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Abstract

Abstract

In recent years, gas release through seabed fluid seepage has received increasing
attention from geoscientists. On the one hand it contributes greater amounts of gas and
fluids, dominated by methane (a powerful greenhouse gas) to the biosphere, the
hydrosphere and the atmosphere. It can also cause marine geohazards such as slope
failures, or can be used to predict the presence of oil and gas fields or gas hydrates fields.
The Black Sea is the world s largest anoxic intercontinental basin with a maximum water
depth of 2200 m, which created by a back-arc extension due to the subduction of the
Thetyan Ocean during the Late Cretaceous period. The collision between the Arabian and
Eurasian plates has led to compressive deformation at the margins of the Black Sea since
the Eocene. Combined with thick sediment coverage, a considerable amount of gas
related to seabed fluid seepage was generated by over-pressured fluids and upward fluid
migration. Two study areas: the central Black Sea and the Kerch Peninsula margin were
selected to further investigate the shallow expressions of such gas transport and release.
Mainly high-resolution multichannel seismic datasets were used to study the near-surface
seismostratigraphy, complemented by bathymetric and sediment echosounder (Parasound)
data. The datasets of the central Black Sea were collected during the Meteor Cruise
M52/1 in 2002. The datasets of the Kerch Peninsula margin were acquired during the
Meteor Cruise M72/3b in 2007.

In the central Black Sea, six large mud volcanoes: MSU, Yuzhmorgeologiya,
Malyshev, Kornev, Goncharov and Vassoevitch with great morphological variability and
clear near-surface sediment structures were imaged by high-resolution seismic data. Gas
discharge is commonly associated with mud volcanism. As gas emissions at mud
volcanoes are dominated by methane, mud volcanoes represent an important natural
source of methane contribution to the environment. Four types of pathways for gas and
fluid migration and three types of gas reservoirs were recognized, according to the
analysis of acoustic anomalies and studied near-surface sediment structures of these mud
volcanoes. The formation history of the gas reservoirs was studied in detail, which
reveals that the free gas reservoirs were probably sealed by gas hydrates or fine-grained
sediments. Two to three major eruption episodes of these mud volcanoes were observed.
These eruptive episodes appeared be related to distinct sea level falls during the
Pleistocene, which seem to be one of the main trigger factors of the mud volcano
eruptions in the central Black Sea.

The Parasound sediment echosounder data collected in the Kerch Peninsula margin
during cruise M72/3b presented many gas flares located on the continental slope in water
depths shallower than ~700 m, which is the upper boundary of the gas hydrate stability
zone (GHSZ). Gas flares of more than ~400 m height above the sea floor were observed
at a water depth of ~900 m within the GHSZ, which was named as the Kerch seep area.
Strong evidence was found in seismoacoustic water column and subsurface data for free
gas, distributed in numerous bright spots within, beneath and above the GHSZ. The
presence of gas hydrates in conjunction with the deformation history of the sedimentary
units appears as the main factor of gas distribution, migration and seepage. Therefore, six
seismic units in terms of their approximate geological ages, seismic facies character and
distribution, depocenter locations, provenance, and tectonic movement of the Crimean
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Abstract

Mountains and Black Sea basin were described and interpreted to gain some insight into
the deformation history of the sedimentary units. Based on the sedimentary processes of
the study area and seismic anomalous features, two geological models for the gas hydrate
occurrence and gas trap-leakage processes for the Kerch seep area and for the upper slope
are presented.

In summary, although the two different study areas selected in the Black Sea have
different tectonic settings, both of them were influenced by the compressional tectonic
events, high sedimentation rates and tectonic subsidence. The mud volcanoes are
morphology positive and gas seeps appear without apparent morphological features. They
are caused by overpressured and upward migrating gas/fluids from the Maikopian
formation. The near-surface geological processes including gas hydrate formation also
have a significant influence on the occurrence and distribution of the mud volcanoes and
gas seeps.



Qutline of the Dissertation

Outline of the Dissertation

The dissertation is comprised of five chapters. Chapter 1 is an introduction to the
background knowledge of the dissertation about: the importance and different seabed
features of the seabed fluid seepage related to the hydrocarbons; an overview of gas
hydrates; the objectives of this study; the geological setting of the two study areas
selected in the Black Sea; the method and datasets used in this PhD research work. After
Chapter 1, three manuscripts (Chapters 2, 3 and 4) summarize the outcomes of the study.
Chapter 2 discusses the gas migration and gas reservoirs related to mud volcanoes in the
central Black Sea, and the possible trigger factors of mud volcanoes eruptions. Chapter 3
focuses on the research of the sedimentary processes and tectonic movements of the
Kerch Peninsula margin. In Chapter 4, the distribution and formation of the gas seeps
area was studied, together with the role of gas hydrates, sedimentary processes and
tectonic movements, especially the anomalous situation - Kerch seep area. The
conclusion of the dissertation and an outlook are presented in Chapter 5.

Chapter 2. Shallow Gas Transport and Reservoirs in the Vicinity of Deeply Rooted
Mud Volcanoes in the Central Black Sea

In Chapter 2, a set of 2D high-resolution seismic profiles is presented across six large
mud volcanoes. Acoustic anomalies and near-surface sediment structures of deeply
rooted mud volcanoes were studied based on the seismic dataset. Three types of the
gas/gas hydrate reservoirs and four types of pathways for gas/fluid migration are
recognized. A clear Bottom Simulating Reflection (BSR) was identified in only one of
the seismic profiles. The formation history of the gas reservoirs was inferred, which were
sealed by gas hydrates or fine-grained sediments. Six mud volcanoes reveal two to three
major and concurrent eruption episodes. All these eruptive episodes are probably related
to distinct sea level falls, which seem to be one of the main trigger factors of the mud
volcano eruptions in the central Black Sea. A structural model for the MSU mud volcano
was presented with respect to mechanisms of gas migration and the origin of the gas.

Chapter 3. Sedimentary Evolution of the Kerch Peninsula margin, Black Sea

Chapter 3 presents a set of 2D high resolution seismic lines was acquired near the
Kerch Peninsula during R/V Meteor Cruise M72/3 in March/April 2007 to the Eastern
Black Sea. The research target is to understand the sedimentary evolution of the study
area. Seven seismic facies types were identified and six seismic units could be mapped.
Based on seismic line interpretation, isopach and seismic facies distribution maps, a
chronostratigraphic framework could be established for the study area. Syndepositional
tectonic movements and sea level influenced the sediment deposits. Possible slope fan
deposits developed during the late Miocene and early Pliocene. The Messinian erosional
truncation surface can be observed in our seismic dataset. Along with a major
transgressional phase occurred during the Pliocene, the Paleo-Don River flowed into the
Black Sea leading to fan deposition during the late Pliocene as a result of intensified
tectonic movements. The seismic facies variation of the seismic units is related to the sea-
level curve, which reflects grain size variations and the shift of the river mouth. During
the Quaternary, the Crimean Mountain and the Paleo-Don and Kuban rivers provided
high terrigenous input to the study area. Hemipelagic fine-grained sediments interbedded
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with coarse grained sediments developed in the study area, along with slumps or channels
and river fan deposits.

Chapter 4. Distribution of shallow gas in the subsurface, gas flares and the role of
gas hydrate near the Kerch Peninsula, Black Sea

For this case study, a set of 2D high-resolution seismic profiles and Parasound data
were used to study the distribution of gas flares and shallow gas reservoirs in the
subsurface. Strong evidence was found in seismoacoustic water column and subsurface
data for free gas, distributed in numerous bright spots within, beneath and above the
GHSZ. The presence of gas hydrates in conjunction with the deformation history of the
sedimentary units appears as the main factor of gas distribution, migration and seepage.
A BSR cannot be clearly identified in the study area. Instead, other seismic features like
the boundary of zones, where high amplitude reflectors (HATZ) or bright spots terminate
(BSTZ), may indicate the location of BGHSZ. Both types of terminations zones closely
coincide with the calculated BGHSZ. Two geological models were developed for the gas
hydrate occurrence and gas trap-leakage processes for the Kerch seep area and for the
upper slope.



Chapter 1

Chapter 1. Introduction
1.1 Gas and fluids in marine sediments

In present-day oceans, shallow gas commonly accumulates in marine sediments,
which has been reported in over 100 locations worldwide (Fleischer et al., 2001).
Methane is almost always the dominant component of the natural gas mixtures. It can
originate from biogenic or thermogenic processes (e.g. Floodgate and Judd, 1992).
Biogenic methane is produced from organic matter by methanogenic bacteria, which
generally occur in shallow marine sediments (Claypool and Kaplan, 1974; Sloan, 1990).
However, biogenic methane can also be generated in considerable depths (examples from
as deep as 3350 m sub-bottom are quoted by Rice and Claypool, 1981). Methane and
higher hydrocarbons are generated thermogenically from organic matter by catagenesis
and metagenesis at temperatures between 50 °C and 200 °C at greater depth (Fig. 1),
which is normally greater than 1000 m (Floodgate and Judd, 1992). Due to the different
nature of the original organic material and the different depth of burial, various
hydrocarbon compounds may be formed (Judd, 2003). Methane is the most abundant and
mobile gas, and it can migrate to the surface to form shallow gas accumulations.

Temper- Diagenetic
ature (°C stage
30 Dlagenesis
60
80
Katagenesis
120
150
Metagenesis

Figure 1 Generalized relationship between temperatures, hydrocarbon generation, diagenesis (after Shu,
2012)

Fluid flow is common in marine sedimentary basins, which are sediment-filled
depressions and preserve sufficient permeability to permit fluid flow. Many basins
contain important mineral and energy resources, which have been generated by fluid flow
or the interaction between fluid and rocks (Bitzer, 2001). About the origin of the fluid
flow, internally derived fluids such as formation waters and hydrocarbons, and externally
derived fluids such as meteoric and metamorphic fluids are distinguished (Lawrence and
Cornford, 1995). Another main source of internal fluids is clay dehydration which may
lead to the overpressure in the sedimentary basins. Overpressure in the sedimentary

5



Chapter 1

basins can be generated by many dynamic mechanisms, including disequilibrium
compaction (Bethke 1986; Shi and Wang 1986), tectonic collision (Ge and Garven 1992),
aquathermal expansion (Sharp 1983), clay dehydration (Burst 1969), gravity flow (Toth
1962; Lee and Bethke 1994; Wolf et al. 2005), gas capillary seals (Revil et al. 1998; Lee
and Deming 2002) and hydrocarbon generation (Luo and Vasseur 1996; Lee and
Williams 2000). Overpressure can create and widen faults and fractures, which serve as
the main migration pathway for upward-moving fluids. For fluids to migrate upwards,
driving forces are needed to overcome gravity. These include pressure gradient,
buoyancy and diffusion. Among these forces, buoyancy plays a dominant role in fluid
migration in sediments. It can drive the fluids and hydrocarbons not only through
available pathways (e.g. faults, cracks) or porous paths, but may also make their own way
through rather impermeable sediment intervals (Nunn, 1996; Ding, 2008).
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Figure 2 Examples of seismic evidence (e.g. Bright Spots, enhanced reflections, gas chimney and acoustic
blanking) are shown in the 2D seismic section in Nyegga (after Plaza-Faverola et al., 2012).

Methane can dissolve in the fluid or be in a gaseous phase, migrating either in a
diffusive or focused way through sediments (Ginsburg and Soloviev, 1997). Before
reaching the sea floor, most of the methane is trapped or consumed, such as dissolved in
interstitial water, stored as gas accumulations, condensed to gas hydrates or consumed by
the anaerobic oxidation of methane (AOM). Although it has global significance, the
mechanism of AOM is still uncertain (Boetius et al., 2000).

Although it is difficult to detect the gas directly, variations in seismic attributes may
indicate the change of physical properties of marine sediments caused by the gas
migration and accumulation (Minshull and White, 1989). According to Judd and Hovland
(2007), the main types of seismic evidence of gassy sediments include: (1) Acoustic
turbidity, acoustic energy is attenuated by gas bubbles in marine sediments; (2) Enhanced
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reflections, interpreted as minor accumulations of gas within thin and relatively porous
sediment layers; (3) Pull-down, the effect presented on coherent reflections located below
units of gas-charged sediments; (4) Gas chimneys, vertical zones shown on 2D and 3D
seismic datasets and caused by the previous or on-going gas migration; (5) Bright Spots,
which are characterized by high-amplitude and negative-phase reflections and regarded
as key characteristics of gas accumulations; (6) Flat spots, coherent reflection occurring
at the gas-water interface in a hydrocarbon reservoir; (7) Acoustic blanking and columnar
disturbances, which indicate the presence of free gas. Some examples of seismic evidence
are shown in Figure 2. Furthermore, focused fluid flow can also be indicated by the
narrow Vvertical acoustic blanking zones (chimneys), faults and fractures, which are the
potential conduits for fluid flow migration (Gay et al., 2003; Wagner-Friedrichs, 2007).
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Figure 3 Global distribution of gas hydrates, pockmarks, mud volcanoes and other gas/fluid related
structures (gas seeps) (from http://www.awi.de)

Gas and fluid flow within marine sediments can be significant in shaping the
morphology of marine seafloor. Gas and fluid flow related structures are widely
distributed throughout the world s oceans (Fig. 3). Different types of seabed fluid
seepage result from the extrusion of gas- and fluid-rich sediments, such as mud volcanoes
and pockmarks (Judd and Hovland, 2007; Kopf, 2002). Therefore, gas- and fluid-charged
sediments are considered a major hazard by the oil and gas industry. Scientific research
has also revealed a close correspondence to climate and environmental issues and
geological hazards with gas- and fluid-charged sediments.

1.2 Seabed fluid seepage
Seabed fluid seepage can be formed by a wide range of fluids (gases and liquids),

which originate from sediments and pass through the seabed to the seawater and to the
atmosphere (Judd and Hovland 2007). It includes not only cold seeps, but also volcanic
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and hydrothermal fluid vents from ocean spreading centers, island arcs, and intra-plate
volcanism, and groundwater flows in some coastal areas (Judd, 2003). In this dissertation,
the direct link to seabed fluid seepage is through cold seeps, from which methane escapes.
Seeps can occur in all geological contexts, e.g. active and passive continental margins
and the deep oceans, where fluids and hydrocarbons are from sub-ducting sediments, or
migrate from deep gas/oil reservoirs; such as the Gulf of Mexico (e.g. Sager et al., 2003,
Ding et al., 2008; Ding et al., 2010), the Cascadia Continental Margin (e.g. Collier and
Lilley, 2005), the Black Sea (e.g. Dimitrov, 2002a; Klaucke et al., 2006; Wagner-
Friedrichs et al., 2008; Rémer et al., 2012), the Sea of Okhotsk (e.g. Obzhirov et al.,
2004), the West African Basins (e.g. Gay et al., 2003; Pilcher and Argent, 2007), the
continental shelf of the U.K., including Torry Bay, Firth of Forth, Scotland (e.g. Judd et
al., 1997, 2002b), the Costa Rican coast (e.g. Mau et al., 2006) and the Barbados
accretionary complex (e.g. Henry et al., 1990; Le Pichon et al., 1990). It is clearly
widespread (Fig. 3) and contributes greater amounts of gas and fluids, dominated by
methane, to the biosphere, the hydrosphere and the atmosphere (Hovland and Judd, 1988;
Judd, 2003). However, the exact distribution and number of seep sites remain uncertain
due to the limited number of investigations restricted so far to only a small portion of the
world's seas and oceans (Judd, 2003). The spectrum of morphologies can vary from
pockmarks (King and MacLean, 1970; Hovland and Judd, 1988) to mud volcanoes of
various sizes and seeps with little effect on the seafloor sediments (Fig. 4) (Dimitrov,
2002b; Judd and Hovland, 2007).

1.2.1 Importance
1.2.1.1 Climate and environment

Emission products of seabed fluid seepage include solid, liquid and gaseous materials.
The gaseous materials not only contain higher hydrocarbons but also methane. Methane
is considered as the most important emission. Because methane is a powerful greenhouse
gas, it can play an important role in global climate change. Solomon et al. (2007) pointed
that each molecule of methane has 25 times the direct global warming potential of a
molecule of CO, over a period of 100 years. And the atmospheric mixing ratio of
methane has increased to more than double during the last century (Rowland, 1985).
Methane can originated from both anthropogenic (360-430 x10°T/yr) and natural sources
(160-240 x10°T/yr) of either biologic or geologic origin (Prather et al., 1995; Kvenvolden
and Rogers, 2005). Although some of the emitted methane from marine seepage dissolves
into the ocean during transit from the seabed to the sea surface (Leifer and Judd, 2002), a
greater fraction of methane can reach the atmosphere when larger bubbles are generated
during eruptive episodes (e.g. blowouts) or during more rapid upwelling flow (Leifer et
al., 2004, 2006). Marine seeps are estimated to contribute about 31 to 48% of the annual
global methane emission into the atmosphere from geological sources (53+ 11x10° T/yr,
Etiope and Ciccioli, 2009; Etiope et al., 2008). According to climatologists prediction, if
the concentration of greenhouse gases in the atmosphere increases, the Earth s
temperature will increase considerably during the next decades. For this reason, it can
cause changes in local climate, loss of arable land and a potential increase in sea level
(Kopf, 2003).
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Submarine gas seeps, pockmarks and mud volcanoes on land and the seafloor seem to
be the largest geologic methane sources. Among them, mud volcanoes can be the most
important source of methane with other hydrocarbon and non-hydrocarbon gases to the
atmosphere and the ocean. The global methane flux from mud volcanoes nearly equals
the global gas flux (Milkov et al., 2003; Etiope and Milkov, 2004).

Methane Methane Gas

! l I
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sea surface sea surface
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Figure 4 Summary of methane-related seabed fluid seepage structures, such as gas seeps, mud volcanoes
and pockmarks, and the process of methane release from marine sediments to the atmosphere (after Whelan
etal., 2005).

The influence of methane from seabed fluid seepage on climate change is not only
confined to the modern climate, but also can influence the paleo-climate. According to
methane from mud volcanoes alone can generate deep effects on the Earth s climate since
the Paleozoic (570 Ma) (Kopf, 2003). A close relationship between global temperature
and atmospheric methane concentrations was proved in ice cores from Greenland (over a
40 000 year period; Chappellaz et al., 1993) and Antarctica (over 150 000 years; Jouzel et
al., 1993), which suggests a link between methane emissions and the Quaternary glacial-
interglacial cycles (Judd et al., 2002a). Moreover, massive methane emission is
considered to be responsible for paleo-warming events (Luyendyk et al. 2005; Kennett et
al., 2003; Nisbet, 2002), or even mass extinctions (Ryskin, 2003).
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1.2.1.2 Geological processes

Gases, fluid and gas hydrates within marine sediments can influence the geopressure
and physical properties, which are considered the significant factors which shape the
morphology of continental margins and the deep-sea basins, and which cause marine
geohazards (Fig. 5). Different types of seabed morphologies associated with seabed
gas/fluid flow include seeps, pockmarks and mud volcanoes, which will be introduced in
details in the following sections. Marine geohazards can be divided into two aspects, one
is those associated with natural features and events (slope failures, seismicity, mud
volcano eruptions, etc.); the other is those that occur as a result of human s intervention
with the natural seabed environment (Judd and Hovland, 2007) (blowouts, such as Gulf
of Mexico oil spill 2010 ).
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Figure 5 Schematic diagram shows main marine geohazards, such as slope instability and mass wasting
processes, pore pressure phenomena and seismicity. (After http://www.ngi.no/en/Geohazards/Research/
Offshore-Geohazards/).

Submarine slope failure can be triggered by many factors, apart from seismicity, active
sedimentation and erosion, salt tectonics (McAdoo et al., 2000), also by gas/fluids and
gas hydrates. It is the most serious threat of offshore and coastal areas, because it can
give rise to tsunamis. Furthermore, mass amounts of methane may be released into
hydrosphere and atmosphere when slope failures occur.

1.2.1.3 Benefits

Gas- and oil-related seabed fluid seepage can be used to predict the presence of oil and
gas fields or gas hydrate fields (Link, 1952; Kutas et al., 2004), and have guided
petroleum exploration for centuries. The methods to investigate the seeps including
satellite imaging, acoustic surveying, gravity coring and water column chemical sniffers,
etc., which are in low cost to conventional exploration methods, and reduce the risk of
exploration (Ding, 2008).

Judd and Hovland (2007) pointed out that fish productivity could be enhanced in seep
areas, such as the offshore part of the Eel River Delta, northern California, and North Sea,

10
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which have documented active gas seeps. The biotechnology industry can find new
resources in the microbes of chemosynthetic communities of vents and seeps
(Querellou, 2003).

1.2.2 Related seabed features
1.2.2.1 Gas seeps

Gas seeps belong to natural springs where liquid and gaseous hydrocarbons leak out of
the seafloor. While freshwater springs are fed by underground water, gas seeps are fed by
natural subsurface reservoirs of oil and natural gas.

Gas seeps are generated by focused upward fluid migration (e.g. Judd, 2003), and the
composition of gas seep fluids is dominated by methane. Based on the proportion of
methane and the different nature of the accompanying fluids, methane seeps could be
divided into four groups: (1) those dominated by microbial methane; (2) those dominated
by thermogenic methane; (3) seeps associated with gas hydrates from a thermogenic-
methane source; and (4) those associated with gas hydrates with a microbial-methane
source (Judd and Hovland, 2007). Generally, gas seeps are related to shallow gas/gas
hydrate accumulations or deeper hydrocarbon deposits (Kvenvolden, 1993; Buffet, 2000).
They are globally distributed (Fig. 3), especially in the marine sediment of modern
continental margins (Dimitrov, 2002b; Judd, 2003). However, the exact number and
distribution of seep sites have so far not been clarified due to the fact that most of the
world's seas and oceans have not been studied sufficiently (Judd, 2003).

Figure 6 Gas bubble plumes from the Batumi seep area, Black Sea during ROV observations in spring
2007 (from Pape et al., 2011).

Unique endemic ecosystems of marine organisms could be supported by gas seeps,
containing chemoautotrophic clams, tubeworms and bacterial mats, which use the
hydrogen sulphide and methane as energy source at the seafloor surface (Hovland et al.,
1985; Suess et al., 1985). Aharon (1994), Roberts and Carney (1997), and Olu et al.
(1997) suggested that the locations of seeps and the rate, spatial variability and longevity
of the flow can be indicated by the cold seep communities.

11
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If methane and other gases are to escape through the seabed into the water column, the
flux rate must exceed the microbial utilization rate. At high flux rates, dense bubble
plumes (Fig. 6) are generated by large quantities of methane (Michaelis et al., 2002). Gas
bubbles rising from the seabed can be detected directly by video observation or as gas
flares (Fig. 7) by high-frequency acoustic systems such as echosounders, side scan sonar,
and shallow subbottom profiles (Judd and Hovland, 2007). Rising velocities of gas
bubbles can also be determined based on visual investigations and hydroacoustic
measurements. For example velocities of 19-22 cm/s near the seafloor and 12-14 cm/s at
the top of flares are observed at the Dvurechenskiy mud volcano in the Sorokin Trough,
Black Sea (Greinert et al., 2006).

Gas hydrate zone

number of detected seeps

200 200 400 500
water depth (m)

Figure 7 Numerous methane seeps in the Dnepr paleo-delta, northwestern Black Sea, at water depths of 66
to 825 m (from Naudts et al., 2006).

An abundant presence of methane seeps has been observed at the margins of the Black
Sea, such as in the Dnepr paleo-delta, northwestern Black Sea (Fig. 7; Naudts et al.,
2006). Gas seeps may occur with or without the formation of pockmarks and mud
volcanoes. These morphological features can be easily recognized in bathymetric, side
scan sonar and seismic data (e.g. Hovland and Judd, 1988). Gas seeps without apparent
morphological features can be detected in backscatter data. High backscatter signatures
except those caused by high topographic gradients are thought to correspond to
authigenic carbonates, free gas and gas hydrates close to the seafloor or the seep-related
chemosynthetic communities, such as tubeworms, mussels and even corals. The high
backscatter responses are often characterized by circular or flow-like shape (Anderson
and Bryant, 1990; Sager et al., 2003). Shallow gas accumulation or columns of focused

12
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fluid migration related to seeps can be indicated by the acoustic anomalies in seismic data
(Judd and Hovland, 2007; Wagner-Friedrichs, 2007).

1.2.2.2 Mud volcanoes

One of the most important types of gas seep-related structures is mud volcanoes,
which reveal a morphology positive (Fig. 4). Mud volcanoes are present in many parts of
the world, on land as well as offshore (Fig. 3), including the shallow waters of continental
shelves, the deep waters of the continental slopes and rises, and the deep-sea basins
(Milkov, 2000; Dimitrov, 2002b; Kopf, 2002). The number of mud volcanoes reaches
about 1000 onshore, 500 on the continental shelves, and 5000 in deep waters; however,
the offshore estimates are very speculative (Judd and Hovland, 2007). Onshore mud
volcanoes have been well studied for over 200 years (Ansted, 1866), but research on
offshore mud volcanoes just began ~40 years ago (Dimitrov, 2003). There are some well-
known mud volcano areas, like the Black Sea and the Caspian Sea (Ginsburg and
Soloviev, 1994; Ivanov et al., 1996; Limonov et al., 1997), the Norwegian Sea (e.g.
Hovland and Judd, 1988), the Gulf of Mexico (Kohl and Roberts, 1994), the
Mediterranean Ridge (Ivanov et al., 1996; Woodside et al., 1997), etc.

Mud volcanoes form because of the emission of clay materials and fluids, including
sediments, gas, water, brine or oil (Milkov, 2000). The solid component of the emission
products of a mud volcano is generally known as mud breccias, which range in diameter
from a few millimeters to more than 10 meters. Mud breccias, gas and water emitted at
mud volcanoes are mainly sourced in rocks and muddy sediments at greater depth of
several km. The emitted gas usually shows a mixed composition including biogenic and
thermogenic gas (Dimitrov, 2002b; Kopf, 2002). Mud diapirs can also be termed a mud
volcano when they reach the seafloor, based on the evidence of extruding sediment
and/or fluid, which are the sediment (generally muddy or shaly) structures that have
arisen through a sedimentary sequence, piercing or deforming younger sediments (Judd
and Hovland, 2007). What are the main driving forces for mud volcanoes and diapirs
formation? Dimitrov (2002b) lists the three driving forces: 1. Internal buoyancy forces
caused by density inversion of light, gasified, buoyant, plastic clays beneath a denser
overburden; 2. High pore-fluid pressure, provided by expanding gases, trapped inside the
plastic clays and other internal processes; 3. Structurally or tectonically induced high
pore-fluid pressure. Individual factors may vary in the different regions.

Submarine mud volcanoes are essentially similar to those found on land. Their
geometry and size varies in connection with the nature (viscosity, density, grain size) of
the emission products, the nature and frequency (slow, rapid, or even explosive) of the
emissions, and the volumes of the material and fluids produced. For example, the lower
the viscosity, the larger and flatter the body; the higher the pore-fluid pressure, the more
violent the eruption; the more frequent the activity, the larger the structure (Dimitrov,
2002b; Judd and Hovland, 2007). The area of mud volcanoes may vary from 10 m? up to
100 km?, heights change from one to two meters to several hundred meters, and
diameters range from only a few meters to several kilometers (Jakubov et al., 1971; Sturz
et al., 1992; Dimitrov, 2002b; Kopf, 2002). The general structure of a mud volcano is
shown in Figure 8. Generally, emission products of a mud volcano are extruded from the
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main conduit called feeder channel. The outcrop of the feeder channel is named a central
crater, which can have several different shapes, including classic volcano cone shape, or
other forms like sharp cones, domes, flat plateau, shallow depressions, and calderas.
Large mud volcanoes may be composites with several craters of different shapes
(Dimitrov, 2002b; Judd and Hovland, 2007). Smaller lateral pipes can branch off the
feeder channel to the flanks of the mud volcano structure, called griphones (Dimitrov,
2002; Kopf, 2002).
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Figure 8 The general structure and main elements of a conical mud volcano, (from Dimitrov, 2002b)

Milkov (2000) and Judd and Hovland (2007) suggested criteria for recognizing
submarine mud volcanoes, as shown below:

e Core samples showing mud breccia containing sediments with a range of
different ages, compositions and structures.

e Strong backscatter on side-scan sonar records representing topographic features
(craters, cones, mud flows, etc.).
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e Evidence of gas seepage and associated features (bacterial mats, cold-seep
communities or Methane-derived authigenic carbonate MDAC).

e High backscatter from ejected rock clasts, and/or from cold-seep communities and
MDAC.

« Seismic evidence of feeder channels and/or mud diapirs.

e (For deep-water mud volcanoes) gas hydrates in an otherwise hydrate-free area.

Mud volcanoes can provide an extremely fast-rising stream of gas not only during
eruptive phases characterized by mostly short periods (hours to days), but also even
during periods of quiescence (years to centuries) (Dimitrov, 2002; Kopf, 2002). In
addition, the global methane flux from mud volcanoes nearly equals the global gas flux.
Mud volcanoes have also been considered a source of fossil gases in the atmosphere
(Milkov et al., 2003; Etiope and Milkov, 2004). Mud volcanoes are a source of methane
flux from lithosphere to hydrosphere and atmosphere (greenhouse effect and climatic
change). Milkov (2000) summarizes further importance of research on submarine mud
volcanoes as follows: 1. They could be the indicators of high petroleum potential in the
deep subsurface; 2. Useful data about the sedimentary section in mud volcanic areas can
be determined by examination of rock fragments incorporated in mud volcanic sediments
(breccias); 3. Drilling operations, ring installations and pipeline routings may be
impacted by the activity of submarine mud volcanoes; 4. Gas hydrates associated with
deep-water mud volcanoes are a potential energy resource.

1.2.2.3 Pockmarks

In contrast to mud volcanoes, pockmarks are negative morphological features (crater-
like depressions), which commonly occur worldwide (Fig. 3) where fluid flow is focused
and escape is from low-permeability and fine-grain seabed sediments (Hovland and Judd,
1988). Pockmarks were first discovered on the continental shelf offshore Nova Scotia,
Canada after the advent of acoustic areal mapping systems (King and MacLean, 1970).

The composition of fluids generating the pockmarks can range from oil, thermogenic
and biogenic gas (methane), to pore water (brine) and even fresh water (ground water)
(Hovland and Judd, 1988; 2003; Schroot et al., 2005; Gay et al., 2006). Pockmarks can
not only occur as single isolated depressions, but also as pockmark fields or as strings of
pockmarks (Hovland et al., 2002). The size and shape of pockmarks depend on the
capacity, overpressure and fluid composition of the involved fluid reservoir (Hovland and
Judd, 1988), the nature of the fluid escape (Bge et al., 1998), the rheology and grain size
of the seabed sediments and the relations of the underlying structures that facilitate fluid
flow (Gay et al., 2006). There are many varieties of shapes, the most common pockmarks
are circular and elliptical (Fig. 9). Generally, pockmarks range in diameter from 50 to
100 m with depths in the range of 1-3 m. Moreover, in the deepest parts of basins, the
sizes of pockmarks are larger than 100 m (Judd and Hovland, 2007). Pockmarks are not
only found on the seafloor, but also in the various sediment horizons (Long, 1992), which
are called buried or fossil pockmarks. These features can be identified on two-
dimensional and three-dimensional seismic profiles.
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0

Figure 9 Bathymetric image of a pockmark from the North Sea (from http://folk.uio.no/karenel/
research.html)

Nowadays, pockmarks as an important geological phenomenon have become favored
research objects. Pockmarks may be of significance to the energy industry, because they
are important indicators of gas-escape events, which usually occur above the hydrocarbon
fields. Pockmarks are frequently correlated to carbonate precipitates, unusual biological
activity, and underground fluid flows. Hovland et al. (2002) suggests that pockmarks
have great significance as natural monitors of the underground fluid pressure domain in
earthquake-prone regions. On the other hand, pockmarks are used to indicate the
subsurface hydraulic activity that may lead to the slope failure and seabed instability
(Hovland et al., 2002; Judd and Hovland, 2007).

1.2.2.4 Other related features

While mud volcanoes and pockmarks are the best-known gas seep- and fluid flow-
related features, there are still some other, less well-known features. According to Judd
and Hovland (2007), they are as follows: seabed doming, collapse depressions, freak
sandwaves, shallow mud diapirs and mud volcanoes, Red Sea diapirs, sand intrusions and
extrusions, diatremes, and polygonal faults. All these features include the movement of
fluids/gas within sediments, and through the seabed mostly. The differences of them
result from individual local conditions (Judd and Hovland, 2007).

1.3 Gas hydrates

Gas hydrates are also called gas clathrates. Natural gas hydrates are crystalline solids
composed of water and gas that form at high pressure and low temperature. The gas
molecules (guests) are trapped in water cavities (host) that are composed of hydrogen-
bonded water molecules. The gas molecules include methane, ethane, propane, and
carbon dioxide (Sloan and Koh, 2008). However, most gas hydrates in nature consist of
more than 99% methane from among the hydrocarbons, and are therefore known as
methane hydrates (Sloan, 1998; Kvenvolden and Lorenson, 2001).
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The three main different crystal structures of gas hydrates are known as Structures I, 11
and H (Fig. 10) (Sloan, 1998). The Structures | and Il were investigated with X-ray
diffraction methods by von Stackelberg and Miller (1954). The Structure H was first
reported by Ripmeester et al. (1987). The three structures have different types of cavities.
Structure I and Il have two types of cavities, while Structure H has three types of cavities.
Gas hydrates with Structure | are most common in marine sediments and mostly contain
methane with a small amount of CO, and H,S. Significant amounts of propane and
higher-carbon gases in gas hydrates can form Structure Il or H. While structures I, 11 and
H are the most common clathrate hydrates, a few other clathrate hydrate phases have also
been identified (Sloan and Koh, 2008). For example, Dyadin et al. (1997) first reported
the existence of a new methane hydrate phase at very high pressures (500 MPa).
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Figure 10 The three primary unit crystal structures of gas hydrates: Structure I, Structure Il and Structure H.
Pure methane and ethane form Structure | hydrate, but certain compositions of their mixtures undergo
phase transition to form Structure Il hydrates. The structure-H has three different types of cavities, three 5%
cavities which are common to all known hydrate structures, two new 12-faced 4°5°6° cavities, and one new
large 5'26° cavity. Picture taken from http://www.pet.hw.ac.uk/research/hydrate/hydrates_what.cfm

In the last decades, gas hydrates (methane hydrates) have become of major interest,
because they are not only seen as an important future natural energy resource, but also as
a potential factor for producing geological hazards and playing a role in the global
climate change. Natural gas hydrates are known to exist all over the world (Fig. 3), but
need the suitable pressure and temperature conditions. They can occur in permafrost
regions (Fig. 11) at depths shallower than ~1 to 2 km, and in the uppermost tens to
several hundreds of meters of marine sediments on continental margins with water depths
greater than ~300 m (Kvenvolden and Barnard, 1983; Kvenvolden, 1993; Ruppel, 2011).
The estimated amount of gas in the hydrate accumulations of the world greatly exceeds
the volume of known conventional gas reserves. World estimates for the amount of
natural gas in gas hydrate deposits range from 14 trillion to 34,000 trillion cubic meters
of permafrost areas and from 3,100 trillion to 7,600,000 trillion cubic meters of oceanic
sediments. The estimates of the amount of methane in the world s gas hydrate
accumulations are in rough accord at about 20,000 trillion cubic meters (Max, 2000).
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Figure 11 Gas hydrates occur in five different geographic settings: 1. onshore permafrost; 2. shallow
offshore subsea permafrost; 3. upper continental slope; 4. deepwater; 5. an area of gas seeps (from Ruppel,
2011)

Generally, gas hydrates are stable in the subsurface under suitable pressure
temperature conditions in most part of the world. In practice, the thickness of the gas
hydrate stability zone (GHSZ) is defined with the seafloor as its upper limit and the depth
of the intersection of the geothermal gradient and of the methane hydrate stability in
equilibrium with pure or sea water as the lower limit (Fig. 12) (Kvenvolden 1988;
Ginsburg and Soloviev 1997). However, favorable stability conditions of pressure
temperature are not the only requirement; sea bottom temperature, gas composition,
salinity of water and local geology can also control the stability of gas hydrate
(Kvenvolden 1993). In fact, it is difficult to estimate the thickness of the GHSZ
accurately when these parameters present variations in situ and cant be precisely
predicted (Ginsburg and Soloviev 1997; Thakur and Rajput, 2011). But the theoretical
depths of the base of GHSZ beneath the ocean can be estimated by assuming the
following conditions: constant hydrostatic pressure gradient, typical hydrothermal
gradient, variable geothermal gradient, methane hydrate co-located with water and
methane mixed with other gases (Thakur and Rajput, 2011).

Methane, which is the prime constituent of gas hydrates, can be generated in the earth
from different physical, chemical and biological processes. The origins of the methane
forming methane hydrates in continental margin sediments are summarized as follows: (1)
biogenic methane is formed in sediments by the decomposition of the organic matter,
which is because of biological processes and chemical reactions, within the GHSZ
(Claypool and Kaplan, 1974); (2) upward migration of methane rich fluids (thermogenic)
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from deeper sources in the earth (Kvenvolden and McDonald, 1985); (3) recycling of
methane during the process of hydrate dissociation accompanying sedimentation (Paull et
al., 1994).
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Figure 12 Pressure Temperature conditions and methane hydrate stability in (left) marine settings and
(right) permafrost settings (from Ruppel, 2007).

Gas hydrate in marine sediments can usually be inferred from the bottom-simulating
reflector (BSR) in seismic reflection profiles (e.g. Kvenvolden and Barnard, 1983). Most
BSRs are formed due to the high acoustic impedance contrast between gas hydrates and
associated free gas underneath (Fig. 13). They can cut across the stratigraphy of
sediments, are roughly parallel to the topography of the sea floor, and generate a strong
reflector with reversed polarity relative to the seafloor (Dillon and Paull, 1983; Thakur
and Rajput, 2011). Gas hydrate can also occur without a BSR, and the existence of a BSR
is no guarantee that there are detectable amounts of gas hydrates or free gas in the
sediments (Paull, 1997). The controls on the formation of BSR are not well understood
(Holbrook et al., 2002). From the depths of BSRs and the bottom water temperature, the
geothermal gradient and heat flow can be estimated (Shipley et al., 1979, Yamano et al.,
1982).

Gas hydrate formation is controlled by different geological processes like sediment
deposition and distribution, diapirism, and fluid migration features. These geological
processes can shape a potential gas hydrate reservoir (Thakur and Rajput, 2011). As for
sediment deposition, the hydrate accumulation is controlled by the deposition rate and the
nature of host sediment as much as by the presence of the necessary ingredients and
conditions (water, gas, nucleation sites, temperature and pressure). During diapirism,
increased heat flow above the diapir and its upward migration can cause the base of the
gas hydrate to move up from the diapir, creating a dome at the base of the hydrate-
cemented sediment (Dillon et al., 1980; Macleod, 1982). Because gas-charged mud is a
potential source of diapir, the dome can be used as a trap for the gas released by
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disintegrating gas hydrate above the diapir and gas migrating up-dip from strata
surrounding it (Thakur and Rajput, 2011). Upward fluid migration, whether dispersed or
focused, is one of the main processes in the formation of gas hydrates. Associated
features, such as pockmarks, mud volcanoes, or fault zones, can therefore be considered
geological indicators to locate possible gas hydrate zones (Milkov, 2000).
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Figure 13 lllustration of a submarine sedimentary section containing gas hydrates (above) and free gas
(below) the bottom-simulating reflector (BSR) (Haacke et al., 2007) (left). A classic example of identified
BSR is from Hydrate Ridge Offshore USA (from Thakur and Rajput, 2011) (right).

Various means, including geophysical, geological and geochemical investigations, can
be used to identify and assess gas hydrate bearing sediments. Among those, geophysical
investigations are the most popular and most important. There are several different
geophysical techniques including many kinds of types of seismic survey (e.g. 2D/3D
conventional, ocean bottom seismic (OBC), vertical seismic profiling (VSP), cross-well
seismic and multi-component), well logging, and controlled-source electromagnetic
surveys, which are used for gas hydrate exploration. Seismic indicators are the main
characteristics for the identification of gas hydrate and associated free gas. Beside the
BSR, seismic indicators also include Bright Spots, enhanced seismic reflections, seismic
chimneys, hydrate mounds and amplitude blanking and so on (Thakur and Rajput, 2011).
Based on these anomalous seismic signatures, gas hydrate-free gas system models can be
established to illustrate the occurrence of gas hydrates and migration of free gas, etc.

Nowadays, an interest in natural gas hydrates as a potential energy resource has grown
significantly as awareness of the volumes of recoverable gas, which becomes more
focused (Sloan and Koh, 2008). The amount of gas hydrates has very significant
implications for worldwide energy supplies when it becomes technically and
economically viable to produce. There are still several unresolved challenges before full-
scale hydrate reservoir exploitation: (1) localizing, characterizing, and evaluating
resources; (2) technology for safe and economic production; (3) safety and seafloor
stability issues related to drilling and production (Geir, 2010). Comprehensive mapping
of hydrate has been carried out at many of the world s continental margins in recent years;
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numerous countries such as the United States, Japan, India, and South Korea are showing
substantial interest in exploiting this resource over the long term.
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Figure 14 Gas hydrate production options (from Geir, 2010)

In order to produce natural gas from hydrates, it is necessary to dissociate the hydrate.
Based on the dissociation techniques involved, the exploitation methods are divided into
three major potential gas production methods, which are illustrated by Geir (2010) (Fig.
14) as follows: (1) the thermal stimulation method involves dissociating hydrates by
increasing the in situ temperature above the gas hydrate equilibrium point - as illustrated,
hydrate reservoirs are heated by injecting hot water, steam, or hot salt water; (2) the
depressurization technique is the method of discharging part of the gas from the gas
hydrate reservoir to reduce pressure below the hydrate equilibrium value, making hydrate
become unstable and decompose; (3) the chemical injection method utilizes some kind of
thermodynamic inhibitor, such as salts and alcohols, which cause a shift in the P-T
equilibrium. Beside the traditional methods, some new exploitation methods have also
been proposed, such as CO, replacement, electromagnetic heating, and microwave
heating (Geir, 2010; Liu, 2012).
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1.4 Main objectives of this study

The main scientific goal of the PhD study is to understand the interaction and
relationship between gas/gas hydrate reservoirs, gas transport, near-subsurface structures,
sedimentary processes, tectonic movements, and the occurrence and evolution of seabed
fluid seepage. The Black Sea provides excellent conditions for these investigations,
because it is the world's largest anoxic basin and the largest surface reservoir of dissolved
methane. A thick sedimentary coverage is combined with compressive deformation at the
margins, caused by the collision between Arabia and Eurasia since the Eocene. Methane
seeps, mud volcanoes, and gas hydrates are well known in the continental margins and
deep sea basin. In order to achieve the goals, two study areas were chosen from the Black
Sea: the central Black Sea and the Kerch Peninsula margin, which will be introduced in
detail in Chapter 1.5.

The specific objectives of this study have been focused on the following aims and
questions:

e To map and seismically characterize mud volcanoes and gas seeps together
with the subsurface structures

e To study gas/fluid migration pathways, shallow gas reservoirs and the GHSZ
related to the mud volcanoes and gas seeps

e To analyze the sedimentary processes and tectonic movements of the Kerch
Peninsula margin

e To study the formation reasons of the Kerch seep area within the GHSZ and
the gas seeps on the upper slope above the GHSZ

e To develop geological models for the mud volcanoes and gas seeps

To serve these specific objectives, proper datasets are required, which can reveal near-
surface features of the seepage area and further hints into the geological processes behind
these features. The main datasets from the two study areas were collected on two cruises
on board R/V METEOR to the Black Sea. High-resolution multichannel seismic was
chosen as the main dataset, combined with Parasound sediment echosounder and
Hydrosweep swath bathymetric datasets. These provide detailed subsurface structural
information and seafloor morphological features. Datasets and methods are described in
detail in Chapter 1.6.
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1.5 Geological setting of the Black Sea
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Figure 15 General geological structures and tectonic elements of the Black Sea (modified after Wagner,
2007 and Robinson et al., 1996) combined with bathymetric map of the Black Sea (Gebco 1-min grid).
Two study areas are marked by red rectangles.

The Black Sea basin is surrounded by Late Cenozoic mountain belts (the Great
Caucasus, Pontides, Southern Crimea and Balkanides), and represents the world s largest
anoxic intercontinental basin with a maximum water depth of 2200 m (Finetti et al., 1988;
Nikishin et al., 2003). It is composed of two deep sub-basins, the Western Black Sea
basin and the Eastern Black Sea basin (Fig. 15). The Western Black Sea basin is
underlain by oceanic to sub-oceanic crust and contains a sedimentary cover of up to 19
km thickness, and the Eastern Black Sea basin is underlain by a thinned continental crust
approximately 10 km in thickness and up to 12 km thickness of sediments. These basins
are separated by the Andrusov Ridge (Finetti et al., 1988; Beloussov and Volvovsky,
1989; Robinson, 1997; Nikishin et al., 2003), which is formed by a continental crust
overlain by 5-6 km of sediments (Nikishin et al., 2001, 2003).

It is generally agreed that the Black Sea was originated by a back-arc extension due to
the subduction of the Thetyan Ocean in the Late Cretaceous, and has undergone
compressive deformation due to subsequent collision between the African and Eurasian
plates since the Eocene (Fig. 16) (Dercourt et al., 1986; Zonenshain and Le Pichon, 1986;
Gorur, 1988; Robinson et al., 1995; Spadini et al., 1996; Nikishin et al., 2003). The
Western Black Sea Basin is considered to be older than the eastern Black Sea Basin
(Banks and Robinson, 1997). It opened by the separation of the Western and Central
Pontides continental strip from the Moesian Platform and Odessa Shelf in the Mid-
Cretaceous (Robinson et al., 1996). The timing of the opening of the eastern Black Sea
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Basin is less certain; it probably started during the middle Paleocene (Banks and
Robinson, 1997). A coeval opening of both the western and eastern sub-basins was
suggested by different researchers (Zonenshain and Le Pichon, 1986; Nikishin et al.,
2003). At the end of the Eocene, two new sedimentary realms on both sides of the alpine
orogenic belts were formed: the Mediterranean Sea to the south, and the Paratethys to the
north. The Black Sea belongs to the Eastern Paratethys (Gillet et al., 2007). During the
late Eocene to middle Miocene, the Paratethys was characterized by a long-term trend of
decreasing marine influence. At the Miocene-Pliocene boundary, an important event is
the Messinian Salinity Crisis, which caused a dramatic fall in sea level and erosion
surfaces on the shelves (Gillet et al., 2007). The Black Sea region did not connect to the
Mediterranean Sea, but only connected to the Caspian Sea by the northeast pathway
(Paluska and Degens, 1979; Popov et al., 2004). Gillet (2007) confirms that the Black Sea
was severely affected by the Messinian Salinity Crisis and suffered a drastic lowering of
its water level at the end of the Messinian. During the middle Pliocene to late Pliocene,
the development of the present-day paleogeographic features and river systems were
initiated by vertical movements (Popov et al., 2004). The climate of the Black Sea has
undergone a series of glacial and interglacial events, (transgessive-regressive cycles)
accompanied by intensive tectonic movement in the Quaternary, and the shelf was either
uplifted above sea level in large areas or covered with sea water. This is recognized as
Gurian, Chaudian, Old Euxinian, Euxino-Uzunlarian, Karangatian, Post-Karangatian,
New Euxinian regional stages (Gozhik et al., 2008). The early Quaternary section was
dominated by a shallow marine environment, which changed rapidly into a deep water
environment (Paluska and Degens 1979). The increased sediment supply led to high
sedimentation rates and significant subsidence, but the water depth decreased only
slightly to the present depth of 2200 m (Robinson et al., 1995). Sedimentation rates for
the Pliocene-Quaternary are estimated to be not less than 10 cm/kyr (Limonov et al.,
1994). The margins of the Black Sea are recently characterized by compressive
deformation (Robinson et al., 1995; Spadini et al., 1996). Stress field observations and
GPS data support the idea that the Black Sea region is still in a predominantly
compressional environment (Reilinger et al. 1997).

Nowdays the only connection to the global ocean is provided by the narrow and
shallow Bosporus Strait (~ 36 m deep) in the Southwest. In the North, the Black Sea is
connected by the Kerch Strait to the Sea of Azov. Several major rivers, such as the
Danube, Dniester and Don bring a large sedimentary influx to the northern and
northwestern margin of the Black Sea, generating wide continental shelves. Only a few
small rivers drain into it from the South.

For the western and eastern Black Sea basin, five main seismic sedimentary units have
been distinguished: (1) the upper Cretaceous, dominated by carbonates with a thickness
of 5-6 km in the west and 3-4 km in the east, (2) the Paleocene-Eocene unit of
terrigeneous and carbonate components of 5 km in the West and 3 km in the East, (3) the
Oligocene-Lower Miocene clays of the Maikopian Formation with a thickness of 5 km in
the West and 4 km in the East, (4) the Middle-Upper Miocene unit composed of
terrigenous siliciclastic material with a thickness varying from several hundred meters to
3 km, and (5) the Pliocene-Quarternary consisting mostly of clays with a thickness of 2-
3.5 km in the inner parts of basin (Tugolesov et al., 1985; Nikishin et al., 2003). The five
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main sequences consist of nearly horizontal and undeformed layers within the basin. The
basement beneath is disrupted by several normal faults, supporting the extensional origin
of the basins (Tugolesov et al., 1985; Zonenshain et al., 1986).
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Figure 16 The three panels I-11l present the plate tectonic development history of the Mediterranean and
Black Sea regions since the Late Triassic (I) through the Late Cretaceous-Early Tertiary (I1) to the Late
Miocene (11). Picture reference: http://jan.ucc.nau.edu/~rch7/palecgeographic_alps.html.

The Black Sea is well known for the presence of gas seeps and seep-related structures
(Fig. 17), such as mud volcanoes, which have been reported from various areas, e.g. at
the north-western margins (Shnukov et al., 1995; Peckmann et al., 2001; Michaelis et al.,
2002; Mazzini et al., 2004; Naudts et al., 2006), in the central and north-eastern parts
(lvanov et al., 1989, 1998; Ginsburg et al., 1990; Limonov et al., 1994; Woodside et al.,
1997; Kenyon et al., 2002; Blinova et al., 2003; Bohrmann et al., 2003; Krastel et al.,
2003; Aloisi et al., 2004; Mazzini et al., 2004; Greinert et al., 2006), as well as along the
south-eastern slopes of the Black Sea (Kruglyakova et al., 1993; Cifci et al., 2002; Ergln
et al., 2002; Klaucke et al., 2006). Gas hydrates in the Black Sea were sampled for the
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first time in 1974. This recovery was the first direct observation of natural gas hydrates in
marine sediments in the world (Yefremova and Zhizhchenko, 1974). The area of the
Black Sea that is suitable for gas hydrate formation is about 288,100 km? theoretically,
representing about 68% of the total Black Sea or almost 91% of the deep-water basin
(Vassilev and Dimitrov 2002). The typical bottom water temperature is 9°C, which
results in stable gas hydrates below a water depth of 700 m (Ginsburg et al., 1990).
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Figure 17 Location of the mud volcanoes gas seeps and gas hydrates in the Black Sea (C, ifc,i et al. 2002;
Kutas et al. 2002; Vassilev and Dimitrov 2002; Egorov et al. 2003; Shnyukov and Ziborov 2004; Klauke et
al 2006; Popescu et al. 2007). Triangles in black, mud volcanoes; circles in red, gas seeps; squares in ice
blue, gas hydrate; bold dashed lines in black, shelf edge; bold squared lines, boundaries of tectonic units;
filled rectangles in red, Dnipro palaeo-delta area; I, NW Shelf; 11, Kerch-Taman trough; 111, Sorokin trough;
IV, Tuapse trough; V, Shatsky ridge; VI, Andrusov ridge; VII, Arkhangelsky ridge; VIII, Giresuan basin
(from Starostenko et al., 2010).

1.5.1 The central Black Sea

The central Black Sea, one of the study areas of this thesis, is located in the Western
Black Sea basin south of the Crimean Peninsula (Fig. 17) and adjacent to the Andrusov
Ridge, which separates the Eastern and Western Black Sea basins. The Western Black
Sea contains a sedimentary basin-fill on top of the basement of up to 15 km thickness.
These sediments include about 6 km of Paleocene-Eocene deposits, more than 5 km of
the Maikopian (Oligocene-Lower Miocene) Formation and about 2.5 km of Plio-
Quaternary sediments (Tugolesov et al., 1985). The topography within this area is very
flat (Gaynanov et al., 1998) with water depths deeper than 2000 m. The six big mud
volcanoes in this study area are well expressed on the sea bottom as cone-shaped features
of 300-2000 m in diameter and up to 120 m height (Fig. 18). Some of them have
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craterlike depressions with rims on the top. The feeder channels of the mud volcanoes
vary in diameter from several hundred meters to 3.5 km (Gaynanov et al., 1998). The
roots of these mud volcanoes are not exactly known, but their origin is clearly related to
the layers of plastic clay of the Maikopian Formation (lvanov et al., 1996), which are
highly enriched with organic matter (Dimitrov, 2002). The sedimentary layers as shown
on seismic profiles are almost horizontal. However, in the mud volcano area they are
locally influenced by low-amplitude folds, flexures, and normal faults. These features
imply a general tensional tectonic regime in the basin and are probably related to the
West Crimean Wrench Fault, which is the major regional strike-slip fault in the eastern
part of the Western Black Sea basin and was active from the Cretaceous through the
Miocene. Seismically imaged normal faults cut Quaternary sediments, suggesting
possible reactivation of the West Crimean fault (Limonov et al., 1997; Bocaletti et al.,
1988; Finetti et al., 1988; Slack et al., 1998).
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Figure 18 Bathymetry of the area of investigation in the central Black Sea together with the seismic lines
and names of mud volcanoes (bathymetry data from TTR6, M52-1, M72-3, MSM15-2 and M84-2). Six
mud volcanoes were mapped.
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1.5.2 The Kerch Peninsula margin, Black Sea
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Figure 19 Bathymetry map of the Kerch Peninsula margin, Black Sea. The red pentagon indicates the
location of the Kerch seep area. Black lines indicate the location of the seismic profiles.

The Kerch Peninsula margin is located in the Eastern Black Sea Basin, which most
likely began to rift in the Early Cretaceous. The Kerch Peninsula is a prominent
geographic feature located in the eastern portion of Crimea. It is between two
neighboring seas: the Azov Sea and the Black Sea. A large fan south of the Kerch Strait
indicates the paleo-delta of the Don and Kuban rivers (Barg, 2007; Starostenko et al.,
2010).

This study area is located south of the continental slope of the Kerch Peninsula, and
characterized by NNW-SSE striking canyons and ridges. The continental slope is
bordered by the Crimean Mountain in the North and Northwest, by the Sorokin Trough in
the Southwest, by the Kerch-Taman Trough in the East and by the Tetyaev-Shatsky
Ridge in the South (Fig. 19). The water depths in this area range from 100 m to 1400 m.
Numerous gas seeps were recorded by the Parasound acoustic system during the R/V
METEOR Cruise M72/3b in March/April 2007. The Kerch flares of more than 400 m
height above the sea floor were observed in water depths of 900 m, named as the Kerch
seep area (Bohrmann et al. 2007). The sedimentary cover of the study area consists of
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Jurassic  Paleogene, Upper Eocene  Lower Miocene, Middle Miocene and Upper
Miocene- Quaternary sequences, and with a total thickness of up to 15km (Stovba et al.,
2009).
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Figure 20 Deepwater play types in the area south of Crimea and the Kerch peninsula. Image taken in 2008
from the public website of Vanco Energy Company: http://www.vanco-energy.com/. This profile is located
in the west of the study area 2.

The entire eastern Ukrainian Black Sea was affected by inversion tectonics and
compressional events during the Middle Eocene, Late Eocene, Early Miocene and Middle
Miocene. These compression phases took place with the continuing post-rift basin
subsidence. The geometry of probable EW trending structures, such as the Sorokin
Trough and the Tetyaev  Shatsky ridge, indicated the southeastern Crimea Black Sea to
be influenced by NS directed compression. There are numerous anticline structures
formed by compressional events (Stovba et al., 2009). The anticline structures can serve
as structural traps for oil and gas fields (Fig. 20). The sedimentary cover of our study area
consists of Jurassic  Paleogene, Upper Eocene Lower Miocene, Middle Miocene and
Upper Miocene Quaternary sequences, with a total thickness up to 15km (Stovba et al.,
2009). The Oligocene-Miocene Maikopian formation, which is most probably the source
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of seeps in the Black Sea (lvanov et al., 1996), is buried beneath younger sediments. The
steep upthrust faults (Alexander and Irina, 2005), which may be the main pathway for gas
migrating to the upper part sediments, occur on the basinward side of the anticlines.

1.6 Materials and methods
1.6.1 High-resolution multichannel seismic

The high-resolution multichannel seismic data used in the study were collected during
R/V Meteor Cruises M52/1 and M72/3 in 2002 and 2007, respectively (Bohrmann and
Schenk, 2002; Bohrmann et al., 2007). The seismic system is specifically designed by the
University of Bremen to acquire high-resolution seismic data through optimizing all
system components and procedural parameters. Different seismic system setups were
used during the M52/1 and M72/3 Cruises. Both of them are outlined in Figures 21 and
22, and described in detail below.

1.6.1.1 Data acquisition
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Figure 21 Outline of the Bremen high resolution reflection seismic system during R/V Meteor Cruises
M52/1

During the M52/1 seismic survey, three seismic sources were used, including two
types of GI- (generator-injector) guns with chamber volumes of 2 x 1.7 L and 2 x 0.4 L,
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respectively, and one water gun (0.16 L). The guns were operated on a quasi-
simultaneous mode at a time interval of 9 s. The presented 2D seismic Lines GeoB02-026

GeoB02-036 were shot with the larger Gl-gun 2 x 1.7 L), towed at 1.4 m water depth,
generating main frequencies in the range of 50 to 500 Hz. The return signal was recorded
by a multichannel seismic streamer (SYNTRON). This included a 35 m tow-lead, a
stretch section of 50 m, and six active sections of 100 m length each. The active sections
with 48 channels of 6.25 m length and a group distance of 12.5 m recorded the GI-Gun
data. The streamer was kept in a water depth of 3 m (+/- 0.5 m) by four MultiTrak
Remote Units (MTC Birds) and five DigiCourse Birds (DigiBirds). Each bird includes a
depth and a heading sensor as well as adjustable wings. The birds were controlled by two
controllers from the seismic lab. The streamer was connected with a deck cable via a
switch box to the recording system. The Jupiter/ITI/Bison seismograph digitized the GlI-
Gun data at a sampling frequency of 4 kHz over an interval of 3 seconds, which allowed
online display of shot gathers and a demultiplexing of the data. Positioning was based on
GPS recordings. A recording delay was adjusted depending on the current water depth.
Data were stored in SEG-Y format on DLT4000 cartridge tape with 20 GByte of
uncompressed capacity.

Trigger Unit

SWMEMIC SOUrERS

racordi ~ -

s T — ANP 2000 | DavisShip

I Streamer Contro! Uni Nevigation end Dala

1) Bhed et : Management System
depth, wing angle, stalus RNV Meteor

Sensors:
depth, heading, temperaturs

|
| |
Source: Gl Gun
| Gemarator 4.9 L
Injector  1.7L Data
Source: Gl Gun
Generator 0.4L
e o ok et
%,?‘:;EES?!]VE'FIQUD long hydrephone gioups)
40 m lead-in
*_:. 500 m active length
qun Gigua witorgur
& Wk [ TYEE .\ Recording Unit:
k"‘——l MaMuCS,
P\%‘\‘ Data go ;:snnels, 0.250 ms or
/ = 1125 me sample rate
/ \ \“":H:“'\ e | - oo 12000 ta 60000 samples
S/ s WY Py P Ao 7.5 sec recording
S o= P g on number of
/ 1 Mg T shots in a cycle)

10 active sections 4 50 m | & channels
buoys / DigiBirds

Figure 22 Outline of the Bremen high resolution reflection seismic system during R/ Meteor Cruises
M72/3

During the M72/3 Cruise, three seismic sources were used in various combinations.
The aim of the seismic survey was to investigate the shallow and deeper subsurface
structures in the vicinity of seep locations. The 2D seismic Lines GeoB07-137 GeoBO07-
157, analyzed in this thesis, were shot with a GI gun with extended chamber volume (4.1
L generator and 1.7 L injector) in a frequency range of 30 - 300 Hz. The source was shot
at an air pressure of ~150 bar provided by the compressor container. The multichannel
seismic streamer (SYNTRON) included a tow-lead, a stretch section of 44 m and ten
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active sections of 50 m length each. A long meteor rope of 30 m with a buoy at the end
was connected to the tail swivel, resulting in a total tow length of 574 m. The streamer
was connected with a 30 m long deck cable to the recording system. Data were received
by the 500 m long streamer section with 80 channels at a group distance of 6.25 m. The
streamer was kept in a water depth of 3 m (+/- 0.5 m) by the attachment of 5 cable
levelers. The data digitization and recording were performed by the MaMuCS system
(Marine Multichannel System), a custom designed software which can digitize and store
simultaneously a maximum of 96 channels. In addition, during recording, MaMuCS can
provide an online data display of shot gathers as well as a brute stack section of the range
of channels of the user s choice. It also can receive and record ship navigation differential
GPS data, and stores data in SEG-Y format on the internal hard disk drive.

1.6.1.2 Data processing
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Figure 23 Seismic processing flow applied to the 2D seismic data.
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During the seismic data processing, | used a multichannel seismic processing method
to process the seismic data from both M52/1 and M72/3. Figure 23 shows the specific
processing flow applied to the 2D seismic data. The software for processing was the
commercial software package Vista Seismic Processing. Custom software (WinGeoapp,
developed by H. Keil, University of Bremen) was used for geometry calculations.
Common mid-points (CMPs), which are the reflection midpoints between the sources and
the receivers, were calculated for each trace based on the information of the navigation
and heading data. For the M52/1 seismic data (Fig. 24), the CMP binning distance was
chosen to be 10 m, leading to 15-16 fold coverage. To the M72/3 seismic data, a CMP
binning distance of 2 m was finally applied, after also 5 m and 10 m bin distances had
been tested. Dead and low-quality channels were removed.
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Figure 24 An example of seismic dataset. A single channel profile of the seismic line GeoB02-030
crossing the MSU mud volcano after delay correction is presented. See the delay correction step the flow in
Figure 23.

Velocity was picked for all profiles, and used for the normal move-out (NMO)
correction and CMP stacking. The datasets were filtered with a broad band-pass filter, for
the M52/1 seismic data and the M72/3 seismic data, 50/100-600/800 Hz and 10/30 -
250/400 Hz were chosen respectively to preserve both the high-resolution and the deeper-
penetration signals. Before the stack step, a manual post-processing static correction was
always necessary to remove residual static generated by oceanic waves. After the stack
step, the signal to noise (S/N) ratio of seismic data can be highly improved (Fig. 25). The
stacked seismic profiles were processed with time migration with a finite difference
method (Fig. 26). The step of migration could collapse these diffractions and migrate
dipping reflectors to their correct positions and angles. After the processing work, both
stacked and migrated profiles were exported from the Vista software as SEG-Y data and
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