRs ausgeschlossen werden
konnen. Die Kerch-Seeps stellen ein ideales Zielgebiet fiir die Untersuchung von kurz- und
langfristigen Anderungen von Seepaktivititen und Gas-Migrationswegen dar. Die bereits vorhandene
Seismik- und Hydroakustikdatenbank zu erweitern, sollte daher das Ziel zukiinftiger Studien in diesem
Gebiet sein.
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Motivation and outline

Motivation

Methane hydrates play an important role in the global carbon cycle (Judd and Hovland, 2007).
Vast amounts of methane gas are stored in the form of hydrates within the sediments along continental
margins. The change of pressure and temperature conditions due to sea level changes and global
warming establishes new stability conditions for gas hydrates, which may induce geohazards such as
seafloor slope instability and gas venting. Hydrocarbon gas expelled at the seafloor may eventually
reach the atmosphere, where it may contribute to global warming. As methane, which is a much
stronger greenhouse gas than CO; (e.g. Wuebbles and Hayhoe, 2002), is the most common gas in marine
sediments (Judd and Hovland, 2007), the potential impact of expelled methane on global warming is of
high interest for research studies. Additionally, gas hydrate reservoirs have raised interest as a possible
alternative energy resource (e.g. Burwicz et al., 2011; Wallmann et al., 2012; Pifiero et al., 2013). The
exploitation of gas hydrate reservoirs has been tested at several sites around the world, e.g. in the Gulf
of Mexico (Collett et al., 2005), in the Nankai Trough off Japan (Tsuji et al., 2009), and most recently in
the South China Sea (Jia, 2017). The identification of the presence of gas hydrates through bottom
simulating reflectors (BSR) in seismic data is widely accepted, as the reflector corresponds to the base
of the gas hydrate stability zone (BGHSZ).

One of the most interesting research areas in the world regarding gas hydrates and fluid flow
systems is the Black Sea. Only a single connection through the Sea of Marmara and the Mediterranean
Sea links the global oceans with the Black Sea, making it the world’s largest body of anoxic water (Ryan
et al., 1997). Conditions in the Black Sea changed completely from marine to lacustrine during glacial
times, when the sea level fell and the Black Sea was isolated from saline water inflow through the
Bosphorus (Ryan et al., 1997). Under these conditions, high amounts of hydrocarbons formed in the
sediments of the Black Sea. As gas hydrates are stable below ~720 m water depth (Naudts et al., 2006),
the Black Sea provides a great potential to study complex gas hydrate systems and associated fluid flow.

In the Danube deep-sea fan in the western Black Sea (study area 1; Fig. I), abundant BSRs in
seismic data indicate the presence of gas hydrates in high-permeable sediments, which makes this a
promising area for a potential gas hydrate exploitation in the future (Haeckel et al., 2015). However,
the removal of massive amounts of solid gas hydrates by depressurizing a permeable reservoir may
cause a significant subsidence at the seafloor, which may cause seafloor instability and induce slope
failures. Furthermore, the presence of multiple BSRs underneath the potential gas hydrate reservoirs
in this area is not well understood. If these anomalous BSRs are caused by overpressured gas
compartments, they pose an additional hazard for gas hydrate production, as uncontrolled gas release
and blowouts are possible.

In the Black Sea, gas is expelled at numerous vent sites such as shallow-water pockmarks, cold
seeps, and mud volcanoes in the deeper basins. The factors controlling fluid migration underneath the
seep sites, as well as seep surface expressions, have been studied in detail over the past decades in
numerous locations around the world, including areas within the gas hydrate stability zone (GHSZ; e.g.
Cartwright, 1994; Suess et al., 1999; Judd and Hovland, 2007; Greinert et al., 2010; Dumke et al., 2014).
These studies also provide insights into origins and transport processes of the expelled gas (e.g. Haeckel
et al.,, 2004; Hensen et al., 2004). Therefore, the investigation of cold seep sites through
multidisciplinary studies provides the possibility to gain insight into the local tectonic and fluid
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migration processes involved, and to increase our knowledge on cold seep sites in general. One example
is the Kerch seep site in the northwestern Black Sea offshore Crimea (study area 2; Fig. I), which is
located within the GHSZ in about 900 m water depth. It is still unclear how gas migrates through the
GHSZ at this seep site, and how this is influenced by its location in a channel-levee system.

30° 36° 42°

"

48°

Danube
44°

&

|:| Study area 2:
\ Don Kuban deep-sea fan

Study area 1:
Danube deep-sea fan

Bosphorus \ I

. Continental Shelf . Continental slope . Black Sea Basin

Fig. I: Overview map of the Black Sea. The two study areas are marked by white rectangles.

Purpose of this study

The two study areas in the Black Sea, the Danube deep-sea fan and the Don Kuban deep-sea
fan (Fig. I), were investigated using a variety of tools such as 2D and 3D high resolution reflection
seismics, multibeam echosounder, subbottom profiler, sidescan sonar, and pore water analyses. The
specific objectives of this thesis are:

e to study the character and distribution of anomalous multiple BSRs in the study area
of the Danube deep-sea fan. These BSRs are one of the most spectacular examples of
multiple BSRs in the world.

e to develop and test new hypotheses that explain these anomalous multiple BSRs

e to find out if production of gas out of a shallow hydrate reservoir in the study area can
be performed safely with respect to slope stability

e to find out how gas migrates through the GHSZ at the Kerch seep site in the
northwestern Black Sea



Project framework

SUGAR and MIDAS projects

Data from the Danube deep-sea fan (study area 1) were acquired during two research
expeditions: MSM34 (legs 1 and 2, 2013-2014) onboard RV Maria S. Merian, and GHASS cruise (2015)
onboard RV Pourquoi Pas?. The research was funded by the Federal Ministry of Education and Research
(BMBF) and the Federal Ministry of Economy and Energy (BMWi) through the SUGAR project
(Submarine Gas Hydrate Reservoirs), and by the European Union Seventh Framework Programme under
the MIDAS project (Managing Impacts of Deep-Sea Research Exploitation). SUGAR aims at the
preparation of a large-scale European gas hydrate initiative and a field test in European waters where
gas is produced from hydrates using novel production technologies. The Black Sea was selected as a
target area during phase II of the project, which ended in July 2014. MIDAS aimed at investigating the
environmental impacts of extracting mineral and energy resources from the deep-sea environment.
The project ended in November 2016. As part of work package 1, the work of this thesis was performed
alongside the scientific progress of the SUGAR project, with the specific objective to study the potential
hazards for slope failure during a simulated hydrate production at the SUGAR test site. Study results
for the Danube deep-sea fan are presented in Chapters 2 and 3.

MIDAS

Fig. II: Logos of the scientific projects SUGAR (left) and MIDAS (right)

DOKU-GAS project

Data from the Don Kuban deep-sea fab (study area 2) were obtained during the RV Poseidon
expedition P427 (2012) and complemented using data from the RV Meteor expedition M84/2 (2011).
The research was funded by the German Research Foundation (DFG) through the DOKU-GAS project,
which ended in 2014. The aim of the project was to image different fluid expulsion systems and to
deduce the functioning of these focused fluid flow systems. Therefore, an anomalous active seep site
within the GHSZ was selected as a study area complementing to this thesis. Study results for the Don
Kuban deep-sea fan are presented in Chapter 4.
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Thesis outline

This PhD thesis was written at the GEOMAR Helmholtz-Centre for Ocean Reseach Kiel,
Germany. The basic work has been carried out from October 2013 until June 2017.

The thesis is structured into five chapters. The first chapter introduces the central topics of
the thesis. The introduction starts with an overview of gas and gas hydrates in marine sediments,
beginning with the origin of methane and flow mechanisms, followed by a brief introduction into gas
hydrate formation and cold seep systems. The introduction further discusses the state of gas hydrates
as a potential future energy resource and possible production methods especially in the marine
environment. This is followed by a discussion of marine geohazards that are related to gas hydrate
production. Then, gas and gas hydrate identification methods based on geophysical data are presented.
The introduction closes with an overview over the study area, the Black Sea, and briefly introduces to
the areas which are in focus in the following chapters. Three manuscripts comprise the central part of
the thesis. They represent stand-alone manuscripts with their own abstract, introduction, methods,
results, discussion, and conclusions sections. Short outlines of chapters 2-4 including the
contributions of the involved co-authors are given below. The thesis closes with chapter 5, which sums
up the main findings of the work presented in chapters 2-4 and presents future perspectives.

Chapter 2 presents new findings on a stack of anomalous multiple BSRs that were identified
in the levee deposits of a buried channel-levee system of the paleo Danube deep-sea fan. Based on new
reflection seismic data, we were able to study the distribution of the BSRs throughout the area in more
detail compared to previous studies, and to relate them to different sealevel lowstands during
lacustrine stages of the Black Sea. We further present new explanations for the cause of these BSRs
which are related to the permeability of the sediments in which the BSRs are observed.

This chapter is published in Earth and Planetary Science Letters as Zander, T., Haeckel, M.,
Berndt, C., Chi, W.C., Klaucke, 1., Bialas, J., Klaeschen, D., Koch, S., and Atgin, O. (2017), On the origin
of multiple BSRs in the Danube deep-sea fan, Black Sea. Earth and Planetary Science Letters 462, pp.
15-25. Supporting Information can be found in the Appendices A.1 — A.3.

Contributions to Chapter 2: J. Bialas led the survey. J. Bialas, I. Klaucke, M. Haeckel, S. Koch,
0. Atgin, and T. Zander contributed to the acquisition of the seismic, multibeam, and geochemical data.
T. Zander, D. Klaeschen, and S. Koch processed the seismic data. T. Zander, M. Haeckel, and W.C. Chi
performed the thermal and geochemical models. T. Zander analyzed the data and wrote the manuscript,
with contributions by C. Berndt and M. Haeckel. All co-authors helped improving and revising the
manuscript.

Chapter 3 describes a multidisciplinary study combining geophysical data and geomechanical
modeling in order to investigate potential hazards of slope failure due to gas hydrate exploitation. The
study was conducted in the same area of the paleo Danube deep-sea fan as the work presented in
Chapter 2. Here, we assume a hypothetical gas hydrate reservoir in shallow sub-seafloor depth and
simulate hydrate production using the depressurization method. Our geomechanical model identifies
the zone with the lowest factor of safety against slope failure along the levee wall located close to the
production area, and analyses if a submarine landslide might be triggered by the production operation.

This chapter has been submitted to Marine and Petroleum Geology as Zander, T., Choi, ].C.,
Vanneste, M., Berndt, C., Dannowski, A., Carlton, B., and Bialas, J., Potential impacts of gas hydrate
exploitation on slope stability in the Danube deep-sea fan, Black Sea.
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Contributions to Chapter 3: J. Bialas led the survey. J. Bialas, A. Dannowski, and T. Zander
contributed to the acquisition and processing of the seismic and multibeam data. J.C. Choi, M.
Vanneste, B. Cartlon, and T. Zander performed the geomechanical screening, models, and simulations.
T. Zander wrote the manuscript with contribution by J.C. Choi, M. Vanneste, and C. Berndt. All co-
authors helped improving and revising the manuscript.

Chapter 4 presents new findings of the Kerch seep plumbing system in the northwestern Black
Sea based on 3D seismic and sidescan sonar data that were acquired in 2012. The seeps site is located
well within the GHSZ and features anomalous gas escape into the water column. We show that the seep
sites are directly connected to several gas pockets in shallow depth, which push the sediments upward,
leading to domes at the seafloor.

This chapter will be submitted to Marine Geology as Zander, T., Haeckel, M., Klaucke, I., Berndt,
C., Bialas, J., Klaeschen, D., and Papenberg, C., New insights into the Kerch seep plumbing system in
the Black Sea.

Contributions to Chapter 4: ]. Bialas led the survey. J. Bialas, D. Klaeschen, C. Papenberg, and
T. Zander contributed to the acquisition of the seismic, sidescan, and subbottom profiler data. D.
Klaeschen and C. Papenberg processed the seismic data, and T. Zander and I. Klaucke processed the
sidescan and subbottom profiler data. T. Zander and M. Haeckel performed the pore water analysis and
modeling. T. Zander wrote the manuscript, with contributions by I. Klaucke, M. Haeckel, and C. Berndt.
All co-authors helped improving and revising the manuscript.
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Chapter 1: Introduction

1. Introduction

1.1 Gas and gas hydrates in marine sediments

| 1.1.1 Natural gas in the marine environment

Gas in marine sediments is dominated by methane, which mainly originates from biogenic
methane generation, i.e., microbial and thermogenic processes. In addition, methane can also be
formed from inorganic processes, which is referred to as abiogenic methane generation (e.g. Schoell,
1988; Welhan, 1988; Whiticar, 1999).

Microbial methane originates from methanogenic processes in shallow sediments. COg,
originating from organic matter and from sulfate reduction in shallow sediments (about 1 m depth), is
reduced to methane, which is the most dominant methane-forming process in marine sediments
(Whiticar et al., 1986). In freshwater sediments, methane is generally formed through fermentation.
Ideal conditions for methane generation are found in continental margins, which are characterized by
high biogenic productivity and high sedimentation rates, leading to the presence of large amounts of
organic matter in the sediments. Optimal conditions for microbial methanogenesis in anoxic
conditions are provided by temperatures around 35-45 °C (Rice, 1992). The temperature for methane
production ranges from 4 °C to up to 97 °C, and therefore microbial methanogenesis typically occurs
within the upper 2 m of sediment (Rice, 1992; Wiese and Kvenvolden, 1993). The lower limit is defined
by the temperature and hence the sedimentation rate, and can therefore be expected to occur in depths
of >1 km (Judd and Hovland, 2007).

At greater depth, organic matter eventually becomes kerogen, which can release methane and
higher hydrocarbons by catagenesis (Judd, 2003). The type of petroleum produced depends on the type
of kerogen (defined by the ratios of hydrogen to carbon (H/C) and oxygen to carbon (O/C)) and the
origin of organic matter (Tissot and Welte, 1994; Judd and Hovland, 2007). Methane is characterized by
the lowest hydrocarbon complexity of one carbon atom (C,) and requires kerogen of low H/C and high
O/C ratios with organic matter of terrestrial origin (Tissot and Welte, 1994). Methane can also form
when petroleum (C;:) that remains in the source rock and does not migrate upwards into a cooler
environment is broken down into lower hydrocarbon complexity (Judd and Hovland, 2007). The
temperature window for thermogenic hydrocarbon production is around 60-260 °C, corresponding to
depths of >10 km (Judd and Hovland, 2007).

Abiogenic methane is formed through inorganic processes. It is suggested to occur at
hydrothermal systems at mid ocean ridges (Welhan, 1988; Minshull et al., 1998) or onshore (Fiebig et
al., 2009).

The origin of methane can be derived from the molecular ratio of higher hydrocarbons. The

Ci/Cy+ ratios of microbially generated hydrocarbons are generally high (>1000) compared to
thermogenic hydrocarbons characterized by lower ratios (Fig. 1.1A; Bernard et al., 1976; Whiticar,
1999). Additionally, the stable isotope analysis of light and heavy isotopes (*2C/**C and D/'H) can give
insight into the origin of methane (Fig. 1.1B). Microbially generated methane is depleted in *C (-110%o
to -50%o0), whereas thermogenic methane is more enriched in *C (-50%o to -20%0) (Whiticar, 1999).
The D/'H ratio, or §D relative to the SMOW (standard mean ocean water) standard can be used to infer
1
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the process of methane generation. §D values lower than -250%. characterize methane originating
from microbial acetate fermentation, whereas §D values in the range of -250%o to -150%. indicate
methane originating from microbial CO; reduction (Whiticar et al., 1986).
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Fig. 1.1 A: Bernard diagram (modified after Whiticar, 1999) showing biogenic, thermogenic, and mixed origin
of methane, which depend on the molecular and isotopic composition of carbon. B: Cross plot of carbon and
hydrogen isotope signatures for the illustration of the classification of microbial and thermogenic methane
(modified after Whiticar, 1999). V-PDB = Vienna Pee Dee Belemnite, SMOW = standard mean ocean water.

The driving factors for the transport of methane from depth towards shallower sediments
depend on whether methane is in solution in the pore water or exists as free gas bubbles, and whether
the dominant transport system is diffusive or focused (Ginsburg and Soloviev, 1997; Clennell et al.,
2000). The flow of fluids is controlled by the pressure field in the sediments, as described by Darcy’s
Law (Eq. 1.1):

k
% = —;grad(P) Eq. 1.1

where Q is the volumetric flow per time, A is the sectional area, k is the intrinsic permeability, y is the
fluid’s viscosity, and grad(P) is the gradient in excess fluid pressure. Advective and diffusive flows of
dissolved methane are generally inefficient transport mechanisms over time and distance (Clennell et
al., 2000). Advective flow is limited by the low concentration of methane in solution. In diffusive flow,
the methane flux is controlled by the gradient of methane concentration in solution of the pore water.
This gradient is generally small (Clennell et al., 2000). If the gas concentration is above solubility,
buoyancy is the dominant force driving the gas bubbles towards the surface (Clennell et al., 2000). For
example, methane density in 3-4 km water depth is in the order of 200-300 kg m™ compared to a density
of 1025 kg m™ for seawater. The diffusive fluid flow is further controlled by the sediment permeability
(Eg. 1.1), and sediment layers can act as permeability barriers or seals (Cartwright et al., 2007) for the
rising fluids.

Focused flow of fluids and gas is more efficient in transporting methane towards shallower
sediments. For upward fluid migration to occur, overpressure is required, which can be achieved
through stress changes (disequilibrium compaction, tectonic stress) or changes in the pore fluid volume

2
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due to temperature increase, the addition of fluids through fluid migration or generation of new fluids
(such as water generation through mineral transformation of hydrocarbon generation) (Tacket and
Puckette, 2012).

Overpressured gas and fluids can overcome the permeability barrier’s resistance against
capillary or fracture failure (Clayton and Hay, 1994). Favorable pathways for rising fluids are existing
faults and fractures, and dipping permeable stratigraphic horizons (Stakes et al., 1999). Closed fractures
may be reopened by the rising fluids, and periodic closing and reopening of fractures in response to
pore pressure changes (e.g. driven by tidal changes or seismic activity) was also observed (Cartwright,
1994, Leifer et al., 2004). Polygonal fault systems may also act as migration pathways (Gay et al., 2007).
Diapirism can create migration pathways by faulting, steepening and pushing up of sediments (Clennell
et al., 2000).

1.1.2 Gas hydrates

Gas hydrates are ice-like, crystalline solid structures (clathrates) in which gas molecules (e.g.
methane) are trapped within a host lattice consisting of water molecules (hence the term “hydrate”;
Fig. 1.2). Therefore, gas hydrates do not have a fixed chemical composition and are stable without a
direct chemical bonding. A minimum of 70% of the cages have to be filled in order for gas hydrates to
be stable, and in naturally occurring hydrates around 95% of the cages are filled (Holder and Hand,
1982; Circone et al., 2005).

Fig. 1.2: Schematic of structure I gas hydrate (after Maslin et al., 2010). Guest molecules (e.g. methane) are
trapped in cage structures formed by water molecules.
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Three different structures of gas hydrates are commonly known, which differ in cage size and
thereby both in the amount of water molecules and in the size of the hosted guest molecules (Sloan
and Koh, 2007):

e  Structure I: guest molecule diameters between 4.2 — 6 A (e.g. methane, carbon dioxide,
nitrogen)

e  Structure II: guest molecule diameters between 6-7 A (e.g. ethane, propane)

e  Structure H: guest molecule diameters between 7-9 A (e.g. metycyclohexane)

Since most natural gas hydrates consist of more than 99% of methane, structure I hydrates are
the type of hydrates that is most commonly observed in marine sediments (Kvenvolden, 1995) and
hence the term “methane hydrates” is commonly used to describe gas hydrates in the literature.
Structure IT hydrates are much less common, and structure H hydrates are extremely rare.

Methane Hydrate Phase Diagram

v
O'QQ A
N "’b\\}
X2, >
0k SN
S b 4 free
O"no:ary gas
_________________________________________________________________________ water
column
hydrate-coated
gas bubbles
<
a
[0
a
v
seafloor methane A
hydrate
sediment
free column
gas
: . : v
0 5 10 15 20 25

Temperature [°C]

Fig. 1.3: Methane hydrate phase diagram illustrating the hydrate stability defined by temperature and
pressure. The area of the gas hydrate stability zone is defined by the intersections of the temperature profiles
with the phase boundary. Within the gas hydrate stability zone (GHSZ), hydrate forms around gas bubbles

in the water column, or is generated within the pore space of sediments if sufficient supplies of gas and water
are available.

The stability of gas hydrates is mainly controlled by pressure and temperature, assuming that
sufficient supplies of gas and water are given (Fig. 1.3). In general, gas hydrates form in a high pressure
and low temperature environment (Kvenvolden, 1995; Sloan and Koh, 2007). The stability of gas
hydrates is further controlled by the presence of higher hydrocarbons and by the pore water salinity
with higher hydrocarbons and lower salinity shifting the stability towards higher temperatures at a
given pressure.
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Methane Hydrates in Continental Margins
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Fig. 1.4: Schematic of a continental margin and the inferred thickness of the GHSZ underneath the seafloor
(after Bohrmann and Torres, 2006).

Due to their stability field, the occurrence and distribution of gas hydrates around the world is
restricted to permafrost regions in Arctic areas and deep marine environments such as continental
margins, as well as deep cold-water lakes such as Lake Baikal (Kvenvolden, 1988). In permafrost
regions, e.g. Siberia (Makogon et al.,1972) and the Mackenzie Delta (Kvenvolden and Grantz, 1989), the
top of the gas hydrate stability zone (GHSZ) typically occurs about 150-300 m below the surface, and
the GHSZ can extend more than 500 m below the base of the permafrost (Kvenvolden, 1988). Offshore,
gas hydrates can occur at water depths exceeding 300 m, with bottom water temperatures typically
lower than 10 °C (Fig. 1.4 and Fig. 1.5; e.g. Kvenvolden, 1988; Bohrmann and Torres, 2006; Judd and
Hovland, 2007; Ruppel, 2007; Sarkar et al., 2012).

Global distribution of methane hydrate in marine sediments
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Fig. 1.5: Global distribution of methane hydrate in marine sediments (modified after Wallmann et al. (2012)).
The global inventory of gas hydrates derived from these estimates is 455 Gt of C (Wallmann et al., 2012).
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In offshore regions, the lower boundary of the GHSZ is limited by the temperature and thereby
the temperature gradient in the sedimentary column. Since the pore pressure controlling the hydrate
stability is hydrostatic (Hart et al., 1995), the BGHSZ typically follows the isotherms in an equilibrated
environment (Kvenvolden and Lorenson, 2001). Locally increased heatflow (e.g. through fluid
migration) leads to a shoaling of the BGHSZ, whereas a cooling of the sediments (e.g. through
topographic effects) leads to a downshift of the BGHSZ (e.g. Chen et al., 2014; Chi et al., 2014).

1.1.3 Cold seep systems

Cold seeps define seafloor sites where fluids such as hydrocarbon gases, oil, or gas-rich pore
waters rise from deeper strata to the shallow subsurface and eventually escape into the water column.
Most seep sites are dominated by methane (Judd, 2003; Bohrmann and Torres, 2006). Cold seeps consist
of four main structural elements: one or more fluid sources, upward migration pathways, a plumbing
system, and seafloor venting structures (Klaucke et al., 2006; Talukder, 2012; Koch et al., 2015; Luo et
al., 2016). Studies showed that some mud volcanoes are sourced by fluids trapped in oceanic crusts
older than 140 Ma (Hensen et al., 2015). In some places, seeps can indicate active deep petroleum
systems, but the relationship between seafloor seepage and deep reservoirs, and in particular the
migration of free gas through the GHSZ, can be complex (Talukder, 2012).

Multiple studies described cold seeps in many different geological settings at active (e.g. Stakes
et al., 1999; Klaucke et al., 2008; Greinert et al., 2010) and passive continental margins (e.g. Sahling et
al., 2008) around the world. Cold seeps appear to be preferentially located on topographic highs such
as accretionary ridges or erosional ridges (e.g. Crutchley et al., 2010; Klaucke et al., 2010) or atop
subsurface highs such as diapirs or local highs of the bottom simulating reflector (BSR; e.g. Crutchley
et al., 2014). This distribution suggests that cold seep locations are controlled by local subsurface traps
just like conventional hydrocarbon reservoirs. Fluid migration to the surface is either structurally or
stratigraphically controlled, but can also be controlled by a combination of both mechanisms
(Krabbenhoeft et al., 2013).

At numerous seep sites gas escape into the water column has been observed, even within the
GHSZ (e.g. Suess et al., 1999; Klaucke et al., 2006, 2012; Greinert et al., 2010; Romer et al., 2012).
Hydroacoustic flares indicating escaping gas bubbles have been observed to rise up to 1300 m from the
seabed (Greinert et al., 2006). The surface expressions of seeps are typically associated with a rough
topography due to the precipitation of authigenic carbonates (e.g. Klaucke et al., 2012; Dumke et al.,
2014), doming structures due to gas hydrate formation (pingoes; Hovland and Svensen, 2006; Paull et
al., 2008) or gas overpressure (Koch et al., 2015), mud volcanism (Bohrmann et al., 2003) or seafloor
depressions (pockmarks; Judd and Hovland, 2007; Riboulot et al., 2016). These structures can reach
diameters of up to several 100 m and heights of several tens of meters (Hovland and Judd, 1988).

Anaerobic oxidation of methane (AOM) and the coupled sulfate depletion in the sulfate-
methane transition zone (SMTZ) is observed at all cold seep sites (Boetius et al., 2000). AOM is
performed by microbial communities and is an efficient sink for seeping methane (Hinrichs and
Boetius, 2002), thereby affecting the amount of methane which is released into the water column. The
analysis of these pore water profiles at active seep sites and comparison with background profiles
provides insight into the processes involved at local seep sites, such as origin, quantification, and
transport mechanisms of methane (e.g. Haeckel et al., 2004, 2007; Bhatnagar et al., 2008; Regnier et
al., 2011; Koch et al., 2016).
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AOM occurs in conjunction with sulfate reduction:
CH, +50; - HS” + HCO; + H,0 Eq. 1.2

Over time, AOM leads to the precipitation of carbonates. Authigenic carbonates at active seep
sites can grow up to several tens of meters into the water column (Teichert et al., 2003; Dumke et al.,
2014).

1.2 Gas hydrates as an energy resource

Gas hydrates occur in various types in the marine environment, and not all of these types of
occurrence represent a resource potential for the production of free gas:

1. Massive units of solid gas hydrates, which occur primarily at or near the seafloor.
These gas hydrates are often observed near vent sites and are described as hydrate
mounds. Although rather easily to detect through hydroacoustic surveys, these gas
hydrate mounds are considered irrelevant as an energy resource as they are generally
very small in size and are unsuitable for gas production with existing technologies
(Boswell et al., 2012).

2. Grain-displacing gas hydrates in the form of solid nodules disseminated within fine-
grained sediments, filling fractures or veins (Park et al., 2008), where the gas hydrate
saturation can reach up to 40 % (Lee and Collett, 2009). In this case, gas production is
not favorable because of the geomechanical instabilities in such systems (Moridis et
al., 2013).

3. Pore-occupying gas hydrates in coarse-grained and fine-grained sediments. Hydrate
saturation increases with grain size (Boswell et al., 2012). Field expeditions have shown
that in fine-grained sediments, pore-filling gas hydrate saturations are generally in the
order of 10 % or less, but can reach up to 90 % in coarse-grained silts and sands (Park
et al., 2008; Tsuji et al., 2009; Moridis et al., 2011; Boswell et al., 2012).

Therefore, sandy gas hydrate reservoirs with potentially very high saturations are in the focus
of research in terms of potential gas production from hydrates. The high permeability of the sediments
initially allows the fluids and gas to migrate and to form gas hydrate accumulations within the pore
space with high resource concentration (Moridis et al., 2011). In terms of production, high permeability
allows the spreading of pressure and temperature from a fixed wellbore into the gas hydrate bearing
reservoir, as well as the creation of migration pathways for the released gas towards the well (Boswell
et al., 2009; Moridis et al., 2011).

Gas-hydrate-bearing sands with promising reservoir conditions have been studied in detail
over the past two decades. These reservoirs are located, e.g., in the Nankai Trough, Japan (Tsuji et al.,
2009; Fujii et al., 2015;), in the Gulf of Mexico (Collett et al., 2005; Boswell et al., 2012), offshore India
(Collett et al., 2008), offshore Korea (Park et al., 2008), and in permafrost regions in Alaska (Collett,
1993) and Canada (Dallimore et al., 1999).
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1.2.1 Production methods

To produce gas out of hydrates, new technologies had to be developed as conventional oil and
gas recovery technologies are not applicable to gas hydrates, due to their solid phase structure (Lee and
Holder, 2001). At present, four production methods exist (three of them illustrated in Fig. 1.6), all of
which are based on the dissociation of gas hydrates through disturbance of their thermodynamic
conditions (Makogon, 1997, Lee and Holder, 2001):

1. Thermal stimulation: Temperature T is raised above the hydration temperature at
the prevailing pressure p

2. Depressurization: Lowering the pressure p to a level lower than the hydration
pressure at the prevailing temperature T

3. Chemical stimulation: Use of inhibitors (i.e. salts, alcohols) to shift the p/T
equilibrium

4. CH4/CO; exchange: Methane exchange with another hydrate-forming gas such as CO,,
HsS, N; or O,, with the greenhouse gas CO; being preferred in most applications (Sloan
and Koh, 2007; Lee et al., 2013).

Gas hydrate production methods

Gas + liquid
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Depressurization
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£ Thermal stimulation
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0 5 10 15 20 25

Temperature [°C]

Fig. 1.6: Illustration of three different methods which aim at the dissociation of gas hydrates through
disturbance of their thermodynamic conditions: thermal stimulation (heating), depressurization, and
chemical stimulation.

Thermal stimulation

The concept of the thermal stimulation method is based on the in situ heating of gas hydrates
until they start to dissociate. Heating is realized by the injection of hot water or brine through a
wellbore into the gas hydrate reservoir.

The method was tested successfully in the Mackenzie Delta (Canada) in 2002, using hot-water
circulation. However, during five days of production, only 468 m> of methane were produced (Hancock
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et al., 2005). While this test demonstrated that it is possible to produce gas out of gas hydrate reservoirs,
the results also showed that thermal stimulation is not economical and therefore unattractive for gas
hydrate production. A major economic problem is the waste of heat, as it is mostly water which is
heated in the process, due to the nature of hydrate (1 volume of gas hydrate contains around 0.87
volumes of water) (Moridis et al., 2011).

Depressurization

The method involves drilling a vertical production well into the gas hydrate reservoir, and
pressure reduction by pumping along the entire reservoir interval. (Fig. 1.7). Pressure reduction forces
hydrate dissociation, which gradually spreads out from the well into the surrounding hydrate reservoir
(Moridis et al., 2011). The high permeability of the sandy reservoir results in a steady stream of free gas
and free water towards the well (Moridis et al., 2011). Therefore, the production of gas out of gas
hydrates needs to take the steady co-production of water into account.

Typically, the pore pressure around the well is reduced to a specific target pressure, e.g. 2.7
MPa at Walker Ridge (Myshakin et al., 2012) and 3 MPa at Nankai (Yamamoto et al., 2014). In 1500 m
water depth, this pressure reduction is comparable to a sea level fall of 1200 m. The sediment volume
affected by pressure reduction is expected to remain relatively limited to the vicinity of the well
location, i.e., 100 m around the well (Kvalstad et al., 2011; Konno et al., 2017).

Depressurization

\EGERE
hydrate
reservoir

Fig. 1.7: Schematic of the depressurization method applied in a marine environment. A methane hydrate
reservoir located in high-permeable sediments (dark green) is depressurized along a vertical drillhole (bright
green area), and the gas hydrate dissociates from the well into the reservoir (dashed line). The gas flows
through the well towards the production infrastructure (dashed green arrow).

Currently, depressurization is considered the most effective and most economical production
method for gas hydrates (Zhao et al., 2013). The depressurization method was first tested successfully
in the Mackenzie Delta (Canada) in 2007-2008, and unlike the thermal stimulation production test
conducted five years earlier in the same area, the test revealed that depressurization is a promising gas
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hydrate production method (Dallimore et al., 2012). During six days of production, about 13,000 m® of
methane were produced (Yamamoto and Dallimore, 2013). In 2013, the world’s first offshore
production test using the depressurization method was conducted in the Nankai Trough off Japan
(Yamamoto et al., 2014). 119,500 m? of gas volume were produced continuously over six days until
abrupt sand production stopped the test. These tests demonstrated the applicability of the
depressurization method as a methane hydrate production technology without thermal energy input.

Chemical stimulation

The chemical stimulation is based on chemical inhibitors which are injected into the reservoir.
These inhibitors change the hydrate equilibrium conditions, thereby destabilizing hydrate in natural
conditions (Chong et al., 2016). Thermodynamic inhibitors are, e.g., methanol and ethylene glycol
(Dong et al., 2009). Kinetical inhibitors slow down the formation of hydrate. Recent research identified
that NaCl is both a thermodynamic inhibitor and a kinetic inhibitor (Mekala et al., 2014).

On an economical scale, chemical stimulation is not feasible on a reservoir scale, because the
ratio of inhibitor to hydrate is significantly high (Moridis et al., 2011; Chong et al., 2016). Currently, it
is discussed if chemical stimulation can increase the effectiveness of both the depressurization and
thermal stimulation by lowering the heat of dissociation (Chong et al., 2016).

CH,/CO; exchange

The CH4/CO; exchange method is based on the hydrate kinetics, because CO; hydrate is more
stable at low temperatures (<10 °C) compared to CH4 hydrate (Chong et al., 2016). CO;has a molecular
diameter of 5.12 A (slightly larger compared to the molecular diameter of 4.36 A of CHy), and forms as
well hydrates of structure 1 (Sloan and Koh, 2007). The exothermic formation of CO;hydrate thereby
releases more heat (57.98 k] mol™) than is required for the endothermic dissociation of CH4 (Goel,
2006).

In an ideal scenario, the CH4CO; exchange method becomes carbon neutral. Further
advantages are that sediment strengths in the reservoir are maintained due to the solid CO; hydrate
generation, which also consumes the released water of the CH,4 dissociation. The storage of CO; in solid
form further reduces the mobility of the greenhouse gas, which is a further advantage compared to
current sequestering methods where CO; is stored in liquid or gaseous forms (Chong et al., 2016).

The CH4/CO; exchange method has so far not been tested in a field test, and many challenges
have to be solved. These challenges are a more deeper understanding of the kinetics regarding the
transport of heat and mass (especially of the released water), the interplay between CH4 hydrate
dissociation and CO2 hydrate formation, the role of permeability and sediment properties, and the
calculation of models for optimal well placements and production strategies (Chong et al., 2016).

10
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1.3 Marine geohazards related to gas hydrate production

One of the most important offshore geohazards is submarine slope failure (Vanneste et al.,
2014). Sediment failure occurs when shear stress (e.g. the gravitational downslope force) exceeds shear
strength (resisting forces) (Fig. 1.8A). In geomechanics, the stability of a slope is defined by the factor
of safety (FoS), which is defined as resisting forces against driving forces. Therefore, theoretically a
slope with a FoS of less than 1.0 is prone to fail. Failure can occur along a planar surface (more typical
in sandy soils) or along a curved surface along with rotation of the failure mass around a virtual point
above the slope (typical in clayey soils) (Fig. 1.8B; Abramson et al., 2002). After failure occurred, the
slope often features a steep scarp, which can retreat further upslope if retrogressive failures affect the
area upslope of the scarp (Kvalstad, 2007).

original
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©
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Fig. 1.8 A: Schematic of the forces acting on a slice (grey) in a submarine infinite slope. T cos a = shear
resistance of sediment, W sin a = gravitational shear stress acting in the direction of potential movement, W
= vertical component of body force of the slice, z = sub seafloor depth, h = height of the slice, a = slope angle.
Modified after Hampton et al. (1996). B: Illustration of a circular mass failure on a clayey slope, modified
after Abramson et al. (2002)

To determine of the stability of a given slope, the slip zone with the least FoS under static
conditions is calculated. Because of uncertainties due to simplified modeling and parameter
uncertainties, a FoS of 1.5 is generally used to define a stable slope, but this depends on the
infrastructure at risk as well as local standards and guidelines (e.g. CEN, 2004). Pseudo-static models
are additionally applied to simulate seismic effects. Under pseudo-static condition, a minimum FoS of
1.1 is generally required. Note that typically a full dynamic site response analysis requiring a reliable
time history is preferred over pseudo-static models. Geomechanical models and slope stability analyses
require knowledge of the slope geometry, subsurface geology, soil strength parameters, and unit
weights.

Areas with steep slopes, e.g. in submarine channels and canyons, are more susceptible to slope
failure than the surrounding areas (Kvalstad, 2007). Instable slopes may cause sliding or slumping of
the seafloor sediments, and even on gently dipping slopes mobilized mass can travel over large
distances during a landslide. The area between the instable slope and the run-out line is defined as
“hazard lands” and represent the area characterized by a FoS of less than 1.5 against being affected by
slope failure (Abramson et al., 2002).

Seabed failures can be triggered by both natural causes and human interferences such as
oversteepening of the slope, uneven deposition or erosion, increase of shear stress (loading, lateral
pressure), reduction of shear strength, and seismic events (lateral and vertical ground shaking due to

earthquakes). Slope stability assessments are generally based on a conservative scenario, i.e., the
11
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worst-case scenario which is often associated with an earthquake (Abramson et al., 2002). The
transported mass of a submarine landslide can affect seabed installations in many ways including loss
of foundation area, destruction of facilities by debris impact, partial or total burial of seabed facilities,
and even generation of tsunamis affecting not only seabed installations but entire coastal communities
over potentially large areas (Kvalstad, 2007).

So far, it remains unclear whether natural gas hydrate dynamics have triggered slope failures.
If gas hydrates that are hosted in a sediment matrix dissociate into free gas and excess pore water, the
geomechanical stability of the host sediment may be significantly reduced (Collett et al., 2015).
However, a review of landslide inventories carried out by Urlaub et al. (2013) did not find evidence for
a large-scale triggering of landslides due to gas hydrate dissociation caused by the glacial-interglacial
pressure and temperature changes. Nevertheless, gas hydrate dissociation may be considered as a
preconditioning mechanism instead of an actual trigger for certain submarine landslides (Crutchley et
al., 2016). There is also evidence that some submarine landslides have developed differently in areas
with hydrate than in hydrate-free areas (Micallef et al., 2009).

Gas hydrate production campaigns, as already pointed out in chapter 1.2, are focused on
potential reservoirs in high-permeable sediments such as those encountered in paleo deep-sea fans
along continental margins. Therefore, certain mitigation measures against potential slope failures have
to be taken into account in the planning of gas hydrate production in areas that may be at risk of slope
failure. However, there is a lack of experience regarding geohazards associated with gas hydrate
exploitation, and therefore more research has to be taken out at the individual production sites in order
to understand the complexity of these geohazards (Collett et al., 2015).

1.3.1 Reservoir compaction and seabed subsidence

The stress regime in marine sediments is defined as
Op = Ogfr Tt U Eq. 1.3

where g, is the normal stress, . is the effective stress of the sediment matrix and p is the pore
pressure. Gas hydrate production through depressurization in the reservoir causes a pore pressure
depletion, which immediately leads to an increase in effective stress. The geomechanical response to
the stress changes in the reservoir is reservoir compaction (Fig. 1.9; Moridis et al., 2011). Simulations
showed that the radial displacement are smaller than the vertical displacements, with the latter being
largest in the direct vicinity of the wellbore and close to zero underneath the well (Zhou et al., 2014).
Due to the high porosity and poor consolidation, marine sands such as those encountered in potential
gas hydrate reservoirs may be prone to formation failure due to pore collapse and rearrangement of
inelastic grains (Moridis et al., 2011).

A compacting reservoir may lead to subsidence at the seafloor (Fig. 1.9; Fjaer et al., 2008; Kim
et al., 2014). The factors controlling the subsidence are the pressure depletion in the reservoir, the
thickness of reservoir and overburden, and the stiffness of the overburden. In permafrost regions, e.g.,
the subsidence is rather low due to the stiff soils (Rutquist et al., 2009).
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Hazards related to gas hydrate exploitation
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Fig. 1.9: Illustration of the hazard of reservoir compaction and seafloor subsidence related to the
depressurization method of gas hydrate exploitation.

Seafloor subsidence, although likely occurring uniformly over a large distance from the well
(Rutquist et al., 2009), has to be taken into account as a potential hazard for the overlying production
infrastructure at the seabed. Furthermore, when the production area is located in a sloping seabed

environment, subsidence may change the stress/strength equilibrium of the slope, potentially lowering
the FoS against slope failure (Fig. 1.10).

Hazards related to production in a sloping seabed

Fig. 1.10: Schematic of a production site in a sloping seabed environment, illustrating the hazard of an
interaction between a gas hydrate reservoir, which may compact due to pore pressure depletion, thereby

changing the stress/strength equilibrium along the potential slip surface with the lowest FoS (Factor of
Safety).
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1.3.2 Sand production

If shear failure in the reservoir sands occurs, solid particles can flow towards the wellbore and
are co-produced as well, besides gas and water. As a result, cavities may be generated around the
wellbore (Moridis et al., 2011). Sand production abruptly occurred during the 2007 onshore production
test in the Mackenzie Delta (Canada) and led to an abortion of the test. The installation of a sand screen
into the wellbore in 2008, however, allowed continuous gas production over a period of six days
(Yamamoto and Dallimore, 2008). During the 2013 production test in the Nankai Trough (Japan), sand
production occurred as well after six days, ending the production test (Konno et al., 2017).

1.4 Gas and gas hydrate manifestations in geophysical data

| 1.4.1 Gas signatures

Shallow free gas accumulations are often easy to identify in high-resolution seismic data. The
presence of gas causes a strong decrease in seismic velocity, which results in a negative impedance
contrast. Gas concentrations as low as 0.5 % of the sediment pore space already decrease the acoustic
impedance of sediment significantly (Judd and Hovland, 2007), especially in unconsolidated sand/shale
sequences (Cooper and Hart, 2003). Studies showed that the largest velocity drop already occurs at gas
concentrations of less than 4% (Fig. 1.11; Andreassen et al., 2007). Therefore, seismic methods alone
are not sensitive enough to detect variations in gas concentrations.
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Fig. 1.11: P-wave velocity and bulk density calculated as a function of gas saturation for sediments with
porosity of 0.4 and V, = 1900 m s (after Andreassen et al., 2007).

Gas bubbles in the sediments produce a variety of seismic anomalies, which largely depend on
the acoustic frequency and the size of the bubbles. Typical anomalies are bright spots, which are high-
amplitude reflections at the interface between a gas-free zone and an underlying gas-bearing zone.
They are caused by the strong negative impedance contrast and are typically characterized by a phase
reversal (Judd and Hovland, 1992; Lgseth et al., 2009). The low-velocity regions frequently result in
pull-down effects of the entire underlying strata (Lgseth et al., 2009). Often, low-frequency events are
observed underneath a bright spot, because high-frequency components of the seismic energy are
absorbed by the gas bubbles (Geletti and Busetti, 2011). In sediment echosounder data, the acoustic
energy is scattered at the gas bubbles, and these effects of acoustic turbidity often lead to a complete
washout or blanking of the stratigraphic events underneath (Judd and Hovland, 1992; Klaucke et al.,
2006).
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Vertical migration pathways of focused flow of gas or gas-bearing fluids are generally described
as chimneys or pipes in seismic data (Cartwright et al., 2007; Lgseth et al., 2009). These vertical
pathways can exceed diameters of a few kilometers (L@seth et al., 2009) and are often characterized by
scattered low amplitudes caused by the attenuation of the acoustic signal (Hovland and Judd, 1988). At
the margins of gas chimneys and pipes, a reflection pull-up is often observed (Hustoft et al., 2007;
Westbrook et al., 2008; Plaza-Faverola et al., 2011). This effect is caused by higher seismic velocities
associated with the formation of gas hydrates or carbonates at the chimney walls.

1.4.2 Bottom-simulating reflector

A common indicator for the presence of gas hydrates along continental slopes is the bottom-
simulating reflector (BSR) in reflection seismic data. Its name derives from its typical behavior of
mimicking the seafloor topography, running along isotherms and thereby cutting across stratigraphic
reflections, typically with opposite polarity compared to the seafloor reflection (Fig. 1.12A, B;
Hyndman and Davies, 1992). BSRs were first identified in the 1970s at Blake Ridge (Shipley et al., 1979).
The BSR is caused by the negative impedance contrast between high-velocity gas-hydrate-bearing
sediments above and low-velocity gas-bearing sediments below (Hyndman and Davies, 1992).
Therefore, the cause of a BSR is not necessarily the presence of gas hydrates, but the presence of free
gas underneath, which causes a strong decrease in seismic velocity (Paull et al., 1996). Moreover, the
absence of a BSR does not preclude the presence of gas hydrates, as hydrates have also been observed
in areas where a BSR is absent (Mathews and von Huene, 1985; Haacke et al., 2007). On many occasions,
the BSR is patchy and discontinuous (Fig. 1.12C). Hillman et al. (2017) argued that all BSRs are
discontinuous in nature, and the appearance in seismic data depends largely on the resolution of the
imaging tools. Gas is also more likely trapped in highly permeable sediment layers (e.g. sands and silts)
bounded by impermeable layers (Judd and Hovland, 2007), which explains the patchy appearance of a
BSR in many areas. Studies showed that free-gas concentrations of only a few percent of the pore
volume below the hydrate-bearing zone are sufficient to create a distinct BSR (Andreassen et al., 2007;
Haacke et al., 2007; Judd and Hovland, 2007).

The BSR alone is not a sufficient indicator for the presence of gas hydrates, as it only indicates
the presence of free gas accumulations underneath the BGHSZ. If large amounts of gas hydrate are
present in the pore space, they cause a positive impedance contrast in seismic data due to their high
seismic velocity. The positive impedance contrast results in high amplitude anomalies and a relatively
high interval velocity.

The BSR is often used to derive information about the thermal state at its location, including
the local and regional heat flow as well as thermal anomalies. Thermal anomalies indicate that a BSR
is out of equilibrium, e.g. due to higher or lower temperatures and fluid flow (Davies et al., 1990;
Hyndman et al., 1992; Grevemeyer and Villinger, 2001; Wood et al., 2002).
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Fig. 1.12 A: Seismic reflection profile illustrating the BSR running sub-parallel to the seafloor offshore
Svalbard. B: Wiggle trace display from the area marked with the black box in A. Note the high reflectivity
and reversed polarity of the BSR compared to the seafloor. A and B modified after Vanneste et al. (2005). C:
Example for a patchy and discontinuous BSR (pink triangles) in conventional 3D seismic data. The BSR
signal is strong along permeable sand-rich horizons. Adapted from Hillman et al. (2017).

| 1.4.3 Gas hydrate identification workflow

The hydrocarbon industry with focus on gas hydrates distinguishes between the terms hydrate
stability zone (where gas hydrates are theoretically stable), hydrate bearing zone (zones of high
permeability above the BGHSZ, which theoretically yield a good reservoir potential), and hydrate
concentrated zone (Fig. 1.13). The hydrate concentrated zone can be identified in seismic data with the
following indicators as proposed by Saeki et al. (2008):

e Presence of a BSR

e Zone of turbidity above the BGHSZ (such as those encountered in paleo-channel
systems)

e Positive high-amplitude reflections within the turbidity zones

e Relatively higher interval velocities compared to the surrounding
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Fig. 1.13: Illustration of the relationship between “gas hydrate stability zone”, “gas hydrate bearing zone”,
and “gas hydrate concentrated zone” as defined by the hydrocarbon industry, modified after Saeki et al.
(2008). Where free gas is present at the BGHSZ, a BSR can occur. Gas hydrate bearing zones within the
stability zone can exist where a BSR is absent. Methane hydrate concentrated zones occur most likely close
to the BSR in sediments with high permeability.

Additional information on the distribution of gas hydrates can be gained through the analysis
of S-wave velocities. S-waves have lower frequencies than P-waves and also travel much slower,
resulting in a higher resolution of the subsurface. As S-waves can only propagate through solid media,
free gas accumulations as well as the BSR cannot be imaged. However, it is possible to estimate the
thickness of a zone hosting gas hydrates via the P-to-S ratio (Dannowski et al., 2017). The gas hydrate
concentration cannot be estimated using this method (Dannowski et al., 2017). S-wave studies require
multicomponent seismometers installed at the seafloor, which can be deployed as part of seismic
surveys. Because the seismic signal is produced by an airgun towed behind a vessel and S-waves cannot
travel through the water column, the seismometers record transformed S-waves, i.e. P-waves converted
to S-waves at sediment interfaces.

1.4.4 Multiple BSRs

The formation of two or more overlying BSRs, which are typically spaced apart by a few tens of
meters is not well understood. In most studies, the shallowest BSR is considered as the seismic
manifestation of the BGHSZ. The additional BSRs are usually weaker in amplitude and can occur with
normal or reversed polarity. The presence of two or more BSRs at a specific location allows drawing
multiple conclusions related to their origin. A general explanation does not exist and multiple BSRs are
therefore considered as local features that require individual explanations regarding their origin:

e Gas composition: Additional BSRs may reflect active lower boundaries of the GHSZ
for structure II hydrates containing higher hydrocarbons that result in a lowering of
the BGHSZ. Tinivella and Giustiniani (2013) considered that if the thickness of the
layer between two BSRs is “very high” (i.e., more than 200 m in shallow waters), it is
more likely that the BSRs are caused by different gas compositions. Double BSRs caused
by different gas compositions were suggested for, e.g., off the coast of the Antarctica
(Geletti and Busetti, 2011) and offshore western Norway (Andreassen et al., 2000).
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Thickness of the free gas zone underneath the BSR: Tinivella and Guistiniani
(2013) suggested that the second BSR, which was observed by Foucher et al. (2002) at
the Nankai slope and has a positive polarity, might reflect the bottom of the free gas
zone.

Thickness of the gas hydrate-bearing zone: A second shallower BSR with positive
reflectivity was observed by Posewang and Mienert (1999) offshore Norway and
interpreted as a reflection of the top of the hydrate-bearing layer. The thickness of the
gas hydrate-bearing zone could therefore be derived from the distance between the two
overlying BSRs, assuming that the lower BSR reflects the BGHSZ.

Pressure distribution in the subsurface: Tinivella and Giustiniani (2013) suggested
that overpressure conditions below the theoretical BSR depth have to be taken into
account in order to understand double BSRs. The authors differentiated between
hydrostatic BSRs and overpressure BSRs and discussed that anomalous pore pressures
might also explain the often observed mismatch between the theoretical BGHSZ and
the seismic BSR depth. In addition, free gas columns existing below hydrate provinces
in basin settings can also cause critical pore pressures (Hornbach et al., 2004).

Paleo stability conditions: Some double BSRs are not related to current equilibrium
features, but may indicate a downward or upward shift of the BGHSZ. Downward
shifting of the BGHSZ due to sediment erosion and preservation of the former BSR was
reported from the Nankai Trough, Japan (Bangs et al., 2010). Upward shifting of the
BGHSZ due to rapid sedimentation, resulting in a remaining paleo-BSR was reported
from the Yaquina forearc basin, Peru (Netzeband et al., 2005), offshore Mauritania
(Davies et al., 2012), and offshore mid-Norway (Plaza-Faverola et al., 2012). Tectonic
uplift as the driver for a rapid shoaling of the GHSZ can also cause the preservation of
a paleo-BSR, which has been suggested for the Nankai slope, Japan (Foucher et al.,
2002). Remnant BSRs related to sealevel variations (e.g. the rise after the last glacial
maximum) were reported for Hydrate Ridge, Oregon (Bangs et al., 2005).

BSRs that are unrelated to gas or gas hydrates can be caused by the diagenesis of
siliceous sediments from Opal A to Opal CT, by the smectite-illite conversion, or by
authigenic carbonates within the sediments, as suggested by Berndt et al. (2005) for
the mid-Norwegian margin.

1.4.5 Seep detection

The detection of seep sites can occur through direct or indirect investigation methods. Active

cold seep sites that show gas bubble streams rising from the seafloor can be observed directly through

video operations, e.g. cameras installed on a remotely operated vehicle (ROV; Romer et al., 2012, 2014),
or deep-towed cameras behind the vessel (OFOS, Greinert et al., 2010). In hydroacoustic data, gas
bubbles are indicated by strong acoustic returns (so-called flares) in the water column, which are caused

by the high acoustic impedance contrast between the water and free gas (Judd and Hovland, 1992;
Greinert et al., 2006; Naudts et al., 2008). These flares can be detected by multibeam or sediment
echosounder systems (Fig. 1.14B, C; Naudts et al., 2006; Greinert et al., 2010; Romer et al., 2012, 2014),
as well as by sidescan sonar systems (Fig. 1.14A; Klaucke et al., 2006, Dupré et al., 2010).
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The detection of seep sites that are characterized by distinct morphological features such as
pockmarks, mud volcanoes, and carbonate build-ups, is often possible through bathymetric surveys
(Fig. 1.14D; Bohrmann et al., 2003; Dupré et al., 2010, 2015; Riboulot et al, 2016). Seep sites with
authigenic carbonate precipitates at the seafloor often lead to an increased backscatter intensity in
sidescan sonar data (Fig. 1.14A), which allows the detection of these sites (Klaucke et al., 2006, 2016;
Dumke et al., 2014).
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Fig. 1.14: Examples of different surface expressions of seep sites and mud volcanoes, as well as acoustic
anomalies in the water column caused by escaping gas bubbles. A: High backscatter anomalies in 75-kHz
sidescan data indicating cold seep carbonates in the eastern Black Sea. Inset A.1: Hydroacoustic flares in
the water column of the raw sidescan data indicate gas bubble venting. A.2: 410 kHz sidescan data of the
same seep site (location shown in A). Modified after Klaucke et al. (2005). B: 5 kHz sediment echosounder
data showing acoustic turbidity underneath the seafloor, which is interpreted as the top of a shallow gas
front, and water column anomalies interpreted as a gas flare. Adapted from Naudts et al. (2009). C: Raw
echogram from EM302 multibeam echosounder showing acoustic anomalies in the water column related to
gas flares. Adapted from Dupré et al. (2015). D: Bathymetry in 3D showing the surface expressions of three
mud volcanoes (Isis, Osiris and Amon) from the Central Nile Deep-Sea Fan. Modified after Dupré et al.
(2007).
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1.5 Study area: The Black Sea

| 1.5.1 Tectonic setting

The Black Sea is a marginal ocean located between Ukraine, Russia, Georgia, Turkey, Bulgaria,
and Romania. Two prominent ridges, the Andrusov Ridge and the Archangelsky Ridge, subdivide the
Black Sea into two separated basins, the Eastern and the Western Basins (Fig. 1.15; Tugolesov et al.,
1985; Nikishin et al., 2003), with maximum water depths of about 2.2 km. The ridges consist of
continental crust and are overlain by 5-6 km of sediment. The Western Basin is underlain by oceanic to
suboceanic crust with a sedimentary cover of up to 19 km thickness, while the Eastern Basin is underlain
by thinned continental crust of about 10 km thickness covered with about 12 km thick sediment
(Nikishin et al., 2003). Recent studies suggest that the Eastern Basin might also have been oceanic in
the past (Shilington et al., 2008).
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Fig. 1.15: Tectonic map of the Black Sea (modified after Robinson et al., 1996; Cifci et al., 2003).

The Black Sea is presumably of extensional origin, as it evolved as a back-arc basin in late
Cretaceous times during the northward subduction of the Thethyan Ocean under the volcanic arc of
the Balkanides and Pontides (Nikishin et al., 2003). Since then, the area changed to a compressional
environment that resulted from the collision between the Arabian, Anatolian, and Eurasian Plates,
which was interpreted from modern stress field observations (Reilinger et al., 1997; Nikishin et al.,
2003). Overall, the tectonic evolution of the basins involved multiple phases of extension and
compression as well as subsidence, which resulted in the separation of the basins (Nikishin et al., 2003).
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At the end of the last glaciation, sea water flowed into the freshwater sea during sea level
lowstand (Reeburgh et al., 1991). The Black Sea thus changed from a lacustrine to a marine
environment, which could have been completed over the course of a few years during a flooding event
that occurred at 7150 +/- 100 yr BP at the end of the last Quaternary glaciation (Ryan et al., 1997).
Seawater from the Mediterranean Sea entered through the Bosphorus into the Black Sea, where the
sealevel was about 120-150 m lower compared to today (Ryan et al., 1997; Lericolais et al., 2009). As a
consequence, the flooding event led to a submergence of 100,000 km? of eroded land which now makes
up the Black Sea’s continental shelf (Ryan et al., 1997). These changes between limnic and marine
conditions occurred recurrently during the past glacial cycles and can be traced down to at least 300 ka
BP, based on sediment sulfur concentrations in the Deep-Sea Drilling Project (DSDP) cores 379 and
379A collected during the campaign 42B (Fig. 1.16; Calvert and Batchelor, 1978; Manheim and Schug,
1978; Muratov et al., 1978).
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Fig. 1.16: Distribution of sediment sulfur concentration (left) and interstitial chlorinity (right) in the DSDP
holes 379 and 379A (modified after Manheim and Schug, 1978). The intervals of limnic phases after Calvert
and Batchelor (1978) are highlighted (green). The age of the depth interval is based on the interpretation of
Muratov et al. (1978).

The continuous inflow of dense Mediterranean waters through the Bosphorus causes a strong
stratification of the water column in the Black Sea. The upper layer is characterized by cold fresh water
supplied by large rivers (Fig. 1.17; e.g. Danube, Dnepr, Dniestr, Don) at oxic conditions (Ozsoy and
Unliiata, 1997). At about 150 m water depth, a change to anoxic conditions is observed, with warmer,
more saline water supplied mainly by water inflow from the Mediterranean (Ozsoy and Unliiata, 1997).

21



Chapter 1: Introduction

30° 36° 42°

48°

a4°

Study Don-Kuban
Area 2 deep-sea fan

. Black Sea Basin \ Canyons

. Continental Shelf . Continental slope

Fig. 1.17: Illustration of the main morphologic units of the Black Sea. During glacial sea level lowstands, the
large rivers discharged at the shelf break. The paleo-fans are characterized by numerous channels and
canyons, which transported large amounts of sediments into the basins. Modified after Popescu et al. (2015).

1.5.2 Gas and gas hydrates in the Black Sea

In the Black Sea, warm bottom water temperatures of 9 °C and salinities of 22.3 control the
GHSZ, which occurs in water depths greater than ~720 m (Haeckel et al., 2015). The bottom-water
temperature is remarkably uniform on regional and temporal scales (Degens and Ross, 1974; Vassilev
and Dimitrov, 2002). However, due to the rapid salinity decrease in shallow sediment depth (Fig. 1.16;
Manheim and Schug, 1978; Soulet et al., 2010), the upper boundary of the GHSZ may extent upwards
to a water depth of ~665 m, which leads to a gas/gas hydrate intermediate zone between 665 m and 720
m (Fig. 1.18).

Gas hydrates in the sediments of the Black Sea are suggested to control the upward migration
of gas towards the seafloor as they act as a permeability barrier. This is supported by several studies
which reported a depth limit of around 720 m water depth for gas emission sites (Fig. 1.19; Naudts et
al., 2006; Romer et al., 2012, Bialas et al., 2014).
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Methane Hydrate Phase Diagram: Black Sea
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Fig. 1.18: Methane hydrate phase diagram for temperature conditions typically observed in the Black Sea.
The salinity decrease of 22.3 in seawater (solid blue line) to ~3 in shallow sediment (dashed blue line) leads
to a shift of the BGHSZ towards greater sediment depth.

BSRs as an indicator for the presence of gas hydrates are documented for several areas in the
Black Sea, e.g. in the southwestern margin (Dondurur et al., 2013; Kiiciik et al., 2015) and the eastern
margin (Wagner-Friedrichs, 2007; Bocharova et al., 2009; Minshull and Keddie, 2010). Several studies
carried out in the Danube and Dniepr paleo deep-sea fan complex in the northwestern Black Sea
revealed large BSR patches (Liidmann et al., 2004; Baristeas, 2006; Popescu et al., 2006; 2007; Haeckel
et al., 2015; Ker and Riboulot, 2015).

The first discovery of natural gas hydrates in the Black Sea dates back to 1970-1972 (Vassilev
and Dimitrov, 2002; Starostenko et al., 2010, and references therein). Since then, multiple studies have
reported successful sampling of gas hydrates in multiple locations around the Black Sea (e.g. Bohrmann
et al., 2003; Heeschen et al., 2011; Romer et al., 2012; Ker and Riboulot, 2015). Gas hydrates were also
sampled in areas where BSRs are absent (Krastel et al., 2003).
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Fig. 1.19: Seep distribution at the Dniepr paleo-delta, plotted as red dots and 3D gas flares. Seeps are
abundant above the upper limit of gas hydrate stability (plotted here at the 725 m isoline), with one cluster
at 650 m water depth. From Naudts et al. (2006).

1.5.3 Multiple BSRs in the Black Sea

The Black Sea is well known for the presence of double and multiple BSRs. Multiple BSRs with
up to four BSRs in the Danube deep-sea fan were first discovered by Popescu et al. (2006). These BSRs
were observed in 2D seismic profiles that cross a buried channel-levee system in water depths of 1000-
1500 m. All observed BSRs are sub-parallel to the seafloor. Popescu et al. (2006) excluded that the
multiple BSRs are caused by gas hydrate layers with different gas compositions. Instead, they suggested
that the lower BSRs represent paleo-BSRs corresponding to stable cold climatic episodes of the Black
Sea. Based on the current seafloor level and paleo bottom water temperatures, Popescu et al. (2006)
calculated the depth of the BGHSZ for lower sea stands during different glacial periods. The same
approach was later applied to a site at the Tuapse Trough in the northeastern Black Sea, which is
characterized by a stack of three BSRs that run parallel to the seafloor and are also thought to be related
to lower sealevels (Bocharovka et al., 2009). Additional studies on multiple BSRs were carried out
offshore Amasra, Bartin, and Zonguldak-Kozlu in the central Black Sea (Kiiciik et al., 2015). These
authors concluded that the multiple BSRs are related to different gas compositions due to the presence
of thermogenic gas.
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1.5.4 Cold seeps and natural gas emissions in the Black Sea

In general, three types of seeps are observed in the Black Sea: shallow seeps, deep-sea seeps,
and seeps within the GHSZ. Shallow water gas emissions are located above the GHSZ in water depths
of 60-720 m (Dimitrov, 2002; Cifci et al., 2003; Naudts et al., 2006; Schmale et al., 2010; Romer et al.,
2012). These shallow gas emissions are commonly observed at morphological features such as
pockmarks, canyon flanks, ridges, and slump scars. They are generally not associated with distinct
backscatter anomalies (Klaucke et al., 2006). The emitted gas is predominantly of microbial origin with
molecular compositions of >99% methane (Poort et al., 2005; Naudts et al., 2006).

In water depths of 1000-2000 m, deep-sea seep sites can be observed in the deep Black Sea
basins. They result from the expulsion of warm fluids and mud, originating from the late Oligocene-
Miocene Maikopian formation (Klaucke et al., 2006). Examples of this type are the well-studied mud
volcanoes in the Sorokin Trough (Blinova et al., 2003; Bohrmann et al., 2003; Krastel et al., 2003;
Sahling et al., 2009; Papenberg et al., 2013).

The third type of cold seeps in the Black Sea is located within the GHSZ, i.e., below 720 m water
depth. This type includes the Kerch seep site at the Don Kuban deep-sea fan (Bialas, 2012; Rémer et
al., 2012), which is characterized by active methane emission of microbial origin (Romer et al., 2012).
Another well-studied example is the Batumi seep site offshore Georgia. It is located in water depths of
850-900 m on the Kobuleti ridge (Klaucke et al., 2006). Multiple studies were carried out to investigate
these seeps based on deep-towed sidescan sonar data (Klaucke et al., 2006), multichannel seismic data
(Wagner-Friedrichs, 2007), pore water analysis (Pape et al., 2010; Reitz et al., 2011), pressure coring
(Heeschen et al., 2011) and satellite imagery (Korber et al., 2014). The emitted hydrocarbons are of
microbial as well as thermogenic origin (Reitz et al., 2011), and oil seepage was also observed (Korber
et al., 2014).

1.5.5 Fate of released methane

As methane is one of the most abundant greenhouse gases, its role in global climate change is
of high interest (Wuebbles and Hayhoe, 2002). The fate of methane that is released into the water
column has been studied intensively, especially in the Black Sea as the world’s largest anoxic basin. In
general, rising heights are controlled by the seafloor depth at which the gas is expelled, gas bubble size,
rising velocity, methane concentration in the seawater, and the presence of upwelling flows (Leifer and
Judd, 2002). During gas bubble ascent, methane dissolves in the methane-undersaturated seawater.

Recent studies showed that only gas bubbles larger than 6 mm in diameter and release
shallower than 200 m water depth have the potential to reach the sea surface and escape into the
atmosphere (McGinnis et al., 2006; Schmale et al., 2010; IRIS, 2015). Gas bubbles released below the
upper boundary of the GHSZ (> 720 m water depth) form a protective hydrate coat which slows down
methane dissolution (Rehder et al., 2002), they are nonetheless completely dissolved within 150-200
m above the GHSZ (IRIS, 2015).

Water column imaging surveys confirmed that gas bubbles expelled at deep-sea vent sites are
eventually dissolved in the water column. For example, gas bubbles released at mud volcanoes in 2080
m water depth were traced up to 1300 m above the seafloor, indicating that the bubbles are completely
dissolved while still within the GHSZ (Greinert et al., 2006). Bubbles released at the Kerch seep site in
around 900 m water depth were traced up to 350 — 460 m above the seafloor (ROmer et al., 2012).
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1.5.6 Gas hydrate production in the Black Sea

Reservoir-quality gas hydrate accumulations are expected to occur in highly permeable sand of
the paleo-river depositional areas around the Black Sea (Fig. 1.17; Haeckel et al., 2015; Merey and
Sinayuk, 2016a). The most promising research program focusing on gas hydrates as an energy resource
(SUGAR - Submarine Gas Hydrate Reservoirs) is currently carried out in the Danube deep-sea fan
(Haeckel et al., 2015). In terms of production methods suitable in the Danube deep-sea fan, the
exchange of CH, with CO; is not feasible due to the high bottom water temperatures around 9 °C (Merey
and Sinayuk, 2016b). Based on the models and experiences gained in other potential production areas
(discussed in chapter 1.2.1), the depressurization method was considered feasible for the Black Sea
(Haeckel et al., 2015). The high bottom water temperatures in the Black Sea would thereby increase the
efficiency of the depressurization method (Merey and Sinayuk, 2016b).

Accidental gas release during production operations from shallow gas hydrate reservoirs is
considered a minor hazard, since gas hydrate reservoirs are, unlike conventional oil and gas reservoirs,
not over-pressured (IRIS, 2015). Methane release would therefore be comparable to already well-known
seep sites in the deeper part of the Black Sea where the released gas is completely dissolved in the water
column.
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2.1 Abstract

High-resolution 2D seismic data reveal the character and distribution of up to four stacked
bottom simulating reflectors (BSR) within the channel-levee systems of the Danube deep-sea fan. The
theoretical base of the gas hydrate stability zone (GHSZ) calculated from regional geothermal gradients
and salinity data is in agreement with the shallowest BSR. For the deeper BSRs, BSR formation due to
overpressure compartments can be excluded because the necessary gas column would exceed the
vertical distance between two overlying BSRs. We show instead that the deeper BSRs are likely paleo-
BSRs caused by a change in pressure and temperature conditions during different limnic phases of the
Black Sea. This is supported by the observation that the BSRs correspond to paleo seafloor horizons
located in a layer between a buried channel-levee system and the levee deposits of the Danube channel.
The good match of the observed BSRs and the BSRs predicted from deposition of these sediment layers
indicates that the multiple BSRs reflect stages of stable sealevel lowstands possibly during glacial times.
The observation of sharp BSRs several 10,000 of years but possibly up to 300,000 years after they have
left the GHSZ demonstrates that either hydrate dissociation does not take place within this time frame
or that only small amounts of gas are released that can be transported by diffusion. The gas underneath
the previous GHSZ does not start to migrate for several thousands of years.
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2.2 Introduction

A bottom simulating reflector (BSR) in seismic reflection data is a common indicator for gas
hydrates in marine sediments. It is a distinct reflector that is caused by the negative impedance contrast
between high-velocity gas-hydrate-bearing sediments above and low-velocity gas-bearing sediments
below (Hyndman and Davis, 1992). It follows the base of the gas hydrate stability field and is
consequently sub-parallel to the seafloor, frequently crosscutting reflectors and stratigraphic
sequences. On many occasions, the BSR is patchy and discontinuous, depending on the geology, as gas
is more likely trapped in highly permeable layers bounded by impermeable layers (Judd and Hovland,
2007). The gas hydrate stability field is controlled by pressure, temperature (bottom-water temperature
and geothermal gradient in the sedimentary column), salinity, and gas composition (Shipley et al.,
1979). In the marine environment, gas hydrates primarily consist of methane and dominantly form in
crystallographic structure I (e.g. Sloan, 1998).

Studies showed that free-gas concentrations of only a few percent of the pore volume below
the hydrate-bearing zone are sufficient to create a distinct BSR (e.g. Andreassen et al., 2007; Haacke et
al., 2007, and references therein). Higher amounts of gas below a BSR may build up overpressure and
lead to low-frequency events in seismic data, since high-frequency components of the seismic energy
are absorbed by gas (Geletti and Busetti, 2011). The BSR can be used to derive information about the
thermal state at its location, including the local and regional heat flow as well as thermal anomalies
that are indicated by a BSR out of equilibrium due to higher or lower temperatures and fluid flow
(Hyndman et al., 1992; Grevemeyer and Villinger, 2001; Wood et al., 2002).

The formation of two or more BSRs located a few tens of meters above each other has been
reported from multiple sites (Foucher et al., 2002; Popescu et al., 2006; Geletti and Busetti, 2011), but
their causes are not well understood. In most of these studies, the shallowest BSR is considered as the
seismic manifestation of the current base of the gas hydrate stability zone (BGHSZ). The additional
BSRs are usually weaker in amplitude and can occur with normal or reversed polarity compared to the
seafloor reflection. Suggested explanations for the occurrence of multiple BSRs include different gas
compositions (Geletti and Busetti, 2011), top and base of the free gas zone (Tinivella and Giustiniani,
2013), top and base of the hydrate-bearing zone (Posewang and Mienert, 1999), overpressure
conditions below the depth of the theoretical BSR (Tinivella and Giustiniani, 2013), BSRs unrelated to
gas and gas hydrates (Berndt et al., 2004), and BSRs representing former stable conditions for the
BGHSZ (Foucher et al., 2002; Netzeband et al., 2005; Popescu et al., 2006). The latter are often related
to distinct changes in the glacial-interglacial cycles (Bangs et al., 2005; Davies et al., 2012).

One of the most spectacular examples of multiple BSRs has been reported by Popescu et al.
(2006) for the Danube deep-sea fan in the Black Sea, where up to four different BSRs with reversed
amplitude are observed. These BSRs were observed in small segments of 2D seismic profiles that
crossed a buried channel-levee system in water depths between 1000 m and 1500 m. All BSRs observed
in that study are sub-parallel to the seafloor. Popescu et al. (2006) excluded that these BSRs reflect gas
hydrate layers for different gas compositions as they are in sharp contradiction with the general
background of the gas composition in the study area. The authors concluded that the deeper BSRs are
paleo-BSRs corresponding to stable cold climatic episodes of the Black Sea. In their model, the authors
calculated the depth of the BGHSZ based on the current seafloor for sealevel lowstands and bottom-
water temperatures for different glacial periods, but they assumed a constant sedimentary overburden
during the glacial cycles.
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Here, we show that the deeper BSRs are unrelated to the current seafloor topography and that
the sediment overburden was not constant during the last glacial cycles. We use new 2D seismic data
to investigate the character and distribution of multiple bottom-simulating reflections in the vicinity
of a channel-levee system in the Danube deep-sea fan. The multiple BSRs consequently require a new
explanation taking into account the asymmetric deposition of the Danube levee sediments. Therefore,
we tested two hypotheses that may explain the formation of the lower BSRs. The first hypothesis is that
overpressured gas pockets exist below the BSR leading to different depths at which hydrates are stable.
The second hypothesis is that the multiple BSRs are indeed paleo-BSRs caused by the complex interplay
between bottom water temperature and sealevel variations and the depositional history of the Danube
deep-sea fan during glacial periods.

2.3 Geological Setting

The deep-sea fans of the Danube and Dniepr rivers are located in the northwestern part of the
Black Sea (Fig. 2.1) and began to develop at about 900 ka BP (Winguth et al., 2000). They are the result
of sediment discharge by the rivers Danube, Dniepr, Dniestr and Bug during the last glaciation
(Winguth et al., 2000; Popescu et al., 2001). The continental shelf is up to 120 km wide and the Danube
deep-sea fan developed downslope of the shelf break at about 100 m water depth down to the abyssal
plain in 2200 m water depth (Wong et al., 1997). The canyons and channels of the fan are characterized
by erosional processes on the upper slope and by depositional processes on the middle and lower slope
(Popescu et al., 2001). Eight seismic sequences were identified in the Danube deep-sea fan, consisting
of stacked channel-levee systems, overbank sediments and mass transport deposits (Wong et al., 1997).

bathymetry
channel
pathways

20 km

Bathymetry
-150 m -1950 m
| .

Fig. 2.1A: Location of the study area in the northwestern Black Sea. B: Overview map of the study area in the
Danube deep-sea fan. GHSZ = gas hydrate stability zone, HMCS = 2D high-resolution multichannel seismic
survey, RMCS = 2D regional multichannel seismic survey. Bathymetry and seismic data were acquired during
R/V Maria S. Merian cruise MSM34 in 2013-2014.
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The most recent active channel of the Danube fan is the Danube channel (Fig. 2.1), which was
connected to the mouth of the Danube river by the Viteaz canyon at the shelf break (Popescu et al.,
2001). The erosive Viteaz canyon terminates in a channel-levee system at about 800 m water depth
(Lericolais et al., 2013) and developed during the last glacial period about 25 ka BP when the sealevel
was up to 150 m lower than today (Winguth et al., 2000). As observed in other river fans of the northern
hemisphere, the right-hand (western) levees are more pronounced than the left-hand (eastern) levees
because of the Coriolis force (Popescu et al., 2001). Several older channels can be identified from the
bathymetry such as a channel westwards of the Danube channel named SUGAR channel in this study
(Fig. 2.1).

The upper limit of the gas hydrate stability zone (GHSZ), calculated for the observed bottom
water temperature of 9 °C and a limnic pore water salinity of 3, is located in a water depth of 665 m.
This is supported by the observation of numerous gas flares in water depths shallower than 665 m and
much fewer gas flares at greater water depth in parts of the Danube fan (Bialas et al., 2014), and other
areas of the Black Sea such as the Dniepr fan (Naudts et al., 2006) or the Don-Kuban fan (Romer et al.,
2012). The expelled gas is primarily composed of methane of biogenic origin with concentrations of
99.1 - 99.9 % (Poort et al., 2005; Romer et al., 2012; Bialas et al., 2014).

2.4 Data and Methods

All data presented in this study were collected during cruise MSM34 onboard the German
research vessel MARIA S. MERIAN from December 2013 to January 2014. A total of 26 2D regional
multichannel seismic (RMCS) profiles were recorded using a 1050 m long streamer with 168 channels
and a group distance of 6.25 m (Bialas et al., 2014). Sixteen profiles were acquired across the Danube
fan with a spacing of 5 km and lengths of 45 — 110 km, and 10 profiles were acquired in downslope
direction with a length of 40 — 70 km (Fig. 2.1).

Additionally, a 2D high-resolution multichannel seismic survey (HMCS) was acquired using a
62.6 m long streamer with 40 channels and a group distance of 1.56 m. Eight profiles were recorded
over an area of two merging channel-levee systems: three profiles along the channel’s direction (14 km
length each) and five profiles across the channels (11 km length each). A 105/105 in® GI gun was used
as a source for the RMCS survey, and a 45/45 in® GI gun was used for the HMCS survey. The shot interval
was 5 s. After navigation processing, Omega (WesternGeco) was used for signal-processing, stacking,
semblance picking (only RMCS) and true-amplitude time migration. No gain was applied during
processing. The RMCS data has a CDP spacing of 3.12 m and a center frequency of 70 Hz, and the HMCS
data has a CDP spacing of 1.56 m and a center frequency of 130 Hz. As the short streamers do not allow
for semblance analysis of the HMCS data the velocity information of the RMCS profiles was
extrapolated to the HMCS area. Both the RMCS and HMCS profiles were converted from time to depth
domain using the RMCS-derived velocity information and cross-checked with P-wave velocities from
ocean bottom seismometers that were available in the study area (Bialas et al., 2014).

Multibeam bathymetry data were collected during the entire RMCS survey using the ship-
mounted EM122 echosounder (Kongsberg). The resulting map comprises a grid of 25 m x 25 m
resolution.
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In order to calculate an average temperature gradient, we assumed that the location of the
shallowest BSR corresponds to the present BGHSZ. We fitted the methane hydrate phase boundary that
was calculated using the SUGAR Toolbox (Kossel et al., 2013) for different temperature gradients in the
interval between the seafloor and the shallowest BSR.

2.5 Results

The multiple BSRs were imaged by three different recording systems, which confirm their
existence more than 10 years after their discovery as described by Popescu et al. (2006). This
observation also rules out that the BSRs are ephemeral features, or the product of incorrect processing
or artifacts.

|2.5. 1 Character and distribution of multiple BSRs
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Fig. 2.2 A: 2D HMCS line 1107 across the SUGAR channel-levee system. The location is shown in Fig. 2.1. B:
Interpreted section showing the general character of the four stacked multiple BSRs. C-E: Insets with
different colour scale highlight the positive polarity of the seafloor (C) and the negative polarities of the
reflections underneath the shallowest BSR 1 (D) and BSRs 2-4 (E).
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The shallowest BSR occurs in depths of about 320-380 m below the seafloor and generally runs
parallel to the seafloor. It can be identified in large patches throughout the Danube deep-sea fan, as
already observed in previous studies (Popescu et al., 2006; Bialas et al., 2014).

The reflection amplitudes are generally low in an almost transparent seismic facies above the
BSR, while they are high and of reversed polarity below the BSR (Fig. 2.2C, D). The appearance of the
BSR is continuous and sharp where it crosscuts strata (Fig. 2.2B). Where it is parallel to the strata, the
BSR is characterized by an abrupt amplitude increase with depth. The strongest amplitudes below the
BSR are observed underneath the eastern levee, where several high-amplitude reflections pass from
below the BSR into the transparent zone while undergoing a phase reversal at the BSR (Fig. 2.2D). The
observed increased amplitudes below the BSR are often limited to individual reflectors that underlie a
reflector of weaker amplitude (Fig. 2.2D).

Three additional BSRs are observed in the MCS data, named BSR 2-4 from top to bottom, and
underlying the shallowest BSR described above (Fig. 2.2B, E). These BSRs are generally weaker in
amplitude compared to the shallowest BSR, but they also represent a sharp and continuous boundary
towards increased amplitudes below. Each of the additional BSRs shows reversed polarity compared to
the seafloor. Some BSRs cross the same strata (Fig. 2.2B) while they exhibit slightly varying individual
dips.

|||||||||||||||||||||||||||||||||||||||||||||||
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Fig. 2.3 A: 2D RMCS line 09 across the SUGAR channel (red unit) and the western Danube channel levee
(green unit) in the northeast. A buried channel-levee system (BCL) is identified in the subsurface (blue unit),
underneath layer A (brown unit). The multiple BSRs (yellow lines) are solely observed in the levees of the
BCL. Time frames for the deposition of the different facies units are adapted from the interpretation of
Winguth et al. (2000) (Figure 4 in their study). Three paleo seafloors were defined for the modelling of the
BGHSZ under paleo conditions (black lines PSF A-C). B: Extent of the BCL based on seismic data and
highlighting the occurrence of more than one BSR. Locations of A and B are shown in Fig. 2.1. An
uninterpreted version of the seismic section is presented in the Supplementary material.

The stack of BSRs 2-4 is only observed in the well-stratified levee deposits of a buried channel-
levee system (BCL) identified in the subsurface (Fig. 2.3). The BSRs are generally limited to the western
levee of the BCL, but on few RMCS profiles we also observed the BSR stack in the eastern levee (Fig.
2.3B) where the overburden is thicker compared to the western levee (Fig. 3A). The multiple BSRs are
not observed in or underneath the channel axis, and the reflections of all BSRs fade out where they
intersect with the base of the BCL (Fig. 2.3A).
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The BCL is overlain by the outer levee deposits of the Danube channel (Fig. 2.3A). A sediment
unit (layer A) exists between the BSL and the Danube levee and is characterized by an average thickness
of about 80 m. The structure of layer A is homogeneous and layered sub-horizontally. Earlier studies
by Winguth et al. (2000) indicate the depositional ages of the main depositional units in this area. The
Danube levee was deposited over the past 75 ka during the last major glacial cycle, and the BCL was
deposited during the period of 500 — 320 ka BP. Layer A consequently was deposited during the period
of 320 - 75 ka BP.

2.5.2 Thermal Modeling

The thermodynamic stability of gas hydrates depends on local pressure, temperature, gas
composition, and pore water salinity (Sloan, 1998). In the Black Sea the bottom-water temperature of
9 °Cis well constrained by numerous studies and is remarkably uniform on regional and temporal scales
(Degens and Ross, 1974; Vassilev and Dimitrov 2002). The gas composition in our model is assumed to
be pure methane because of the §°C values of CH, between -84%o and -70%. observed in the surface
sediments at seeps and in the BSR areas of the study area (unpublished data). Due to past limnic phases
of the Black Sea, the pore water salinity in the sediments decreases rapidly from ~22.3 at the seafloor
(Ozsoy and Uniilata, 1997) to ~2-5 in shallow subbottom depth as observed in DSDP cores (Calvert and
Batchelor, 1978) and surface sediment cores from our study area (Soulet et al., 2010). A geothermal
gradient of 24.5 °C/km # 0.5 °C/km fits best along the northeastern area of the SUGAR channel at HMCS
line 1107 where the slope is gentle and the topographic effects are minimal (Fig. 4A). Below the SUGAR
channel and its western levee, we observe an increasing mismatch with the BSR-derived temperature
of up to 2 °C lower compared to the regional temperature field (Fig. 2.4A).
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Fig. 2.4A: Interpretated 2D HMCS line 1107 from Fig. 2.2, reduced to the relevant horizons of this study. The
BSR is plotted as a pink line. The theoretical BGHSZ fits best to the BSR with a regional geothermal gradient
of ~24.5 °C/km below the northeastern levee where the topographic effect is expected to be minor. Towards
the channel and western levee, the mismatch between the shallower BGHSZ and the BSR indicate a local
thermal gradient that is up to 5 °C/km lower compared to the regional temperature field (blue arrows). B:
Phase diagram illustrating the stability conditions of methane hydrates at the location depicted in A. PSF =
paleo seafloor.
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2.6 Discussion

|2.6.1 Thermal state of the channel-levee system

With each BSR showing reversed polarities compared to the seafloor reflection and increased
amplitudes underneath, we can confirm that the impedance contrast causing the crosscutting BSRs in
the seismic data is most likely caused by free gas. The regional temperature gradient of ~24.5 °C/km
that we derived from the BSR temperature at the location of the multiple BSRs is lower compared to
temperature gradients of other studies (30 °C/km; Popescu et al., 2006; Vassilev and Dimitrov, 2002).
A possible explanation for this difference might be incorrect velocity estimates used by Popescu et al.
(2006) for depth conversion of their seismic data. Lacking alternative velocity information, Popescu et
al. (2006) converted travel time to depth by assuming velocities between 1600 m/s and 1800 m/s based
on velocity profiles from the Storegga site offshore Norway published in Posewang and Mienert (1999),
and from the Dniepr deep-sea fan as published in Liidmann et al. (2000). However, our velocity analysis
of the RMCS profiles and data from ocean bottom seismometers (OBS) indicate that the seismic velocity
increases from 1485 m/s at the seafloor up to 1950 m/s at BSR level in 380 m depth. Thus, the depth of
the BSRs might be underestimated in the studies of Popescu et al. (2006), which consequently leads to
a higher geothermal gradient derived from the shallower BSR.

Below the western levee of the SUGAR channel, the BSR-derived temperature indicates a local
geothermal gradient even lower than ~24.5 °C/km (Fig. 2.4A). This observation suggests that the gas
hydrate system of the Danube deep-sea fan is not in a steady state. The misfit may have been caused
by rapid levee deposition. However, in the multiple BSR area, the temperature field is likely
equilibrated, as the BSR 1 is in good agreement with the theoretical BGHSZ. This match between
predicted and observed BSR 1 is particularly important. In the absence of deep sources for heat flow
variations (e.g. volcanic intrusions), it is expected that with increasing depth the thermal field is
increasingly in steady state, as the effects of surface processes are averaged out by thermal diffusion.

The levee deposits of the Danube fan extend far into the area of the SUGAR channel. With
increasing distance from the Danube channel, the thickness of the levee deposits decreases, which
leads to a thicker overburden above the eastern levee of the BCL compared the western levee (Fig. 2.3).
Considering the thickness variations of individual sedimentary layers (Fig. 2.2 and Fig. 2.3), it is evident
that the sediment load above the multiple BSRs grew during the past glacial cycles and was not constant
as stated by Popescu et al. (2006). As we also observe multiple BSRs in the eastern levee of the BCL
modeling these BSRs from current seafloor depth would require high variations of pressure and
temperature. This introduces large errors when the BSRs are linked to ranges of lower bottom-water
temperatures during stable cold climate periods, as noted by Popescu et al. (2006).

2.6.2 Multiple BSRs due to overpressure compartments

Methane hydrates are stable under high pressure and low temperature (Kvenvolden, 1995),
with temperature controlled by bottom-water temperature and the regional geothermal gradient.
Pressure, on the other hand, is mainly controlled by hydrostatic pressure in the relevant sediment
depths (Berndt, 2005) and hence, increases linearly with depth. As a result, the base of gas hydrate
stability is defined by a sharp boundary. If, however, the pore pressure is above hydrostatic conditions,
the base of gas hydrate stability moves towards greater depths. Fluid overpressure can be caused by
fluid volume changes (i.e. due to temperature increase, fluid hydrocarbon generation from kerogen, or
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H;0 release in the smectite-illite transformation reaction), fluid movements (due to buoyancy or
0osmosis), or compaction (e.g. reservoir compaction due to tectonic stress or rapid deposition) (Tacket
and Puckette (2012) and references therein). Overpressures can also be caused by free gas, for which
the amount of pressure increase depends on the height of the gas column. The presence of free gas is
not only indicated by the BSRs but also by bright spots of varying intensity, which are observed beneath
each BSR (e.g. the high amplitude zone in Fig. 2.2).

Stepped or tiered overpressure systems have been reported from several sedimentary basins,
such as the North Sea Basin (3.4 km depth; Heritier et al., 1979), the Sacramento Basin (1.8 km depth;
Tacket and Puckette, 2012), or the Anadarko Basin (3 km depth; Al-Shaieb et al., 1994). These
overpressure systems are linked to permeability barriers in the sediment column and are observed in
much greater depths compared to the typical thickness of the GHSZ, which ranges between 0 m and
900 m (e.g. Wallmann et al., 2012).

In order to test whether overpressured compartments in the subsurface may form pockets of
stable gas hydrates, we calculated a 1D model for a location in 1460 m water depth with four sharp BSRs
(location in Fig. 2.2B) and a regional geothermal gradient that is assumed to be stable at 24.5 °C/km.
The gas composition for all BSRs was assumed to be pure methane and the pore water salinity was set
to 5.

The resulting phase boundary for stable methane hydrates at this location is in a depth of
1827.5 m below sea surface, fitting well with the shallowest BSR in a depth of 1828 m (Fig. 2.5). The
required pressures for stable methane hydrates at BSRs 2-4 are the sum of the hydrostatic pressure at
the respective depths and the overpressures Ppgsr3 4.

Based on the overpressures required for stable methane hydrates above the deeper BSRs, we
calculated the required height of the gas column generating this pore overpressure:

Hpsra 34 = PDBSR2,3,4/g * (Pw — pCH4) (2.1)

where Hggp, 54 is the height of the gas column, Pppsrz54 are the overpressures for each of the
multiple BSRs, g is the gravitational acceleration (9.81 m/s?), p,, is the density of the formation water
(1025 kg/m®), and pcy, is the density of methane, which depends on the temperature and pressure. pcy,
was thus calculated separately for P and T at each BSR level, using the SUGAR toolbox (Kossel et al.,
2013).

The 1D calculation for the selected site shows that the calculated gas column heights for
piercing the phase boundary for stable methane hydrates are 24-36 times higher than the vertical
distance between two BSRs. For example, the vertical distance between BSRs 2 and 3 is ~39 m, whereas
the required height of the gas column underneath BSR 2 would be ~766 m (Table 2.1). This gas column
height exceeds the range of gas column height required for fault reactivation at Blake Ridge (150-290
m; Hornbach et al., 2004), seal failure in the North Sea (263 m; Karstens and Berndt, 2015), or sediment
doming offshore New Zealand (37-121 m; Koch et al., 2015).
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Table 2.1 Overpressure parameters required for stable methane hydrates at each BSR level.

Reflector Depth Hydrostatic Total PD Lithostatic Density Gas
below pressure required [MPa] pressure®  of column
sea [MPa] pressure [MPa] methane height
surface [MPa] [kg/m?] [m]
[m]

Seafloor 1460 +/-

5

BSR 1 1828 +/-
10

BSR 2 1941 +/- 19.5 25.7 6.2 22.6 - 23.6 ~196.9 ~766
10

BSR 3 1980 +/- 19.9 28.9 9.0 23.9-25.0 -~211.7 ~1134
10

BSR 4 2011 +/- 20.2 31.8 11.6 24.5-25.6 ~223.1 ~1474
10

a lithostatic pressure derived from density using a density-velocity correlation (details are provided in the
Supplementary materials)
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Fig. 2.5 Phase diagram for pure methane hydrates at our model site in 1460 m water depth. The calculated
BGHSZ of our 1D model fits well with the location of BSR 1. The required overpressures at each BSR level
(green arrows, see Table 1) are likely above lithostatic pressure for the multiple BSRs (Py, red area, calculated
with a density-velocity correlation based on two different approaches as described in the Supplementary
material. Red dashed line: lithostatic pressure measured in the Gulf of Mexico). The increased pore water
salinity (S) is plotted as a dashed black line, indicating a further increase in overpressure with increasing
salinity for stable methane hydrates at the BSR levels. The location for this model is shown in Fig. 2.2B.
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Data for lithostatic pressure in the Danube fan were unavailable for this study. Therefore, we
calculated likely lithostatic pressure profiles from density using a density-velocity correlation (Table
2.1). More details of the calculation are provided in the Supplementary materials. Furthermore, we
compared the lithostatic pressures to measurements from the Mississippi delta in the Gulf of Mexico,
which is located in a comparable setting to the Danube deep-sea fan. During IODP expedition 308,
measured lithostatic pressures were in the order of 18.6 kPa/m (Behrmann et al., 2006). The lithostatic
pressures (Fig. 2.5) show that the required pressures for stable gas hydrates at the multiple BSRs likely
exceed lithostatic pressure.

DSDP cores from site 379A show an increase in salinity into the hypersaline stage starting at
~350 m below the seafloor (Calvert and Batchelor, 1978), which is in the depth range of the deeper BSRs
at our study site. An increase in pore water salinity results in a shift of the phase boundary towards
higher pressures (Fig. 2.5). The top of the hypersaline stage lies probably in greater depth at the Danube
fan compared to the DSDP site, due to greater sediment thickness.

Based on our calculations, it is unlikely that pockets with overpressured gas are present in the
Danube fan area and cause the observed BSRs. Lithological boundaries, which would support the
formation of pressure compartments, are not observed. Instead, the same strata are crossed by two or
more BSRs at the same location (Fig. 2.2). Some patches below each BSR may be gas-charged as
suggested by their high amplitude contrast and polarity change. However, the height of the gas column
beneath each BSR appears to be small, as indicated by the overall small amplitude attenuation below
each BSR with almost no loss in frequency content.

2.6.3 Multiple BSRs caused by temporally changing pressure and temperature
conditions in different limnic phases

If the multiple BSRs can be linked to events of climate change (i.e., sealevel variations, changes
in bottom water temperatures), the sedimentation above the BCL has to be taken into account. The
deposition of the western Danube levee above the BCL lead to an asymmetrical growth of the
overburden above the BCL, which is thicker towards the Danube channel in the northeast (Fig. 2.3).
Deposition of the western levee occurred over a relatively short time of 75 ka BP during the last major
sealevel lowstand (e.g. Winguth et al., 2000; Popescu et al., 2001). Therefore, we need to find the
corresponding paleo seafloors (PSFs) for these events. These horizons can be found in layer A, which is
located between the BCL and the base of the Danube levee (Fig. 2.3). This layer was well mapped by
cross-correlating the available seismic data along the study area. The thickness of this layer is in the
range of ~70 m to ~120 m. According to Winguth et al. (2000), the age of this layer is in the range of 75
ka to 320 ka and thus spans at least three major limnic phases of the Black Sea (Manheim and Shug,
1978; Muratov et al., 1978).

Due to the large uncertainty of the real age of layer A (drilling data are not available),
we defined and picked three reasonably spaced horizons representing the PSFs in layer A. We used
these PSFs for modelling the BGHSZ at paleo levels: The upper boundary of layer A was assumed to
correspond to the paleo seafloor for BSR 2 (PSF A), the lower boundary was assumed to correspond to
BSR 4 (PSF C), and a horizon in the center of layer A (PSF B) was assumed to correspond to BSR 3 (Fig.
2.3).
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Fig. 2.6 Model results for matching the paleo-BSRs with the paleo seafloors. A-C: Results for HMCS line
1107 near the SUGAR channel. The BGHSZ (red line) is calculated from the paleo seafloor (PSF, light blue)
and compared to the paleo-BSRs (dark blue). Model parameters are described in the discussion. D-E: Results
for RMCS line 09, where the paleo-BSR stack is also observed further to the northeast.

We observed that in the multiple BSR area, the present-day BSR is stable and follows the
temperature field (Fig. 2.4A). Therefore, it is reasonable to test paleo pressure and temperature
conditions for the PSFs as boundary parameters for the paleo-BSRs. In our 2D model approach, we
calculated the BGHSZ for each of the PSFs under assumed paleo conditions, which included a 120-150
m lower sealevel compared to today (e.g. Ryan et al., 1997; Lericolais et al., 2009) and a lower bottom
water temperature than today’s 9°C. Poort et al. (2005) inferred a temperature decrease of 2.0-5.5 °C at
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about 7.1 ka BP, while Soulet et al. (2010) reconstructed 4 °C for the last glacial maximum based on
580 pore water data. Because 4 °C is also the density maximum for fresh water, we used this value as a
start for the model, but also ran it with higher temperatures of 5 °C and 6 °C. The pore water salinity
was kept at 5.

In this approach, the temperature gradient in the sediments was set as a variable, because we
expected a higher temperature gradient in the upper sediment column due to the lower bottom-water
temperature. By varying the temperature gradients, we fitted the modelled BGHSZ for the individual
PSFs to the paleo-BSRs. The model shows a good fit of the BGHSZ models to the corresponding paleo-
BSRs for temperature gradients in the range of 35 — 37.5 °C/km at 4 °C bottom water temperature and
for a 150 m lower sealevel. The results are shown for the two profiles HMCS line 1107 (Fig. 2.6 A-C) and
RMCS line 09 (Fig. 2.6 D-F). Lowering the sealevel by only 120 m instead of 150 m results in slightly
higher (by ~0.5 °C/km) temperature gradients, whereas an increase of the bottom water temperature
by 1 °C results in a reduction of the required temperature gradients by 2.0-2.5 °C/km.

Our results show that it is possible to link the paleo-BSRs to paleo seafloor horizons in layer A
(Fig. 2.6). The depositional history of layer A indicates that the paleo-BSRs reflect stages of stable
sealevel lowstands under glacial conditions. The glacial-interglacial cycles are more distinctive in the
Black Sea compared to other areas due to the isolation from the Mediterranean during sealevel
lowstands. The preservation of paleo-BSRs may have been favored by the development of the Danube
deep-sea fan under lacustrine conditions (Popescu et al., 2001) controlled by rapid sealevel changes in
the order of 120-150 m.

However, high uncertainties beyond small-scale misfits of modelled BGHSZ and paleo-BSRs
are associated with our model approach. The largest uncertainties originate from the choice of the PSF
horizons, which are exchangeable as they are all deposited sub-parallel. Only drilling into this layer
can provide more certainty. The errors of the PSFs and the BSRs are mainly related to uncertainties in
the velocities, but also to the picking accuracy, static errors, and imaging problems. High uncertainties
of the model are also related to the paleo parameters (bottom-water temperature and paleo sealevel).
Taking all these uncertainties into account, we estimate that an average geothermal gradient of 35%5
°C/km best reflects stable conditions for the paleo-BSRs.

The question remains whether the derived temperature gradient for the paleo-BSRs is
reasonable. Even though we have to estimate larger errors for the range of the geothermal gradients,
the geothermal gradients are nevertheless higher (35+5° C/km) compared to the regional geothermal
gradient derived from the shallowest BSR (24.5 °C/km). The only temperature data that is available
from greater depth is from DSDP core 379A in the central Black Sea and is in the range of 32 — 38 °C/km
(Erickson and Von Herzen, 1978). These results indicate that the paleo-BSRs probably reflect the true
geotherm of the Black Sea basin. Today’s lower geothermal gradient derived from the shallow BSR
temperature is still influenced by the increase of the bottom water temperature from about 4 °C to
today’s 9 °C since the last glacial maximum (Appendix A.1, Fig. A 1). We therefore suggest that the
thermal system in the Danube fan still adapts to this change and is not in steady state. The BGHSZ will
probably become shallower over the next tens of thousands of years (also pointed out by Poort et al.,
2005) as the geotherm increases due to thermal diffusion.

53



Chapter 2: On the origin of multiple BSRs in the Danube deep-sea fan, Black Sea

2.6.4 Preservation of paleo-BSRs

The observation of multiple BSRs, which mimic several older seafloors and are partly at steep
angles to the present-day seafloor, provides unequivocal evidence that the BSRs must be old structures.
The limited age control that exists for the Danube fan suggests that the BSRs must be at least several
10,000 years old and possibly as much as 300,000 years old. After a change of stability conditions by
sediment loading due to rapid deposition, the regional geothermal gradient would start to equilibrate
by heat conduction from below the GHSZ. This would lead to the dissociation of the lowermost gas
hydrates and latent heat absorbed during the dissociation might subsequently cause cooling from this
endothermic reaction. Depending on how high the hydrate saturation above the BSR is, cooling would
increasingly buffer the temperature field, but, even with high hydrate saturation the dissipation of the
cooling presumably should not take longer than a few decades. Consequently, we conclude that despite
buffering by latent heat, it is unlikely that gas hydrates still exist above the paleo-BSRs, as they would
start to dissociate immediately once they leave the stability field.

Dissociation of hydrates should lead to free gas formation within the former GHSZ, but we do
not observe any high amplitude reflections directly above the paleo-BSRs. In fact, the paleo-BSRs in
the high-resolution seismic data are remarkably sharp. This strongly suggests that the amount of gas
that was formed by gas hydrate dissociation is very small. It also suggests that the free gas that still
exists in the zone below the previous GHSZs has not yet begun to migrate upwards causing todays
paleo-BSRs. It seems likely that the upward migration of the free gas due to its own buoyancy forces is
inhibited by low free gas saturation and a general low permeability of the host sediment. The upward
migration of gas is controlled by the irreducible gas saturation Sgc, which is typically in the range of
0.01-0.1 (Garg et al., 2008), and has to be exceeded in the pore space to enable gas migration
(Wallmann et al., 2012). The largest drop in P-wave velocities occurs at gas concentrations lower than
4% (Andreassen et al., 2007). Therefore the free gas concentrations at each paleo-BSR must be low
enough for the free gas not to migrate further upwards, but high enough to cause a clear impedance
contrast in seismic data. It is likely that only diffusive transport of dissolved gas plays a role in this
setting and that the biogenic gas, which is observed in the organic-rich sediment column, is solely
produced within the GHSZ. This is supported by the low vertical permeability of the levee sediments in
which the BSRs are located, and by the absence of vertical migration pathways in the seismic data. Gas
that is produced underneath the BCL may migrate upslope along coarse-grained sediment deposits
such as those encountered in the numerous channels and bases of the channel-levee systems, all of
which areas where multiple BSRs are not observed.
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2.7 Conclusions

The existence of previously identified multiple BSRs of the Danube deep-sea fan has been
confirmed by new 2D multichannel seismic data. A stack of four BSRs was observed in the levee deposits
of a buried channel-levee system. The multiple BSRs do not represent gas composition changes or
overpressured compartments, but reflect past pressure and temperature conditions. Our modeling
results suggest that temperature effects of rapid sediment deposition rather than bottom-water
temperature change or sealevel variations dominate the pressure and temperature conditions leading
to the multiple BSRs. These changes are more distinctive in the Black Sea and especially in the Danube
area because of the isolation of the Black Sea from the Mediterranean during sealevel lowstands.
Because hydrate dissociation may not occur for several thousands of years, such paleo-BSRs remain
well defined in seismic data. We propose that small amounts of free gas are present beneath each of
the paleo-BSRs. The gas saturation is high enough to cause an impedance contrast in seismic data, but
low enough to inhibit buoyancy-driven upward migration. The paleo-BSRs possibly reflect the real
geotherm in the order of 35+5 °C/km, which is higher than the local geotherm of 24.5+0.5 °C/km derived
from the shallowest (current) BSR. This also suggests that the Danube area is not in thermal steady
state and still adapting to increasing bottom water temperatures since the last glacial maximum.
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3.1 Abstract

Methane production from gas hydrate reservoirs is only economically viable for hydrate
reservoirs in permeable sediments. The most suitable known prospect in European waters is the paleo
Danube deep-sea fan in the Bulgarian exclusive economic zone in the Black Sea where a gas hydrate
reservoir is found 60 m below the seafloor in water depths of about 1500 m. To investigate the hazards
associated with gas production-induced slope failures we carried out a slope stability analysis for this
area. Screening of the area based on multibeam bathymetry data shows that the area is overall stable
with some critical slopes at the inner levees of the paleo channels. Hydrate production using the
depressurization method will increase the effective stresses in the reservoir beyond pre-consolidation
stress, which results in sediment compaction and seafloor subsidence. The modeling results show that
subsidence would locally be in the order of up to 0.4 m, but it remains confined to the immediate
vicinity above the production site. Our simulations show that the Factor of Safety against slope failure
(1.27) is not affected by the production process, and it is more likely that a landslide is triggered by an
earthquake than by production itself. If a landslide were to happen, the mobilized sediments on the
most likely failure plane could generate a landslide that would impact the production site with
velocities of up to 10 m s™!. This case study shows that even in the case of production from very shallow
gas hydrate reservoirs the threat of naturally occurring slope failures may be greater than that of
hydrate production itself and has to be considered carefully in hazard assessments.
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3.2 Introduction

Gas hydrates are ice-like crystals that occur in large quantities along continental margins and
permafrost regions. Their stability depends on high pressure and low temperature as well as on salinity
and gas composition (Shipley et al., 1979). In the marine environment, gas hydrates primarily consist
of methane and dominantly form in crystallographic structure I (e.g. Sloan, 1998).

Gas hydrates are considered a potential energy resource and research programs in several
countries including Japan, Korea, and India are dedicated to the exploration and ultimately the
exploitation of offshore gas hydrate reservoirs. The German SUGAR project aims at developing
technologies for the exploration and exploitation of methane hydrates within European waters.
Economically viable hydrate reservoirs occur in sands and coarse silts with permeability that is high
enough to sustain gas flow towards the well during production. The paleo Danube deep-sea fan in the
Black Sea offers the best conditions for hydrate production in Europe because it contains sandy
sediments and a widespread bottom simulating reflector (BSR) in seismic data that indicates the
presence of gas hydrates (Popescu et al., 2006, Zander et al., 2017).

Several production technologies have been considered to produce methane from gas hydrates.
All are based on the dissociation of hydrates following a gas flow towards a production well. Applicable
methods include warming of hydrated sediments by injection of warm water and chemical stimulation
of methane hydrate with an agent such as nitrogen, methylene or carbon dioxide. However, the
economically most favorable production method is depressurization (Fig. 3.1). The concept of
depressurization was applied and validated in a production test in the Nankai Trough offshore Japan in
2013 (Yamamoto et al., 2014). Studies showed that the high bottom water temperature of around 9 °C
in the Black Sea is not conducive to hydrate dissociation by CO; or N; injection, while such high
temperatures increase the efficiency of the depressurization method (Merey and Sinayuk, 2016a).
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Fig. 3.1: Gas hydrate phase diagram showing the gas hydrate stability zone in the upper ~380 m below the
seafloor and the pressure path during gas hydrate dissociation under pressure reduction (black arrow).

The basic concept of the depressurization method involves a borehole which is drilled vertically
into the gas hydrate reservoir, and pressure reduction by pumping along the entire reservoir interval.
Pressure reduction forces hydrate dissociation, which gradually spreads out from the well into the
surrounding hydrate reservoir. Typically, the pore pressure around the well is reduced to a specific
target (e.g. 2.7 MPa at Walker Ridge (Myshakin et al., 2012) and 3 MPa at Nankai (Yamamoto et al.,
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2014)). Models showed that a pressure target of 3 MPa yields the highest gas production in Black Sea
sediments (Merey and Sinayuc, 2016b). In 1500 m water depth, this pressure reduction is comparable
to a sea level fall of 1200 m. The area affected by pressure reduction is expected to remain relatively
limited to the vicinity of the well location, i.e., 100 m around the well (Kvalstad et al., 2011).

Following depressurization, hydrate dissociation in the sandy sediments will cause an increase
in permeability. Hydrates typically are load-bearing and grain-supporting when their saturation
exceeds 25 - 40 % (Waite et al., 2009). Thus, the disappearance of the cementing hydrates will typically
lead to a softening of the sediments. Consequently, the effective stress in the reservoir will increase,
which leads to sediment compaction towards the dissociation area in all directions (Zhou et al., 2014).
Simulations showed that the radial displacements are smaller than the vertical displacements, with the
latter being largest directly above the production zone and close to zero underneath the production
zone (Zhou et al., 2014). As a result, gas production from a shallow compacting reservoir may cause
subsidence at the seafloor (Fjaer et al., 2008; Kim et al., 2014).

One of the most important offshore geohazards is submarine slope failure (Vanneste et al.,
2014). Areas with steep slopes, caused, e.g. by submarine channels such as those encountered in the
Danube deep-sea fan, are more susceptible to slope failure than the surrounding areas (Kvalstad, 2007).
Instable slopes may cause sliding or slumping of the seafloor sediments, and even on gently dipping
slopes mobilized mass can travel over large distances during a landslide. Sediment failure occurs when
the shear stress (e.g. the gravitational downslope force) exceeds the shear strength (resisting forces).
The initiation of seabed failures can be triggered by both natural causes and human interference such
as over-steepening of the slope, uneven deposition or erosion, increase of shear stress (loading, lateral
pressure), reduction of shear strength, and seismic events (lateral and vertical ground shaking due to
earthquakes). So far it remains unclear whether natural gas hydrate dynamics have triggered slope
failures. A review of landslide inventories carried out by Urlaub et al. (2013) did not find evidence for a
large-scale triggering of landslides due to gas hydrate dissociation caused by the glacial-interglacial
pressure and temperature changes. Nevertheless, gas hydrate dissociation may be considered as a
preconditioning mechanism instead of an actual trigger for certain submarine landslides (Crutchley et
al., 2016) and there is evidence that some submarine landslides have developed differently in areas with
hydrate than in those without (Micallef et al., 2009). The transported mass of a submarine landslide
can affect installations in various forms such as loss of foundation area, debris impact causing
destruction of facilities, or even partial or total burial of seabed facilities, and generation of tsunamis
affecting coastal communities over potentially large areas (Kvalstad, 2007).

In this study, we focus on a part of the paleo Danube deep-sea fan which has been investigated
with various geophysical tools in the German SUGAR project to investigate its suitability as a gas
hydrate production test site. Our aim is to find out if production of gas from a shallow hydrate reservoir
can be performed safely at this location, particularly with respect to slope stability. The objectives are
(i) to identify slopes with the lowest Factor of Safety (FoS) near the target area and to assess whether
the slope in this area can be considered stable; (ii) to simulate hydrate production in a 2D slope stability
model to constrain the amount and timing of expected slope deformation; and (iii) to determine the
run-out distance and potential implications for infrastructure and installations at the production site
through simulation of a landslide along the most critical segment of the slope as modeled in the
previous step.
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3.3 Geological Setting
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Fig. 3.2: Bathymetric map (25 m x 25 m resolution) of the Danube deep-sea fan in the Black Sea. Note the
prominent channel-levee systems, which transport sand into the study area. This sand provides the host rock
for the gas hydrate accumulations.

The continental shelf of the northwestern Black Sea basin is up to 120 km wide. During the last
glaciation, the rivers Danube, Dniepr, Dniestr and Bug discharged large amounts of sediments off the
shelf break at about 100 m water depth down to the abyssal plain at 2200 m water depth (Wong et al.,
1997). The depositional areas, which constitute the paleo Danube and Dniepr deep-sea fans, are
characterized by numerous canyons and channels (Fig. 3.2), which formed by erosion on the upper
slope and by deposition on the middle and lower slope (Popescu et al., 2001). These canyons and
channels formed additional slopes along their courses. The highest slope angles typically occur along
the inner levee walls of channel-levee systems (Hansen et al., 2015). As observed in other river fans of
the northern hemisphere, the right-hand (western) levees are more pronounced than the left-hand
(eastern) levees because of the Coriolis force (Popescu et al., 2001). Several older channels can be
identified from the bathymetry, such as a channel westwards of the Danube channel which was named
SUGAR channel (Fig. 3.2); Zander et al., 2017).

For the observed bottom water temperature of 9 °C (Degens and Ross, 1974) and a salinity of
22.3 (Ozsoy and Unliiata, 1997) the upper limit of the gas hydrate stability zone is located at a water
depth of 721 m. The pore water salinity decreases rapidly in shallow depth below the seafloor to a level
of 3-5 (Soulet et al., 2010), which shifts the phase boundary for methane hydrates upwards. Indirect
indicators for gas hydrates exist in the form of a BSR which is observed in reflection seismic data
(Popescu et al., 2006; Zander et al., 2017), and gas hydrate was sampled during a research cruise in 2015
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(Ker and Riboulot, 2015). Anomalous multiple BSRs were identified in the levees of a buried channel-
levee system underneath the SUGAR channel. These additional BSRs are caused by changes in pressure
and temperature conditions during the glacial cycle and indicate that the Danube area is not in a steady
state (Zander et al., 2017).

The SUGAR project targets a potential gas hydrate reservoir at the base of the SUGAR channel
in about 1500 m water depth. Preliminary results of controlled source electromagnetic (CSEM) data
(Schwalenberg et al., 2016) and a shear wave anomaly observed in ocean bottom seismometer (OBS)
data (Dannowski et al., 2016) suggest a shallow zone (~60 m depth) of increased gas hydrate saturation
with potentially up to 40% hydrate concentration in the pore space.

3.4 Data and Methods

Slope stability assessments are generally based on a conservative scenario. To get an idea of
the stability of a given slope, the slip zone with the least FoS in static models is determined. The FoS is
defined as resisting forces against driving forces, and theoretically a slope with a FoS of less than 1.0 is
prone to fail. However, because of uncertainties due to simplified modeling and parameter variations,
a FoS of 1.5 is generally used to define a stable slope, but this depends on the infrastructure at risk as
well as local standards and guidelines (CEN, 2004). Pseudo-static models are additionally applied to
simulate seismic effects. Under pseudo-static condition, a minimum FoS of 1.1 is generally required.
Note that typically a full dynamic site response analysis is preferred over pseudo-static models.

The constraints for geomechanical models and slope stability analyses ideally comprise the
geometry of the slope, the geology of the subsurface, strength parameters of the soils and the unit
weights. However, for this study, not all of these input parameters were available due to a limited
number of boreholes and the complexities of measuring the strength of weak soils. Furthermore, the
sampling program was not ideal for geotechnical analyses as only academic methods were available.
We therefore used simplified scenarios and approximate some of the parameters. On the other hand,
our high-resolution 2D seismic data are excellent, with resolution two to three times better than the
resolution of common industry-type 3D seismic data, as the survey focused on the upper 500 m of gas
hydrate-hosting sediments. Seismic and bathymetry data were collected during cruise MSM34 onboard
the German research vessel MARIA S. MERIAN from December 2013 to January 2014 (Bialas et al.,
2014).

3.4.1 Multibeam bathymetry

Multibeam bathymetry data were collected using the ship-mounted EM122 echosounder
(Kongsberg). The resulting maps are based on a grid of 25 m x 25 m bin size for the Danube deep-sea
fan survey (Fig. 3.2) and 10 m x 10 m bin size for the study area (Fig. 3.3).
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3.4.2 2D reflection seismic data

A 2D high-resolution multichannel seismic survey was conducted using a 62.6 m-long streamer
with 40 channels and a group distance of 1.56 m. Eight profiles were recorded over an area of two
merging channel-levee systems: three profiles along the channel’s direction (14 km length each), and
five across the channel (11 km length each; Fig. 3.2). A 45/45 in® GI gun was used as a source with a
shot interval of 5 s. After navigation processing, Omega (WesternGeco) was used for signal processing,
stacking, and amplitude-preserving time migration. No gain was applied during processing. Due to the
short streamers, velocity data could not be derived and had to be extrapolated from other seismic data
discussed in a previous study (Zander et al., 2017). These extrapolated velocities were cross-checked
with P-wave velocities derived from OBS stations that were also deployed in the study area (Dannowski
et al., 2016). We used these data to convert the seismic data from time to depth domain.

3.4.3 Soil properties

Only very sparse geotechnical and geomechanical data are available from the Black Sea, and to
our knowledge, no such data exist for the target area itself. Our 2D slope stability model is therefore
based on two different soil parameter sets: one for the gas hydrate reservoir and one for the surrounding
sediments (in the following referred to as the overburden). Due to the rather uniform sedimentation in
the top 10 m — 30 m of sediments in the Black Sea (e.g. Ross and Degens, 1974; Soulet et al., 2010;
Bialas et al, 2014), we decided to estimate the overburden soil parameters from measurements taken
during a cruise onboard the RV Pourquoi Pas? in 2015, which was carried out in the northeastern part
of the Danube deep-sea fan in Romanian territory (Ker and Riboulot, 2015, Garziglia, 2016). The
reservoir’s soil parameters were estimated based on published parameters from the successful hydrate
production test site in the Nankai Trough offshore Japan (Santamarina et al., 2015; Yoneda et al., 2015).
The hydrate reservoir in the Nankai area is located in the sandy channel bed deposits of a buried
channel-levee system about 300 m below the seafloor in a water depth of about 1 km (Saeki et al., 2008).

Overburden

In 2015, piezocone and pore pressure data were collected in the Romanian territory of the
Danube deep-Sea fan in a water depth of 729 m, at the top of a bathymetric high running N-S along a
distance of 3 km with a maximum height of about 50 m above the surrounding area (Fig. 3.2; Ker and
Riboulot, 2015). The results obtained from triaxial tests on cores GAS-CS07 and GAS-CS08 were used
for correlation with the cone penetration test GAS-CPTu05-S07 (Garziglia, 2016; and pers.
communication). We applied these parameters to the overburden soil properties used in this study
(Table 3.1).
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Table 3.1: Overburden soil parameters (Garziglia, 2016; and pers. communication). y is the total unit soil
weight, G is the shear modulus, s, is the undrained shear strength, c'v is the effective vertical in situ stress.
The locations of the cores are shown in Fig. 3.2.

Parameter Notation Value Reference

Total unit soil weight Y 17.5 kN m™

Rigidity index G/sy 140 GAS-CS07, GAS-CS08
Poisson’s ratio v 0.49

Undrained shear strength ratio s./c'v 0.4 GAS-CPTu05-S07

Gas hydrate reservoir

Shear strength and elastic stiffness of sandy hydrate-bearing sediments are sensitive to hydrate
saturation and confining pressure (Yoneda et al., 2015). Extensive laboratory test programs were
carried out in the Nankai Trough, where gas production from hydrates was tested successfully
(Yamamoto et al., 2014). The results show that the shear strength and elastic stiffness tend to increase
with the hydrate saturation. Strengthening is most likely caused by the cohesion induced by hydrate
bonding (Santamarina et al., 2015, Yoneda et al., 2015). To obtain realistic parameters for the hydrate
reservoir in the Black Sea target area, the material properties of the studied area were thus calibrated
as a function of hydrate saturation and the in situ stress condition (Yoneda et al., 2015). The input
properties applied in this study are summarized in Table 3.2.

Table 3.2: Parameters for the geotechnical model of the gas hydrate reservoir based on laboratory tests on
borehole samples from the Nankai Trough (obtained from Santamarina et al. (2015) and calibrated through
relations published in Yoneda et al. (2015)). Mbsf = meter below seafloor

Depth Confining Saturation E50 Poisson’s Shear Cohesion Friction
[mbsf] stress [MPa] ratio modulus [MPa] angle
[MPa] [MPa] []
Before dissociation
60 0.35 0.4 100 0.22 . 41. . 1.5 25-30
After dissociation
0 80 0.22 32.8 0-0.5 25-30

3.4.4 Slope stability screening tool

In order to select a potentially unstable area and suitable transects to perform a 2D slope
stability analysis, a screening of the area based on bathymetric data and geotechnical soil parameters
was performed within the top 30 m of soil. The functionality of the screening tool is described in Carlton
et al. (2017). The tool estimates the FoS using the infinite slope method (Morgenstern, 1967) and the
probability against failure using the First Order Second Moment (FOSM) method. For our simplified
soil model parameters, the FoS decreases with depth below the surface, and is largely controlled by the
slope angle. Additionally, seismically induced permanent displacements are calculated in the pseudo-
static slope stability analysis.
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Table 3.3: Input parameters for the screening tool. s, is the undrained shear strength.

Parameter Notation Value Reference

Maximum depth below seafloor Zmax 30 m -

of the analysis

Pseudo-static coefficient k 0.05¢g -

Coefficient of variation of k COVi 0.2 -

Momentum magnitude M, 7.2 Matova, 2000

Peak ground acceleration PGA 0.1 GSHAP (Giardini, 1999)
Pore pressure ratio Ty 0 -

Coefficient of variation of s, COVg 0.2 -

3.4.5 2D geomechanical analysis

The numerical 2D static geomechanical analysis provides key information on the static and
pseudo-static FoS as well as the deformation of the subsurface during hydrate dissociation. The
numerical analysis calculates both the most likely failure plane and the volume of sediment that may
fail. The simulation was carried out using the commercial finite element software PLAXIS 2D
(Brinkgreve et al, 2007). The FoS was calculated by reducing the shear strength parameters until the
soil mass failed, which is known as the ‘phi-c reduction method’ (Griffiths and Lane, 1999). Variations
in terrain and stratigraphy were derived from the interpretation of the 2D seismic profiles, and soil
strength parameters were incorporated. The software first calculated the slip zone with the least FoS
against sliding. The production of methane out of a methane hydrate reservoir was then simulated by
reducing the pressure and changing the reservoir’s material properties given in Table 3.2 within a
certain range. The FoS was then calculated again to determine any change of slope stability due to a
potential change in topography resulting from seafloor subsidence as well as changes in shear strength
in the subsurface. In addition to the simulation under static conditions, a pseudo-static simulation was
carried out which included horizontal forces caused by earthquake loading.

3.4.6 Landslide dynamics simulation

Landslides due to hydrate exploitation were modeled to assess the potential run-out distance
and velocities for a downslope travelling landslide from the adjacent steep levee walls. The analysis
will help to determine potential mitigation measures (e.g. relocation options, design criteria) that may
need to be considered for the production infrastructure at the sea bottom.

For the run-out simulations, we used a propriety NGI code for visco-plastic flows in quasi-2D
(i.e. depth-averaged). The code is based on the BING code from St. Anthony Falls Laboratory (Imran et
al., 2001) and the various extensions to this code were described by De Blasio et al. (2004). The BING3
model performs an analysis of the run-out of an arbitrarily shaped slide block along a predefined
geometry (extended slip plane). The model is specifically developed for submarine conditions. The code
is based on a non-linear Herschel-Bulkley rheology coupled with depth-averaged mass and momentum
continuity equations that were solved using a Lagrangian scheme. The model includes hydrodynamic
pressure and friction drag during run-out as well as strength degradation, and can also be used for
debris flows with embedded rafted blocks (e.g., Vanneste et al., 2011). Further options are hydroplaning
and erosion or entrainment of seabed material, but we did not use these options as there was too little
information on the boundary conditions.
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The results of the 2D slope stability model from PLAXIS (for both static and pseudo-static
analysis) were used as input for the landslide dynamics modeling to guarantee consistency of the
results. As there is significant uncertainty on the soil properties, we have run several simulations using
a range of realistic soil parameters (Table 3.4). The most critical parameters are:

Tys Initial yield strength of the soil at the time of failure (kPa)

Ty Fully remolded yield strength of the soil (kPa)

R, Remolding coefficient, with a high value corresponding to rapid remolding during the
flow (-)

Y Kinematic viscosity at the flow node (m? s™)

n Herschel-Bulkley exponent (n = 1 implies Bingham fluid)

Cp Pressure drag coefficient, -

Crr Friction drag coefficient, -

In principle, these properties may vary at each node, but we used constant values. We also kept
the density of the slurry constant at 1680 kg m™>. We ran the model with a 5 m cell length for the flow,
following stability testing. The same properties were used for the static and pseudo-static cases. The
parameter range was constrained from either the limited site-specific data of NGI’s soil data base for
similar soil types as well as the results from the screening tool and PLAXIS simulations. The parameter
range includes relatively weak as well as relatively strong conditions, representing end-members for
the simulation.

Results of the run-out simulations are: (1) final deposit (thickness) of the mass along the flow
path; (2) toe velocity during the flow; (3) peak height at each point along the flow path and (4) peak
velocity at each point along the flow path. Limitations are that lateral spreading cannot be taken into
account in this quasi-2D model, as a result, the landslide velocity and peak heights may be
overestimating high.
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Table 3.4: Input parameters for the landslide dynamics simulation. t,s = initial yield strength of the soil at
the time of failure, 7,,= fully remolded yield strength of the soil, R. = remolding coefficient, with a high value
corresponding to rapid remolding during the flow, v = Kinematic viscosity at the flow node, n = Herschel-
Bulkley exponent, Cp = Pressure drag coefficient, Cg = Friction drag coefficient

model Ty,s Ty R. v n Cp Crr
kPa kPa - m2s* - - -

1 0.75 0.75 0 0.237 0.25 1 0.001
2 4.50 4.50 0 0.237 0.15 1 0.001
3 3.00 3.00 0 0.237 0.15 1 0.001
4 3.00 3.00 0 0.237 0.35 1 0.001
5 3.00 3.00 0 0.400 0.35 1 0.001
6 4.50 1.50 0.0001 0.237 0.15 1 0.001
7 4.50 0.75 0.001 0.500 0.15 1 0.001
8 4.50 0.75 0.01 0.500 0.15 1 0.001
9 4.50 0.75 0.001 0.500 0.25 1 0.001
10 4.50 0.75 0.001 0.500 0.35 1 0.001
11 3.00 0.75 0.001 0.300 0.15 1 0.001
12 7.50 1.50 0.001 0.300 0.15 1 0.001
13 4.50 1.88 0.001 0.250 0.15 1 0.001
14 4.50 1.88 0.001 0.250 0.15 1 0.001
15 4.50 2.25 0.001 0.250 0.15 1 0.001
16 7.50 2.25 0.0001 0.250 0.15 1 0.001
17 7.50 2.25 0.005 0.250 0.15 1 0.001
18 4.50 0.60 0.001 0.500 0.15 1 0.001
19 11.20 2.80 0.01 2.400 0.15 0.5 0.005
20 11.20 2.80 0.01 0.600 0.15 0.5 0.005
21 11.20 2.80 0.01 0.300 0.15 0.5 0.005
22 11.20 2.80 0.1 2.400 0.15 0.5 0.005
23 11.20 2.80 0.1 0.300 0.15 0.5 0.005
24 11.20 2.52 0.1 0.300 0.15 0.5 0.005
25 11.20 2.10 0.1 0.300 0.15 0.5 0.005
26 11.20 1.40 0.01 2.400 0.15 0.5 0.005
27 11.20 1.40 0.1 2.400 0.15 0.5 0.005
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3.5 Results
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Fig. 3.3 A: Shaded relief bathymetry data from the study area. B: Slope angle calculated from the bathymetry
data. C: Minimum Factor of Safety (FoS) under static conditions in the top 30 m of soil. D: Minimum FoS
under pseudo-static conditions in the top 30 m of soil. The color scale is the same as in C. Coordinates are
given in UTM zone 36N, the location is shown in Fig. 3.2.

Fig. 3.3B and Fig. 3.3C show the slope attribute and the deterministic minimum FoS under
static condition, respectively. This is based on the 10 m x 10 m bathymetry dataset (Fig. 3.3A) and the
parameters in Tables 3.1 and 3.3. In the study area, any area with slope inclinations exceeding 9° has
the potential for slope failure as the associated deterministic FoS falls below 1.5. Most steep natural
slopes are located along the paleo-channels at the inner levee walls, especially on the western levees
(Fig. 3.3B). Under static conditions, some segments along the levee flanks appear critical with FoS lower
than 1.5 (Fig. 3.3C). Because of the low FoS in the static case, we ran an additional pseudo-static slope
stability analysis in which an inertial horizontal force was added to represent the effect of earthquake
shaking. Earthquakes that triggered tsunamis happened in this area, such as the 1901 Black Sea
earthquake with estimated magnitude of 7.2 (Matova, 2000). The simulation showed that for the
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pseudo-static screening, the critical areas around the levee walls are larger compared to the static case
(Fig. 3.3D).

3.56.2 2D geomechanical analysis
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Fig. 3.4 A: 2D line 1107 across the SUGAR channel-levee system, which is located well above the base of the
gas hydrate stability zone indicated by the BSR (white arrows) in about 380 m depth below the seafloor. The
two hypothetical gas hydrate reservoirs (purple polygon) are located in about 60 m depth at the base of the
most recent active channel (shallow reservoir), and in a depth of about 140 m (deeper reservoir). Green =
outline of the SUGAR channel. The location of the profile is shown in Fig. 3.3. B: Comparison of the best-fit
slip planes obtained from the shear bands under static and pseudo-static conditions. C: Total pore pressure
distribution in the finite-element model based on the profile in A, with potential positions of the wells
considered in this study.

Based on the screening results, we identified the western levee of the SUGAR channel as the
most critical area in terms of slope stability (Fig. 3.3B). We therefore selected the seismic profile 1107,
which crosses perpendicular to the levee slope and coincides with the area where most of the
geophysical data were collected (Fig. 3.3). The geometry for the 2D geomechanical model was
constrained from seismic interpretation and picking of prominent seismic horizons. In the seismic data,
the channel facies of the most recent active channel system is clearly visible (Fig. 3.4A). At a depth of
about 60 m below the channel seabed, a high amplitude reflection marks the base of the SUGAR
channel. The levee at the western channel margin is characterized by well stratified seismic reflections.
We interpret this seismic facies as overbank deposits that typically consist of fine-grained mud, clay
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and silt (Damuth, 2002). In contrast, the base of a channel-levee system typically consists of coarse-
grained sand and gravel (Damuth, 2002), which would provide ideal conditions for the exploitation of
gas hydrates out of the pore space by using the depressurization method (e.g. Boswell, 2009).

Gas hydrates cannot be directly identified in reflection seismic data. However, seismic studies
(Dannowski et al. 2016) and CSEM studies (Schwalenberg et al. 2016) conducted in the study area found
indications for gas hydrates as shallow as 50 m below the seafloor with gas hydrate saturation up to 40
%. The thickness and spatial extent of this potential gas hydrate reservoir is still under debate and will
require confirmation through drilling in the future. For this study and based on the observations and
results mentioned above, we assumed a thin gas hydrate reservoir along the high-amplitude reflector
at the base of the SUGAR channel. This shallow reservoir has an average thickness of about 6 m. In
addition, we defined a second hypothetical gas hydrate reservoir following a distinct reflector at a depth
of about 140 m below the seafloor and with a thickness of 30 m (Fig. 3.4A). This second reservoir served
to assess the effect of reservoir depth on subsidence due to hydrate production. The base of the hydrate
stability zone is about 380 m below the seafloor at this location (Figs. 3.1 and 3.4A).

The finite element model built in PLAXIS 2D was composed of 19,352 10-noded triangular
elements. To minimize discretization effects and to capture the failure mechanism, the element size
was gradually refined close to the reservoir (Fig. 3.4C). The soil parameters described in section 3.4.3
were applied to the overburden soils. To assess the present-day stability of the area, we initially
calculated the slip zone with the least FoS under static conditions. The calculated slip plane is located
at the steepest part of the levee, and has a horizontal length of about 120 m and a maximum thickness
of 15 m, with a FoS of 1.27 (Fig. 3.4B). In the pseudo-static slope stability analysis, the slip plane is
located slightly deeper at about 17 m and has a larger extent of about 140 m. The FoS is lower at about
1.01.

3.5.3 Effect of hydrate production on slope stability

In order to simulate gas production out of the hypothetical reservoirs, we investigate various
production scenarios as a parametric study. This study focuses on the shallow hydrate reservoir, as
there is more evidence for the presence of hydrate in this reservoir compared to the deeper target and
because any effects on seafloor stability are expected to be stronger for the shallower reservoir. First, a
well location was defined. The pore pressure at the well was then depleted along the entire vertical
thickness of the reservoir. Within the depleted zone, the pressure was kept constantly low and the
dissociation front spread out gradually into the reservoir over time. The pressure reduction was
considered as 8 to 10 MPa based on the field scale production test in the Nankai Trough (Konno et al.,
2017), which is sufficiently high for hydrates to dissociate under the pressure and temperature
conditions in the study area (Fig. 3.1).

We tested the following scenarios:

e Depletion pressures of 8 MPa and 10 MPa

e 10 m to 150 m radius around the borehole for the area affected by hydrate dissociation
indicative for the production time

e Well location at the center of the SUGAR channel (base case) and closer to the levee
(biased case)

e production out of the shallow reservoir and production from the deeper reservoir.
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Depletion pressure increase

Fig. 3.5 shows the effect of different depletion pressures on reservoir compaction and
subsidence. For this parameter test, we assumed that constant pore pressure reduction affects the
reservoir within 150 m around the well. The maximum depletion pressure (10 MPa in the entire
dissociation zone) is representative for a target of 12 MPa depletion at the well. A simulation carried
out in the Ulleung Basin of the Korean East Sea showed that the pressure target will only be achieved
in a very narrow zone close to the well and decreases rapidly towards the margin of the reservoir (Kim
et al., 2014), and similar results were shown for the production site in the Nankai Trough (Konno et al.,
2017). The geomechanical simulation showed that higher depletion pressure increases the mean
compaction rate of the reservoir, with a maximum compaction of 0.69 m for a 10 MPa depletion.

The subsidence at the seafloor is about 30 % smaller compared to the reservoir compaction,
with a maximum subsidence of 0.41 m for the 10 MPa depletion case. The lateral extent of the
deformation at the seabed is limited to the vicinity of the compacted reservoir and does not spread out
to the failure surface at the levee margin. The FoS of the slip surface remains unaffected.
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Fig. 3.5: Results from the parametric study for the shallow hydrate reservoir, showing reservoir compaction
(A) and seabed subsidence (B) for depletion pressures of 8 and 10 MPa, assuming a maximum dissociation
radius of 150 m around the borehole.
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Production time

We simulated the production time by varying the size of the area affected by hydrate
dissociation. Small radii of about several tens of meters around the well will be reached after a small
production time of a few days (e.g. Kim et al., 2014, Konno et al., 2017), while the maximum case of a
150-m radius represents a longer production time of up to a few years. The dissociation area radii tested
in this study varied between 10 m and 150 m. Fig. 3.6 shows the simulations for a maximum depletion
pressure of 10 MPa. With increasing dissociation radius, the seabed subsidence increases both vertically
and laterally. The lateral extent of the deformation remains in the vicinity of the compacted reservoir,
but the vertical displacement at the seabed increases with the laterally spreading dissociation front in
the reservoir (Fig. 3.6A). The FoS of the slip surface remains unaffected for the tested dissociation radii.
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Fig. 3.6: Results from the parametric study for the shallow hydrate reservoir, showing reservoir compaction
(A) and seabed subsidence (B) for a depletion pressure of 10 MPa for different hydrate dissociation radii
around the borehole. The simulations indicate that the lateral extent of the subsided seafloor is directly
coupled to the compacted reservoir.
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Change of well location

Moving the well location from the center of the channel (base case) 300 m closer to the levee
wall (biased case) results in a shift of maximum displacements of the reservoir compaction and seabed
subsidence. Fig. 3.7 shows the simulations for a 150 m dissociation front around the well and a
depletion pressure of 8 MPa. Although closer to the levee and its failure surface, the deformation at the
seabed does not spread out towards the slip surface and the FoS remains unaffected for the biased well
location.
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Fig. 3.7: Results from the parametric study, showing a comparison of reservoir compaction (A) and seabed
subsidence (B) between two well locations in the channel center (base case) and the channel margin (biased
case). The well locations are shown in Fig. 3.4C.
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Reservoir depth

In order to compare production of a shallow reservoir in about 60 m depth with a deeper
reservoir in about 140 m depth, we plotted the ratio of dissociation radius (representing production
time) to depth of the reservoir against the ratio of maximum subsidence to maximum reservoir
compaction (Fig. 3.8). Note that the simulation for the deep reservoir was only tested for the maximum
depletion pressure of 10 MPa. The results indicate that for the deeper reservoir the subsidence is larger
in relation to the compaction of the reservoir over time. However, the FoS of the slip surface remains
unaffected at 1.27.
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Fig. 3.8: Results from the parametric study, showing a comparison of the two hypothetical reservoirs, with
the shallow reservoir located at about 60 m depth and the deeper reservoir at about 140 m depth below the
seafloor (Fig. 3.4A).

|3.5.4 Landslide dynamics (quasi-2D)

The results of the landslide dynamic simulations using the 2D slope stability output showed
that the run-out reaches approximately 500 — 900 m for the static case and 600 m — 1000 m in the
pseudo-static case (Fig. 3.9). The final deposit reaches a thickness of approximately 5 m in the static
case (Fig. 3.9C) and 6 m in the pseudo-static case (Fig. 3.9D). The flow velocity at the toe peaks at 9 m
s''and 14 m s™! with marginally higher velocities for the pseudo-static case compared to the static case
(Fig. 3.9E, F). During the remobilization, the maximum thickness of the flow is in the order of 8 - 20 m
for the static case and about 250 m away from the landslide toe at failure (Fig. 3.9G) with maximum
flow velocities around 9 to 15 m s™! (Fig. 3.91). For the pseudo-static case, the maximum flow thickness
is on average 3 m thicker due to the larger volume which is mobilized (Fig. 3.9H) with maximum flow
velocities around 10 m s to 16 m s™! (Fig. 3.9])).

77



Chapter 3: Potential impacts of gas hydrate exploitation on slope stability in the Danube

deep-sea fan, Black Sea

static case

pseudo-static case

L L L

L
~1400 well locations VE. =3 ~1400 B well locations VE.=3 |
1420 biased base 1420 biased base_> 2

T case case case case

=-1440 -1440] 3

<

& 1460 1460 3

g- -

-14804 B -1480 3
~1500 T T T T T T T T T ~1500 T T T T T T T — T T T 3
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
18 L L L L L L L L L 18 L L L L L L L L L
wid] ve=sf D[ - VE=25}
B 14 ...‘{initial slide block 14 / initial slide block
?} 12 12 : s
S 107 10 3
2
5 8 EE : 3
5 B A
£ 67 6 8 - 3
2 B s
g 4 4 -_ /. . . ]
2 3 \/\ 2 S — — \ NS
0 — .‘\‘. LAY 04 1 110 P
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
20 L L L L L L L L L 20 L L L L L L L L L
o i3 »
E 16 16 3
8 141 14§ 3
2 12 12 ] 3
]
9 10 10 3
T 8 ] 8 2
2
T 6 6 F
o
2 4 \ 4] 3
2 ] \ 2 3
0 y T y T T T y T T 0 T y T T T T T y " u
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
L L L L L L L L L L L L L L L L L L
#{g M -
E 25§ 30 3
) 25 3
o 20
3 20 . 3
H N \\
& 15§ FRER
€ 15 3 Sy O 2
S
£ 10 N
H 10 3
g ] N
5 5 4 \ \ a
0 T . r r r } . ) h. - 0 : - - : - A MRS
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
20 L L L L L L L L L 20 L L L n L L L L n
s 411 e 14| -
I3
E 16 4 16 F
> 143 14 3 | 3
g2 12 ] S ]
] —=
Z 10 10 3 == |
z —
S 5 ] s ] N 1
§ 6] 6 N ARA 1
£ 4 4 ] 1
(]
s 2 2 3 \ 3
0 T T T T T u u u 0 u y T T T r T y u u
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300

Distance along flow path [m]

1

2 3 4 5 6 7 8 9

Distance along flow path [m]

model parameter set (refer to Table 4)
HEEENIOOOOOOOOOOOCC O D 5 e .

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

10 11

Fig. 3.9: Results from the quasi-2D landslide dynamics simulation for the static (left) and pseudo-static
(right) cases. The model parameters for the 27 different runs (color coded) are presented in table 4. A, B:
Final deposit of the mass projected on the topography (grey). The initial slide block is shown as a dotted line.
C, D: Final deposit (thickness of the mass along the flow path. E, F: toe velocities during the flow. G, H: peak
height at each point along the flow path. I, J: peak velocity at each point along the flow path.
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3.6 Discussion

|3.6. 1 Slope stability before, during, and after production

The parameters used for the screening and geomechanical analysis of the area are conservative
(i.e. gearing the model towards less stable slopes), but in the absence of specific knowledge of the
subsurface conditions, they provide effective screening criteria. The screening of the study area
revealed that the entire area is essentially stable, with only some segments along the inner levee flanks
of the paleo channels that appear critical. Here, slope angles exceed 9°, which results in a FoS of <1.5
against slope failure. For engineering works to be conducted, the FoS value is typically required to be
above 1.5 in the static case and 1.1-1.2 in the pseudo-static case (e.g. Eurocode 8 (CEN, 2004),
depending on the type of facility). In our study, the 2D slope stability analysis for the western levee of
the SUGAR channel revealed a FoS of 1.27 in the static case, which is typically not sufficiently high. In
the pseudo-static analysis, the FoS is 1.01, which is considered critical. In case of an earthquake, a
landslide would likely occur. Compared to the static case, a larger volume of soil may be mobilized as
the slip plane is located deeper and more wide-spread.

The preconditioning factors of slope instability considered in this study are the change in
geometry due to seabed subsidence, and shear strength reduction due to the removal of solid hydrate
from the hypothetic reservoir during production. However, the post-production landslide stability
model, which takes these effects into account, shows that the deterministic FoS remains unchanged at
1.27. The production of gas out of the hypothetical methane hydrate reservoir therefore has no effect
on slope stability. The main reason why the strength reduction does not affect the initial FoS is that
the relatively shallow depth of the hydrate reservoir (60 m) is still deeper than the calculated line of
failure. Seafloor subsidence, although amounting to 0.4 m, remains confined to the immediate vicinity
above the production sites, which are located in relatively flat terrain several hundreds of meters away
from the steep levee flanks. Because of the extent of the hydrate reservoir, there is no point in moving
the well location closer to the levee flank. The small differences in model results for the two well
locations are due to the differences in geometry and slightly inhomogeneous thickness of the reservoir
at both locations.

3.6.2 Potential hazards related to slope instabilities in the target area

One of the major hazards in the study area is the triggering of a landslide (i.e. by an earthquake).
The analysis of landslide dynamics carried out in this study showed that a hypothetical slide may
impact potential seafloor installations in both the base and the biased scenarios. The final slide deposit
extends to the center of the channel with a depositional height of up to 5-6 m. In the base case the
deposit may therefore reach the well (static case), and extend even beyond the well in the pseudo-static
simulation. In the biased case, in which the well is located closer to the levee flank, the debris flow
would reach the well site at a velocity of 4-12 m s™. Thus, a production platform would have to be strong
enough to withstand such an impact or drilling has to be conducted at sufficiently great distance to the
levee flank. Because the entire inner levee flank in this area dips at rather uniform steep angles, this
recommendation does not only apply to the location of the 2D slope stability model, but also in upward
or downward direction along the channel. In shallower water, the levee slopes generally become steeper
which negatively affects the FoS. Further, many landslides in river deltas have a multiphase and
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retrogressive development (Kvalstad et al., 2005, Kvalstad, 2007). After failure, the new slope may also
be unstable and fail progressively in a back-stepping process over a relatively short period.

3.6.3 Limitations

In the absence of in situ geotechnical properties, several approximations and simplifications
had to be made in order to create a geomechanical model for the study area. The largest uncertainty
stems from the actual distribution of the gas hydrates as well as the in situ hydrate saturation. Changes
of these parameters will have an impact on the modeling results and the assessment of geohazards. It
is therefore necessary to obtain more accurate estimates of hydrate saturation through geophysical
inversion of the existing data and future well logs to better constrain the amount and distribution of
gas hydrates in the Danube deep-sea fan. Furthermore, the actual pore pressure distribution in the
sediments is unknown and was therefore not considered in this study. Zones of overpressure may
change the seafloor stability significantly since the effective stress (and therefore the shear strength)
decreases with increasing pore pressure (e.g. Riboulot et al., 2016).

The model presented in this study consists of an isolated reservoir with constant pressure
within the dissociation radius around the borehole. However, simulations showed that the target
depletion pressure is only reached in a very narrow area around the well and decreases with further
distance from the well (Kim et al., 2014, Konno et al., 2017). In this sense, the results presented in this
study provide conservative estimates of slope stability changes. The applied mean depletion pressure
of e.g. 10 MPa for the entire reservoir is considered representative for a higher depletion pressure target
at the borehole (e.g. 12 MPa). A production simulation carried out for the Nankai hydrate production
site found that a stepwise production method with waiting times in the order of ten days between two
pressure reductions helps to reduce ground settlements (Zhou et al., 2014). Such a delayed
depressurization process reduces gas production in the short term, but in the long-term, the total
amount of produced gas will be similar to scenarios where the pressure target is achieved immediately.

Another limiting factor is that the FoS can be rather sensitive to small differences in slope
geometry. Therefore, the potential for shallow seated small failures may be neglected due to the 10-m
grid size of the bathymetric data. We also neglected the effect of the sloping seabed in the direction of
the channel. Only a more sophisticated approach based on a 3D geometry model would give certainty
as to the predicted failure loads in this complex bathymetric setting. A comparison between a 2D and
a 3D approach for a different study area is e.g. presented in Sultan et al. (2011).

Finally, our modelling did not take into account fluid coupling of chemical disequilibrium.
However, considering the uncertainties mentioned above, such in-depth modelling is currently not
feasible but should be considered in a future model when more data becomes available.
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3.7 Conclusions

The combined geomechanical analyses carried out in this study include slope stability
investigations, analysis of landslide dynamics, and consequences of gas hydrate production on
reservoir compaction and seabed subsidence, which may lead to secondary failures along the slope. The
models were constrained from geophysical data combined with sparse geotechnical data. Screening
indicated that the area may be considered stable in general, with critical slopes encountered at the
inner levee flanks which are present along numerous paleo channel courses throughout the Danube
deep-sea fan. The 2D slope stability modeling in the vicinity of a hypothetical gas hydrate reservoir in
about 60 m below the seafloor suggests that the area is relatively safe against slope failure under static
conditions (FoS around 1.27), but probably not sufficiently safe to allow developments of infrastructure
at the seabed without taking specific mitigation measures into account. The simulation of hydrate
production showed that the FoS is not significantly affected by the production process, as reservoir
compaction and seabed subsidence remain confined to the immediate vicinity of the well sites, which
lie in a sufficient distance from the main critical instability zone at the levee flank. The landslide
dynamic simulation showed that if slope failure were to happen, the mobilized mass could impact at
the production sites. It is more likely that seafloor facilities are damaged by a landslide triggered by an
earthquake during drilling than by a landslide triggered by production itself. In general, it may be
sufficient to keep a large enough distance away from the steep levee flanks to avoid any hydrate
production-related slope failures.
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4.1 Abstract

High-resolution 3D seismic data in combination with sidescan sonar data and pore water
geochemical analysis give insights into the surface distribution and plumbing system of the Kerch seep
site in the northwestern Black Sea. The study area is located in around 900 m water depth well within
the gas hydrate stability zone (GHSZ) and comprises three individual seeps which are closely spaced in
a paleo channel-levee system of the Don Kuban deep-sea fan. We show that the seep mounds are caused
by sediment updoming due to gas overpressure. Each of the seeps hosts its own gas pocket underneath
the domes, which is supplied with biogenic methane along narrow pipes through the GHSZ. Methane
transport predominantly occurs in the form of gas bubbles. Our analysis suggests that the Kerch seep
site is a relatively young and active seep system that lacks extensive carbonate crusts compared to the
well-studied seep sites in the eastern Black Sea.
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4.2 Introduction

Cold seeps are seafloor sites where fluids such as hydrocarbon gases, oil, or gas-rich pore waters
rise from deeper strata to the shallow subsurface and eventually escape into the water column. Cold
seeps consist of four main structural elements: fluid source, upward migration pathways, plumbing
system and near-seafloor venting structures (Klaucke et al., 2006; Talukder, 2012; Koch et al., 2015;
Luo et al., 2016). Most cold seep sites are dominated by methane (Judd, 2003; Bohrmann and Torres,
2006). Seeps are often indicators for active, deep petroleum systems, but the relationship between
seafloor seepage and deep reservoirs, and in particular the migration of free gas through the gas hydrate
stability zone (GHSZ) can be complex (Talukder, 2012). Multiple studies described cold seeps in many
different geological settings at active (e.g. Stakes et al., 1999; Klaucke et al., 2008; Greinert et al., 2010)
and passive continental margins (e.g. Sahling et al., 2008) around the world. At many of these seep
sites, gas escape into the water column has been observed, also in areas within the GHSZ (Suess et al,
1999).

Microbial anaerobic oxidation of methane (AOM) and the coupled sulfate depletion in the
sulfate-methane transition zone (SMTZ) is observed at all cold seep sites (Boetius et al., 2000). The
analysis of these pore water profiles at active seep sites and comparison with background profiles
provides insight into the processes involved at local seep sites, such as origin, quantification, and
transport mechanisms of methane (e.g. Haeckel et al., 2004, 2007; Bhatnagar et al., 2008; Reigner et
al., 2011; Koch et al., 2016).

Gas accumulations underneath the seafloor can be mapped using various geophysical
equipment such as sediment echosounders or high-resolution reflection seismic experiments, because
gas bubbles cause scattering and absorption of acoustic energy, which results in acoustic turbidity or
blanking in sediment echosounder data (Judd and Hovland, 1992). Due to the strong impedance
contrast, a gas-bearing zone underlying a gas-free zone in the sedimentary column also causes high-
amplitude reflections or so-called bright spots with reversed amplitudes (L@seth et al., 2009), which are
often observed directly underneath seep sites (e.g. Evans et al., 2007; Smith et al., 2014).

The surface expression of seeps is typically associated with a rough topography due to the
buildup of carbonate crusts, mounds or domes. These structures can reach dimensions of up to several
100 m in diameter and heights of several tens of meters (Hovland and Judd, 1988). Dumke et al. (2014)
compared surface expressions of 25 seep sites offshore New Zealand and defined four distinct types
that reflect successive stages of seep development. Their observations were based on sidescan sonar
images, which revealed different carbonate morphologies, ranging from extensive build-ups (type 1) to
carbonate-free sites (type 4). The mechanisms leading to a bathymetric elevation are either uplift of
sediments (e.g. due to formation of gas hydrate or gas overpressure) or accumulation of new material
(e.g. mud release) on the seafloor (Serié et al., 2012; Koch et al., 2015).

As methane seepage plays an important role for benthic ecosystems, slope stability and as a
window to underlying hydrocarbon systems it is important to better understand the functioning of
these systems (Berndt, 2005). In this study we focus on the Kerch seep site in the Black Sea offshore
Crimea Peninsula. The seeps at this site are located in 890-940 m water depth, i.e. within the GHSZ.
They are described as seabed domes characterized by active gas escape (Romer et al., 2012). We use
newly obtained high-resolution surface and subsurface data from the Kerch seep site to gain new
insights into the plumbing system of these seeps. The objective is to provide further temporal and
structural constraints on the way how free gas can migrate through the gas hydrate stability zone and

how the seafloor domes form that were reported by Romer et al. (2012).
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4.3 Geological Setting

The Don-Kuban paleo deep-sea fan is located in the northwestern Black Sea at the shelf break
south of the Kerch Strait, which connects the Black Sea with the Sea of Azov (Fig. 4.1). It is the result
of sediment discharge of the rivers Don and Kuban during sea level lowstands in glacial periods (Barg,
2007). The area hosts numerous active seep sites characterized by release of biogenic methane
(Starostenko et al., 2010; Romer et al., 2012). These emission sites extend down to about 720 m water
depth, which marks the upper limit of the GHSZ in the Black Sea for bottom water temperatures of 9°C
(Sloan, 1998).

The Black Sea is characterized by an oxic surface layer extending down to about 150 m water
depth and a gradual change towards anoxic conditions below this depth (Ozsoy and Unliiata, 1997). The
anoxic conditions lead to burial of large amounts of organic matter in the Black Sea, providing ideal
conditions for gas production in the sediments. Additionally, the anoxic water column facilitates the
interpretation of water column imaging data, e.g. in terms of gas flares, as backscattering caused by
fish can be excluded (Greinert et al., 2006).

34° 35° 36° 37° 38° {

33 _
Al G Sea of Azov
: 0 g a;‘,
x  Crimea -8 _«'! >
Kerch strait

[

494|7000

44°

100 km

4946000

1
4944000

1
494?000

-1050

water depth [m]
0 500 1000 2000

494%000

distance [m]

UTM
36N 1 1|000

= 4941I 000

713:300 714I000 715|000 716I000 717IOOO 718|000

Fig. 4.1 A: Bathymetric map (GEBCO; http://www.gebco.net) showing the location of the study area in the
northern Black Sea off the coast of Crimea (red rectangle). B: Seafloor pick of the 3D seismic survey. The
three seeps in the channel-levee system of the Don-Kuban paleo deep-sea fan are marked by black polygons.
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The Kerch seep area is located in a water depth of 890-940 m at a paleo channel-levee system
of the Don Kuban deep-sea fan (Fig. 4.1). Although the Kerch seep area lies within the GHSZ, anomalous
gas emissions into the water column have been observed, as evidenced by hydroacoustic flares that
remained relatively constant throughout four years of monitoring (Romer et al., 2012). The seep site
consists of cold seep mounds with an elevation of up to 10 m above the surrounding seafloor. Previous
studies confirmed the presence of gas hydrate based on hydrate samples found in gravity cores from
the mounds. In addition, elevated sediment temperature gradients were recorded at sites of fluid escape
(around 60 °C/km compared to background values of 23 °C/km). According to Romer et al. (2012), the
increased sediment temperatures are caused by upward flow of warm fluids from greater sediment
depths. The temperature rise may also cause a shoaling of the base of the gas hydrate stability zone
(BGHSZ).

Gas emissions at the seep mounds were observed mainly at the margins of the mounds,
indicating that sediments are pushed up by free gas accumulations beneath shallow layers of gas
hydrates. Gas migrates laterally towards the flank of the structures and then escapes into the water
column, leading to an expansion of the seafloor formation (Romer et al., 2012).

4.4 Materials and Methods

This study is based on 3D high-resolution seismic reflection data, high-resolution sidescan
sonar data and subbottom profiler data obtained during RV Poseidon cruise P427 in February/March
2012 (Bialas, 2012). The geophysical data are complemented by pore water geochemistry data derived
from gravity cores and multiple cores collected during RV Meteor cruise M84/2 (Bohrmann et al., 2011).

4.4.1 3D seismic data

The 3D seismic data were collected using the P-Cable system (Planke et al., 2009) with 14
parallel streamers of 12.5 m length and 1.5625 m group interval. A 210 cubic inch GI gun was used as a
seismic source with a shot interval of 7 s. The 3D seismic dataset covers an area of approximately 3 x 9
km? oriented perpendicular to the channel (Fig. 4.1). Seismic processing involved geometry correction,
trace cleaning, band-pass filtering, normal-moveout correction, and post-stack time migration. In
order to interpolate several small gaps in the cube area that could not be filled satisfactorily during
acquisition, the cube was cut into time slices that were interpolated using the surface algorithm of the
Generic Mapping Tool (GMT) software (Wessel and Smith, 1998). Due to a larger datagap in the center
of the 3D cube, the interpolation method caused an elongated artifact (Fig. 4.1). The time slices were
then stacked, resulting in a final bin size of 3.25 x 3.25 m2. Due to the short length of the streamers,
subsurface velocity information was not available and therefore a constant velocity of 1500 m s™! was
used for the time migration. Subsurface penetration of the seismic data is in the order of 800-1000 ms
two-way traveltime (TWT) beneath the seafloor. Vertical resolution depends on the dominant
frequency of the seismic wavelet and thus decreases with depth. A dominant frequency of 100 Hz for
the upper 200 m of sediments in our data consequently results in a vertical resolution of approximately
4 m. Data analysis involved calculation of similarity attributes for time-gates ranging between 5 ms
and 28 ms, which results in good imaging of faults, fractures, and other structural features in high
resolution 3D seismic data.
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4.4.2 Sidescan data

Sidescan sonar data were collected using GEOMAR’s deep-towed DTS-1 system consisting of a
modified EdgeTech dual-frequency sidescan sonar with an integrated sub-bottom profiler. The
sidescan sonar’s 75 kHz center frequency provided a 1.5 km wide swath and resulted in an across-track
resolution of 5.6 cm. Survey speeds were 2.5-3 knots, allowing processing of the data to 1 m pixel size.
Concurrently obtained sediment echosounder data have a frequency content of 2-8 kHz and a vertical
resolution of a few decimeters for up to 40 m subsurface penetration in the Kerch area. Obtaining
towfish position was difficult because USBL navigation was not available and the alternative layback
method was complicated by the cable length counter not working properly. However, comparison of
seafloor features imaged both in the sidescan sonar data and other datasets such as 3D-seismic data for
which the absolute location is known with 1-2 m accuracy and micro-bathymetry of Romer et al. (2012)
allowed us to constrain the likely cable length and resulted in satisfactory layback navigation of
considerably less than 100 m in most part of the study area.

4.4.3 Hydrate stability modeling

In order to estimate the theoretical BGHSZ, we calculated the methane hydrate phase boundary
using the SUGAR Toolbox (Kossel et al., 2013). Using the seafloor horizon picked in the 3D seismic data,
we applied a regional thermal gradient of 23 °C/km and a bottom water temperature of 8.9 °C (Romer
et al., 2012). The resulting horizon was shifted from the depth domain into the time domain to allow a
comparison with the 3D seismic data. Due to the lack of seismic velocity data from the Don-Kuban
deep-sea fan, we applied a seismic velocity profile from the Danube deep-sea fan in the western Black
Sea, as both areas are characterized by similar depositional settings (Zander et al., 2017).

4.4.4 Gas column height

The gas column height required for creating a circular dome at the seafloor is calculated based
on a thin-plate mechanical model which takes into account gravitational forces (Barry et al., 2012; Koch
et al., 2015). In this model, rising gas pushes a thin layer of sediments upward before being breached.
This results in gentle doming of the seafloor (Fig. 4.2A).

We calculated the required gas column heights as follows:

_ (Pges+Pir)

= Eq. 4.1
9 glpw—pcHa) q

where hg is the gas column height, Pq.r is the pressure accounting for sediment plate deformation, Py is
the lithostatic pressure of the sediment plate, with Py = pggh (ps is the sediment bulk density, h is the
plate thickness), g is the gravitational acceleration, p,,is the density of water and p.y.is the density of
methane.

According to Barry et al. (2012), Pqer is calculated through

2
Paep = S tmax (2 4 2 ) Eq. 4.2

31-v a* 1+v

where E is Young’s modulus, v is Poisson’s ratio, a is the plate radius, and wmay is the maximum vertical
displacement.
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Two different dome geometries were tested to calculate the pressures required for the dome
structures and the height of the gas column underneath. These geometries were circular shaped and
closely match seeps B and C and the smaller sized seep A (Fig. 4.2B). For the plate thickness, we
assumed a maximum of 10 m according to the observed blanking in the subbottom profile at this depth
(Fig. 4.5F), but we also tested smaller plate thicknesses of 1-10 m. According to Romer et al. (2012), the
smaller-sized seep A is elevated by “a few meters” above the surrounding seafloor, and we consequently
used an estimated elevation wmax 0f 5 m. For the larger seep, Romer et al. (2012) noted an elevation Wmax
of 10 m. The Young’s Modulus E was estimated to range between 140 kPa and 3000 kPa for fine-grained,
shallow marine sediments (Barry et al., 2012). Furthermore, after Hamilton et al. (1971), E can be
approximated with 350 MPa for silty clays in ~1 km water depth. We therefore included this value as an
upper limit. All parameters are given in Table 4.1.
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Fig. 4.2 A: Geometry of the plate bending after Barry et al. (2012) for a circular structure with radius a, plate
thickness h, and a maximum vertical displacement Wma. The doming is forced through buoyancy of a rising
gas column from underneath. B: For the calculation of the doming, we used circles with radius a as a
representation of the surface extents of seeps A and C.

Table 4.1: Parameters for the calculation of the height of the gas column required to cause updoming of the
sediments.

Parameter Notation Value/range Reference

Poisson’s ratio v 0.49 -

Sediment bulk density Ps 2500 kg/m?® clayey sediments

Pore water density Pw 1030 kg/m3 -

Density of methane PcHa 75.93 kg/m? Calculated for a water depth of
900 m and a temperature of 9
°C (Kossel et al., 2013)

Plate thickness h 1-10 m Gas accumulations as shallow
as 10 m below seafloor
indicated by subbottom profile

Radius a 75 m (representative for -

seep A); 240 m
(representative for seep
9)
Maximum elevation Wnax 5 m (seep A), Romer et al. (2012)
10 m (seeps B & C)
Young’s Modulus E 140 kPa - 350 MPa Koch et al., 2015, Barry et al.
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4.4.5 Pore water analysis

Pore water was extracted onboard the research vessel in the cold room (4 °C) using a low-
pressure squeezer (argon gas at 3-7 bar). The pore water was filtered through 0.2 pm cellulose acetate
Whatman filters and collected in recipient vials. Dissolved Cl and SO, were analyzed by ion
chromatography, dissolved hydrogen sulfide by spectrophotometry, dissolved methane by gas
chromatography, dissolved calcium by atomic emission, and dissolved total alkalinity by HCI tritration
(see Haffert et al. (2013) for analytical details and errors). Core locations for pore water extraction are
shown in Fig. 4.3A and Table 4.2.

Table 4.2: Sampling locations at the Kerch seep site. GC = Gravity Corer, MIC = Mini Corer

Core Latitude Longitude Water depth Core length Remarks
N) (E) [m] (m)

GeoB 15519-1 (GC) 44°37.171" 35°41.763' 896 5.74 Background

GeoB 15519-2 (MIC) 44°37.105' 35°41.759' 896 0.45 Background

GeoB 15513-1 (GC) 44°37.386' 35°42.164 878 5.58 T-logger

GeoB 15513-3 (MIC) 44°37.386' 35°42.164 878 0.45

GeoB 15516-1 (GC) 44°37.230' 35°42.282' 889 5.04 T-logger

GeoB 15516-3 (MIC) 44°37.243 35°42.286 888 0.42

GeoB 15518-1 (GC) 44°37.182’ 35°42.279 887 3.57

In order to determine local rates of AOM and upward methane migration at the seep sites, we
developed a numerical transport-reaction model according to Haeckel et al. (2007, 2008) using the
parameters and boundary conditions presented in Table 4.3. The model considers concentrations of the
pore water consituents chloride, methane, sulfate, hydrogen sulfide, calcium, and total alkalinity
(simplified as the sum of HCOs and HS"). We therefore applied the partial differential equations
governing early diagenetic processes after Berner (1980):

0C _ 3

ac
at  ox (CDDS ax udDC) + PR Eq. 4.3

where @ is the porosity, C is the concentration of a solute, t is time, x is sediment depth, D; is the
effective diffusion coefficient (i.e., the molecular diffusion coefficient corrected by the sediment
tortuosity), u is the vertical advection velocity of the pore water, and YR; represents the biogeochemical
reactions the solutes are involved in. Steady state compaction is assumed by prescribing an exponential
porosity depth profile, which was constrained by non-linear least-squares fitting to the porosity data:

D(x) = Py, + (Do — Dy)e P> Eq. 4.4

where g is the attenuation coefficient for the exponential decrease of porosity with depth. Sediment
burial can be neglected at cold seep sites (Haeckel et al., 2008), and thus the pore water advection
velocity is

Dy
D(x,t)

u(x, t) = Uy Eq. 4.5
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Table 4.3: Parameters and boundary conditions used in this study

Parameter Notation Value/range Reference

Maximum depth of calculation 10 m -

Bottom water temperature 8.95 °C -

Pressure 8.85 MPa -

Pore water density Pw 1025 kg m™® -

Sediment burial velocity at We 0.02cma™ Jorgensen et al. (2004)

infinite depth

Porosity at sediment surface D, 0.94 -

Porosity at infinite depth D, 0.62 -

Attenuation coefficient for the B 0.008 -

exponential decrease of

porosity with depth

Chloride Cl 360 mM (x=0, t) -
210 mM (x=10m, t)

Methane CH4 0.011 mM (x=0, t) -
Luvp (x=10m, t)

Sulfate SO.* 18 mM (x=0, t) -
0 mM (x=10 m, t)

Hydrogen sulfide HS 0.3 mM (x=0, t) -
7mM (x=10 m, t)

Hydrogencarbonate HCOs 4 mM (x=0, t) -
18 mM (x=10 m, t)

Calcium Ca? 7 mM (x=0, t) -
23 mM (x=10m, t)

Methane concentration in Lon 93.11 mM Tishchenko et al. (2005)

equilibrium with the gas

hydrate phase

Advection velocity at the Uo 0.2-5cma’t -

sediment surface (adjusted)

Rate constant of anaerobic Kaom 200 dm® mmol!a™

concentration of methane (adjusted)

oxidation

4.5 Results

|4.5. 1 Seafloor morphology and acoustic characteristics

The Kerch seep site consists of three positive bathymetric features located in 890 — 940 m water
depth. These seep mounds have an extent of 150-700 m and an elevation of up to 10 m above the
surrounding seafloor (Fig. 4.3A). They are located in a NW-SE trending channel-levee system of the
Don-Kuban deep-sea fan, which has a slope gradient of about 1.5-2° (Fig. 4.3B). Seep A developed on
the crest of the western levee, seep B developed on the flank of the eastern levee, and seep C is located
in the channel bed towards the eastern margin of the channel (Fig. 4.3).
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Fig. 4.3A: Shaded relief map based on bathymetry data from the seafloor horizon of the 3D seismic data. B:
Slope angle calculated from the seafloor horizon. C: Seismic amplitudes derived from the seafloor horizon.
Location is shown in Fig. 4.1, coordinate system is UTM 36N.
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The amplitudes of the seafloor reflection in the seismic data are considerably higher for the
channel bed than for the adjacent levee sediments (Fig. 4.3C). Similarly, the levees produce a
homogeneous low backscatter return in the sidescan sonar images (Fig. 4.4A). Closer to the channel
bed, the seafloor backscatter increases and shows an inhomogeneous distribution combined with
patches of very high backscatter.

The sidescan sonar data suggest that seep B features the strongest relief of the three seeps, as
indicated by shadows and increased backscatter intensity of the surface slopes facing towards the
sidescan towfish (Fig. 4.4A). The central, elevated area of seep B is of low backscatter, similar to the
backscatter signal of the surrounding levee. The western margin of seep B shows some patches of
homogenous medium backscatter.

A ;
allow bright spots
(P-Cable, Fig. 4.5 C,D)

amplitude blanking
~ (subbottom profiler, Fig 4.5F)

¢ flares

715500 G ! 715500 |

Fig. 4.4A: Processed sidescan sonar mosaic of the study area. The location of this image is shown in Fig. 4.1.
High backscatter intensity is white. B: The same sidescan sonar image overlain with the seep outlines shown
in Fig. 4.3. Locations of the near-surface bright spots interpreted in the 3D seismic dataset (Fig. 4.5C, D) are
shown in red, the extent of the zones of acoustic blanking in the subbottom profiler (Fig. 4.5F) is shown by
blue lines, and the locations of observed gas flares are marked by blue arrows. C: water column anomaly in
raw sidescan data. Coordinate system is UTM 36N.

Seep C does not produce a clear image in the sidescan sonar data, especially at its western
margin at the center of the channel (Fig. 4.4). The seep is characterized by a sharp medium to low
backscatter contrast of the eastern and southern margins towards the surrounding sediments. In
general, seep C shows less indications for topographic relief compared to seep B, and less elevation
above the surrounding seafloor. The surface inclination of seep C is relatively uniform with inclination
angles of less than 1.5 ° (Fig. 4.3B). The smallest seep of the study area, seep A on the crest of the levee,
is characterized by four northwest to southeast trending linear patches of high backscatter intensity
with patches of low backscatter in between.

In addition, two minor elevated backscatter features were observed in the sidescan mosaics
(blue arrows in Fig. 4.4B): one on the western margin at seep B, and one on the northeastern margin at
seep C. Seep C was also crossed directly by the sidescan towfish track, and a minor acoustic anomaly in
the water column exists at this crossing (Fig. 4.4C).
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4.5.2 Subsurface

We distinguish four facies units in the seismic data. Seismic unit 1 is situated in the bathymetric
depression bound by seismic unit 2 and comprises the channel deposits of the channel-levee system
(Fig. 4.5C, D). The unit extends for about 1500 m in SW to NE direction, with thicknesses ranging
between 50 ms TWT towards the margins and 120 ms TWT at the center. The seafloor amplitudes at
the top of unit 1 are the highest observed in our data (Fig. 4.3C). The reflectors are discontinuous and
often chaotic. Their amplitudes are variable, and several scattered reflections are of very high
amplitude and some of these have reversed polarity compared to the seafloor.

Seismic unit 2 comprising the levee sediments is found on either side of the channel (Fig. 4.5C,
D). It consists of numerous, well-stratified continuous reflections that dip towards the central axis of
the ridge-like structures. On the western side of the channel, unit 2 is about 150 ms TWT thick. Unit 2
features numerous near-vertical displacements of reflectors with offsets of up to 10 ms. Some of these
discontinuities, which we interpret as faults, extend up to 500 m laterally (Fig. 4.5E), and their general
orientation follows the strike direction of the levees (NW to SE). The shallow subbottom profile crossing
this area shows that the faults reach up to 2-5 m beneath the seafloor (Fig. 4.5F).

Seismic unit 3 is situated below units 1 and 2. This unit varies in thickness between 10 ms TWT
at the intersection point between units 1 and 2, and about 40 ms TWT below unit 2. The seismic
amplitudes are generally high and the polarity of the major reflections in unit 3 is reversed compared
to the seafloor reflection.

Seismic unit 4 comprises the sediments underneath unit 3. Unit 4 is generally seismically
transparent, but several isolated and elongated reflectors can be identified. These reflectors are mostly
parallel to the reflectors in unit 3 and the seafloor, and some are characterized by elevated amplitudes
and a reversed polarity compared to the seafloor reflection (Fig. 4.5A-D).

4.5.3 Seep domes

The seafloor domes are underlain by shallow high amplitude patches with reversed polarity
(Fig. 4.5C, D). The lateral extent of these patches is limited to the seafloor domes (Fig. 4.4B) except at
seep A, where the outer margins are difficult to map due to the smaller bathymetric elevation compared
to seeps B and C. The thickness of the high amplitude patches is in the range of 20-30 ms TWT (Fig.
4.5C, D). The subbottom profile shows blanking of the acoustic signal in 10 m depth below the seep
sites (Fig. 4.5F). Below seep A two NW to SE trending linear features of about 100-150 m length are
observed (Fig. 4.5E). These narrow anomalies are of about 200 m length and extend vertically through
unit 3. In the similarity time slices, these two anomalies differ from typical narrow fault signatures as
they both consist of two parallel lines of low similarity and a line of high similarity in between. This
effect is caused by an upward bending of the well-stratified reflectors, which is most likely a velocity
effect (pull-up) and does not reflect the stratigraphy.
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Fig. 4.5 A: 3D inline across the channel-levee system and seeps A and C. B: 3D inline across seep B. Locations
of A and B are shown in Fig. 4.1. C: Interpreted section of A highlighting four main seismic units: Channel
facies (unit 1, blue), levee facies (unit 2, red), unit 3 underlying the channel-levee system (orange), and unit
4 (green). Bright spot areas underneath seeps A and C are highlighted in yellow (lateral extent shown in Fig.
4.4B) and the most likely migration pathways for free gas are marked by yellow arrows. Several faults were
identified in the levees (black lines). In the absence of a bottom simulating reflection (BSR), the theoretical
depth of the BGHSZ was calculated for the regional geothermal gradient (red line). D: Interpreted section of
B in the same style as in C. E: Similarity time slice of the area. Narrow elongated anomalies of low similarity

are present within all of the seeps (yellow arrows). The faults in the levee facies are apparent as sharp
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elongated zones of low similarity (white ellipse). The location of the time slice is shown in C and D. High
similarity appears white. Coordinate system is UTM 36N. F: Subbottom profile across the seeps A and C. A
prominent fault was identified within the top 20 m of the levee deposits. The area underneath the seeps is
characterized by acoustic blanking beginning at around 10 m below the seafloor (red). Lateral extent of the
blanking is shown in Fig. 4.4B.

Seep B on the levee flank is also situated above well-stratified levee sediments (Fig. 4.5B, D). A
narrow low-amplitude anomaly of about 150 m length in NW to SE direction extends vertically into
unit 3. Between seep C and unit 3, the chaotic reflectors of the channel bed show several patches of
high amplitudes and inversed polarity (Fig. 4.5A, C). Towards the eastern margin of seep C, the
similarity slices reveal a vertical narrow low-amplitude anomaly of about 100 m length, which connects
the shallow bright spot with unit 3 (Fig. 4.5C, E). The identification of the lower termination of these
vertical anomalies is difficult with the available seismic data.

A bottom-simulating reflection (BSR) typically indicating the interface between gas-hydrate-
bearing sediments above and gas-bearing sediments below (Hyndman and Davis, 1992) could not be
identified in the seismic dataset. However, at least at seep A, the vertical anomaly associated with the
seep site appears to extend into the free gas zone beneath the modelled BGHSZ (Fig. 4.5C).

4.5.4 Pore water geochemistry

Background situation

Two cores taken from a reference site (GeoB 15519-1, 15519-2, Fig. 4.3A) are not influenced by
methane gas seepage or fluid flow. The data show a decrease in Cl" concentration from ~350 mM at the
sediment/water interface to ~225 mM in 600 cm depth. This is a common observation in the Black Sea
as it reflects the diffusion of the marine bottom water chloride into the limnic sediments (Manheim
and Chan, 1974; Reitz et al., 2011). Sulfate depletes linearly from ~18 mM at the surface and is
completely consumed in about 250-350 cm depth. Similarly, total alkalinity and sulfide show a
maximum at the depth of sulfate penetration (sulfide: ~2 mM, TA: ~14 meg/1), and concentrations of
methane are increasing from 5-7 mM to 8 mM below this depth (Fig. 4.6). A background temperature
gradient of 23 °C/km has been measured with thermomisters attached to the gravity corer from
reference station GeoB 15519-1.

Seep situation

The cores taken at the seep locations (GeoB 15513-1, 15513-2, 15516-1, 15516-3, 15518-1, Fig.
4.3A) show a sulfate penetration depth as shallow as 0 — 10 cm (Fig. 4.6). TA and HS" peak around the
same depth (TA: up to ~27 mM, HS: up to ~12 mM), and the methane concentrations increase as well
(>20 mM at 10 cm depth). Gas hydrates were present in the form of platy chips in core 15513-1 (ROmer
etal., 2012). A temperature gradient of 60 °C/km has been calculated from station GeoB 15516-1, which
was collected at the margin of seep A (Fig. 4.6). We modelled gas transport through fluid flow for
different advection velocities between 0.2 cm a™ and 5 cm a™! in order to determine whether water flow
is the dominant transport process. We fitted the resulting curves manually to the shallow methane
increase, sulfate penetration, and temperature gradients.

99



Chapter 4: New insights into the Kerch seep plumbing system in the Black Sea

2_
ClI™ [mM] Temperature [°C] Porosity SO4 [mM]
200 250 300 350 9 9.2 9.4 0.4 0.6 0.8 1
0 0 0
100 100
200+ 200 200
seep
=S (GeoB 15516-1)
O, 300 300 60°Ckm 300
_E A
o
O 400 400 400 400 background
[m] GeoB 15519-1,2
5004 500 500 500 —O— GeoB 155131 |
—B&— GeoB 15513-3
" i —5— GeoB 15516-1
reterence - L
6007 ¢ oos Tearey 600 600 o Gwen 155101
~23°C/km
700 700 700
TA [meq/l] HS™ [mM] ca* [mM]
0 10 20 30 0 5 10 15
0 = 01 = — N
100 100 1001 i
200 2004 % 200+ 4
E ‘ 4
S, 300 300 # 300 L%
< g 3
Q.
© 400 400 400 400 .
o R
500 500 500 500 Wp
600 600 600 600 - s o
)53
700 700 700 700

Fig. 4.6: Depth profiles of temperature and porosity and concentration depth profiles of ClI', SO/, CHy, total
alkalinity (TA), HS and Ca* from the gravity cores taken at a reference station and the seep sites. Core

locations are shown in Fig. 4.3A.

4.5.5 Gas column heights

The results for the calculated gas column heights required for the updoming of the sediments
are in the order of 3 — 27 m for both seep geometries, assuming a Young’s Modulus E of 140 kPa (Fig.
4.7). The use of a larger value for E (350 MPa) requires larger gas column heights of 4 - 86 m for the
seep A geometry (Fig. 4.7), and 3-28 m for the seep C geometry. For seep C, the gas column height
increases only slightly compared to models in which a lower Young’s Modulus E of 140 kPa is used.
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Fig. 4.7: Diagram of gas column height versus plate thickness for seeps A and C, shown for two different
Young’s Moduli E.

4.6 Discussion

|4.6.1 Free gas distribution in the shallow subsurface

Combined with the flare mapping carried out by Romer et al. (2012), our diverse dataset allows
detailed screening for gas signatures of the shallow subsurface of the Kerch seep site, providing a more
complete picture of the actual subsurface gas distribution and plumbing system. Anomalies indicating
the presence of free gas are present in all acoustic datasets and allow a detailed study of the advantages
of the different methods in terms of resolution, depth penetration, and surface backscatter.

Gas escape into the water column was detected in the raw sidescan sonar data where the nadir
of the towfish crossed the eastern margin of seep C (Fig. 4.4C). Furthermore, we interpret several high
backscatter anomalies in the sidescan mosaic at the margins of the seeps as flares (Fig. 4.4B), which
confirms the observations by Romer et al. (2012) that gas escape into the water column occurs mainly
at the rims of the seep instead of the center.

Bright spots with reversed polarity are present at shallow sediment depths for each seafloor
mound, indicating the presence of free gas underneath the seafloor mounds (Fig. 4.4B, Fig. 4.5C, D).
Such anomalies are often observed in the shallow subsurface at vent sites (e.g. Evans et al. 2007, Wenau
et al., 2014). These shallow gas pockets are most likely the source of the gas escaping into the water
column. Acoustic blanking in the subbottom profile (Fig. 4.5F) indicates that gas is trapped as shallow
as 10 m below the seafloor at seep A. The seismic datasets also show that the lateral extension of the
gas pockets in the shallow subsurface is generally limited to the surface expression of the seeps and
does not appear outside the seep area (Fig. 4.4B).
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Although we do not observe a BSR in the seismic data, the presence of gas hydrates in the GHSZ
is predicted as there is a sustained supply of methane from microbial generation within and underneath
the BGHSZ. The calculated BGHSZ based on the background geothermal gradient (23 °C km™) may be
shifted upwards due to elevated temperatures. The seismic data suggests that the three seeps are
vertically connected to the free gas zone underneath the BGHSZ. Gas migration through the GHSZ
occurs in the form of focused flow rather than diffusive flow. The elongated anomalies observed in the
seismic data below each of the bright spots are interpreted as the vertical migration pathways for the
free gas through the GHSZ. It is possible that small offset faults, which are apparent especially in the
levees favor the gas migration through the GHSZ.

4.6.2 Gas transport mechanism

The undisturbed background sediment cores show an increase in TA and sulfide in about 250-
350 cm depth, which is caused by the anaerobic oxidation of methane (AOM). At the seeps, the AOM
front has moved upward to a depth of 0-10 cm due to the high methane flux from depth, which is
indicated by the shallow sulfate penetration depth. In our model, we tested whether methane is
transported by fluid flow (as suggested by Romer et al. (2012) in order to explain increased
temperatures at the seep sites) or by gas bubbles. We therefore fitted the model results for both
mechanisms to match the shallow AOM and the elevated geothermal gradient at the seep site.
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Fig. 4.8: Model results for upward fluid advection velocities of 0.2 — 5 cm a’! in comparison to the
observed pore water and temperature data shown in Fig. 4.6.
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Fitting the model to the shallow methane increase and sulfate reduction through fluid flow
requires an advection velocity of at least 5 cm a™! to deliver sufficient methane (Fig. 4.8). The resulting
Cl" model curve, however, indicates a more rapid Cl decline compared to the observed data from the
gravity cores at the seep site. Similarly, the temperature gradient would be significantly higher
compared to the in situ temperature logs from the seep site. These results strongly suggest that
methane is not transported by water flow at the seep site. Moreover, matching the model to the in situ
temperature data at the seep site limits the fluid advection rate to <0.2 cm a’!, which does not transport
sufficient methane towards the shallow sediment column and disagrees with the shallow sulfate
reduction front. These results strongly indicate that the system is dominated by methane transport
through gas bubbles decoupled from upward fluid advection that may eventually be driven by non-
steady state compaction.

The slightly elevated and scattered chloride data from the seep pore water data are likely the
result of methane gas rising through the shallow sediments. The gas bubbles irrigate the pore water
and enhance solute exchange with the bottom water. This process was discussed in detail for seep sites
in the Sea of Okhotsk (Haeckel et al., 2007) and has also been suggested for seeps at the Hikurangi
Margin off New Zealand (Schwalenberg et al., 2010; Luo et al., 2016), and offshore Taiwan (Chuang et
al., 2013). The surface expression of irrigation tubes can be clearly identified in seafloor photographs
from the Kerch seep sites with active bubble emission (Romer et al., 2012; their Figs. 7 and 8).

Active exothermic gas hydrate formation could explain the elevated temperature data at seep
A, which were beyond the 60 °C/km gradient from core GeoB 15516-1 (Romer et al., 2012). Active gas
hydrate dissociation and formation was suggested at the Dvurechenskii mud volcano in the Sorokin
Trough (NW Black Sea) to act as a thermostat, thereby changing the heat flow in the shallow sediment
(Feseker et al., 2009). Active gas hydrate formation also occurs at the seep sites in the eastern Black Sea
(Heeschen et al., 2011).

4.6.3 Gas doming

If methane is transported via bubbles, updoming of the sediments at the three individual seeps
is likely caused by gas overpressure. Carbonate build-ups as the cause of the dome structures can be
excluded based on the sidescan sonar images, sediment echosounder data, and seafloor photographs
of Romer et al. (2012). Furthermore, gas hydrate formation as the cause for the updoming can be ruled
out since there is no evidence for high gas hydrate saturation or massive thick gas hydrate
accumulations in the available data. The required gas column heights for the seep domes are in the
order of 3-27 m for both of the tested geometries. Although the gas column heights for E of 350 MPa
are up to three times higher for the seep A geometry compared to the gas column heights for E of 140
kPa (Fig. 4.7), we think that E is located more at the low end within 140 kPa to 3000 kPa as discussed
by Barry et al. (2012). A variation of E within this range changes the resulting gas column heights only
by a few centimeters. Compared to the thickness of the gas signatures identified in the seismic data
(20-30 ms TWT, which corresponds to a thickness of 15-22.5 m for a seismic velocity of 1500 m s™),
these calculated gas column heights (3-27 m assuming E of 140-3000 kPa) are consistent and plausible.
These results strongly suggest that gas flux driven by buoyancy is causing the sediment updoming at
the seep sites. Gas hydrate layers, although only small amounts have been recovered, likely support the
permeability barrier and sealing at the center of the seeps, forcing the free gas to divert towards the
margins of the domes as suggested by Romer et al. (2012).
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4.6.4 Age of the seeps

The different mound morphologies and shallow distribution of the free gas underneath the
domes may indicate that the three seeps reflect different development stages and did not necessarily
develop at the same time. This is supported by the observation that each seep is associated with its own
isolated gas pocket, which is fed individually from beneath the GHSZ (Fig. 4.4B). Seep B is most likely
the most ancient one of the three seeps. It has a more complex morphology compared to the other two
seeps, while at the same time the subsurface gas signature is smaller and more scattered. This might
indicate that most of the gas, which led to the doming of the sediments, has already escaped into the
water column or formed gas hydrates in the shallow subsurface. Seep A, on the other hand, is probably
the youngest seep in this system. Due to its development on the crest of the levee, the gas had to have
migrate through a thicker column of fine-grained, less permeable sediments compared to the other
seeps. Seep A is also the most active seep of the three, as indicated by the larger number of flares (Romer
et al., 2012) and by the distribution of the bright spots, which coincide with the surface expression of
the seep. These observations indicate that the development of seep A is ongoing and it may grow
laterally to an extent similar to the other two seeps.

These observations may further indicate that the migration pathways below seep B (and
probably seep C as well) have been sealed over time, e.g. by the formation of gas hydrates in the lower
part of the GHSZ. Consequently, more gas is transported towards the seabed before the pathways
become sealed by hydrate formation. The complexity of gas bubble transport through a hydrate plug
was demonstrated by Austvik et al. (2000), who showed that hydrate plugs remain porous and the
bubbling gas forms small-scale channel pathways, which then get sealed over time by additional
hydrate formation.

Unlike other seeps in the Black Sea, such as the Batumi seep site offshore Georgia (Klaucke et
al., 2006), the Kerch seep site lacks extensive carbonate crusts at the surface, which is indicated by the
low backscatter in the sidescan sonar data especially at seep B (Fig. 4.4) and the absence of high-
amplitude normal-polarity reflectors in the pipe structures observed in the 3D seismic data. Some
patches of elevated backscatter at the margin of seep B may have been caused by an increased volume
roughness in the shallow subsurface (<10 cm depth) due to the presence of shallow carbonates, gas
hydrates or free gas (Blondel and Murton, 1997). This observation indicates that the Kerch seep system
is likely younger than e.g. the seep sites in the eastern Black Sea, which feature extensive carbonate
buildups (Klaucke et al., 2006). Gulin et al. (2003) suggested that carbonate structures growing at
methane seeps in the Black Sea originate from 5300-2900 years before present, which corresponds to
the time of stabilization of the upper boundary of the anoxic zone in the water column after sea level
rise since the last glacial maximum. As the Kerch seep site presently lacks such carbonate buildups, we
propose that all three seeps correspond to seep type 4 (carbonate-free sites) after Dumke et al. (2014).
We therefore suggest that the Kerch seep site is younger than 2900 years based on the estimations of
Gulin et al. (2003).
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4.7 Conclusions

The combined analysis of the Kerch seep site carried out in this study was based on high-
resolution 3D seismic data, deep-towed sidescan sonar data, subbottom profiler data, and pore water
analysis. The seep site is located in around 900 m water depth well within the GHSZ and comprises
three seafloor domes. Each seep is underlain by isolated gas pockets, which are fed with methane gas
migrating along individual narrow pathways through the GHSZ. Our calculations show that gas
overpressure is likely the driver for the updoming of the sediments, and the required gas column
heights are in the order of 3-27 m, which fits well to the observed gas signatures in the seismic data.
Methane is transported through the sediment column towards the seep surface as free gas. Based on
seismic expressions and surface backscatter of the seeps, we suggest that the Kerch seep site is a rather
young seep system that lacks extensive carbonate crusts observed at other seep sites in the Black Sea.
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5. Conclusions and outlook

5.1 Summary of the key results

The work presented in this thesis has provided new insights into the complex gas and gas
hydrate system of the Black Sea. The research objectives posed in the motivation of this thesis could be
answered throughout the three individual case studies, which results are presented in the following.
Additionally, further implications from these studies are given and an outlook for future studies is
presented.

5.1.1 Multiple BSRs in the Danube deep-sea fan

The analysis of new high-resolution 2D seismic data reveals that the distribution of anomalous
multiple BSRs is limited to the levees of a buried channel-levee system of the Danube deep-sea fan. Up
to four BSRs overlying each other are observed. The shallowest BSR thereby mimics the theoretical base
of the GHSZ calculated from regional geothermal gradients and salinity data.

Overpressured gas compartments can be excluded as the cause for the formation of the deeper
BSRs, because the height of the necessary gas column would significantly exceed the vertical distance
between two overlying BSRs. Instead, the results indicate that the deeper BSRs are paleo-BSRs, which
could be related to paleo seafloor horizons located between the buried channel-levee system and the
levee deposits of the Danube channel.

The BSR formation was favored by temperature and pressure conditions that were controlled
by rapid sediment deposition rather than bottom-water temperature changes or sealevel variations.
These changes are more distinctive in the Black Sea, and especially in the Danube area, because of the
isolation of the Black Sea from the Mediterranean during sealevel lowstands. The BSRs are therefore
interpreted to reflect stages of stable sealevel lowstands during glacial times. Their observation in
seismic data indicates that small amounts of free gas are still present beneath each of the paleo-BSRs,
and that buoyancy-driven upward gas migration is inhibited by the low gas concentrations. In addition,
the paleo-BSRs may reflect the real geotherm (around 35 °C km™). These results suggest that the
Danube area is not in a thermally steady state and is therefore still adapting to increasing bottom-water
temperatures since the last glacial maximum.

5.1.2 Potential impacts of gas hydrate exploitation on slope stability

Hazards associated with gas hydrate production-induced slope failures in the Danube deep-sea
fan were investigated based on a combination of multibeam echosounder data, 2D multichannel
seismic data, and geotechnical samples. A three-step analysis was carried out, including (1) a
preliminary area screening for critical slopes, (2) a 2D slope stability analysis, and (3) a run-out analysis
for a hypothetical landslide. The analysis was based on a hypothetical gas hydrate reservoir located 60
m below the seafloor in water depths of about 1500 m.

Screening of the area based on multibeam bathymetry data shows that the area is generally
stable, with some critical slopes at the inner levees of the paleo channels. The 2D slope stability model
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reveals that the FoS against slope failure is around 1.27, with a calculated slip plane at the steepest part
of the levee wall. The slip plane has a maximum thickness of 15-17 m and a horizontal length of about
120-140 m. Hydrate production with the depressurization method would increase the effective stress
in the reservoir, resulting in reservoir compaction and seafloor subsidence in the order of 0.4 m.
However, the simulation shows that the subsidence does not affect the FoS, and it is therefore unlikely
that the production process would trigger a landslide. Should a landslide originate from the calculated
failure plane, the mobilized mass would impact the production site with velocities of up to 10 m s’..

5.1.3 The Kerch seep site in the Don Kuban deep-sea fan

The Kerch seep site was investigated based on 3D seismic data, sidescan sonar data, and pore
water data. The results show that each of the three seeps that constitute the Kerch seep site hosts its
own gas pocket, which is supplied with biogenic methane via narrow pipes extending from the free-gas
zone through the GHSZ. Methane is transported predominantly in the form of gas bubbles. The distinct
seep mounds are caused by sediment updoming due to gas overpressure. Unlike other seep sites in the
Black Sea, the Kerch seep sites represents a relatively young and active seep system that lacks extensive
carbonate crusts at the seafloor.

5.2 Implications

BSRs in seismic data are, in general, well understood. In the hydrocarbon industry, the BSR is
generally accepted as an indicator for the presence of gas hydrates and, more importantly, for the
presence of free gas underneath. Knowledge of the BSR distribution is also useful in other aspects, e.g.
to estimate the energy resource potential of an area by, e.g., the identification of positive high-
amplitude reflections within turbidity zones. In addition, gas blow-out hazards can be mitigated by not
drilling in areas where a BSR is observed.

In contrast, double or multiple BSRs are still not well understood. Our study of the multiple
BSRs in the Danube deep-sea fan and a comparison with other examples of double BSRs from around
the world (chapter 1.4.4) confirms that multiple BSRs are local features that can have a multitude of
origins. Consequently, each of these sites have to be studied individually in order to understand the
causes and implications of these anomalous BSRs.

The analysis of the multiple BSRs in the Danube deep-sea fan has provided new insights into
the origin of these BSRs. Overpressured gas compartments can be excluded as the cause for multiple
BSRs — not only in the Black Sea, but also in other areas, especially in cases where the BSRs clearly
crosscut strata. The required pressures are too high and would rapidly exceed the lithostatic pressure,
even when two overlying BSRs are only a few tens of meters apart. The absence of overpressured gas
compartments in the Danube deep-sea fan implies that the multiple BSRs likely do not represent a
potential hazard for drilling operations in the overlying hydrate bearing zone. Although free gas is
present beneath the BSRs, it is of low concentrations. An important result is that in areas with multiple
BSRs, low concentrations of free gas can remain in the sediment strata for several tens of thousands of
years without starting to migrate towards shallower depths. These small gas accumulations therefore
seem to be unaffected by recurring phases of sea level lowstands associated with changes in hydrostatic
pressure in the order of 1-1.5 MPa.
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The slope stability analysis in terms of potential exploitation of gas hydrates in the Danube
deep-sea fan shows that the hazard of slope failure due to production is minor. The three-step approach
to determine the hazard of triggering a landslide through hydrate production is very straightforward
and consisted of a preliminary area screening for critical slopes, a 2D slope stability analysis, and a run-
out analysis for a hypothetical landslide. This approach can be recommended for application to other
suitable gas hydrate reservoirs around the world, as many are located in similar settings. The only
drawback of the model was the lack of geotechnical samples from the study area, which is a major issue
in submarine landslide studies in general (e.g. Vanneste et al.,, 2014). However, if more in situ
geotechnical data become available, these can easily be integrated into the model to improve the
accuracy.

The combination of high-resolution 3D seismic data and sidescan sonar data for the
investigation of seep sites had been suggested by Talukder (2012) to get a deeper understanding of the
complex plumbing processes involved at seep sites around the world. By complementing this dataset
with pore water data, it was possible to determine the mechanism that led to the observed sediment
updoming at the seep site. Moreover, the Kerch seep study comprises an in-depth analysis of the gas
migration pathways and gas transport processes involved at the seep site. This multi-disciplinary
approach is therefore recommended to be applied to other seep sites from around the world. In order
to better constrain the gas column heights calculated for the Kerch seep site, geotechnical samples and
better estimations of the thickness of the updoming sediment plate should be collected.

5.3 Outlook and recommendations for future research

|5.3.1 Recommendations for future studies on the multiple BSRs

To improve the correlation of the multiple BSRs in the Danube deep-sea fan with different
limnic stages of the Black Sea, a more accurate dating of the overlying sediment sequences is required.
The present interpretation of the age of the sediment deposits, and especially of the buried channel-
levee system where the multiple BSRs are observed, is based largely on the study of Winguth et al.
(2000). The authors dated the sediment units by counting seismic sequences, but recent geologic
interpretations (unpublished industrial data) suggest that some sequences might have been missed.

Are more accurate sequence stratigraphy model of the Danube deep-sea fan based on 2D
seismic profiles is currently done by Orhan Atgin as part of his PhD thesis at the Dokuz Eyliil University
in Turkey. However, in order to get more accurate age estimations for the sediment sequences, drilling
through the deposits of the Danube levee into the underlying layer A (Fig. 2.3), and ideally into the
levee deposits of the buried channel-levee system, is required. Based on the study presented in Chapter
2, drilling sites were proposed for an upcoming RV Meteor cruise in the Danube deep-sea fan, which is
scheduled for November 2017. During this cruise, the MeBo drilling device will be operated in the study
area. The MeBo has a maximum penetration depth of 200 m below the seafloor and is therefore in
theory capable of reaching into the shallowest sediment column of the buried channel-levee system.

In order to investigate our hypothesis that small amounts of free gas are present beneath each
of the multiple BSRs, multi-phase flow simulations are currently carried out at GEOMAR by Christian
Deusner and Shuphangi Gupta. In addition, an acoustic inversion of the high-resolution reflection
seismic profiles may provide more insight into the concentration of free gas that may be present
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underneath the BSRs. This method was recently applied by Crutchley et al. (2017) to long-offset
streamer data from New Zealand’s Hikurangi Margin. If the same approach would be applied to the
Danube deep-sea fan, an accurate background velocity model would be required, which could be
provided by the data from the OBS deployments in the area.

5.3.2 Recommendations for future studies on the gas hydrate reservoir and slope
stability in the Danube deep-sea fan

The main challenge of out slope stability analysis for gas hydrate production include the
uncertainty of the dimensions of the gas hydrate reservoir, the lack of reliable estimates of in situ gas
hydrate saturations, and the lack of in situ geotechnical samples. The first two challenges, i.e., the
dimension and properties of the gas hydrate reservoir, will be addressed by the upcoming RV Meteor
cruise on which the MeBo drilling device will be operated. After a suitable target for a test dill (and
eventually one or more sites for a later production) has been selected, a more detailed geotechnical
study can be carried out in the area. The focus of this geotechnical should be the collection of sediment
cores in the vicinity of the selected test site, i.e., along the nearby levee slope and in the channel bed.
The cores should ideally penetrate below the deposits of hemipelagic sediments, i.e., at least 10 m
beneath the seabed. This would allow sampling of both levee and the channel sediments to obtain their
physical properties, which could then be used to improve the model results.

The slope stability modeling could further be improved by extending it to a full 3D model based
on the 3D seismic data that are already available from the study area. The advantages of the 3D
approach are that the full geometry of the area is taken into account, including the slope angle in the
course direction of the channel. Furthermore, weaker, steep areas along the heterogeneous levee slope
could be detected, which could not be taken into account in the 2D slope stability model as they may
be located slightly offset to the profile. The 3D method would also allow determining a realistic
sediment volume that may slide into the channel in case slope failure occurs.

Additionally, small-scale slumps and slides, especially along the levee walls, should be studied
in more detail as they indicate the presence of weak sediment layers and failure planes. Identifying
such slides in the existing multibeam bathymetric data can be challenging due to the resolution of the
echosounder data (10 x 10 m?), which may be too low to image the seafloor area affected by these slides.
It is therefore recommended to map the area with AUVs or deep-towed sidescan sonars to acquire
higher-resolution bathymetry and backscatter data for an improved detection of small-scale features.

5.3.3 Recommendations for future research on the Kerch seep site

One of the most interesting observations in the seismic data from the Don-Kuban paleo deep-
sea fan is the absence of a BSR. As the area is characterized by active methane seepage and the
confirmed presence of gas hydrates (Romer et al., 2012), the absence of a BSR is unusual and should
therefore be studied in more detail. I would therefore suggest mapping the Don-Kuban deep-sea fan
using similar seismic tools as in the Danube deep-sea fan, i.e., a streamer of >1km in length. This
method would allow studying the deeper structure and sequences of the sedimentary succession of the
fan, and it would also help to find out whether a BSR is absent in the entire area. The use of a long-
offset streamer would also allow to get accurate seismic velocities in the subsurface, which could be
used to create depth-migrated profiles.
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Another useful dataset from the Kerch seep site is the data from repeated water column
imaging surveys, which were performed during four different cruises since 2007: RV Meteor cruises
M72/3 (2007), M84/2 (2011), RV Maria S. Merian cruise MSM15/2 (2010), and RV Poseidon cruise P427
(2012). This database can be used to study the temporal changes of gas flares, thus giving insight into
the seep activity over time. A comparison between the 2007-2011 cruises was already presented in the
study of Romer et al. (2012), but the extensive water column data from the P247 cruise has not yet been
examined, and extending this database would be desirable. Ideally, a future cruise could also acquire
an additional P-Cable 3D seismic dataset to obtain a second 3D snapshot of the subsurface, which could
be used to investigate potential temporal changes of the gas distribution underneath the seeps.
Combining the two datasets into a 4D dataset would also give insights into any short-term changes of
the vertical gas migration pathways, such as lateral growing, clogging, or formation of new pathways.

Furthermore, an advanced CSEM survey would help identifying layers and zones of higher
resistivity than the surrounding sediments. The CSEM method could confirm the presence and
distribution of gas and gas hydrates in the subsurface underneath the seeps, as shown by studies of
Schwalenberg et al. (2010) and Rippe et al. (2014) from the Hikurangi Margin in New Zealand.
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Appendix

Appendix

A.1 Supporting information: Chapter 2 — Heat flow simulation

Model description
The heat flow in the sediment was simulated using the 1D non-steady state transport equation:

or o AoT
e Y & Eq. A.1
ot ox\cp Ox

where t is time, x is the depth, T is the temperature, A is the thermal conductivity of the
sediment matrix, u is the advection velocity, and c;, is the thermal capacity of the sediment matrix. In
Equation A.1, the first term on the right side is equivalent to Fourier’s law of conductive heat transport
and the second term represents the convective heat transport due to advection (i.e. burial of bulk
sediment).

The thermal conductivity A and the heat capacity c, of the bulk sediment were calculated from
the respective values for solid phase and pore water, weighted by the respective volume fractions in the
sediment:

A=gA, +(1-9)A, Eq. A.2

where )¢ is the thermal conductivity of seawater and A; is the thermal conductivity of the solid phase,
and

¢, =g, +(1-g), Eq. A3

where cris the heat capacity of seawater and c; is the heat capacity of the solid phase. Sediment porosity
was calculated in the model using an empirical relationship (Boudreau, 1997):

#2)=¢, +(d,— 9, )eiﬂz Eq. A4

where ¢y is the porosity at the sediment surface (x=0), ¢, is the porosity at a sediment depth of x=L, and
B is the porosity attenuation coefficient (see Table A 1 for the parameter values).

The partial differential equation was solved using the ‘pdepe’ function of Matlab®. A constant
bottom water temperature (Tsw) was chosen as upper boundary condition and a constant conductive
heat flow (Fy) at the lower boundary.
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Fig. A 1: A: Bottom water warming from 4 °C to 9 °C and the change of the sediment temperature with depth
since the last glacial maximum plotted for five timesteps. B: Bottom water warming (blue curve) and the

temperature gradient of the top 400 m of sediments (red curve).

Table A 1: Summary of the parameter values used in the heat flow model

Parameter Symbol Value [Unit] Reference

Length of the model column L 15,000 [m] -

Water depth p 1500 [m] This study

Salinity of bottom water Sew 22.3 Degens & Ross (1974)
Salinity in the GHSZ Schsz 3 2

Porosity at sediment surface (x=0) ®o 0.7 based on DSDP42b Site379
Porosity at base of sediment (x=L) D, 0.38 based on DSDP42b Site379
Porosity attenuation coefficient B 0.00008 [1/cm] based on DSDP42b Site379
Heat capacity of seawater Cr 4.14-10° [J/(m® K)] Kossel et al. (2013)®

Heat capacity of sediment Cs 2.15-10° [J/(m3 K)] Kossel et al. (2013)
Thermal conductivity of seawater A 0.63 [W/m/K] Kossel et al. (2013)®
Thermal conductivity of sediment As 1.65 [W/m/K] Kossel et al. (2013) ©
Sedimentation rate u 0.03 [cm/a] Soulet et al. (2010)¢
Temperature of bottom water (x=0) Taw 91[°C] Degens & Ross (1974)
Heat flow at base of sediment (x=L) Fr. 44 [mW/m?] Sclater et al. (1980)

@ Salinities of 2-5 are reported for the Danube area and DSDP42b Site 379.

calculations. Variations between 2 and 5 do not alter the results significantly.

b Average value for p, T, S range in the GHSZ.
¢ 1.3 W/m/K for Black Sea sediments with a porosity of 0.3.

¢ Average value for the past 10-15 ka.
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A.2 Supporting information: Chapter 2 - Time-sections and
velocity profiles

The RMCS profiles were converted from time to depth using the velocity data from the
semblance analysis. The velocity profile was smoothed and does not take into account possible local
velocity anomalies, which are beyond the sensitivity of the seismic equipment due to the short offsets
of 1050 m. We then defined a 3D velocity model for the HMCS survey by extrapolating seismic
velocities derived from the RMCS profiles that cross the HMCS survey. The seismic sections presented
in Fig. 2.2 (HMCS) and Fig. 2.3 (RMCS) are shown in TWT and include 1D velocity profiles for selected
locations (Fig. A.2 and Fig. A.3).

Fig. A.2 A: TWT-section of the HMCS profile presented in Fig. 2.2. B: Uninterpreted depth-section. Inset: 1D
velocity profile. Location of the velocity profile is depicted by the black arrow.
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Fig. A.3 TWT-section of the RMCS profile presented in Fig. 2.3. B: Uninterpreted depth-section. Insets: 1D
velocity profiles. Locations of the velocity profiles are depicted by black arrows.
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A.3 Supporting information: Chapter 2 - Lithostatic pressure
calculation

The lithostatic pressure depends on the density of the overburden (Ugwu, 2015) and is
calculated by

P(z) = Py + g [} p(z)dz Eq.A.5

where P; is the lithostatic pressure, z is the depth below the seabed, Py is the pressure at the seafloor, g
is the gravitational acceleration, and p is the density.

The density was calculated from the P-wave velocity with the Gardner equation (Eq. A.6)
(Gardner et al., 1974) which is valid for velocities between 1.5 < Vp < 6.1 km/s. Due to an increasing
uncertainty for velocities of less than 2 km/s, we also calculated the density using the Nafe-Drake curve
(Eq. A.7) as presented in Brocher (2005). This approach is valid for velocities between 1.5 < Vp < 8.5
km/s.

p=aVp’ Eq. A.6
p = 1.6612V, — 0.4721VZ + 0.0671V;3 — 0.0043V; + 0.000106V5 Eq. A7
where p is the density, Vp is the P-wave velocity [m/s], a=0.31 and b=0.25.

We extracted a 1D velocity profile (Fig. A.2B) at the location of the model which is presented
in Fig. 2.5. Compared to the lithostatic pressure gradient observed in the Gulf of Mexico (red dashed
line in Fig. 2.5), the pressure values calculated with the Gardner equation are slightly higher (red line
in Fig. 2.5), whereas the pressure values calculated with the Nafe-Drake curve are slightly lower (red
dotted line in Fig. 2.5). Given that the velocity data had to be extrapolated and smoothed, the results
of the two different approaches give a good estimation of the lithostatic pressure that might be
encountered in this area.
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Abstract

We created a two-dimensional geomechanical model to analyse the hazard of hydrate
production induced slope failures in a channel-levee system of the Danube paleo-fan in the Black Sea.
Gas hydrates presumably have accumulated in coarse-grained sediments at the base of a paleo channel.
The exploitation scenario is based on depressurization of the reservoir along a vertical drill hole. The
model geometry is based on high resolution reflection seismic data. Initial results estimated the failure
surface at the steepest part of the levee slope (>8° dip) with a Factor of Safety of 1.254, which is
considered to be critically affected by seabed subsidence. Preliminary results show that the estimated
subsidence at the seafloor after pore pressure depletion of the gas hydrate reservoir is only in the order
of centimeters. The effect of production-induced subsidence on the stability of critical slopes will be
minor. However, the inherent stability of the slope is still under marginal ranges, and the material
properties and production scenario still have big uncertainties due to lack of information.

Introduction

Gas hydrates have been considered an energy resource for the past two decades as they store
vast amounts of methane in the crystalline cage structures. Natural gas hydrates occur in continental
margin sediments worldwide as well as permafrost areas and contain more energy than all other known
fossil fuel sources combined (Trofimuk et al., 1981). The sandy sediments of the Danube deep-sea fan
of the Black Sea have good reservoir conditions. 2D and 3D high-resolution reflection seismic datasets
from a paleo channel-levee system in ~1500 m water depth of the Danube Fan (Bialas et al., 2014) reveal
abundant evidence of gas hydrates and free gas, by the presence of a distinct bottom simulating
reflection (BSR). The BSR originates from the impedance contrast between sediments containing gas
hydrates above the base of the gas hydrate stability zone (BGHSZ), and sediments below containing
free gas. In the study area, the gas hydrate stability zone (GHSZ) is about 350 m thick. High-amplitude
reflections in the channel sediments above and also preliminary result from controlled source
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electromagnetic (CSEM) profiles (Schwalenberg et al., 2015) point towards coarse-grained (sandy,
gravelly) layers with high gas hydrate saturation.

For engineering and exploitation activities along a sloping seabed, the seafloor stability should
be addressed (Kvalstad et al., 2011). In the study area, the bathymetric and seismic data reveal evidence
for paleo-failures along the steep levee slopes, suggesting that the area may be prone to sediment
failure. Furthermore, reducing the in situ pore pressure in the hydrate reservoirs to allow dissociation
and exploitation, invokes an increase in effective stress and therefore a change in the geomechanical
conditions within the overburden. As a result, gas production from shallow hydrate reservoirs may
cause subsidence at the seafloor (Fjaer et al., 2008).

Bathymetry Slope (deg)
1175 m Low: O

-1675m
UTM zone
36N

Fig. B.1 left: multibeam bathymetry of the area. The study area is located in the paleo Danube deep-sea fan.
The study area is located in an ancient channel-levee system in a water depth of about 1500 m. Right: The
slope map highlights the steep slope angles (>8°) along the western levee of the paleo channel. To study the
hazard of potential slope failures due to gas hydrate exploitation from a reservoir below the channel bed, a
seismic cross section is selected for the finite element model (black line).

Objectives
The main objectives of this study are:

1. How much compaction will be caused by gas production from an assumed gas hydrate
reservoir in the study area?

2. Does the production-induced compaction affect seafloor subsidence, and if so, can it
trigger seabed failures?

3. What will be the optimal strategy to avoid a production-related geohazard?

We note that there is a lack on in situ data from the study area, and therefore, part of the work
is based on a parametric study or in-house knowledge and databases.

Slope stability assessment

This study focusses on analysing the hazard of slopes that may become unstable prior, during
or after the production of gas hydrates and the induced seabed subsidence due to reservoir compaction.
The steepest slope segments (> 8°) occur along the western levee of the SUGAR channel (Fig. B.1), and
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this is the most critical zone. The channel-base is identified in the seismic data as layers of high
amplitudes in about 60 m below sea floor (mbsf) (Fig. B.2) and preliminary analysis of a CSEM profile
implies a 6 m thick zone of increased gas hydrate saturation in this zone (Schwalenberg et al., 2015).
For our model, we postulate a second zone of gas hydrate-hosting sediments beneath a strong reflector
in about 140 mbsf (Fig. B.2).

The parametric study runs along seismic line 1107 cutting through the channel and levee
structure (Fig. B.2) where both CSEM and ocean bottom bottom seismometer data exist (Bialas et al.,
2014). The geometry of the model - such as the channel pathway, channel base and outline of the
reservoir — was derived from the interpreted key horizons in the depth-converted seismic data (Fig.
B.2).

As direct borehole measurements from the study area are not available, we had to select a
suitable range for the various geomechanical properties for the overburden and the reservoir from other
studies, public domain data and in-house knowledge. The best sources from the Danube Fan are
recently collected piezocone and pore pressure data from the Romanian area of the Danube Fan (Ker
and Riboulot, 2015). The geotechnical properties for the gas hydrate bearing sands in the reservoir were
parameterized in analogy to hydrate-bearing sediments of the Nankai Trough (Santamarina et al.,
2015).

The production scenario adopts depressurization of the gas hydrate reservoir. To this end, a
borehole is drilled vertically into the reservoir, and the pressure reduction is initialized along the entire
reservoir thickness. Following pressure reduction, hydrate will start dissociating and the dissociation
front will spread gradually from the well into the reservoir sediments. Simulations from Nankai show
that the hydrate dissociation does not exceed much more than 100 m which is taken into account in
our model, in addition to the consideration of spacing multiple boreholes.

Model approach and preliminary results

We carried out a 2D numerical modelling of the gas hydrate site using the commercial finite
element software PLAXIS 2D (Brinkgreve et al., 2007). We defined a geometry for the finite-element
model based on the geological interpretation of the seismic line. The sandy channel facies forms one
layer, overlying the shallow gas hydrate reservoir as the second layer at a subsurface depth of about 60
m and an average thickness of 6 m. The neighbouring layer represents the levees at either sides of the
channel. It consists of fine-grained overspill deposits. The deeper reservoir in about 140 m depth has
an average thickness of about 30 m. It extends laterally to the edges of the model, considering that the
seismic reflection data show sub-parallel continuous stratification in that depth interval.

The finite element modelling process is divided into two steps. First, the slip zone with the
least factor of safety (FoS) is calculated under static conditions, as an assessment of the present-day
stability of the area. This considers the resisting movement forces controlled mainly by shear strength
against the driving forces, i.e. shear stress. The result for line 1107 is shown in figure 2, highlighting
the shear strain increments along the calculated failure surface at the steepest part of the slope (8° dip).
The slip zone has a length of about 120 m, and the FoS for the initial phase is 1.254, while a FoS below
1 means failure.
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Fig. B.2 A: seismic section showing the channel levee system in the study area. The entire channel-levee
system is situated well above the base of gas hydrate stability zone, which is indicated by the BSR in about
350 m bsf (white arrows). Two potential gas hydrate reservoirs in coarse-grained sediments are highlighted
(purple, light red). A simplified geometry was derived for the geomechanical model (B), taking into account
the channel, levee and two potential reservoirs following high amplitude reflections identified in the seismic

data (purple, light red). Note the different vertical exaggerations of the seismic plot and the geomechanical
model.

In the second step, we implement the depressurization of the reservoir. The pore pressure
reduction leads to an increase in effective stress of the reservoir sands and thus the reservoir becomes
compacted. Reducing the gas hydrate saturation further leads to a reduction in stiffness and shear
strength. By varying different parameters such as borehole location, different radii for the hydrate
dissociation front, ranges for the pressure reduction, and applying these studies to both shallow and
deep reservoirs, a range of different scenarios and time scales is analysed. The impact of the reservoir
compaction to the seabed can lead to a change of loading conditions and thus would reduce the initial
FoS.

In a depletion scenario of the shallow gas hydrate reservoir with a production well at the centre
of the channel bed, pore pressure reduction in the reservoir of 12 MPa, and a depletion radius around
the borehole of 250 m shows the following results. The compaction of the shallow reservoir does not
lead to a large subsidence at the seafloor. The maximum vertical displacement is in the order of 12 -
15 cm. The FoS remains stable since the change of slope inclination is negligibly small after the pore
pressure depletion. However, locating the borehole closer towards the levee slope may have a different
impact on the load conditions.
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Conclusions

Based on geophysical data from the Danube deep-sea fan, we created a two-dimensional
geomechanical model to analyse the hazard of hydrate-production-induced slope failures in a channel-
levee system. Initial results estimated the failure surface at the levee slope that has a low Factor of
Safety of about 1.25, which is considered to be critically affected by seabed subsidence. The estimated
subsidence at the seafloor after pore pressure depletion of the reservoir is only in the order of
centimetres. The preliminary estimation concludes that the effect of production-induced subsidence
on the stability of critical slopes will be minor. However, the inherent stability of the slope is still under
marginal ranges (less than 1.5); and the material properties and production scenario still have big
uncertainties due to lack of information.
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High-resolution 2D seismic data reveal the character and distribution of up to four stacked
bottom simulating reflectors (BSR) within the channel-levee systems of the Danube deep-sea fan. The
theoretical base of the gas hydrate stability zone (GHSZ) calculated from regional geothermal gradients
and salinity data is in agreement with the shallowest BSR. For the deeper BSRs, BSR formation due to
overpressure compartments can be excluded because the necessary gas column would exceed the
vertical distance between two overlying BSRs. We show instead that the deeper BSRs are likely paleo-
BSRs caused by a change in pressure and temperature conditions during different limnic phases of the
Black Sea. This is supported by the observation that the BSRs correspond to paleo seafloor horizons
located in a layer between a buried channel-levee system and the levee deposits of the Danube channel.
The good match of the observed BSRs and the BSRs predicted from deposition of these sediment layers
indicates that the multiple BSRs reflect stages of stable sealevel lowstands possibly during glacial times.
The observation of sharp BSRs several 10,000 of years but possibly up to 300,000 years after they have
left the GHSZ demonstrates that either hydrate dissociation does not take place within this time frame
or that only small amounts of gas are released that can be transported by diffusion. The gas underneath
the previous GHSZ does not start to migrate for several thousands of years.

Extended Abstracts

Potential Impacts of Gas Hydrate Exploitation on Slope Stability — A Study from the
Danube Fan, Black Sea

Zander, T., Choi, J.C., Vanneste, M., and Berndt, C., 2016. Presented at: Near Surface
Geoscience 2016 - Second Applied Shallow Marine Geophysics Conference, 04.-08.09.2016, Barcelona,
Spain. Doi: 10.3997/2214-4609.201602158

We created a two-dimensional geomechanical model to analyse the hazard of hydrate
production induced slope failures in a channel-levee system of the Danube paleo-fan in the Black Sea.
Gas hydrates presumably have accumulated in coarse-grained sediments at the base of a paleo channel.
The exploitation scenario is based on depressurization of the reservoir along a vertical drill hole. The
model geometry is based on high resolution reflection seismic data. Initial results estimated the failure
surface at the steepest part of the levee slope (>8 ° dip) with a Factor of Safety of 1.254, which is
considered to be critically affected by seabed subsidence. Preliminary results show that the estimated
subsidence at the seafloor after pore pressure depletion of the gas hydrate reservoir is only in the order
of centimeters. The effect of production-induced subsidence on the stability of critical slopes will be
minor. However, the inherent stability of the slope is still under marginal ranges, and the material
properties and production scenario still have big uncertainties due to lack of information.

132




Appendix

Reports

Vanneste, M., Choi, J.C., Sauvin, G., Yang, S., Forsberg, C.F., Carlton, B., Kvalstad, T.]., Boylan,
N., Zander, T., Berndt, C., and Garziglia, S., 2016. Potential Impacts of Gas Hydrate Exploitation on
Slope Stability and Sediment Deformation. MIDAS deliverable, D1.6, 50 pp.

Zander, T., Deusner, C., Garziglia, S., Kossel, E., Haeckel, M., Gupta, S., Berndt, C., Bialas, ]J.,
Badhani, S., and Vanneste, M., 2016. Seismic and geotechnical characterization of hydrated sediments
in a sand-rich setting: field work and lab experiment results. MIDAS deliverable, D1.5, 51 pp.

Presentations

Haeckel, M., Zander, T., Burwicz, E., Bialas, J., Berndt, C., Dannowski, A., Hensen, C., Holz, S.,
Jegen, M., Klaucke, I., Rottke, W., and Schwalenberg, K., 2017. The gas hydrate system of the Danube
deep-sea fan in the Black Sea. 9™ International Conference on Gas Hydrates, ICGH9, 25-30 June 2017,
Denver, Colorado, USA.

Bialas, J., Dannowski, A., Zander, T., Klaeschen, D., and Klaucke, I., 2017. Approaching hydrate
and free gas distribution at the SUGAR-Site location in the Danube Delta. In: EGU General Assembly
2017, 23.-28.04.2017, Vienna, Austria.

Burwicz, E.B., Zander T., Rottke, W., Bialas, J., Hensen, C., Atgin, O., and Haeckel, M., 2017.
Estimating the gas hydrate recovery prospects in the western Black Sea basin based on the 3D
multiphase flow of fluid and gas components within highly permeable paleo-channel-levee systems.
In: EGU General Assembly 2017, 23.-28.04.2017, Vienna, Austria.

Choi, ]J.C., Vanneste, M., Zander, T., Yang, S., Carlton, B., Forsberg, C.F., and Sauvin, G., 2016.
Geomechanic assessment of hydrate-related geohazards: Case studies on Black Sea and western
Svalbard continental margins. In: MIDAS Final Meeting 2016, 03.-07.10.2016, Ghent, Belgium.

Gehrmann, R., Schwalenberg, K., Holz, S., Zander, T., Dettmer, J., and Bialas, J., 2016.
Controlled source electromagnetic data analysis with seismic constraints and rigorous uncertainty
estimation in the Black Sea. In: AGU Fall Meeting 2016, 12.-16.12.2016, San Francisco, USA.

Gehrmann, R., Schwalenberg, K., Zander, T., and Dettmer, J., 2016. Analysis of controlled
source electromagnetic data in the Black Sea: Regularized 2-D inversion with seismic constraints and
trans-dimensional Bayesian inversion to estimate uncertainties. In: New Advances in Geophysics
(NAG) Meeting 2016, Integrated Imaging of the Earth, 11.-12.02.2016, London, UK.

Schwalenberg, K., Gehrmann, R., Rippel, D., Holz, S., and Zander, T., 2016. Gas hydrate
saturation estimates from the Danube Delta offshore Romania using marine controlled source
electromagnetics. In: 13. Gas In Marine Sediments (GIMS13), 19-22.09.2016, Tromso, Norway.

Zander, T., 2016. Multiple BSRs in the Black Sea. In: TaiGer Meeting, 13.-15.04.2016, Kiel,
Germany.

Zander, T., Choi, ]J.C., Vanneste, Garziglia, S., Deusner, C., and Berndt, C., 2016. Potential
impacts of gas hydrate exploitation on slope stability in the Danube deep-sea fan, Black Sea. In: MIDAS
Final Meeting 2016, 03.-07.10.2016, Ghent, Belgium.

133



Appendix

Zander, T., Choi, ].C., Vanneste, M., Garziglia, S., Deusner, C., Berndt, C., and Haeckel, M.,
2016. Geomechanische Studien zu Hang(in-)stabilititen im Donaudelta. In: SUGAR Vollversammlung
2016, 25.-26.10.2016, Kiel, Germany.

Zander, T., Bialas, ., Berndt, C., Haeckel, M., Klaucke, I., Kunath, P., Klaeschen, D., Koch, S.,
and Papenberg, C., 2015. Gas hydrate accumulations and BSR anomalies in a channel-levee system of
the Danube Deep-Sea Fan, Black Sea. In: MIDAS Annual Meeting 2015, 16.-20.11.2015, Sintra,
Portugal.

Zander, T., Bialas, ]., Berndt, C., Klaucke, I., Klaeschen, D., Koch, S., Papenberg, C., and MSM34
Scientific Parties, 2014. Gas Hydrate Distribution in Channel-Levee Systems of the Danube Deep-Sea
Fan (Black Sea) revealed by new seismic data. In: MIDAS Annual Meeting 2014, 20.-24.10.2014, San
Miguel, Azores, Portugal.

Zander, T., Bialas, ]., Berndt, C., Klaucke, I., Klaeschen, D., Koch, S., Papenberg, C., and MSM34
Scientific Parties, 2014. Gas Hydrate Distribution in Channel-Levee Systems of the Danube Deep-Sea
Fan (Black Sea) revealed by new seismic data. In: 12. Gas In Marine Sediments (GIMS12), 01.-
06.09.2014, Taipei, Taiwan.

Zander, T., Klaucke, 1., Bialas, J., Berndt, C., Klaeschen, D., and Papenberg, C., 2014. Are cold
seep locations controlled by topographic or gas hydrate evolution? A view from the Kerch seep
plumbing system in the Black Sea. In: 12. Gas In Marine Sediments (GIMS12), 01.-06.09.2014, Taipei,
Taiwan.

Conference Posters

Dannowski, A., Bialas, ]., Schwalenberg, K., Gehrmann, R., Zander, T., and Klaeschen, D., 2017.
Shear wave modelling of high resolution OBS data with a comparison to CSEM data in a gas hydrate
environment in the Danube deep-sea fan, Black Sea. 9™ International Conference on Gas Hydrates,
ICGH9, 25-30 June 2017, Denver, Colorado, USA.

Schwalenberg, K., Holz, S., Gehrmann, R., Rippe, D., Dannowski, A., Zander, T., Duan, S.,
Jegen, M., and Bialas, J., 2017. Gas hydrate occurrences in the Danube Delta, Western Black Sea: Results
from 2D and 3D controlled source electromagnetics. In: EGU General Assembly 2017, 23.-28.04.2017,
Vienna, Austria.

Dannowski, A., Bialas, J., Zander, T., and Klaeschen, D., 2016. Shear wave modelling of high
resolution OBS data in a gas hydrate environment on the Danube deep-sea fan, Black Sea. In: AGU Fall
Meeting 2016, 12.-16.12.2016, San Francisco, USA.

Badhani, S., Bialas, J., Berndt, C., Klaucke, I., and Zander, T., 2016. Possible evidence for a
relationship between gas hydrate dissociation and submarine slope failure in the Danube deep-sea fan,
Black Sea. In: 76. Jahrestagung der Deutschen Geophysikalischen Gesellschaft, 14.-17.03.2016,
Miinster, Germany.

Dannowski, A., Bialas, ]J., Zander, T., and Klaeschen, D., 2016. High resolution shear wave
modelling of OBS data in a gas hydrate environment in the Danube deep-sea fan, Black Sea. In: 13. Gas
In Marine Sediments (GIMS13), 19.-22.09.2016, Tromso, Norway.

134



Appendix

Dannowski, A., Bialas, ]., Zander, T., Klaeschen, D., and Koch, S., 2016. High resolution shear
wave modelling of OBS data in a gas hydrate environment in the Danube deep-sea fan, Black Sea. In:
41. CIESM Congress 2016, 12.-16.09.2016, Kiel, Germany.

Schwalenberg, K., Rippe, D., Gehrmann, R., Holz, S., and Zander, T., 2016. Marine CSEM
Investigation of submarine gas hydrate targets in the Danube Delta, western Black Sea. In: 23.
Electromagnetic Induction Workshop (EMIW), 14.-20.08.2016, Chian Mai, Thailand.

Zander, T., Berndt, C., Haeckel, M., Klaucke, 1., Bialas, J., and Klaeschen, D., 2015. Distribution
and Origin of Multiple Bottom Simulating Reflectors in the Danube Deep-Sea Fan, Black Sea. In: AGU
Fall Meeting 2015, 14.-18.12.2015, San Francisco, USA.

135



Appendix

D List of Research Expeditions contributing to my PhD

23.02.2012 - 19.03.2012 Black Sea
FS Poseidon
Burgas (Bulgaria) — Heraklion (Greece)

3D seismic, OBS seismic, Deep-towed Sidescan, Subbottom
profiler, Multibeam

09.12.2013 - 17.01.2014 Black Sea
FS Maria S. Merian
Varna (Bulgaria) - Varna (Bulgaria)

2D & 3D seismic, OBS seismic, Multibeam, Sediment
Echosounder, Gravity Cores, Temperature lance

10.09.2014 - 05.10.2014 South China Sea
Ocean Researcher V
Kaohsiung (Taiwan) — Kaohsiung (Taiwan)
2D & 3D seismic, OBS seismic
01.09.2015 - 15.09.2015 Black Sea
RV Pourquoi Pas?
Constanta (Romania) — Constanta (Romania)

2D & 2D deep-towed seismic, sediment echosounder,
Multibeam

136




Appendix

E Acknowledgements

Many thanks to Christian Berndt, Jorg Bialas, and Ingo Klaucke, whose initiatives made this
PhD thesis possible, and for the support, feedback, and ideas throughout the time. I am very thankful
to Christian Berndt for the supervision and guidance, and for developing ideas on how we could put
together exciting manuscripts from the conglomerate of data and interpretations.

I thank Wu-Cheng Chi for the supervision and guidance during my stay at the Academia Sinica
in Taipei in early 2016. Although the time was rather short, I learned so much about heatflow modeling
and connecting these models to real geophysical datasets. But I also got to know a lot about Taipei, and
the field trip made this stay a truly unforgettable experience! Special thanks go to Pascal, Celine, Dai-
Chieh, Kim, Wenzoe, and Yu-Sien for making the short time as comfortable as possible, for showing
me around, and for the nice lunches around the campus.

I wish to thank Maarten Vanneste and Jung-Chan Choi for the guidance during my stay in the
Offshore Geotechnics and Geohazards group at the Norwegian Geotechnical Institute in Oslo.
Together, we managed to find a way to connect our geophysical data with geotechnical simulations and
I really learned a lot about this complex field and about connecting the dots, even though some of the
normally required data was not available. Thanks also to Bahman and Elin for the good company in the
office, and also to Joonsang and Guillaume for the nice discussions during lunch.

Many thanks to different people that helped in the processing or interpretation steps. In
particular, I would like to acknowledge: Dirk Klaschen for the introduction to and guidance through the
seismic processing steps in Omega and the endless patience with all the tiny little hickups we ran into
during that time; Stephanie Koch for the introduction to the onboard seismic acquisition processes that
Sina and I oversaw during the fateful Taiwan cruise, and for the multiple discussions and coffees; Anke
Dannowski for the multiple discussions and interpretation of the OBS data that greatly helped both of
us in better understanding the complex seismic data of the Danube area; and Matthias Haeckel for his
advice, introduction to the geochemical world, and patient guidance through the creation of the
thermal and pore water models.

I would like to thank all members of the Geodynamics group at GEOMAR for the positive
atmosphere during the past years. In particular, many thanks to my office mate Henning Schroder for
the numerous discussions and laughs we had during that time. Many thanks also to Ines, Henning,
Margit, Anke, Stephanie, Kuan-Ting, and Katrin for the company during lunches and breaks.

Further, I would like to thank the projects SUGAR, MIDAS, and STEMM-CCS for financing my
PhD studies and for giving me the opportunity to attend various international project meetings and
conferences where I presented my work. Many thanks also to the DAAD for financing my research stay
in Taiwan.

Ines, thank you for all the time, support, advice, and encouragements you have given me, which
was not easy with us living quite far apart during the past two years. Thank you for your suggestions
and for proofreading the manuscripts and this thesis. Thanks also to my parents, family and friends for
all your support.

This thesis was written using Microsoft Word (and yes, I possibly ran into every single bug this
software has). I would also like to acknowledge GMT, Seismic Unix, Pecube, Plaxis 2D, ArcGIS, Kingdom
Suite, Illustrator, and Matlab, which altogether consumed most of my time during the period of my

PhD.
137




Appendix

F  Curriculum Vitae

Timo Zander

Date of birth 13 February 1986
Place of birth Kiel
Citizenship German
Adress Sternstrafie 10
24116 Kiel
Germany
Education
Since 10/2013 Research associate at the Helmholtz Centre for Ocean Research Kiel,
GEOMAR
08/2013 Diplom (equivalent MSc) in Geophysics
10/2006 — 08/2013 Studies in Geophysics at Christian-Albrechts-University of Kiel
05/2005 Abitur

08/1996 - 05/2005 Gymnasium Kronshagen

138




