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Abstract

3D seismic data are used in this thesis to investigate fluid migration processes and
the gas hydrate system offshore Mauritania. The studied interval was deposited during the
Neogene, characterised by fine-grained hemipelagic sediments, polygonal faults, mass
transport complexes (MTCs), high amplitude anomalies (HAAs), and a widespread bottom

simulating reflection (BSR).

In the study area, there are many localized HAAs above some MTCs. Their spatial
relationship indicates that there was upward gas migration up the margins or local faults
associated with the MTCs. One possible gas source could be dissociated hydrates due to the
upward resetting of the BSR, but there may be other sources like in situ biogenic gas. At
shallower depth, a gravity-driven fault below the BSR acted as a conduit for gas recycling
after hydrate dissociation. There is a close spatial relationship among the fault location, a
breached gas accumulation and a shallower free gas zone (FGZ), suggesting the process of
gas recycling between hydrates and another gas trap. The BSR is investigated which is
composed of alternating high and low amplitudes and characterized by amplitude bands on
the BSR map. The high amplitude bands are interpreted to be caused by free gas trapped
below the base of gas hydrates, potentially in spaced beds of coarser sediments. These
amplitude bands provide evidence of lateral changes in the ambient conditions that control
the depth of the BSR, including the variable water depth of the slope, impingement of salt

diapir and mud diapir, and canyon cutting at the seabed.

Generally this thesis exemplifies the potential of 3D seismic data in studying the gas
hydrate system and related processes. For example, mapping the BSR on 3D seismic data
can show lateral changes of the BSR at different depths from only one map, representing an

effective method to study the base of gas hydrates.
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Introduction

Chapter 1: Introduction

1.1 Research context

Gas hydrates have been recovered globally in permafrost, marine and lake
environments (Shipley et al., 1979; Yakushev and Chuvilin, 2000; Vanneste et al., 2001).
Research on gas hydrates is increasingly gaining attention from all over the world because
gas hydrates are regarded as a potential future energy source which may play a role in
affecting global climate change, geological hazards and evolution of oceanic margin (Biinz et
al., 2003; Brown et al., 2006; Haacke et al., 2007). In marine environments gas hydrates
mainly occur in the uppermost sediments of a few hundreds of metres, at ocean water
depths greater than ~400 m and shallower than 3000 m (Fig. 1.1; Shipley et al., 1979; Klauda
and Sandler, 2005; Westbrook et al., 2009).
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Fig. 1.1 Map of the globe showing the predicted locations of gas hydrates (blue) in water depth < 3000 m (after
Klauda and Sandler, 2005; Davies et al., 2012a).

Bottom simulating reflections (BSRs) and fluid migration conduits are obvious
seismic features on continental margins (e.g. Shipley et al., 1979; Haacke et al., 2007). There
are two types of BSRs, diagenesis-related and hydrate-related (e.g. Berndt et al., 2004). A
hydrate-related BSR is a useful seismic indicator to detect the base of gas hydrate stability
zone (BHSZ). It is caused by the acoustic impedance contrast between the hydrate-bearing
sediments above the reflection and the underlying free gas-charged sediments (e.g. Shipley

et al., 1979; Kvenvolden, 1998; Biinz et al., 2003). The high-resolution three-dimensional
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(3D) seismic data offshore Mauritania allow accurate mapping of the subsurface in this area,

which enables detailed investigation of the base of gas hydrates and related processes.

Although gas hydrates are considered to be a potential energy resource, the specific
mechanisms of gas supply for hydrate formation are poorly defined (e.g. Haacke et al.,
2007). According to Xu and Ruppel (1999), in natural gas hydrate systems including passive
continental margins with low flux, the gas used for hydrate formation is mainly transported
by upward fluid advection from below. It is also possible that the in situ biogenic gas

generated within the GHSZs is used to form gas hydrates (Hyndman and Davis, 1992).

When the hydrate stability conditions change, gas hydrates will dissociate and
release a large volume of gas and water, which may increase the pore pressure and
potentially cause overpressure (Schroeter et al., 1983; Haq, 1998; Dickens et al., 1995; Kwon
et al., 2008). It has been widely proposed that there may be a significant relationship
between hydrate dissociation and submarine slope failures (Katz et al., 1959; Mclver, 1977,
Dillon and Paull, 1983; Paull et al., 1991). Furthermore hydrate dissociation would lead to
the redistribution of hydrocarbons as free gas or hydrate phase to adjust to the new
hydrothermal conditions (Tohidi et al., 2001). There are two main sinks for dissociated gas
from hydrates: some could be recycled back to the hydrate systems to form hydrates or be
trapped in free gas zones (FGZs) below the BSR, and some could be stored in new free gas
traps such as stratigraphic traps (Rempel and Buffett, 1997; Pecher et al., 2001; Davies and
Clarke, 2010; Yang and Davies, 2013).

On seismic data, a BSR is normally observed as a reflection which is approximately
parallel to the seabed and crosscuts stratigraphy (Shipley, 1979; Berndt et al., 2004).
However theoretically there should be some lateral changes in the BSR reflection due to the
lateral lithological variations or vertical tectonism such as uplift, subsidence, and diapirism
(Hubscher and Kukowski, 2003). The seismic amplitude of the BSR reflection may change
according to the different concentrations of hydrates and gas which are controlled by the
physical properties of sediments (Rodrigo et al., 2009). Since the 3D seismic data offshore
Mauritania are of high frequency and the BSR is widespread in this area, detailed mapping

can be used to study the base of gas hydrates, FGZ locations, and their planar distribution.



Introduction

Studies of gas hydrates have been the focus for many geoscientists worldwide
(Hyndman and Davis, 1992; Pecher et al., 1996; Bangs et al., 2010). The research in this
thesis contributes to the knowledge of gas hydrates in terms of understanding the related
fluid migration processes below the BSR and controls on the BSR itself. Chapter 3
demonstrates that the aligned margins of MTCs can act as pathways for upward gas
migration; chapter 4 introduces the role of gravity-driven faults in gas recycling between gas
hydrates and other gas accumulations; and chapter 5 analyses the geological controls on the
gas hydrate systems such as the BSR which marks the position of the base of gas hydrates, as

well as the FGZs.

1.2 Gas hydrate systems

Gas hydrates are widely regarded as a potential future energy resource, and it is
estimated that the reserve in gas hydrates is twice as large as the conventional hydrocarbon
resources (Shipley et al., 1979; Kvenvolden, 2002). So gas hydrates probably represent an
important component of the global carbon cycle (Dickens, 1999, 2001abc). Many
geoscientists have published global or regional estimates of submarine gas hydrates in the
past 40 years (e.g. Trofimuk et al., 1973; Mclver, 1981; Hovland et al., 1997; Kvenvolden,
1999; Milkov et al., 2003; Mosher, 2011). Based on their research, the global estimates of
hydrate-bound gas decreased gradually from the order of 107-10"to 10'*-10" m?, probably
due to the growing knowledge of the distribution and concentration of gas hydrates (Milkov,

2004).

Until now most of the papers on gas hydrates mainly focus on the distribution of the
BSR and related processes like fluid migration, gas recycling and slope slumping, which are
probably much easier to detect on seismic data (e.g. Field and Kvenvolden, 1985; Paull et al.,
1991). However to accurately estimate the reserves of gas hydrates and to understand their
specific roles in climate change and slope evolution, people need to know more about the
details of gas hydrate layers such as the distribution, thickness, porosity, saturation and
physical property changes during hydrate formation and dissociation (Milkov, 2004). To
achieve this, data integration is needed which requires many data such as seismic data, well
logging data, core data, chemical analysis data or reliable seismic velocity data (Wood et al.,

1994; LeBlanc et al., 2007).
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1.2.1 Gas hydrate stability zones (GHSZs)

The stability of gas hydrates is mainly controlled by pressure and temperature (P-T)
conditions and GHSZs often occur in environments of high pressure and low temperature
(Field and Kvenvolden, 1985; Sloan, 1998; Brown et al., 1996; Biinz et al., 2003). As shown in
the phase diagram (Fig. 1.2a), the stability zone of hydrates is defined by three curves,
confined by the intersection depths of the hydrate stability curve with the water
temperature profile and the heat flow profile. Theoretically the top of the GHSZ is located in
the sea water, controlled by the intersection of the hydrate stability curve and the water
temperature profile (Fig. 1.2a). But normally people regard the seabed as the top of GHSZ

because the hydrates in seawater do not survive long and will float upwards and decompose
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Fig. 1.2 (a): A schematic diagram showing the equilibrium conditions of a GHSZ, mainly controlled by the hydrate
stability curve and the heat flow profile (from Xu and Ruppel, 1999). Free gas can be sealed below the GHSZ as a
separate phase. (b): Another schematic diagram showing three gas phases (dissolved gas, free gas and gas

hydrates) controlled by depth and gas flux (from Davie and Buffett, 2003; Milkov et al., 2004). Two mechanisms

of gas supply are proposed, upward fluid migration and in situ biogenic gas.

due to its low density and instability (MacDonald et al., 1994; Paull et al., 1994). The base of
the GHSZ (BHSZ) occurs where the hydrate stability curve intersects the heat flow profile and
may be marked by a BSR on seismic data (Fig. 1.2a). So the location of the BSR is mainly

related to the bottom water temperature, water depth, burial depth and local heat flow
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from the earth (e.g. Mosher, 2011). Additionally, hydrate formation may also be affected by
other factors like salinity, gas composition, even the physical properties of host sediments
(e.g. Cooper and Hart, 2002). When the pore fluid gas concentration in the GHSZ reaches gas
saturation (maximum gas solubility), additional gas production will lead to the formation of
hydrates (Fig. 1.2b; Paull et al.,, 1994; Xu and Ruppel, 1999). However, some other
researchers proposed that it is possible that dissolved gas can be used to form gas hydrates

(Brown et al., 1996; Haacke et al., 2007).

As introduced in section 1.1, there are two main types of BSR on seismic data,
diagenesis-related and hydrate-related (e.g. Shipley et al., 1979; Berndt et al., 2004). These
two types of BSR are often characterized by strong reflection strength due to the high
acoustic impedance contrast, and both cross-cut stratigraphy. A diagenesis-related BSR is
caused by a diagenetic transition, often from opal A to opal CT, but the smectite-illite
conversion or a sudden increase in the abundance of authigenic carbonates can also lead to
the occurrence of diagenesis-related BSRs (Isaacs, 1982; Davies and Cartwright, 2002; Berndt
et al., 2004). A hydrate-related BSR is the key seismic indicator of gas hydrates, and it is
thought to be more controlled by the free gas below rather than the overlying hydrates
because a minor amount of free gas can change the seismic velocity significantly (Dai et al.,
2004; Riedel et al., 2006). The hydrate-related BSR gets deeper as the seabed depth
increases, while the diagenesis-related BSR often has a constant depth below the seabed or
even gets shallower as the seabed depth increases due to earlier opal transition at greater

pressure (Hibscher and Kukowski, 2003; Berndt et al., 2004).

The occurrence of gas hydrates is not always accompanied by an obvious BSR on
seismic data, and hydrates may exist where there is no BSR (Biinz et al., 2003; Kumar et al.,
2006). According to Holbrook et al. (1996), on Leg 164 gas hydrates were proven to exist at
three sites (994, 995 and 997) which were drilled along a transect extending from the ridge
flank on the Blake Ridge. However no clear BSR is observed at Site 994 which is located on
the southern flank of Blake Ridge, while at Site 997 which is located on the crest of Blake
Ridge there is a prominent BSR (Paull et al., 1996). The visibility of a clear BSR is closely
related to the topography because distinct BSRs are always observed in areas where the BSR

crosscuts stratal reflections at an acute angle and it is hard to recognize a BSR when the
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hydrate-charged sediment layers are parallel to stratal reflections (Horozal et al., 2009).
Although it is widely accepted that gas hydrates occur above the BSR, it is also possible that
hydrates and free gas coexist below the BSR which have been observed on the Blake Ridge
(Paull et al., 1996; Guerin et al., 1999). That can be caused by the capillary effects of the
smaller pores in finer-grained sediments which increase the temperature of hydrate
dissociation or by remaining crystalline structures after partial hydrate dissociation (Guerin

et al.,, 1999).

The dissociation of gas hydrates may occur when gas hydrate equilibrium conditions
change, which is regarded as a factor in causing overpressure and sediment weakening
(Paull et al., 2000; Kwon et al., 2008). When the hydrate stability equilibrium conditions
change due to processes like sedimentation, erosion, bottom water temperature change or
diapirism, the GHSZ will reset upwards or downwards to the new equilibrium depth range
(Rempel and Buffett, 1997; Pecher et al., 2001). As the BHSZ resets upwards, the hydrates at
the base of hydrate zone will dissociate, potentially resulting in generating overpressure due
to the large volume of released gas and water. The released gas can be recycled back to the
hydrate system driven by the overpressure, or stay in other gas traps below the new GHSZ
sealed by faults or fine-grained sediments (e.g. Davies and Clarke, 2010). A downward shift
of the BHSZ is usually followed by conversion of gas to hydrates, adjusting to new hydrate

equilibrium conditions (e.g. Bangs et al., 2010).

1.2.2 Gas sources for hydrate formation

Rempel and Buffett (1997) proposed two sources of gas for hydrate formation (Fig.
1.2b). One is biogenic gas generated from in situ organic-rich sediments within the GHSZ.
The other is gas flux into the GHSZ by fluid migration from below, either biogenic or
thermogenic (Paull et al., 1994). The latter mechanism is of great importance to the gas
hydrate system because the biogenic gas formed within the GHSZ is often considered to be
insufficient to ensure the occurrence of gas hydrates (Hyndman and Davis, 1992; Xu and
Ruppel, 1999; Haacke et al., 2007). The origin of gas, biogenic or thermogenic, can be
determined by analysing the isotopic and compositional data (Rice and Claypool, 1981; Paull

et al., 1994).
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The biogenic gas mainly consists of methane, with C,/C,s ratio greater than 0.98
(Bernard et al., 1976; Rice and Claypool, 1981; Vially, 1992). It can originate from the
decomposition of organic matter by anaerobic microorganisms in rapidly accumulating
sediments, especially under low temperatures at shallower depth (Bernard et al., 1976; Rice
and Claypool, 1981). As a result, areas of low heat flow and higher burial rate are prone to
produce more biogenic gas (Paull et al., 1994; Vially, 1992). Gas hydrates are prone to occur
in the upper few hundreds of metres on the continental margins under low temperature and

high pressures where biogenic gas may be present.

Thermogenic gas is produced at greater depths (more than 1 km) by thermal
cracking of organic matter or oil (Bernard et al., 1976; Sassen et al., 1999; Sassen et al.,
2001), and significant quantities of thermogenic gas cannot be generated until temperature
reaches 100 °C (Rice and Claypool, 1981). Thermogenic gas often contains heavier
hydrocarbons from deep hot hydrocarbon systems, with methane/ethane ratio less than 100
(Sassen et al., 1999). The composition of thermogenic gas is related to the thermal maturity
of related source rock and it is suggested that source rocks of higher thermal maturity can
produce isotopically heavier carbon than at lower thermal maturity (Sassen, 1988). In this
thesis no isotopic or compositional data is available to analyse the origin of gas offshore
Mauritania, and only fluid migration processes are investigated which may supply gas to the

hydrate zone.

1.3 Fluid migration

Subsurface fluid migration on continental margins is of great significance to marine
hydrocarbon systems because it may provide evidence of hydrocarbon migration and
distribution, cause slope instability, or even affect climate change (Gay et al., 2003; Blinz et
al., 2005; Haacke et al., 2007). Generally there are two mechanisms of fluid migration,
diffusion and advection, and it is rare that in one area there is only one single mechanism for
gas migration (e.g. Leythaeuser et al., 1982; Berndt, 2005; Gay et al.,2007). Additionally fluid
migration has a close relationship with gas hydrate systems. It may supply gas for hydrate
formation and provide migration conduits for the released gas from hydrate dissociation

(Hyndman and Davis, 1992; Davies and Clarke, 2010; Yang and Davies, 2013).
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1.3.1 Diffusion

Diffusion describes the spread of particles through random motion from regions of
higher concentration to regions of lower concentration (Krooss et al., 1988; Judd and
Hovland, 2007). Diffusion is comparatively inefficient at transporting gas over long distances,
and is an exceedingly slow process which disperses rather than concentrates gas (Max, 2003;
Judd and Hovland, 2007). Molecular diffusion through water-saturated pore space
represents an effective process for primary migration of gas which is dependent on
temperature rather than pressure (Leythaeuser et al., 1982; Stainforth and Reinders, 1990).
The transport rate by diffusion is also affected by porosity and permeability, adsorption and
desorption on clay minerals and kerogen, and salinity of formation waters (e.g. Leythaeuser
et al., 1982). Diffusion of hydrocarbons in the subsurface may destroy the existing gas
accumulations by dissipation (Leythaeuser et al., 1982; Krooss and Leythaeuser, 1996). As a
result, Leythaeuser et al. (1982) proposed that large gas accumulations can persist through
long periods of geological time, such as 10° years, only when dynamic systems reach steady-
state equilibrium between the diffusion-related loss through the cap rock and the

continuous replenishment from the source rock.

1.3.2 Advection

Advection is a transport mechanism by fluids due to the bulk motion of fluids in a
particular direction (Kopf, 2002). On seismic data focused fluid migration indicated by the
presence of chimneys, faults, mud volcanos, sand injections and pockmarks is often
regarded as advection transport, probably driven by overpressure (Fig. 1.3; Hovland and
Judd, 1988; Pecher et al., 2010; Lgseth et al., 2011; Sun et al., 2013). The build-up of
overpressure can be linked to reasons in geology, tectonic and geochemistry (Milkov, 2000),
such as compressional tectonics (e.g. Sultan et al., 2007), gas generation, high sedimentation
rate (e.g. Sun et al.,, 2012), compaction (Gordon and Flemings, 1998) and diagenetic
reactions which release pore fluids (e.g. Bruce, 1984). According to previous studies, focused
fluid flow systems are of great significance to hydrocarbon reservoirs (e.g. Abrams, 1992;
Gay et al., 2007). As a large capacitor of gas (mainly methane) in the global carbon cycle, gas
hydrates are closely related to focused fluid migration (e.g. Hyndman and Davis, 1992;

Haacke et al., 2007). Xu and Ruppel (1999) proposed that the gas hydrate layers in
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advection-dominated systems are thicker than in diffusion-dominated systems for the high

rate of fluid flux.
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Fig. 1.3 A summary sketch showing focused fluid migration pathways on a passive continental margin and

location of the gas hydrate systems (from Berndt, 2005).

1.4 Research objectives

This research focuses on the gas hydrate system on a passive continental margin and
investigates related fluid migration processes below the BSR, using the 3D seismic data from
offshore Mauritania. 3D seismic datasets used in hydrate studies are quite rare and this is an
exceptionally good dataset clearly showing the characteristics of the BSR which marks the
base of gas hydrates, as well as other related structures. Fluid migration conduits below gas
hydrate systems, such as chimneys and faults, have been widely observed on seismic data
and they are interpreted to supply gas to gas hydrate systems or provide pathways for gas
recycling between gas hydrate systems and other free gas traps (Abrams, 1992; Berndt,
2005; Yang and Davies, 2013). In this research the high resolution 3D seismic data enable to
do detailed mapping of the subsurface to study the gas hydrate system and related

processes. The objectives of this thesis are to:

1) Investigate the processes of fluid migration below gas hydrates by analysing
the localized amplitude anomalies (chapters 3 and 4). Consider the lateral

fluid migration along stratigraphy in these processes. Understand the
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relationships among the process of fluid migration, nearby structures and

the gas hydrate system.
Through mapping the BSR rather than stratal reflections, study the

2)

5).

1.5 Geological setting

amplitude change of the BSR and its distribution in different areas (chapter

Investigate how one could use such mapping to understand the

geological controls on the gas hydrate system offshore Mauritania.

The passive continental margin offshore Mauritania in West Africa is characterized

by a relatively narrow shelf and a moderately broad continental rise (Fig. 1.4; Vear, 2005;

Antobreh and Krastel, 2007). The opening of the North Atlantic Ocean initiated during the

Mid-Jurassic which was probably triggered by seafloor spreading adjacent to the

Mauritanian Basin (Vear, 2005; Antobreh and Krastel, 2007). At present the continental

slope is generally smooth, with a dip of ~ 1-3° (Henrich et al., 2008).
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According to Vear (2005), the continental margin offshore Mauritania is a potential
petroleum play where the Miocene turbidite channels of high porosity act as reservoirs
which are sealed by fine-grained sediments of channel abandonment facies or hemipelagic
shale drapes of low permeability. The deep-marine mudstones deposited during the
Cenomanian-Turonian or other intervals such as the Albian and the Paleocene may
represent possible source rocks (Vear, 2005). The Neogene is comparatively thick in
Mauritania, although it is thin along most of the West African margin (Vear, 2005). There are
many mass transport complexes (MTCs) formed within the Neogene succession, related to
the deposition of poorly consolidated sediments probably due to the high sedimentation
rates in the slope environment (Henrich et al.,, 2008; Antobreh and Krastel, 2007). The
Mauritania Slide complex is one of the largest MTCs on the Northwest African continental
margin, ~ 34,000 km?, and it is characterized by retrogressive sliding (Krastel et al., 2006;
Davies et al., 2012b). The MTCs studied in this thesis are located to the north of the

Mauritania Slide (Fig. 1.4), also featured by retrogressive sliding.

For the last few millions of years, large volumes of aeolian sediments from the
Sahara Desert have been transported into this area (Antobreh and Krastel, 2007; Henrich et
al., 2008). This thesis focuses on the gas hydrate system and only studies the shallower
succession which is characterized by fine-grained turbidites, debris flows and hemipelagic
sediments (Vear, 2005; Krastel et al., 2006). The sedimentation rate offshore of Mauritania is
variable, from several to hundreds of m m.y.", controlled by the changes of climate,
sediment supply and tectonic setting during geological time (Ruddiman et al., 1988). The
interval investigated in this thesis is located between the seabed and ~ 950 ms below,
deposited since the Neogene (Vear, 2005). The sedimentation rate for this interval is high,
averaging 80-160 m m.y.", probably due to the ocean margin upwelling regime (Krastel et

al., 2006; Henrich et al., 2008).

1.6 Thesis outline

In this section all chapters will be described individually. Chapters 3-5 have been
written as manuscripts for publication, and they focus on different topics associated with
the gas hydrate system from bottom to top (Fig. 1.5). Each chapter contains introduction,

geological background, data and methodology, observations, interpretations, discussion and

11
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conclusions, which repeat some contents in chapters 1 and 2. In chapters 3-5, pronouns
referring to the author (Jinxiu Yang) appear in the plural form (i.e. we replaces 1) as an
acknowledgement of co-authors in the manuscripts. The thesis only contains manuscripts for

which | am the first author.
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Fig. 1.5 A simplified cross section showing three phenomena from deep to top which will be described in

chapters 3, 4 and 5 respectively.

Chapter 1 introduces the research context, research progress in gas hydrate systems
and fluid migration. Geological background is also described in this chapter, as well as the

objectives of this thesis.

Chapter 2 describes the 3D seismic data and related methodology used in the
research, including a brief introduction on data generation and processing. Seismic
interpretation is the basis of the main work in this thesis, and its basic principles are
described in this chapter as well. Additionally the seismic attributes used in mapping and

interpretation are also introduced.

Chapter 3 examines some localized high amplitude anomalies (HAAs) located above
some buried MTCs which indicate upward fluid migration controlled by the MTCs. The work
in this chapter has been published as: ‘Gas migration below gas hydrates controlled by mass
transport complexes, offshore Mauritania’, in the journal of Marine and Petroleum Geology.

Richard Davies and Mads Huuse are my co-authors (Doi: 10.1016/j.marpetgeo.2013.09.003).

12
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Approximately 70% of this paper is my own work, with Richard Davies contributing around

25% and Mads Huuse 5%.

Chapter 4 investigates gravitational faults which act as migration pathways for gas
recycling after hydrate dissociation. The work in this chapter has been published as: ‘Gravity-
driven faults: Migration pathways for recycling gas after the dissociation of marine gas
hydrates’, in Marine Geology with Richard Davies as the only co-author (Doi:
10.1016/j.margeo0.2012.11.013). Over 70% of the final paper is my own work, with Richard

Davies contributing approximately 30%.

Chapter 5 describes a method of mapping the BSR instead of stratigraphic
reflections to study the characteristics of the BSR offshore Mauritania and its geological
controls. The location of FGZs is also investigated. The work in this chapter is ready to be
submitted as ‘Controls on the base of gas hydrates offshore Mauritania: determined by 3D
seismic imaging of the bottom simulating reflection’ with Richard Davies as the only co-
author. About 80% of the final manuscript is my own work, with Richard Davies contributing

the remaining 20%.

Chapter 6 discusses the principal findings described in this thesis, as well as areas of
uncertainties. This chapter also raises some interesting topics for future work, and list the

main conclusions.
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Chapter 2: Data and methodology

Many types of data and methods have been used to research gas hydrates, such as
2D or 3D seismic data, borehole data, hydrate samples, numerical modelling, and laboratory
based analysis of hydrate-bearing sediments (e.g. Shipley et al., 1979; Dickens et al.,,
2001abc; Hovland et al., 2002; Lee and Collett, 2011; Yang and Davies, 2013). This thesis is
mainly based on the analysis of the 3D seismic data offshore Mauritania. No additional data
are available here to calibrate the 3D seismic data. However there are some Ocean Drilling
Program (ODP) well data in nearby areas (Ruddiman et al., 1988), through which the
geological background of the study area can be inferred. The following sections introduce
the 3D seismic data such as seismic acquisition, processing, interpretation and related
methodologies for seismic studies of gas hydrates. The list of abbreviations provides a brief

explanation of the abbreviations used in this thesis.

2.1 3D seismic data

The earth is three-dimensional, and the petroleum reserves are also stored in three-
dimensional traps (Brown, 2010). Therefore the application of 3D seismic technology can
provide the most complete and precise picture of the subsurface structural and stratigraphic
features, increase drilling efficiency and offset some exploration risks (e.g. Cartwright and
Huuse, 2005). Compared to traditional 2D seismic data which exerted a major influence on
the development of basin analysis in the 1960s and 1970s (Sheriff and Geldart, 1995), 3D
seismic data are of significantly higher quality, with a dense grid of lines which enables to
map the subsurface features in 3D detail to a resolution of only a few tens of metres, or
even just a few metres (Fig. 2.1; Saeland and Simpson, 1982; Brown, 2010; Cartwright and
Huuse, 2005; Appendix A).
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Fig. 2.1 Areal coverage of a 3D survey (fainter dots) compared to the coverage of a grid of five 2D lines (bold

dots), and the ability of each to delineate a meandering channel (from Brown, 2010).

2.1.1 Marine seismic data acquisition

An acoustic wave generating device is used to produce body waves which
subsequently travel down through the subsurface and are reflected back towards the
surface by geological interfaces (e.g. sequence boundaries, unconformities; Bacon et al.,
2007). Air guns are the traditional and widely used energy source for the majority of marine
seismic surveys (Brown, 2010). The receiving devices detect the reflected signals and
measure their amplitude and arrival two-way-travel times after the source is fired. The
collected data reveal information about the two-way-travel time to geological interfaces and
changes in related rock properties (Bacon et al., 2007). Marine seismic surveys are mainly
concerned with P-wave reflections to detect the reflected energy because S-waves do not

transmit through fluids as fluid has no capacity for shear (Bacon et al., 2007).

There are two main methods used for marine seismic data acquisition. One uses
hydrophones deployed in a streamer or streamers towed behind a vessel at a depth of a few
metres, to which the seismic source may be attached (Fig. 2.2; Brown, 2010; Lee et al.,,
2004). The other one requires that the recording sensors sink to the seafloor and are

connected to a stationary recording vessel, called ocean bottom cable (OBC) or ocean
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bottom seismic (OBS) (Fig. 2.3; Brown, 2010; Rajput et al., 2012). The recording sensors

include hydrophones, geophones, or both.

Satellite

DGPS antenna

bt i Air gun 6 or 8 channel streamer Buoy

Fig. 2.2 A cartoon showing a method of seismic data acquisition in a marine setting with the streamer towed

behind (from Lee et al., 2004).

S%Pnims Sea Surface Seismic Vessel

Fig. 2.3 A cartoon showing a method of seismic data acquisition in a marine setting with receivers sinking to the

seafloor (from Rajput et al., 2012). H, V,, V, and V, indicate horizontal and vertical velocity components.

The speed at which a seismic wave travels through the subsurface layers is governed
by the seismic velocity of the materials in which they are travelling (Bacon et al., 2007). The

acoustic impedance of certain material, Z, is defined by the following equation:
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Z=V,p Eq. 2.1
where V, is the velocity of seismic P-wave and p is the density of related material.

When seismic waves travel through an interface between two materials with
different acoustic impedances, some of the wave energy will reflect at the interface while
some will be transmitted through the interface (Benson and Wu, 1999; Bacon et al., 2007).
The amplitude of the reflected wave is predicted by multiplying the amplitude of the
incident wave by the seismic reflection coefficient R which is determined by the impedance

contrast between the two materials above and below the geological interface (Fig. 2.2):

R=(Vp2p2- Vp1P1) / (V2 P2+ Vi1 p1) Eq. 2.2

2.1.2 Processing of seismic data

Due to cost considerations, environmental concerns, topography and other
obstructions, the surface acquisition grid is quite coarsely sampled and the offset and
azimuth distributions are less than uniform which may lead to spatial variation in the
amplitudes and phase of data volume, as well as structural errors (Brown, 2010). As a result,
the acquired seismic data cannot be interpreted directly to image the subsurface, and
several processing steps are required to manipulate the acquired data into an image that
can be used to infer the subsurface structure. The specific objectives of seismic processing
are to enhance signal, suppress noise, migrate seismic events to the appropriate location in

space, provide velocity information and increase resolution (Bacon et al., 2007).

There are three major steps in seismic processing: deconvolution, stacking and
migration (Fig. 2.4). Deconvolution is a process that acts on the data along time axis and
improves the temporal resolution by compressing the basic seismic wavelet. Stacking is an
iterative process of applying Normal Move Out (NMO), Dip Move Out (DMO) and standard
velocity analysis, and finally summation of traces at each common mid-point (Yilmaz and
Doherty, 1987). It compresses the data volume in the offset direction and yields the plane of
stack section. Migration moves dipping events to their true locations at subsurface, collapses
diffraction and thus increases lateral resolution (Yilmaz and Doherty, 1987). Migrating a

stacked section is called poststack migration, while migrating a prestacked section is called
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prestack migration. Additionally there are two other methods to classify migration types
(Yilmaz and Doherty, 1987). One is time migration and depth migration, with the final

product displaying in either depth or time. The other is 2D migration and 3D migration.

N
&% Midpoint
Migration

Deconvolution 9:..

Time

Fig. 2.4 Seismic data volume represented in processing coordinate: midpoint-offset-time (from Yilmaz and

Doherty, 1987).

Different migration methods can be used in different areas based on their velocity

distribution and structural complexity (Fig. 2.5; Brown, 2010).

POST-STACK
TIME

INCREASING STRUCTURAL COMPLEXITY

-_—
INCREASING VELOCITY VARIATION

Fig. 2.5 Appropriate methods of migration as a function of structures and velocity variation (from Brown, 2010).

The 3D seismic data used in this research have been processed but not zero-phased,

and no Automatic Gain Control (AGC) was applied. The polarity of the seismic data in this
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thesis can be described as ‘SEG normal’, according to the convention of the Society of
Exploration Geophysicists (SEG; Bacon et al., 2007). SEG normal polarity often corresponds
to a downward increase in acoustic impedance, displayed as a positive wavelet (Fig. 2.6;
Bacon et al., 2007; Sheriff and Geldart, 1995). A reflection of SEG normal polarity begins with
a downward deflection, often represented by a central peak for a zero-phase wavelet (Fig.
2.6a). For a minimum phase waveform, SEG normal polarity has a negative first break (Fig.
2.6b). However it is possible that sometimes the polarity may not correspond to the
processors’ convention due to the mistakes in seismic acquisition or processing (Bacon et al.,
2007). To avoid this, the polarity of reflections can be confirmed by comparing the seismic
data with well synthetics (Bacon et al., 2007). Since there is no well data in this study area,
the polarity of the seabed is simply regarded as SEG normal, and the polarity of other

reflections is recognized by comparing them with the seabed polarity.

Fig. 2.6 SEG normal polarity standard. For a positive reflection (a): The centre of a positive symmetrical wavelet is

a peak. (b): A minimum-phase wavelet begins with a down kick (from sheriff and Geldart, 1995; Ireland, 2011).
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2.1.3 Resolution of seismic data

There is always a degree of uncertainty in 2D or 3D seismic interpretation because of
the vertical and horizontal seismic resolution. One fundamental objective of the 3D seismic
method is increasing resolution, both vertically and horizontally, which is also the aim of
seismic processing (Fig. 2.7; Brown, 2010). The resolution of seismic data is always measured

in terms of seismic wavelength (A) which is determined by seismic velocity (v) and frequency

(f):

A=V/f Eq. 2.3
The vertical resolution of seismic data is given by:

vertical resolution = A,/ 4 Eq. 2.4
The horizontal resolution of seismic data is given by:

horizontal resolution = A/ 2 Eq. 2.5

where Ay is the wavelength at the dominant frequency. In this thesis only the strata at
shallower depth are investigated, less than 1000 ms below the seabed, which have low
velocity. As a result, the seismic data for the investigated strata have high frequency content

and thus have high resolution both vertically and horizontally.

BROAD BANDWIDTH
BY MAXIMUM EFFORT
DATA COLLECTION
ATTENUATION OF HORIZONTAL
noisen - —— RESOLUTION —— minmum size
DATA PROCESSING
FRESNEL ZONE
SAMPLING
VERTICAL
MINIMUM THICKNESS
WAVELET SEISMIC
MIGRATION
DECONVOLUTION

Fig. 2.7 Factors affecting horizontal and vertical seismic resolution (from Brown, 2010).
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2.1.4 Interpretation of seismic data

2.1.4.1 Seismic interpretation

Seismic interpretation mainly involves tracing and correlating continuous reflections
throughout the 2D or 3D seismic data to obtain a coherent geological story and understand
the structural and stratigraphic characteristics at certain geological layers (Brown, 2010).
Compared to 2D seismic surveys, 3D seismic data provide the following improvements in
seismic interpretation: (a) sharper definition of structural features; (b) reliable correlation of
horizons and fault traces between closely spaced tracks; (c) detailed time contour maps
from time-slice sections; and (d) an improved velocity model for depth conversion (Brown,

2010).

The accuracy of seismic interpretation can be guaranteed by well ties to some
degree because well data have the best source of stratigraphic information (Bacon et al.,
2007; Brown, 2010). Stratigraphic horizons recognized from wells can be tied to related
reflections on a seismic survey by constructing a synthetic seismogram, which is especially
easier for a 3D seismic survey than a 2D survey because the 3D seismic data can show more
accurate positioning of subsurface features (Bacon et al., 2007). There are three main steps
to create a seismic seismogram (Fig. 2.8; Edwards, 1998; Bacon et al., 2007): (1) convert the
well logs into logs in two-way travel time, using the sonic log; (2) multiply sonic log and
density log together to produce an acoustic impedance log (Eq. 2.1) and calculate the
reflection coefficient (Eq. 2.2); and (3) convolve the reflection coefficient with a chosen zero
phase wavelet which represents the seismic data to produce a synthetic seismogram. The
synthetic seismogram represents a modelled seismic trace at the well location, and is used
to compare with the real seismic trace around the well location (Fig. 2.9; Bacon et al., 2007).
A good match between the well synthetic and seismic dataset improves the accuracy and
the resolution of seismic interpretation (Bacon et al., 2007). However this ignores the effect
of anisotropy. Vertical seismic profile (VPS) data from wells can provide a more precise tie
between well and seismic data (Bacon et al., 2007). This kind of data is recorded by shooting
a surface seismic source into a borehole geophone. However no well data or VPS data is

available in this studied area, so no well tie can be made in this thesis.
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Fig. 2.8 Synthetic seismogram generation. Well logs are from Hole 959D (from Edwards, 1998).

Fig. 2.9 A synthetic seismogram superposed on a seismic section at the well location (from Bacon et al., 2007).
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Seismic interpretation includes stratigraphic interpretation, structural interpretation
and reservoir identification (Brown, 2010). Stratigraphic interpretation is based on the
principle that seismic reflections follow chronostratigraphic interfaces between beds (Emery
et al.,, 1996). According to Mitchum and Vail (1977), seismic stratigraphic interpretation
mainly involves recognition, correlation and age determination of seismic sequences with
age often determined from well data, and seismic facies analysis which analyzes parameters
like reflection configuration, amplitude, continuity, velocity and frequency to study the
lithology, stratigraphic and depositional features of related sediments. Structural
interpretation is also based on mapping seismic reflections, and structures can be best
identified from 3D seismic data, especially from cross sections intersecting the structures
and perpendicular to their strike directions (Bacon et al., 2007). Reservoir identification
primarily indicates the recognition of direct hydrocarbon indicators (DHIs) on seismic data

(Brown, 2010; Bacon et al., 2007).

The fundamental activity of seismic interpretation is making maps of seismic
reflections (Bacon et al., 2007). However not all seismic reflections represent
chronostratigraphic interfaces. For example, bottom simulating reflections (BSRs)
interpreted from seismic data may represent diagenetic transformations (lsaacs, 1982) or
phase boundaries between hydrates and free gas (Shipley et al.,, 1979). Both BSR types
crosscut chronostratigraphic interfaces and mainly form under specific pressure and
temperature conditions. Flat spots, which are hydrocarbon indicators, also crosscut adjacent

seismic reflections due to the flat contacts between hydrocarbon and water (Brown, 2010).

2.1.4.2 Interpretation workflow in Landmark

In this thesis all the seismic interpretation has been done using Landmark
OpenWorks, a Unix-based software package from Landmark Graphic Corporation which is
widely used in oil and gas industry. The SeisWorks 3D software within OpenWorks is the
industry standard for 3D seismic data analysis and interpretation. Landmark's next
generation DecisionSpace Desktop is also used to do seismic interpretation, which is the

surface interpretation software within OpenWorks.
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Typical seismic interpretation workflow within Landmark SeisWorks or
DecisionSpace Desktop is: (1) create a horizon file; (2) select a horizon and a tracking mode;
(3) select an interpretation mode in seismic view; (4) select seismic sections to interpret; (5)
interpret the horizon on intersecting lines; (5) perform auto-picking using interpreted
horizon as ‘seedpoints’; and (6) interpolation to fill in holes in the horizon. There are three
tracking modes to search for the adjacent amplitudes along the selected horizon: (a) ‘Auto
Dip’, the autotracking mode in which the tracker follows the dip you specify and amplitude is
tracked based on the first and last traces selected by the user; (b) ‘Auto Track’, the
autotracking mode where the tracker determines the dip and is generally used in good
quality and consistent data to follow a well-defined, continuous horizon that may have
variable dip; and (c) ‘Point’, the manual tracking mode where the user defines each point
and is mainly used in poor quality and discontinuous data. After seismic interpretation, the
generated horizons are known as ‘time-structure’ maps displaying the two-way-travel time

(TWT) for the seismic waves to travel from the seabed to related horizons.

2.1.5 Seismic attributes

Using the Seismic Attribute Generation software and the ‘time-structure’ maps from
seismic interpretation, a few types of attributes can be calculated such as amplitude,
frequency, phase, relief, structural and miscellaneous attributes (Landmark, 2005). The
amplitude, phase, and frequency attributes are 1D trace attributes computed down seismic
traces. The structural attributes are 3D volume attributes computed across traces as well as
down. Seismic attributes can be improved by deriving them on coherency filtered seismic
data rather than on the original seismic data (Landmark, 2005). Most seismic attributes are
largely independent of the polarity or phase of the original seismic data, although some are
affected, for example phase attribute and relative acoustic impedance. Furthermore most
seismic attributes are computed in an analysis window of adjustable size. The window size
controls the resolution of the attribute: larger windows produce smoother attributes, which
have lower resolution, and smaller windows produce less smooth attributes, which have

higher resolution (Landmark, 2005).

The seismic attributes used in this thesis include amplitude and structural attributes.

The amplitude attributes mainly include reflection strength, relative amplitude change,
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response amplitude and root-mean-square (RMS) amplitude, which reveal the magnitude of
the seismic trace values or changes in these values. Structural attributes quantify elements
of geological structure as recorded by seismic data, and mainly include azimuth, dip,
discontinuity, and discontinuity along dip. In this thesis the reflection strength and RMS
amplitude are mapped to generate related amplitude maps, providing information on
hydrocarbon accumulations, focused fluid flow conduits, lithology and deformational
structures (e.g. Brown, 2010). Dip maps and cross sections from the discontinuity-along-dip

attribute volume are also used to study the structural features.

Understanding the colour principles can help an interpreter to maximize the use of
colour, therefore selecting or modifying the correct colour bar is essential for analysing
seismic data (Brown, 2010). The Colour Bar task pane allows people to view one or more
colour bars and associated histograms applied to data, and it can be used in Map, Section
and Cube views (Landmark, 2005). There are two fundamental colour schemes, contrasting
and gradational. Cross sections or maps displayed in contrasting colour scheme are normally
accompanied by a legend showing the range of values associated with different colours. The
gradational colour scheme can be used to look for trends, shapes, patterns and continuity,
and it is the most universally applicable colour scheme for interpreting seismic data (Brown,
2010). The seismic cross sections in this thesis are displayed with gradational black for
positive amplitudes (peaks) and gradational red for negative amplitudes (troughs), which is

called double-gradational black-white-red colour scheme.

2.2 3D seismic survey

The 3D seismic survey used in this thesis is located on the passive continental
margin, ~ 100 km offshore Mauritania in NW Africa (Fig. 1.5). The 3D seismic dataset covers
an area of ~ 4000 km?, consisting of 3481 inlines and 5521 crosslines. They were processed
by post-stack time-migration without being zero-phased, and no Automatic Gain Control
(AGC) was applied. The main frequency of the 3D seismic data is 50 Hz, yielding a vertical
resolution of approximately 8.5 m which equals one quarter of the wavelength at the
dominant frequency assuming a sediment velocity of 1700 m s (Davies and Clarke, 2010).
The final bin spacing of the seismic grid is 25 m x 25 m. On seismic cross sections, a reflection

event consisting of a red loop followed by a black loop represents an increase of acoustic
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impedance, known as a positive impedance contrast. This 3D seismic dataset requires no
further processing before interpretation, and only seismic interpretation was carried out in

this research.

Seismic cross sections are displayed in two-way-travel time (TWT) or depth (m)
vertically, and horizontal axis (x, y) in metres (m) or kilometres (km). TWT can be converted
into depth if accurate velocity information is available, using different algorithms according
to specific cases. In this research the seismic data are in TWT vertically, but values of time
can be converted into depth if needed. The time-to-depth conversion in this thesis is

calculated using the following function, simply assuming the seismic wave path is vertical:

D=TV/2 Eq. 2.6

where D is the depth, T is the TWT and V is the assumed seismic velocity (Davies and Clarke,

2010).

A 2D seismic dataset is also available in this study area, but it does not help much in
this research due to its limited resolution (see Appendix A). The frequency of the 2D seismic
data is ~ 20 Hz, generating a vertical resolution of ~ 21.25 m. The 3D seismic data have a
vertical resolution of ~ 8.5 m, suggesting that the 3D seismic data are far better in displaying
the subsurface images than the 2D seismic data (Fig. 2.10). As a result only the 3D seismic
data are displayed in the main parts of this thesis. See Appendix A for some 2D seismic lines
and compare the plan-view TWT map of the seabed generated from the 2D seismic data

with that from the 3D seismic data.
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2D seismic

3D seismic

Fig. 2.10 Resolution comparison between 2D and 3D seismic. (a): A seismic line from the 2D seismic data offshore

Mauritania. (b): The same seismic line from the 3D seismic data.

2.3 Well data

Data integration is important for accurate reservoir characterization which uses
seismic, well log, and petro-physical information (Deshenenkov et al., 2011). To improve the
accuracy of seismic interpretation, well-to-seismic ties are normally used to tie seismic back
to a ground truth by comparing with well-log data using synthetics seismograms. The link
between well data and seismic data is the wavelet, and an accurately determined wavelet is
then used for forward seismic modelling (Linari, 2004). Unfortunately no well data is

available in the study area for correlating with the 3D seismic data. But the scientific wells
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drilled at nearby places can be used to study the geological background. Vear (2005)
comprehensively described the petroleum plays of the Mauritanian continental margin
based on a considerable amount of well data, seismic data and other data due to the
exploration and appraisal efforts to date. Tens of exploration wells were drilled on the

Mauritanian continental margin as a result of the exploration activity (Vear, 2005).

The Ocean Drilling Program (ODP) data from the nearby area (Ruddiman et al., 1988)
can also be used to study the regional geological background such as the sediment types and

sedimentation rate (Fig. 1.4). The data used are from ODP Leg 108:

e Site 657 (21°19.89'N, 20°56.93'W; water depth, 4227 m; 1995) is located on
the lower continental rise, 380 km west of Cap Blanc, which is outside the
present-day influence of coastal upwelling. The sedimentation rates at Site
657 vary between 20 and 45 m m.y." in the Pliocene-Pleistocene and

between 2.5 and 7 m m.y.™ in the Miocene.

e Site 658 (20°44.95'N, 18°34.85'W; water depth, 2263 m; 1986) was drilled
on the continental slope 160 km west of Cap Blanc, underneath a major
coastal upwelling cell. Organic carbon contents reach values of up to 4%.

Mean sedimentation rates vary between 72 and 147 m m.y.™.

e Site 659 (18°04.63'N, 21°01.57'W; water depth, 3070 m; 1986) is located on
top of the smooth Cape Verde Plateau, northeast of the Cape Verde Islands.
Sedimentation rates vary between 4 m m.y." (Miocene) and 30 m m.y.”

(Pliocene-Pleistocene).

Further drilling information is available from offshore Mauritania at:

http://www.odplegacy.org/ (accessed 10/04/2013).

Additionally ODP data from Leg 164 displayed three deep holes on a 10-km-long
transect with water depth ranging from 2770 to 2798 m (Sites 994, 995, 997; Borowski,
2004). Leg 164 is about ‘Gas Hydrate Sampling on the Blake Ridge and Carolina Rise’, and the

three sites penetrate below the base of gas hydrate stability zone within the same
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stratigraphic interval. These three sites are referred in this thesis to show that gas hydrates
may exist even where there is no clear BSR (chapter 1):
e Hole 994 A: 31°47.141'N, 75°32.751'W; water depth, 2797.6 m; 1995.
Hole 994 B: 31°47.139'N, 75°32.740'W; water depth, 2797.6 m; 1995.
Hole 994 C: 31°47.139'N, 75°32.753'W; water depth, 2799.1 m; 1995.
Hole 994 D: 31°47.142'N, 75°32.750'W; water depth, 2799.1 m; 1995.
Site 994 is located on the southern flank of the Blake Ridge. No BSR is
observed under Site 994, although there were gas hydrates recovered.
e Hole 995 A: 31°48.210'N, 75°31.343'W; water depth, 2778.5 m; 1995.
Hole 995 B: 31°48.217'N, 75°31.336'W; water depth, 2776.9 m; 1995.

Site 995 is located on the southern flank of the Blake Ridge within the same
stratigraphic interval as Site 994. A modest BSR is present at Site 995 at ~
530 ms sub-bottom. Comparison of Sites 994 and 995 can help understand

the nature of BSRs and their controls.
e Hole 997 A: 31°50.588'N, 75°28.118'W; water depth, 2770.1 m; 1995.

Hole 997 B: 31°50.598'N, 75°28.110'W; water depth, 2770.1 m; 1995.

Site 997 is located on the crest of the Blake Ridge, penetrating a strong BSR
which represents the base of gas hydrate stability zone. Comparison of the
three sites 994, 995 and 997 can help establish lateral variations in the gas
hydrate distribution and refine our understanding of the lateral

development of BSRs within similar sedimentary sequences.

Further drilling information on Leg 164 is available at (accessed 10/07/2013):

http://www-odp.tamu.edu/publications/164 IR/164TOC.HTM
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Chapter 3: Gas migration below gas hydrates controlled by

mass transport complexes, offshore Mauritania

Abstract

Interpretation of 3D seismic data from offshore Mauritania reveals many localized
high amplitude anomalies (HAAs) above some mass transport complexes (MTCs). These
HAAs are located at ~ 500-900 ms below the seabed and have circular or elongate shapes in
map view. The reflections at the tops of these HAAs are of negative polarity. We divide these
HAAs into two populations, aligned and non-aligned. The aligned HAAs comprise three linear
groups above the structural lineaments of underlying MTCs, suggesting a genetic link. The
aligned HAAs in the western group are often located in depressions, and are interpreted to
be caused by both gas migration and coarser-grained sediments. The other two groups of
aligned HAAs are interpreted to be caused by residual gas after gas migration fed along the
margins of underlying MTCs. In contrast, the non-aligned HAAs are generally smaller, located
above the MTC bodies. They are interpreted to be caused by gas which migrated from
underlying MTC bodies rather than along the margins, without any evidence for lithology
change. We propose that the locations of the HAAs, both aligned and non-aligned, indicate
gas migration pathways up MTC margins or local faults associated with the underlying MTCs.
One possible gas source could be from hydrate dissociation due to the upward resetting of
the base of gas hydrates. Since buried MTCs and gas hydrates can coexist in marine
environments, the model of buried MTCs channelling fluids upwards may occur widely which

can supply gas to the hydrate systems.
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3.1 Introduction

Gas hydrates, together with associated free gas sealed by hydrates, may represent a
large capacitor of hydrocarbon gases within the global carbon cycle (e.g. Shipley et al., 1979;
Dickens, 2001). Fluids can migrate below hydrates by diffusion and focused flow, with the
latter being much easier to detect on seismic data and common in fine-grained sediments
(e.g. Abrams, 1992; Gay et al., 2007). Faults are often thought to be fundamental pathways
for focused fluid migration (e.g. Ingram et al., 2004). Other pathways include chimneys and
intrusions (sand, mud, salt or igneous), as they represent or create conduits of higher
permeability than surrounding sediments (Abrams, 1992; Berndt, 2005; Cartwright et al.,
2007; Gay et al., 2007). In gas hydrate systems, free gas is often regarded to be located
below the base of gas hydrates (Shipley et al., 1979; Haacke et al., 2007). However Liu and
Flemings (2006) showed that free gas can vent through the gas hydrate stability zone (GHSZ)
because of the elevated salinity of the pore water as a result of hydrate formation.
Additionally an overpressured free gas zone (FGZ) may cause fault reactivation and allow gas

to escape through the GHSZ (Hornbach et al., 2004).

Submarine mass transport complexes (MTCs) are a widespread geological
phenomenon that may affect the evolution of continental margins (Hampton et al., 1996;
Blnz et al., 2005). On seismic data MTCs are mainly characterized by a chaotic seismic facies
that represents the failed mass, an upper bounding surface and an underlying basal failure
surface (Lewis, 1971; Woodcock, 1979; Biinz et al., 2005; Bull et al., 2009). According to
Orange and Breen (1992), fluid migration may cause MTCs when its seepage force can offset
gravity and friction, and it is widely proposed that hydrate dissociation is one of the
triggering mechanisms of slope instability due to the large volume of gas and water it
releases (Carpenter, 1981; Foland et al., 1999; Sultan et al., 2004ab). However, the opposite
scenario that MTCs control the process of gas migration has seldom been described before

and is poorly understood.

Despite the importance of gas hydrates as a potential source of energy, possibly
with a role in climate change and carbon cycle, the specific mechanisms of gas supply for
hydrate formation are poorly defined (e.g. Haacke et al., 2007). Previous papers show that

biogenic gas generated from in situ organic-rich sediments can be used to form hydrates
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(Rice and Claypool, 1981; Vandré et al., 2007; Garziglia et al., 2008). Hyndman and Davis
(1992) proposed a model for the formation of hydrates and bottom simulating reflection
(BSR) through the removal of gas from upward moving pore fluids as they pass into the gas
hydrate stability zone (GHSZ). The gas can be either dissolved gas from pore fluids or
disseminated free gas carried upwards by pore fluids. Davies and Clarke (2010) interpreted
chimneys as the gas migration pathways into the hydrate system. Yang and Davies (2013)
recently proposed that faults caused by creep processes on passive continental margins
could act as gas migration pathways after the upward resetting of the base of hydrates. In
this chapter we consider the role of MTC systems and specifically the significance of their

margins as a fundamental control on gas migration beneath the hydrates.

3.2 Seismic indicators of gas migration

Subsurface fluid migration on continental margins has also been the subject of
many studies. Many indicators of fluid migration have been identified on seismic data, such
as pockmarks on the seabed (Hovland and Judd, 1988), vertical chimneys (Gay et al., 2006),
and amplitude anomalies located along structures such as channels and faults (Davies, 2003;

Ligtenberg, 2005; Gay et al., 2006).

On seismic data, chimneys are characterized by vertically aligned reflection
terminations which can extend for hundreds of metres, and pull-up or push-down features
in the chimney conduits due to velocity effects caused by high or low velocity materials such
as hydrates, carbonates or free gas (Cartwright, 2007; Plaza-Faverola et al., 2011). When the
chimneys reach the seabed, morphological features like pockmarks (Hovland and Judd,
1988), mud or sand volcanos (Cartwright et al., 2007), or chemosynthetic communities
(Roberts et al., 2000) may form. In addition to those direct indicators, some localized
amplitude anomalies associated with deformational structures such as faults and channels
are also indicative of fluid migration pathways (Abrams, 1992; Davies, 2003; Ligtenberg,
2005). These amplitude anomalies may be caused by the presence of gas or gas-related
diagenetic carbonates and the tops may be marked by negative or positive polarity
reflection events respectively, due to their different acoustic impedances (Hovland et al.,

1987; Roberts et al., 2000; Ligtenberg, 2005).
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3.3 Geological setting

The study area is located on the West African passive continental margin, and the
succession is characterized by canyons, MTCs and hemipelagic deposition (Figs 3.1 and 3.2;
Vear, 2005; Krastel et al., 2006). The continental margin offshore Mauritania has a relatively
narrow shelf, only 30-40 km wide, and a moderately broad continental rise (Antobreh and
Krastel, 2007). The opening of the North Atlantic Ocean during the Mid-Jurassic is believed
to have been initiated by seafloor spreading outboard of the Mauritanian Basin (Vear, 2005;
Antobreh and Krastel, 2007). The present continental slope is generally smooth, and the

angle of the dip is ~ 1-3° (Henrich et al., 2008).
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Fig. 3.1 (a): Location map showing the outline of the 3D seismic data and the Mauritania Slide (after Krastel et al.,
2006). The bathymetry is contoured in metres. Inset: the position of Mauritania on the West African margin. (b):
TWT map of the seabed from the 3D seismic survey, showing the position of the canyons and coral reef. The

yellow box shows the location of the maps in figures 3.4, 3.5, and 3.10.

The continental margin is a potential petroleum province with the Miocene turbidite
channels being the potential reservoirs, sealed by fine-grained channel abandonment facies
or a hemipelagic shale drape (Vear, 2005). Possible source rocks include deep-marine
mudstones deposited during the Cenomanian-Turonian, as well as other intervals such as

the Albian and the Palaeocene (Vear, 2005). Although the Neogene is thin along most of the
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Fig. 3.2 (a): A seismic section (crossline: 25072) showing the general structural units and the HAAs. High reflection
strength is indicated by yellow colour, suggesting a high contrast in acoustic impedance. The insets show details
of projected sections. (b): Interpreted section showing MTCs, high amplitude depressions, BSR and FGZ. The

vertical axis is TWT in seconds. See figure 3.1 for location.

West African margin, it is comparatively thick in Mauritania (Vear, 2005). There are a
number of MTCs developed within the Neogene succession, probably formed due to the
high sedimentation rates in a slope environment (Henrich et al., 2008; Antobreh and Krastel,
2007). For example, the Mauritania Slide complex is among the largest MTCs on the

Northwest African continental margin, ~ 34,000 km?, characterized by retrogressive sliding
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(Fig. 3.1a; Krastel et al., 2006). Although the MTCs we report in this chapter are located to
the north of the Mauritania Slide complex, they have similar features like retrogressive

sliding and all formed during the Neogene (Vear, 2005; Ireland, 2011).

The interval we investigate is ~ 500 ms, with its base at 900 ms below the seabed.
Sediments in this succession are primarily characterized by fine-grained turbidites, debris
flows and hemipelagic sediments, most of which are reworked aeolian sediments from the
Sahara Desert (Vear, 2005; Krastel et al., 2006). For the studied interval, the sedimentation
rate was high at ~ 80-160 m m.y.", probably due to an ocean margin upwelling regime

(Krastel et al., 2006; Henrich et al., 2008).

3.4 Seismic data and methodology

The 3D seismic dataset covers an area of ~ 4000 km?, with water depth ranging from
~ 500 m to 2500 m. The seismic data have been processed by post-stack time migration and
have a bin spacing of 25 m x 25 m. The processed seismic data have not been zero-phased,

and no Automatic Gain Control (AGC) was applied.

On seismic sections a reflection event consisting of a red loop followed by a black
loop indicates an increase in acoustic impedance downwards, representing a positive
impedance contrast. A phase change can be recognized on seismic data as polarity reversal,
with positive amplitude reflection becoming negative or vice versa. The dominant frequency
of the 3D seismic data is ~ 50 Hz and the vertical resolution is ~ 8.5 m, calculated as one
quarter of the wavelength at the dominant frequency and we assume a sediment velocity of
1700 m s™ (Davies and Clarke, 2010). The vertical axis is in two-way-travel time (TWT) which
can be converted to metres by assuming a seawater velocity of 1450 m s and a sediment
velocity of 1700 m s™ (Davies and Clarke, 2010; Davies et al., 2012b). Distances and areas in

map view can be measured in the seismic interpretation software.

To study the localized HAAs, we interpreted several representative reflections in this
area and generated some seismic attribute maps based on the seismic interpretation.
Apparent dip maps highlight structural features, and amplitude maps are useful for
identifying amplitude anomalies which may be indicative of changes in lithology or pore fluid

(e.g. Brown, 2010). We created a 3D discontinuity-along-dip volume to show the
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discontinuity attribute of the seismic data. Like standard discontinuity, discontinuity-along-
dip values can highlight faults, channels, diapirs, and other seismic discontinuities (Hale,
2009). In this chapter, we examine cross-sections from the discontinuity-along-dip volume
(discdip sections) to aid interpretation of selected seismic sections. See Appendix B for

supporting figures.

3.5 Results

A representative regional seismic section shows ~ 1.6 s TWT below the seabed,
displaying the amplitude and structural features in this area (Fig. 3.2). No age calibration can
be made to the reflections due to the absence of well logs or other additional data, but
according to previous studies the polygonal faults and MTCs lie within the Neogene strata
(Vear, 2005; Antobreh and Krastel, 2007; Ireland, 2011). The entire studied interval is
characterised by low amplitude continuous reflections which are interpreted to be
hemipelagic sediments. Based on the characteristics of the seismic facies, the studied
interval can be subdivided into several units based on the characteristics of the seismic

facies. From bottom to top they are (Fig. 3.2):

(1) A polygonal fault system: located at ~ 1100 ms below the seabed, confined in an
interval of ~ 300 ms. The faults are layer-bound normal faults with dips of ~ 40°,

and they show varying fault patterns and dip distributions (Ireland, 2011).

(2) MTCs: several packages of discontinuous reflections in an interval of ~ 500 ms
TWT. They are coincident with a period of overall increased mass wasting activity
on the continental margin offshore Mauritania, which is thought to have been
caused by the late glacial and post-glacial sea level rise (Henrich et al., 2008). Only
the three MTCs at the shallower depth are studied which lie below some localized

HAAs.

(3) Localized HAAs: vertically stacked above some MTCs in an interval of ~ 100 ms.
These localized HAAs will be investigated in this chapter to understand their

formation mechanisms and the role of underlying MTCs in the HAA formation.
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(4) The gas hydrate system: indicated by the BSR and an underlying FGZ. A previous
paper (Yang and Davies, 2013; chapter 4) described the gravity-driven faults below

the BSR as recycling routes for the released gas from hydrate dissociation.

To study these localized HAAs above the MTCs, four representative reflections have
been traced in the study area. They are termed TS, NA, MA, and TA from bottom to top (Fig.
3.3). Reflection TS is the top surface of the MTCs. NA is a reflection between TS and MA,
interpreted for mapping the non-aligned HAAs. MA is a reflection in the middle of the HAA
interval and TA is the top of the HAA interval. We also traced several reflections locally
(reflections 1-3 and 1’-3’) to study related thickness changes. Next we will describe the MTCs

and then the HAAs.

Fig. 3.3 A seismic section showing one HAA in the western group above the intersection point of three MTCs. The
HAA is located in a depression, and we observe a local fault on the updip side at the bottom of the depression.

See figure 3.4 for location.

3.5.1 Mass transport complexes (MTCs)

From 3.1 to 3.4 seconds (TWT) on cross sections there are three MTCs which have
discontinuous chaotic internal structures and low reflection strength, separated by
continuous reflections (Figs 3.2 and 3.4). The MTCs are bounded by upper and lower

reflections which were called upper surface and basal failure surface in the following

37



Gas migration controlled by MTCs

description. There are obvious upper surfaces for MTCs 1 and 3, which are of positive
polarity and relatively continuous (Fig. 3.3). They were tracked as one reflection, TS (Fig.
3.3). On the upslope margin of MTC 3 the upper surface curves downwards towards its basal
failure surface, truncating reflections and defining the upslope termination of this MTC (Fig.
3.4c). From bottom to top, the three MTCs stepped progressively updip, indicating a
retrogressive failure style. Every MTC is wedge-shaped along its length between the two
bounding surfaces (Figs 3.2 and 3.4c). Additionally on the upper slope there are two sub-

vertical headwall scarps at different depths, without chaotic reflection nearby (Fig. 3.4c).
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Fig. 3.4 (a): Amplitude map of reflection MA, showing the distribution of the HAAs and a canyon. (b): Apparent
dip-azimuth map of reflection TS, showing the MTC distribution, related scarps and deformation front. (c): A

seismic section through the three main groups of HAAs at reflection MA. The vertical axis is TWT in seconds.
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On the apparent dip-azimuth map of reflection TS we measured the total areal
extent of the MTCs, ~ 400 km?, showing two MTCs in map view, 1 and 3 (Fig. 3.4b). The
green line separating the two MTCs is spatially consistent with the MTC intersection on cross
sections (Fig. 3.4). The blue line represents the upslope boundary of MTC 3 and the pink one
shows the location of the shallower headwall scarp. On the apparent dip map we see that
the chaotic MTC associated with the shallower headwall scarp is located ~ 1500-3000 m
away, and the space in between has been infilled by post-slide deposits which give rise to

coherent reflections (Fig. 3.4b).

3.5.2 High amplitude anomalies (HAAs)

On the amplitude map of reflection MA (Fig. 3.4a) there are many localized HAAs
with variable sizes ranging from 0.05 to 0.8 km?. They occur singularly, have circular or
elongate shapes in map view, and most show evidence for spatial organization. Similar
features can also be observed on the RMS amplitude extraction map generated within a
window between reflections TA and TS (Fig. 3.5). We divide the HAAs into two populations,
aligned and non-aligned. The aligned anomalies are subdivided into three linear arrays based
on their spatial characteristics (Fig. 3.5): (1) the western group of circular HAAs; (2) the
middle group of elongate HAAs; and (3) the eastern group of sub-circular HAAs. To study the
aligned HAAs in detail, we mapped the thickness changes for the HAA interval across two
rectangular areas (Fig. 3.5). Rectangle A covers four circular HAAs in the western group, and
rectangle B contains all HAAs in the middle and eastern groups. The non-aligned anomalies
are irregularly distributed in map view and do not have discernible spatial relationships with

each other (Figs 3.4a and 3.5).
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Fig. 3.5 (a): RMS amplitude extraction map generated within a window between reflections TA and TS, showing

the distribution of the HAAs. (b, c): Zoom-in images of the two rectangles A and B.

3.5.2.1 Aligned HAAs

The HAAs in the western group have circular or sub-circular shapes in map view on the
amplitude maps (Figs 3.4a and 3.5), with diameters of a few hundred metres. They are
spaced ~2.5 km apart in a NE-SW alignment, above the lineament of MTC intersection.
Seismic sections (Figs 3.2-3.4 and 3.6-3.7) show that these HAAs in the western group are
located in depressions above the intersection line of three MTCs, ~ 100 ms. The polarity of
these HAAs cannot be measured because the high amplitudes are not restricted to a single
reflection. But the tops of these HAAs have comparatively negative polarity, opposite to the
seabed and the upper surfaces of the MTCs. At the bottoms of these HAAs there are local
normal faults with small throws of less than 10 ms, most on the updip sides of the
depressions (Figs 3.3, 3.6 and 3.7). Most of the faults do not cut through the whole HAA
intervals, but connect the bottoms of the HAA intervals with underlying MTCs. In the middle
of most of the HAA intervals we observed reflection truncations on the downdip side, and on
the updip side there are merging events with two red loops becoming one towards the
middle of the depressions, possibly caused by faulting (Fig. 3.3). Above reflection TA, which

is the top of the depressions where the amplitudes of the depressions are largest, there are
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some infilling features. Smaller-scale HAAs are observed within the infilled interval, some of
which show negative polarity. Between the main HAA interval and the MTCs there are other
smaller-scale HAAs whose tops are of negative polarity as well (Figs 3.3 and 3.6). To estimate
the thickness change associated with the HAAs, we interpreted three local reflections in
rectangle A (reflections 1-3) (Fig. 3.7a) which bound two units (the HAA interval, denoted as
unit 1; the infilling layer above the HAAs, denoted as unit 2). At these four HAA locations, the
isochron maps show a decreased interval for unit 1 and an increased interval for unit 2 (Fig.

3.7cd).

TWT time (s)

Fig. 3.6 A seismic section through the western group of HAAs, showing the high amplitudes in depressions,

underlying MTCs and other features like smaller-scale HAAs and local faults. See figure 3.5 for location.

The HAAs in the middle group have elongate shapes with their long axes in the
direction of the alignment of this group, NW-SE (Fig. 3.4a). The average length of their long
axes is ~ 400 m. On seismic sections (Figs 3.4c, 3.8a and 3.9a), the HAAs in the middle group
have negative polarity, opposite to the seabed and the upper surface of MTCs, and are
located in a thin interval of ~ 50 ms above the head region of a single MTC. On a seismic
section (Fig. 3.9a), the HAA terminates laterally and we do not observe obvious fault linking
the HAAs to underlying MTCs. However the corresponding discdip section (Fig. 3.9b) shows
vertical linear discontinuous features that link the HAAs to the underlying MTC. Below the
main HAAs in the middle group there are smaller-scale HAAs and polarity reversal features
(Fig. 3.8a). We interpreted another three local reflections in rectangle B (reflections 1’-3’)

(Fig. 3.9ac) to study the thickness changes of unit 1’, a layer below the HAAs, and unit 2’, the
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HAA interval, for the middle and eastern groups (Figs 3.8 and 3.9). The isochron maps show

decreased interval for unit 1’ and increased interval for unit 2’ for both groups.

~500m

_Fig 3i7ap

decreased interval

TWT interval (ms)
TWT interval (ms)

Fig. 3.7 (a): A seismic section through one anomaly in the western group of HAAs. (b): The corresponding discdip
section showing the structural discontinuities. The circle shows the location of the HAA interval. (c): Isochron
map of unit 1, showing decreased interval. (d): Isochron map of unit 2, showing increased interval . Location of

this map is shown in figure 3.5, where it is termed rectangle A.

The HAAs in the eastern group are much more variable in size than the HAAs in the
other two groups (Figs 3.4a and 3.5). There are four sub-circular anomalies, including the
one at the intersection point with the middle group, located in an interval of ~ 40 ms. The
diameters of these four HAAs are 0.85, 0.2, 0.25, and 0.5 km, and they are distributed along
the headwall scarp of a MTC. The dip map of reflection TS (Fig. 3.4b) shows that the MTC
body related to this headwall scarp is located ~ 1500-3000 m downslope, leaving an intact
area in between. The HAAs are located on the downslope side of the headwall scarp,
without any chaotic reflections nearby (Figs 3.4c and 3.9c). Below these HAAs there are

some discrete small-scale HAAs with negative reflection coefficients, and some show polarity
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reversal features (Fig. 3.8b). For the HAA shown in figure 3.9¢c, we observe two local normal
faults at the bottom of related smaller-scale HAA. The corresponding discdip section (Fig.
3.9d) shows that this HAA is not linked directly to the headwall scarp, but connected to the
basal failure surface. The isochron maps (Fig. 3.9ef) show the same change as in the middle
group, decreased interval in the lower unit and increased interval in the upper unit, with the
main HAAs located in the upper unit. However there is interval decrease for both units to
the east of the eastern group which is spatially consistent with the location of the headwall

scarp.

Fig. 3.8 Seismic sections through (a) the middle, and (b) the eastern groups of HAAs, showing the HAAs and

underlying structures related to MTCs. See figure 3.5 for location.
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Fig. 3.9 (a): A seismic section through one anomaly in the middle group. (b): The corresponding discdip section of
a, showing structural information. (c): A representative seismic section through one anomaly in the eastern
group, showing the spatial relationship between the HAA and the headwall scarp. (d): The corresponding discdip
section of ¢, showing the structural information. (e): Isochron map of unit 1’, showing decreased interval along
the middle and eastern groups. (f): Isochron map of unit 2’, showing the increased interval along the middle and

eastern groups. Location of these two maps is shown in figure 3.5, rectangle B.

3.5.2.2 Non-aligned HAAs

In addition to the aligned HAAs, there are some non-aligned HAAs shown on the
amplitude maps (Figs 3.4a and 3.5). On the amplitude map of reflection NA, the non-aligned

HAAs are much more densely developed than at reflection MA (Fig. 3.10). Comparison of the
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amplitude maps (Figs 3.4a and 3.10a) and the apparent dip-azimuth map of reflection TS
(Fig. 3.4b) shows that most of the non-aligned HAAs are located above the MTC bodies. The
non-aligned HAAs are mainly sub-circular in map view, and there are some elongate ones as
well. Their average size is smaller than the aligned ones, ~ 0.05 km”. Seismic sections show
that these non-aligned HAAs have negative polarity, and the HAA intervals are ~ 35 ms (Fig.
3.10). On the updip sides of some of the non-alighed HAAs, we observe sub-vertical normal
faults rooted at the tops of the MTCs. For other non-aligned HAAs, we do not observe

obvious structures.

reflection NA

amplitude

Fig. 3.10 (a): Amplitude map of reflection NA, showing the distribution of the non-aligned HAAs. (b, c): Seismic

sections cutting through the non-aligned HAAs, which are located above the MTCs.

3.6 Formation mechanisms

3.6.1 Aligned HAAs

The aligned HAAs at reflection MA closely follow the structural lineaments of the
MTCs, suggesting a genetic link. It has been widely presented that deformational structures
of high permeability can act as fluid migration conduits, and case studies from offshore West

Africa (Ligtenberg, 2005; Pilcher and Argent, 2007), Pearl River Mouth Basin (Sun et al.,

45



Gas migration controlled by MTCs

2012), Faeroe-Shetland Basin (Davies et al., 2008) and Lower Congo Basin (Gay et al., 2007)
have explained the roles of slump faults, normal faults, diapirism, chimneys and erosional
unconformities as pathways for gas migration which was interpreted to be primarily
responsible for the formation of HAAs. In addition to gas, there are other factors that can
cause high amplitudes on seismic data such as tuning effect, lithological change, mineral
precipitation, or hydrocarbon-related diagenetic zones (HRDZs; O’Brien and Woods, 1995;
Ligtenberg, 2005; Brown, 2010).

Another interesting phenomenon is the shape of these HAAs. Previous studies show
that the geometries of amplitude anomalies are variable from linear (e.g. along fault) to
circular (e.g. at fault intersections), depending on the shapes of fluid leakage conduits
(Davies, 2003; Ligtenberg, 2005). Here the western group of circular HAAs is located in
buried pockmarks above the intersection of three MTCs; the elongate HAAs in the middle
group are located along the local faults above the head region of a single MTC; the sub-
circular HAAs in the eastern group are located on the downslope side of the headwall scarp
of a single MTC; and the non-aligned HAAs in sub-circular or elongate shapes are located
above MTC bodies, along small-scale faults or without obvious structures. So we propose

that the shapes of these HAAs are probably controlled by related fluid migration structures.

3.6.1.1 Western group of HAAs

Circular depression trains have been observed widely on continental margins, for
example in the Niger Delta (Davies, 2003), the Congo Basin (Gay et al., 2003), offshore
Gabon (Pilcher and Argent, 2007), and the Espirito Santo Basin (Heinité and Davies, 2009).
These depressions were caused by fluid escape, bottom currents or turbidity currents, often
related to faults, buried channels, diapirs, slumps, or other topographical irregularities.
Normally depressions formed mainly by seafloor currents have a variable morphology that
develop from asymmetric scour-shaped or horseshoe-shaped depressions upwards into
more rounded and symmetric ones (Andresen, et al., 2008; Heinio and Davies, 2009; Ho et

al., 2012).

Here the circular HAAs in the western group are located in depressions above the

intersection lineament of three MTCs, and there are local faults at the bottoms of the
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depressions linking the HAAs to the underlying MTCs (Figs 3.3, 3.6 and 3.7). These
depressions are interpreted to be buried pockmarks on the palaeoseabed probably caused
by upward fluid venting. Subsequently they started to be infilled at reflection TA. The
localized faults at the bottoms of depressions are proposed to be probably caused by gravity
collapse, down-warping into the depressions created by differential compaction of the
unevenly deposited sediments lying immediately above the MTCs, and also possibly by the
removal of sediments entrained in the expelled fluid (Davies, 2003). These faults may act as
potential conduits, capable of channelling fluids upwards. The deeper and smaller-scale
discrete HAAs are interpreted to be caused by gas, suggesting the route of upward fluid
escape (Figs 3.3, 3.6 and 3.7). There are other smaller-scale HAAs above the main HAA
interval (Figs 3.3 and 3.6) and they are interpreted to be caused by gas because of their
negative polarity, possibly indicating another stage of gas migration after the pockmarks
were buried. No additional data are available here to study the source of the gas such as
geochemistry data, but a few factors are discussed to consider their roles in supplying gas to
form these HAAs: (a) gas from greater depth, which may be inhibited here by the polygonally
faulted layer below the MTCs because the layer of polygonal faults can act as a seal of low
permeability when the polygonal faults are not active (Fig. 3.2; Cartwright and Lonergan,
1996; Cartwright and Dewhurst, 1998; Stuevold et al., 2003; Cartwright, 2007; Sun et al.,
2012); (b) released gas from hydrate dissociation which would have occurred in this area due
to the upward resetting of the base of the hydrates and this has been demonstrated by
Davies et al. (2012a) who traced the relict bases of gas hydrates using their intersections with
stratigraphic reflections; and (c) biogenic gas generated from the in situ organic-rich
sediments in the MTCs (Rice and Claypool, 1981; Vandré et al., 2007; Garziglia et al., 2008).
Based on the seismic study of the palaeo-BSRs in this area (Davies et al., 2012a) we propose
that dissociated gas from hydrates may cause the formation of these HAAs, but we cannot
rule out other sources of fluid due to the absence of additional data, such as in situ

generation of biogenic gas, squeezed pore fluids from compaction or deep thermogenic gas.

The formation of pockmarks can be episodic or continuous, and both mechanisms
may disperse sediments up into the water column and finer-grained sediments may be taken
away by bottom currents (winnowing process; Hovland and Judd, 1988; Hovland et al., 2002;

Pilcher and Argent, 2007). According to Hovland et al. (2002), the acoustically high
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reflections in pockmarks may be caused by coarser sediments remaining after winnowing
process, by biological activity such as skeleton remains or dead shells, or by authigenic
carbonate precipitation. Davies (2003) proposed that sand intrusion (injectite) may cause
high amplitudes in depressions. Additionally, local topographic lows such as channels,
faulting or venting-related seabed depressions are capable of capturing bottom currents,
leading to the deposition of coarser sediments (Anderson et al., 2000; Ho et al., 2012). As a
result, we propose that the HAAs in the western group which are located in depressions are
probably caused by gas relict after upward gas migration as well as coarser sediments
deposited by bottom currents or fluid venting-related winnowing process. We cannot
determine which plays the main role in the HAA formation due to the lack of evidence. But
coarser sediments deposited by bottom currents is also indirectly linked to fluid migration
because the depressions where coarser sediments are prone to deposit were probably
formed by fluid venting (Anderson et al., 2000). Additionally the presence of carbonates
cannot be ruled out although the top of the HAAs are of negative polarity. Carbonates may
occur in the central part of the depressions, and the HAAs may be controlled by a mixture of
several factors (Hovland et al., 2002; Pilcher and Argent, 2007). The gas stored in these
depressions does not migrate laterally to the updip because the gas is preferentially held in
the coarser sediments in the pockmark column. The surrounding fine-grained sediments
have lower permeability and higher capillary entry pressure which inhibits the lateral escape

of gas (e.g. Sylta, 2005).

We suggest a model to explain the formation of the western HAA group (Fig. 3.11a).
Stage 1 represents the formation of a pockmark above the intersection of MTCs, caused by
fluid expulsion at the palaeo-seabed and removal of entrained fine-grained sediments by
bottom currents. Coarser sediments in pockmarks may also form by bottom current
deposition. Stage 2 is intended to represent a variant of Stage 1, and a local gravity fault may
form on the updip side of the pockmark due to differential compaction of the unevenly
deposited sediments lying immediately above the MTCs and even the removal of sediments
entrained in the expelled fluid. Stage 3 shows sedimentary infilling of the pockmark probably

by following reduction in the rate of fluid expulsion which was responsible for pockmark
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stage 4

Fig. 3.11 (a): Model for the formation mechanism of the western group of aligned HAAs. The diagrams show four

stages of the depression evolution. (b-d): Dip maps of reflections TA, MA, and TS, showing the structural features.

formation. Stage 4 represents a later fluid migration event, possibly triggered by hydrate
dissociation due to the upward resetting of the base of gas hydrates, or other factors such as
in situ biogenic gas, squeezed pore fluids from compaction or deep thermogenic gas. The
fluid was transported upwards through the buried pockmark column and leaving relict gas
pockets in the pore space on its way. As a result, the reflection amplitude in these buried
pockmarks is higher than in the surrounding sediments because of the presence of gas (left

from gas migration) and coarser sediments (deposited by bottom currents or by winnowing

process).
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3.6.1.2 Middle and eastern groups of HAAs

There is a close spatial relationship between the HAAs in the middle group and the
upslope boundary of MTC 3 (Fig. 3.4). Due to their negative reflection polarity and nearby
polarity reversal features, the HAAs in the middle group are interpreted to be caused by gas.
The underlying discrete smaller-scale HAAs, which also have negative reflection polarity at
the top, are interpreted to be relict gas accumulations left after upward fluid migration,
suggesting the gas migration route. Although there is no obvious fault on the seismic section
probably due to resolution limitation, the corresponding discdip (‘discontinuity along dip’
attribute) section shows a vertical linear discontinuous feature that links the HAAs to the
underlying MTC which is interpreted to be a local fault (Fig. 3.9ab). Fluid may have migrated
laterally along the basal failure surface to the updip because of the low-permeability of the
MTC body and enhanced permeability of the basal failure surface (Bangs and Westbrook,
1991; Sultan, 2004a; Berndt et al., 2012). When the fluid arrived at the head region of the
MTC where the permeable basal failure surface terminated, it migrated upwards along the
local faults which have higher permeability than surrounding sediments. The locations of the

smaller-scale HAAs support this hypothesis.

The HAAs in the eastern group are also interpreted to be caused by gas due to their
negative polarity and nearby polarity reversal features, suggesting that there was fluid
migration from below (Figs 3.8b and 3.9cd). In the offshore Eel River Basin pockmarks have
been observed at the headwall scarp of a submarine slide, indicating the route of upward
fluid expulsion (Foland et al., 1999). However the HAAs here are not along the headwall
scarp but on its downslope side. Previous studies showed that pockmarks have been
observed offset from the faults (e.g. slump faults, extensional faults) on the hanging wall
sides (Ligtenberg, 2005; Pilcher and Argent, 2007; and referecnes therein). The reduction of
the overburden pressure at the fault enables vertical leakage of fluid when the effective
stress at the footwall cut-off reduces to zero because of overburden pressure decrease and
pore pressure increase (Pilcher and Argent, 2007). That may also explain the location of the
gas migration here indicated by the HAAs of the eastern group, in the hanging wall of the
MTC-related fault (the headwall scarp).
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3.6.2 Non-aligned HAAs

The non-aligned HAAs are interpreted to be caused by gas due to the strength of the
reflections and the negative reflection polarity at the top of each HAA. Most of the non-
aligned HAAs are located above MTC bodies and some occur along small-scale faults
observed on seismic data. According to Osborne and Swarbrick (1997) when the
overpressure is close to the lithostatic pressure, a small increase of pore pressure will cause
hydraulic fracturing, providing pathways for fluid escape. Therefore here we propose that
hydraulic fracturing occurred at the top of the MTC bodies which provided conduits for the
influx of gas migration to the overlying sediments and caused the formation of the non-
aligned HAAs (Cox et al., 2001; Hilgers et al., 2006). Some of the fractures can be observed
on seismic data as faults of small offset, while others are probably too small to be observed
on seismic data. We hypothesize that the overpressure could be generated by released gas
and water from hydrate dissociation, as well as caused by the rapid sediment loading and
the low permeability of the MTC sediments (Osborne and Swarbrick, 1997; Cox et al., 2001,
Sultan, 2004a). The gas could be released from gas hydrates or generated within the in situ

sediments, which needs further study using additional data.

Generally the spatial relationship of these HAAs and the buried MTCs is strong
evidence for upward gas migration along margins or local faults associated with underlying
MTCs. For the HAAs in the western group, the high amplitudes may be caused by two factors,
gas (relict from passing fluid migration) and coarser sediments (deposited by bottom
currents or by fluid venting-related winnowing process). Both factors are related to upward
fluid migration. Other HAAs are interpreted to be mainly caused by gas due to upward fluid
migration along margins or local faults associated with underlying MTCs. The smaller-scale
HAAs below and above the main HAA interval indicate the possible fluid migration route, like
the gas flags along fault planes (Pilcher and Argent, 2007). So we propose that the upward
fluid migration controlled by MTCs may have played a significant role in the formation of

these HAAs.

51



Gas migration controlled by MTCs

3.7 Relationship with the gas hydrate system

In this area the BSR is regionally distributed, suggesting a widespread hydrate
formation. Submarine gas hydrates may dissociate spontaneously when the hydrate stability
conditions change (e.g. Dickens et al., 1995; Sloan, 1998; Berndt et al., 2002). That will
probably have an effect on overpressure because of the large volume of gas and water it
releases (Sultan et al., 2004ab; Biinz et al., 2005). It is said that the stability of the GHSZs can
be rebuilt in hundreds of years after the MTC events (e.g. Berndt et al., 2002). The vertically
stacked depressions in the western HAA group are located in an interval of ~ 130 m above
the MTCs, and it may have taken 0.8-1.6 m.y. to form because the sedimentation rate in this

areais ~ 80-160 m m.y.'1 (Krastel et al., 2006; Henrich et al., 2008).

Structures associated with MTCs (e.g. slumping scarps) can promote fluid migration
due to their comparatively higher permeability (Foland et al., 1999; Pilcher and Argent,
2007). Based on the analysis of the HAAs and related underneath MTCs, we propose that
there was gas migration along margins or local faults associated with MTCs which caused the
formation of the HAAs. Davies et al. (2012) described the multiple shifts of the BSR in this
area, probably caused by pulsed sedimentation during repeated glacial-interglacial cycles. So
we propose that the fluid flow which caused the formation of the HAAs here was probably
caused by the dissociation of gas hydrates due to the upward resetting of the base of gas
hydrates. However it is also possible that the fluid was from in situ biogenic gas, squeezed
pore fluids from compaction or deep thermogenic gas, which needs further study using

additional data such as geochemistry data.

The fluid migration indicated by the HAAs may play a role in transporting gas to the
above gas hydrate system. Shallower than these HAAs, the faults with small offsets are
interpreted as efficient fluid migration pathways through which the released gas from
hydrate dissociation can be recycled back to the new gas hydrate system at shallower depth
(Yang and Davies, 2013). As a result these two stages of fluid migration associated with MTCs
and faults in this area may represent the gas migrating history between free gas traps and
the gas hydrate system. In most cases the in-situ biogenic gas in the host sediments is

considered to be insufficient to form gas hydrates, so this focused fluid migration
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mechanism may be significant for the hydrate formation (Hyndman and Davis, 1992; Haacke

et al., 2007).

3.8 Conclusions

Detailed mapping of 3D seismic data from offshore Mauritania reveals many
localized HAAs above some MTCs. These HAAs were divided into two populations. One
includes three aligned linear groups of HAAs while the other population indicates the HAAs
that are non-aligned. The HAAs in the western group are located in depressions above the
intersection line of three MTCs, and they are interpreted to be caused by gas left after
upward gas migration and coarser sediments deposited by bottom currents or fluid venting-
related winnowing process, both related to fluid migration. The HAAs in the other two
groups are interpreted to be caused by gas which was transported upwards along the
margins or faults associated with MTCs. The non-alighed HAAs are also interpreted to be
caused by gas which was probably transported upwards from underlying MTC bodies where
the overpressured fluid may have caused hydraulic fracturing at the tops of the MTCs,

allowing gas migration to the overlying sediments.

The fluid which caused the formation of these HAAs may be released from the
dissociation of gas hydrates due to the upward resetting of the BSR, but it may also be from
other sources such as the in situ biogenic gas, squeezed pore fluids from compaction or deep
thermogenic gas. Together with the shallower faults which act as recycling routes for
released gas from hydrate dissociation (demonstrated in next chapter), they may represent
the gas migrating history in this area. Since buried MTCs and gas hydrates can coexist in
marine environments, revaluation of the role of MTCs in transporting fluid flow is of great
importance to understand the fluid migration history on continental margins and the

mechanisms of gas supply to the gas hydrate system.

53



Gas migration along gravitational faults

Chapter 4: Gravity-driven faults: migration pathways for

recycling gas after the dissociation of marine gas hydrates

Abstract

High resolution three dimensional seismic data from offshore of Mauritania (West
Africa) reveal tiers of normal and tear faults that are approximately parallel to the strike and
dip of the slope respectively. They formed as a result of multiple episodes of down-slope
creep and have propagated through 70-160 ms of sediments. Some intersect the seabed
while others are buried and formed during earlier down-slope translation. Gas hydrates, the
base of which is evidenced by aligned amplitude terminations or a bottom simulating
reflection, form within the faulted succession. There are spatial relationships among the
fault locations, breached gas accumulations and the location of shallower free gas sealed by
hydrates. These are consistent with the upward-resetting of the base of the hydrates, the
migration of dissociated gas up the faults to either become trapped below its reset base in a
new free gas zone or potentially recycled back into a hydrate phase. There is little evidence
for venting of dissociated gas at the seabed. Gravity-driven faulting is common on
continental and island slopes, where gas hydrates are expected to occur, therefore this
model for the utilization of gravitationally driven faults for the migration and recycling of gas

should be generally applicable.
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4.1 Introduction

Gas hydrates are crystalline compounds with gas molecules held in cages of water
molecules, and are only stable in the gas hydrate stability zones (GHSZs) under specific
pressure-temperature (P-T) conditions in marine environments or permafrost (Brown et al.,
1996; Binz et al., 2003). There are many factors affecting the stability of hydrates, such as
deposition and erosion, slope failure, bottom water temperature change, sea level change,
gas composition and pore-water salinity (e.g. Blinz et al., 2003). The presence of hydrates
reduces the permeability of sediments, making the hydrate-bearing sediments a seal which
can trap free gas below (Berndt et al., 2004; Hustoft et al., 2007). In seismic data, the base of
gas hydrate stability zone (BHSZ) is marked by either a bottom simulating reflection (BSR)
which often has high amplitude and opposite polarity to the seabed or aligned terminations
of high amplitude reflections caused by the low velocity gas-charged sediments below the
BHSZ (Andreassen et al., 1997). The presence of hydrates offshore Mauritania is marked in
most areas by aligned amplitude terminations rather than BSRs. Since the BHSZ represents
the transition from gas hydrates to free gas (Biinz et al., 2003), the resetting of BHSZ due to
a change in hydrate stability condition (e.g. P-T) will cause hydrate dissociation (upward

resetting) or hydrate formation (downward resetting; Davies and Clarke, 2010).

Gas in the gas hydrate systems can be recycled between the GHSZ, FGZ and other
free gas traps due to the resetting of BHSZ (Pecher et al., 1996, 2001; Taylor et al., 2000;
Davies and Clarke, 2010). Although it has been recognized that there is gas recycling in the
gas hydrate systems, the specific mechanisms or migration pathways are not well explained
(Pecher et al., 1996; Haacke et al., 2007). Hornbach et al. (2004) proposed that the
overpressure of the FGZ may cause fault reactivation and gas escape through the hydrates.
Davies and Clarke (2010) proposed that chimneys can act as the pathways for repetitious gas

leaking from stratigraphic traps to the gas hydrate system.

Sliding, slumping and creep are common on deep-water slopes where gas hydrates
are expected to coexist (e.g. Ferentinos et al., 1981). In these settings, faults caused by
downslope movement of sediments are common which may act as fluid migration conduits
due to their higher-permeability than surrounding sediments (e.g. the Storegga Slide (Brown

et al., 2006); the Niger Delta (Leduc et al., 2012); the lower Congo Basin (Gay et al., 2007).
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Here we use 3D seismic data from offshore Mauritania to consider the role of
gravitationally-driven faults in the shallow subsurface as routes for the migration and
recycling of free gas which is released from hydrate dissociation as a result of the upward

resetting of the BHSZ.

4.2 Gas migration in hydrate systems

Pecher et al. (1996 and 2001) proposed three processes that supply free gas to the
hydrate systems, biogenic gas generation, hydrate dissociation and gas migration from
below. The first process indicates a biogenic breakdown of organic material (Pecher et al.,
1996). It mainly occurs in sediments of high organic carbon content because of the low
efficiency of biogenic gas generation. The second one, hydrate dissociation, occurs when the
BHSZ resets upward due to temperature increase (e.g. caused by sedimentation; bottom
water warming) or pressure decrease (e.g. caused by tectonic uplift), converting hydrates to
gas and water (Pecher et al., 2001; Haacke et al., 2007; Davies and Clarke, 2010). The third
process involves focused fluid flow through subsurface structures (e.g. faults, chimneys), and
we may observe authigenic carbonates at cold vents with gas supplied from below (Pecher

et al., 2001).

Fluid migration supplies gas and water to the shallower hydrate systems,
contributing to the formation of hydrates, FGZ and BSRs (Miller et al., 2012). There are two
main mechanisms of gas migration which could have a role in gas recycling in the hydrate
system, diffusion and advection (Liu and Flemings, 2006; Haacke et al., 2007). Diffusion
occurs at a molecular scale where gas is dissolved in pore water and it is driven by a
concentration gradient (Miller et al., 2012). Advection is a transport mechanism of gas by
fluid flow or free gas in a certain direction which occurs in focused pathways (Berndt, 2005).
The focused migration pathways include faults, chimneys and faulted anticlines, which are
much more effective for gas migration than diffusion in tectonically active margins (Abrames,
1992; Gay et al., 2007; Haacke et al., 2007). Many samples of hydrate-charged sediments
have been recovered near to faults, diapirs, or vents and therefore these deformational
structures have been interpreted to have played a role in determining pathways for gas
migration to the hydrate systems, providing gas for the hydrate formation (Laberg and

Andreassen, 1996). These structures can also act as pathways providing higher permeability
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routes for gas to move out of FGZ even through the GHSZ to the seabed, causing instability
on slopes or even affecting global climate change (Pecher et al., 1996; Hornbach et al.,

2004).

Gas recycling is common in gas hydrate systems, between the GHSZ, FGZ and other
free gas traps (Pecher et al., 1996; Davies and Clarke, 2010). Hydrate dissociation due to
upward resetting of BHSZ will release large volumes of free gas, stored in FGZs or
stratigraphic traps. When the BHSZ resets downward due to temperature and pressure
change (e.g. caused by tectonic subsidence, non-sedimentation or seafloor erosion), the free
gas below will be absorbed into the hydrate system, forming new hydrates. Davies and
Clarke (2010) studied the mehcanism of gas recycling between hydrates and stratigraphic
traps. They proposed that the free gas dissociated from hydrates can be trapped in
stratigraphic traps. When these traps are critically pressured, the seal capacity will be
exceeded and free gas will migrate upward along the hydraulic fracturing to shallower
stratigraphic traps or even to the base of hydrates. When the dissociated gas hits the base of
hydrates, it can stay in the new FGZ or form new hydrates. Offshore Mauritania there are
many gravitational faults formed during processes like creep, which have higher vertical

permeability than surrounding sediments.

4.3 Geological setting

The offshore Mauritania Basin on the West African passive continental margin was
initiated during Middle to Late Jurassic times with the opening of the Atlantic Ocean (Vear,
2005; Antobreh and Krastel, 2007). The present dip of the continental slope is 1°- 3°, and the
TWT time of the seabed in the study area varies from 200 to 3000 ms. At 3000 ms, the slope
is ~ 1° (Henrich et al., 2008). The seabed is characterised by two major canyon systems
running in an east-west direction. On the western side of the study area there are several
tear faults (small displacement faults with strike-slip motion) which are parallel or oblique to

the slope dip (Fig. 4.1).

For the last ~ 20, 000 years, wind-blown sediments from Sahara Desert have been
the main source of sediment input into this area and to the north of the Cap Timiris area

there were even periods of fluvial sedimentation during the Early Holocene period
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(Antobreh and Krastel, 2007; Henrich et al., 2008). The succession we study here is
characterised by fine-grained turbidites, debris flows and hemipelagic sediments (Vear,
2005; Krastel et al., 2006). Based upon Ocean Drilling Program (ODP) well data (Ruddiman et
al., 1988), the offshore of Mauritania has had a variable sedimentation rate, ranging from
several to hundreds of m m.y." (e.g. 2.5 at site 657 at around 8.4 Ma; 146 at site 658
between 0.7 to 1.5 Ma), depending on the climate, sediment supply and tectonic setting at
that time. The host strata we investigate are located between the seabed and 600 ms below,
and deposited since the Neogene (Vear, 2005). During this period the sedimentation rate
was high due to an ocean margin upwelling regime, averaging 80-160 m m.y.™ (Krastel et al.,

2006; Henrich et al., 2008).
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Fig. 4.1 (a): Location of study area with bathymetry contoured in metres. (b): Apparent dip magnitude map of the
seabed offshore Mauritania showing structural and sedimentary features such as tear faults, canyons, pockmarks

and coral reef. The yellow box shows the location of the plan-view maps in figures 4.2-4.6.

4.4 Seismic data and methodology

The 3D seismic dataset covers an area of ~ 4000 km”. They were time-migrated and

processed by several steps through multiple suppression and post-stack time migration. The
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main frequency of the 3D seismic data is 50 Hz, yielding a vertical resolution of ~ 8.5 m
which equals one quarter of the wavelength at the dominant frequency, assuming a
sediment velocity of 1700 m s™ (Davies and Clarke, 2010). The final bin spacing of the seismic
grid is 25 m x 25 m. In the seismic cross sections, a reflection event consisting of a red loop
followed by a black loop represents an increase of acoustic impedance. The vertical axis is in
two-way-travel (TWT) time, and we assume a seawater velocity of 1450 m s™ and a sediment
velocity of 1700 m s™ to convert time to depth (Davies and Clarke, 2010; Davies et al.,

2012b).

Several key reflections were interpreted, including four representative stratigraphic
reflections and the BHSZ. They were used to generate seismic attribute maps such as
apparent dip magnitude maps and reflection amplitude maps which provide structural and
stratigraphic information (see Brown, 2010) and help analyse local interval changes.
Apparent dip magnitude maps show the values which highlight the structural features.
Amplitude maps using the peak or trough amplitude of a reflection are useful for identifying
gas and fluid migration, lithology and unconformities (e.g. Brown, 2010). We also generated
a horizon for windowed amplitude extractions. Root-mean-square (RMS) amplitude maps
between horizons are used to detect the anomalous amplitudes. The RMS amplitude is
calculated as the square root of the average of the squares of the amplitudes in an analysis
window, therefore it is very sensitive to extreme amplitude values, which may be related to
lithological changes, diagenetic changes or fluids (e.g. gas or oil). See Appendix C for

supporting figures.

4.5 Observations

The four representative reflections we interpreted are named I-IV from top to
bottom respectively, and the BHSZ was also interpreted (Figs 4.2-4.6). Reflection | is the
present seabed and reflections Il and Ill are located at ~ 200 and 300 ms below the seabed
separately (Fig. 4.2d). Reflection IV is located at ~ 50 ms below reflection Il (Fig. 4.3a). In
addition, we interpreted three reflections locally (V, VI and VII) to study the faults and high
amplitudes. In the following sections we describe a number of troughs (numbered 1-19) and
associated amplitude anomalies. Some of the troughs are parallel and oblique to the slope

dip while others are parallel to the slope strike.
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4.5.1 Troughs

Apparent dip magnitude maps of reflections | and Il (Fig. 4.2ab) show that the
troughs are either parallel or oblique to the slope dip and have elongate en echelon
planforms. They have variable lengths ranging from 0.5 km to 10 km. In the two
representative seismic cross sections (Fig. 4.2de) we observe that these troughs are
vertically aligned, ~ 70 to 160 ms in TWT time. These troughs have narrow bases and broad

tops with and without discernible offsets.

Apparent dip magnitude maps of reflections Ill and IV (Figs 4.2c and 4.3bc) show an
extensive strike-parallel linear trough which is ~ 420 m wide and ~ 21 km long. Half way
along the linear trough, there is a change in orientation, from strike-parallel to dip-parallel
(Figs 4.2-4.6). There are also several linear troughs parallel or oblique to the dip of the slope
to the west of the linear trough (e.g. trough number 10, Figs 4.2c and 4.3bc). A seismic cross
section (Fig. 4.3a) shows that the vertical stack of the strike-parallel trough starts at
reflection IV with a small offset at this reflection and terminates at approximately the level
of reflection Ill. This trough occurs over an interval of ~ 100 ms (inset, Fig. 4.3a). Through
comparing T1 with T2 (inset, Fig. 4.3a), we see an interval change of the interval between

reflection IV and V on the two sides of this trough, ~ 10 ms.
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Fig. 4.2 (a-c): Apparent dip magnitude maps of horizons |, Il and I, showing en echelon and linear troughs. The
troughs are parallel/oblique to the slope dip or parallel to the slope strike. (d): A seismic cross section (inline:
10980) showing the vertical characteristic of the troughs. (e): Another seismic cross section (inline: 11298)
showing the vertical troughs which are interpreted to be tear faults, some of which have discernible offsets. (f):
Zoomed in image of the blue box in e, showing the offsets. The blue dotted lines help show the small offsets.
Location of the seismic sections is shown in a-c. Numbers 1-19 allow for specific troughs to be located on both

seismic sections and apparent dip magnitude maps.
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Fig. 4.3 (a): A seismic section showing the gravitational normal fault indicated by the arrow. The offset is ~ 10 ms.
At reflection Ill, there is a section of high amplitude anomaly, ~ 250 m long, and terminate updip at the fault
plane. Inset: zoom-in image of the black box, showing the normal fault. Comparing T1 with T2, there is an
obvious thickness change of the interval across this fault. Location of this seismic section is shown in b. (b, c):
Apparent dip magnitude maps of reflection Ill and IV showing the linear trough in the middle which is interpreted
to be a normal fault and some linear troughs to the west of the normal fault which are interpreted to be tear

faults.
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4.5.2 Amplitude anomalies

4.5.2.1 Widespread high amplitudes

There are widespread high amplitudes at two levels in this study area (Figs 4.4 and
4.5). The deeper one starts at reflection VI and the shallower one is located immediately

below the BHSZ. We start by describing the deeper one.

The amplitude map of reflection IV (Fig. 4.4a) shows that the high amplitudes mainly
occur to the east of the strike-parallel linear trough (number 19), while the reflection to the
west of this linear trough is of consistently low amplitude. The eastern high amplitude zone
is split into northern and southern regions by an area of low amplitude (Fig. 4.4a). Three
representative cross sections perpendicular and parallel to the linear trough (Fig. 4.4b-d)
were chosen to study the vertical features of the high amplitudes. It shows that the updip of
the linear trough at reflection IV has high amplitude. In contrast the downdip of the linear
trough has low amplitude and an uncertain polarity. The western termination of the high
amplitude zone is at the strike-parallel trough while the position of the eastern termination
is variable and does not abut any deformational structures (Fig. 4.4a-c). The seismic cross
section which is parallel to the linear trough (number 19) (Fig. 4.4d) shows that the low
amplitude area at reflection IV is spatially coincident with the shallower high amplitude

reflections above it.
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Fig. 4.4 (a): Amplitude map of reflection IV, showing the normal fault, free gas accumulations and amplitude
blanking. (b, c): Seismic cross sections perpendicular to the direction of the linear structure, showing the
distribution of free gas at reflection IV and the free gas zone above sealed by hydrates. (d): Seismic cross section
parallel to the direction of the normal fault showing amplitude blanking. Locations of these seismic sections are

shown in a.

A RMS amplitude map (Fig. 4.5a) was produced within a window between BHSZ and
VIl (50 ms below the BHSZ) to study the shallower high amplitude anomalies below the
BHSZ. It shows a curvilinear planform to the east of the strike-parallel linear trough (number
19). Seismic cross sections (Fig. 4.5bc) show that these high amplitude reflections which
terminate updip against the BHSZ mainly exist above the linear trough and in the updip
position. Comparing this RMS amplitude map (Fig. 4.5a) with the amplitude map of
reflection IV (Fig. 4.4a), we note that the curvilinear high amplitude zone sealed by the BHSZ
is spatially coincident with the underneath low amplitude area at reflection IV which splits

the eastern high amplitude zone into two regions.
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Fig. 4.5 (a): RMS amplitude map which is produced within a window between the BHSZ and reflection VII (50 ms
bellow the BHSZ), showing the distribution of FGZs which mainly exist on the eastern side of the normal fault
(updip). The N-S oriented yellow dotted line in this map is taken from figure 4.3, showing the fault structure
underneath this reflection. (b, c): Seismic cross sections showing the distribution of FGZs above the normal fault,

on the updip eastern side of the fault. Locations of seismic sections are shown in a.

4.5.2.2 Localized high amplitudes

The amplitude map of reflection Il (Fig. 4.6a) shows that the amplitude is
comparatively low on both sides of the linear troughs (number 8, 9 and 19). Along the
troughs there are many examples of localised high-reflection amplitudes which have variable
geometries (Fig. 4.6a-c). They are elongate along the strike-parallel trough and sub-circular
along the dip-parallel troughs (Fig. 4.6bc). In seismic cross sections the localized high
amplitudes mainly occur on the downdip side of the strike-parallel linear trough (number
19), ~ 250 m long and terminates updip at the trough (Fig. 4.3a), while for the dip-parallel
linear troughs (number 8 and 9) (Fig. 4.6d) the high amplitudes are ~ 150 m long and occur
within the troughs. We see an increase in reflection strength in these troughs, but there is
no evidence for polarity changes or erosional processes such as reflection truncation (e.g. at

the level of reflection VI, Fig. 4.6).
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Fig. 4.6 (a): Amplitude map of reflection Ill, showing the high amplitudes along the faults. (b): Zoomed-in image
of the northern white box in a, showing the elongate high amplitude anomalies. A seismic cross section through
one anomaly is shown in Fig. 4. 3a. (c): Zoomed-in image of the southern white box in a, showing the sub circular
high amplitude anomalies. (d): A seismic cross section showing the high amplitude anomalies of ~150 m within

the tear faults (number 8 and 9) and the FGZ above it. Location of this seismic section is shown in b.
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4.6 Interpretations

4.6.1 Tear and normal faults

The troughs that are parallel and oblique to the slope dip have elongate, en echelon
or linear geometries and some have discernible offsets which indicate small-scale faults.
These features are consistent with them being the earliest stages in tear fault development
which was caused by the low-velocity movement of sediments during down-slope creep
(Ferentinos et al., 1981). Creep is a slow gravitational deformation process which occurs
where the shear stress is too low to trigger rapid slope failures (Rutter and Green, 2011).
Normally there are lateral offsets across strike-slip faults, but the tear faults here do not
show any obvious lateral offsets which may be caused by the lack of suitable markers (e.g.,
depositional features). We propose that these tear faults have higher permeability than
surrounding sediments and can act as conduits for gas migration, transporting gas upwards
to shallower traps. Similar arguments have been made for the polygonal faults in the
Norwegian margin which are located in fine grained sediments and also have very small
offsets (Gay and Berndt, 2007). Once reactivated, these polygonal faults can act as fluid

migration conduits.

The strike-parallel linear trough (Fig. 4.3) that has a small-scale offset of ~ 10 ms is
interpreted to be a gravity-driven normal fault. Although this N-S orientated fault has a small
downslope translation (indicated by the 10 ms offset), its length (~ 21 km) shows that an
extensive section of the margin has moved downslope. The presence of this fault is
consistent with it being a higher-permeability route than surrounding strata for gas

migration.

Normally the shear strength of hydrate-charged sediments is increased due to the
effect of hydrate cementation, increasing slope stability (Sultan et al., 2004ab). But it is not
possible to detect the top of the hydrate zone. Therefore we do not know if the gravitational

faults on the slope are located in the hydrate zone or not.
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4.6.2 Free gas accumulations and migration

4.6.2.1 Accumulations

We start by interpreting the deeper high-amplitude reflections then the shallower
ones. In seismic data, these reflections of high amplitude are interpreted to be free gas
accumulations (Berndt et al., 2004). The amplitude map of reflection IV (Fig. 4.4a) shows
that the free gas mainly accumulates to the east of the normal fault. This free gas
accumulation is bounded by the normal fault on its western side. On the eastern side it is
regarded to be bounded by low-permeability sediments because there is no deformational
structure. Therefore this free gas accumulation is structurally sealed (fault-bound) downdip
and stratigraphically sealed updip. The free gas stored in this accumulation could be either
from the deep sources (e.g. thermogenic gas origin) or from the hydrate dissociation (Davies

and Clarke, 2010).

The shallower curvilinear zones of high amplitude which are sealed by the BHSZ are
interpreted to be FGZs (Fig. 4.5). These FGZs are located on the updip side of the linear
normal fault. The free gas in the FGZs may be from either gas sources below or the hydrate
dissociation, or a mixture of the two origins. There is a spatial relationship between the low
amplitude area which separates the eastern high amplitude zone at reflection IV and the FGZ
above (Figs 4.4 and 4.5). Therefore we interpret the low amplitude area (Fig. 4.4ad) to be
the result of amplitude blanking, caused by the FGZ above (Fig. 4.5). The homogeneity
between the FGZ and the stratigraphic free gas accumulation below (Fig. 4.4d) reduced the

contrast of acoustic impedance and causes the amplitude blanking.

4.6.2.2 Migration

The faulting at reflection VI where the faults terminate (Fig. 4.6d) shows a
depression caused by subsidence rather than erosion, suggesting that reflection VI was not
the seabed at the time of faulting. The localized high amplitudes along the faults (Fig. 4.6)
are interpreted to be indicators of gas migration, suggesting there is gas migration from the
deeper stratigraphic trap to the shallower FGZs. These localized high amplitudes may be
caused by either free gas or gas-related diagenesis which cannot be pinpointed without

more geophysical or core analysis. Similar phenomena have also been reported in the
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Mediterranean Sea (Ligtenberg, 2005) and the Lower Congo Basin (Gay et al., 2007) where
the local high amplitude zones associated with the faults were interpreted as free gas
(subsurface) and pockmarks (seabed) separately, both of which indicate upward fluid
migration. In the Vulcan Sub-basin, a high amplitude reflection with positive polarity was
interpreted to be a carbonate-related diagenetic zone which is also one of the seismic

indicators for gas migration (O’Brien and Woods, 1995).

In summary, we see a clear spatial relationship among the deeper stratigraphic gas
accumulation, the normal fault, the localized gas migration indicators and the shallower
FGZs above this fault. They provide the evidence to trace the gas which breached part of the
deeper stratigraphic trap, then migrated upward along the fault and finally it reached the

BHSZ and was resealed in FGZs.

4.7 Model

The deeper stratigraphic free gas accumulation is only a few hundred metres below
the present BHSZ. Davies et al. (2012a) documented that the BHSZ in this area has reset
upward due to sedimentation. Therefore although we cannot rule out a thermogenic gas
origin, we propose that the free gas in the deeper stratigraphic trap is probably the released
gas from hydrate dissociation. When the base of the hydrates reset to shallower levels, the
hydrates dissociated due to the related temperature change (Davies and Clarke, 2010). Then

the released free gas followed higher-permeability pathways and migrated to new traps.

The combined analysis of the faults, the free gas and the gas migration indicators
allow us to propose a synoptic model to explain the gas migration along faults which occurs
below the hydrates (Fig. 4.7). Down-slope creep causes gravitational normal faults and tear
faults to form, and gas hydrates form within this faulted succession (Fig. 4.7a). As the BHSZ
resets upwards due to the sedimentation at the seabed, the hydrates dissociate and free gas
is released (Fig. 4.7b). The faults which have higher permeability than surrounding un-faulted
sediments therefore act as the routes for the dissociated gas to migrate upwards until it
reaches the new position of the hydrate stability zone (Fig. 4.7c). The free gas can
accumulate there, stored in a FGZ sealed by the BHSZ. It can also form new hydrates and be

recycled back into a hydrate phase. In this study, only the free gas on the western downdip
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side of the faults migrated upward along the faults and was recycled into the hydrate system.
The dissociated gas on the eastern side of the faults was transported updip until it met the

fine-grained sediments which acted as a seal and the gas was stored in a stratigraphic trap.

@ Il free gas A methane
tear fault GHSZ top? BN gas hydrate e Migration
—- sediment —— seabed
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Fig. 4.7 Synoptic model for role of gravitational faults in gas migration on continental and island slopes. (a):
Gravitational faults penetrating the first few hundred metres of stratigraphy in a slope setting, gas hydrates
formed in this faulted succession. (b): Upward resetting of the BHSZ due to sedimentation, causing hydrates to
dissociate. The fault of higher permeability than surrounding strata acted as a migration pathway, allowing the
dissociated gas to migrate upwards. (c): As the BHSZ reset upward further, the released free gas from hydrate
dissociation migrated upwards through the network of faults until it reached the new BHSZ. The dissociated gas
on the higher side of the fault transported updip to a higher position until it reached a new seal. (d): Idealised
map showing present and past normal and tear faults and the location of the cross sections in figure 4.7abc. The
dashed lines indicate the fault distribution in stage a and b; the solid lines suggest the present faults in stage c.

The normal faults are parallel to the slope strike and the tear faults are parallel to the slope dip.
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A low saturation of free gas (3-5%) can cause a strong decrease of P-wave velocity,
and the BSR is thought to be mainly caused by free gas rather than hydrates (Berndt et al.,
2004). To test the existence of hydrates and free gas which are the basis of our model, we

need further data like a velocity model or well-log data.

4.8 Conclusions

Gravity-driven faulting is common on continental and island slopes where gas
hydrates are expected to occur. Here we observe two types of gravitational faults, tear faults
and normal faults. These relatively higher-permeability gravitational faults can provide
favourable pathways for gas migration, allowing gas migration to the shallower layers or gas

recycling in the gas hydrate system.

There is a close spatial relationship between the faults and the free gas distribution,
based on which a synoptic model is proposed. As the BHSZ resets upwards due to
sedimentation, the faults with higher permeability than surrounding sediments act as
pathways, channelling the released gas from hydrate dissociation upwards until it reaches
the new position of the BHSZ. The free gas then can be stored in a FGZ or form new hydrates.
Rather than migrate up the faults, the dissociated gas on the updip side of the fault would
transport laterally in the same layer until it meets a seal. In summary there is a dynamic
interplay among the hydrate dissociation, gas migration up along pre-existing faults and gas
re-sealing at higher levels below the hydrates. To test this model, we need further

information like a velocity model or well-log data.

The tear faults at shallower depth are also of high permeability and could be utilized
as the gas migration pathways when the hydrate dissociation occurs there. Due to the
common co-location of gravity faulting and hydrates in other continental and island slopes,
this model should have general applicability and examination of other datasets may be

productive.
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Chapter 5: Controls on the base of gas hydrates offshore
Mauritania: determined by 3D seismic imaging of the bottom

simulating reflection

Abstract

High-resolution 3D seismic data from offshore Mauritania provide accurate
information on seismic amplitude characteristics and the distribution of a bottom simulating
reflection (BSR). On seismic sections the BSR is discontinuous, comprised of alternating
bands of high and low seismic amplitude. On the amplitude map of the BSR, the amplitude
bands are curvilinear and they dip towards different directions. The high amplitude bands
are interpreted to be mostly caused by the presence of gas trapped below the base of gas
hydrates, potentially in regularly spaced beds of coarser sediments. The changes in the
planform geometry of the bands provide evidence of lateral changes in the ambient
conditions that control the depth of the BSR. These changes occur due to variable water
depth of the slope, impingement of salt diapir and mud diapir, and canyon cutting at the
seabed. This chapter exemplifies that mapping the BSR on 3D seismic data can provide a
wealth of information on lateral changes in the position of the base of the gas hydrate

stability zone (BHSZ).
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5.1 Introduction

Gas hydrates have been recovered globally in permafrost, marine and lake
environments (Shipley et al., 1979; Vanneste et al., 2001). In marine environments, the gas
hydrate stability zones (GHSZs) are controlled by many factors such as pressure and
temperature (P-T), salinity, gas composition, heat flow and gas supply (e.g. Cooper and Hart,
2002). The base of gas hydrates is often indicated by a bottom simulating reflection (BSR) on
seismic data, representing a phase boundary between the hydrate-bearing sediments above
and free gas-charged sediments below (e.g. Biinz et al., 2003; Berndt et al., 2004). Most of
the BSR amplitude is interpreted to be caused by the velocity reduction due to underlying
free gas zones (FGZs; Singh et al., 1993; Haacke et al., 2007). As a result the hydrate-related
BSRs often have negative polarity which is opposite to the seabed, crosscutting stratigraphy

(Shipley et al., 1979; Blinz et al., 2003).

Seismic study of gas hydrates is mainly based on tracking the BSR and stratal
reflections, focusing on the position of the BSR, hydrate-related fluid migration processes or
the distribution of FGZs (Berndt et al., 2004; Davies et al., 2012a). Plan-view maps used in
hydrate study are often generated by mapping stratal reflections crosscut by the BSR, and
one map only shows the BSR characteristics at one single time (Biinz et al., 2003; Davies et
al., 2012a). In this chapter we map the BSR, which follows a thermobaric surface, rather than
stratal reflections. Compared with the maps of stratal reflections, the amplitude map of the
BSR displays the characteristics of the whole BSR surface, at different times. This map is the
result of the 3D intersection of the BSR and stratal reflections, providing a wealth of

information on lateral changes in the position of the base of gas hydrates.

5.2 Geological setting and data

The study area is located on the passive continental margin offshore Mauritania
which covers an area of ~4000 km’ (Fig. 5.1). The sediment type in the study area is
characterized by inter-bedded coarser sediments formed by turbidites or debris flows in a
background of finer-grained hemipelagic sediments (Vear, 2005; Henrich et al., 2010). The
high-resolution 3D seismic data allow for detailed mapping of the BSR which is widely spread

in this area. The BSR is mainly characterized by aligned terminations of high amplitude
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reflections, crosscutting stratigraphy (Fig. 5.2a). In this chapter we discuss the BSR

characteristics, describe the location of FGZs, and study their geological controls.

Mauritania

TWT time (ms)

15'N

20'W 15w

Fig. 5.1 (a): Location map of the 3D seismic data set offshore Mauritania. (b): TWT-structure map of the seabed in

the study area, showing the slope direction and the distribution of canyons and coral reef.

The 3D seismic data have been processed by post-stack time-migration and have a
50 Hz main frequency (Fig. 5.1; Ireland et al., 2011). The seismic data have not been zero-
phased, and no Automatic Gain Control (AGC) was applied. This seismic survey has a bin size
of 25 m x 25 m. The vertical resolution is ~ 8.5 m which equals one quarter of the
wavelength at the dominant frequency, assuming a sediment velocity of 1700 m s (Davies
and Clarke, 2010). On seismic sections, a reflection event consisting of a red loop followed
by a black loop represents an increase in acoustic impedance downwards. The BSR in this
chapter is featured by a black loop followed by a red loop, suggesting a negative polarity. We
traced the BSR in the study area and generated the amplitude map of the BSR which is useful
for identifying amplitude anomalies, providing information on lithology or fluids (Brown,

2010). See Appendix D for supporting figures.
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Fig. 5.2 (a): A regional seismic section (crossline: 24192) showing the BSR, FGZ, chimneys and a normal fault.
Zoom in images show the specific seismic characters of the BSR. Vertical axis: Two-way-travel time (TWT) in
seconds. See figures 5.1 for location. (b): A phase diagram showing the effect of seabed depth on BSR location.
The BSR gets shallower as the seabed depth decreases. (c): Comparison of the modelled BSR (with different heat

flow values) with the interpreted BSR (discussed in section 5.4).

5.3 Seismic Observations

5.3.1 The Bottom simulating reflection (BSR)

On seismic sections, the BSR is recognized as the aligned terminations of high

amplitude reflections, composed of alternating sections of high and low amplitude (Fig. 5.2).
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It has negative polarity, and crosscuts stratigraphy. The BSR is widely spread in this area, ~
45 km long from west to east. On the upper slope, the BSR intersects seabed at ~ 880 ms in
TWT time and the burial depth of the BSR decreases as the seabed depth gets shallower
from west to east (Fig. 5.2a). Below the BSR there are high amplitude reflections, as well as
focused fluid migration conduits such as chimneys and faults (Fig. 5.2a). On the amplitude
map of the BSR (Fig. 5.3) we observe curvilinear bands of alternating high and low amplitude

which bend to different directions. In the following sections we focus on five sub areas to

study the BSR in detail.

BSR

amplitude

low

Fig. 5.3 The amplitude map of the BSR in the study area, showing the alternating bands of low and high

amplitude. Five sub areas are confined by five rectangles to study the BSR characters. There is no BSR developed

in the white zone on the eastern and southern sides.
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5.3.1.1 Areal

On the amplitude map of the BSR in area 1 (Fig. 5.4a), we observe curvilinear bands
of high and low amplitude, bending to two opposite directions. The bands on the eastern
side bend landward to the shallower eastern side while the bands on the western side bend
seaward to the western side. On seismic sections the BSR is composed of alternating
sections of high and low amplitude (pink and yellow lines) (Fig. 5.4b) which is consistent with
the amplitude bands on the BSR amplitude map (Fig. 5.4a). The BSR on the eastern side is of
lower apparent dip than stratigraphy (e.g. reflection a) and there are reflections of high
amplitude sealed below the BSR (Fig. 5.4b). The geometry of the BSR on this side is
discontinuous with high amplitude sections stepping downwards as corresponding seabed
gets shallower from west to east, and this is defined as BSR type 1. The BSR on the western
side is steeper than the stratigraphy (e.g. reflection b), and there is no high amplitude
reflection sealed below the BSR (Fig. 5.4c). The geometry of the BSR here is also
discontinuous, with high amplitude sections stepping upwards as corresponding seabed gets

shallower from west to east, defined as BSR type 2.

Fig. 5.4 (a): The amplitude map of the BSR in area 1. See figure 5.3 for location. (b): A seismic section cutting

through the eastern side where the BSR is of lower apparent dip than the stratigraphy. (c): A seismic section

cutting through the western side where the BSR is of steeper apparent dip than the stratigraphy.
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5.3.1.2 Area 2

The amplitude map of the BSR in area 2 (Fig. 5.5a) shows curvilinear bands of high
and low amplitude which bend seaward. There is no BSR developed in the white zone on the
eastern side. The BSR intersects the seabed at ~ 880 ms in TWT time, and the amplitude
bands of the BSR in area 2 generally follow the seabed contours (Figs 5.1b and 5.3). On

seismic sections (Fig. 5.5bce) we observe an obvious BSR type 2, crosscutting stratigraphy of

| area 2

Fig. 5.5b high

amplitude

Fig. 5.5 (a): The amplitude map of the BSR in area 2. See figure 5.3 for location. The eastern boundary of the
amplitude map is the intersection line of the BSR and the seabed, showing the landward limit of the GHSZ on the
offshore Mauritanian continental margin. There is no BSR developed in the blank area in white. (b-e): Seismic

sections showing the relationship between the BSR and stratigraphy.

lower apparent dip. On sections b and e there are 3 and 7 high amplitude bands respectively
(Fig. 5.5be). On seismic section c (Fig. 5.5c) the BSR does not form in the middle part where
the reflections have very low amplitude, and no BSR can be observed on seismic section d

(Fig. 5.5d). In this area the high amplitude reflections below the BSR are not obvious and
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often located in very thin zones, confined by low amplitude reflections on the updip sides

(Fig. 5.5).
5.3.1.3 Area 3

The curvilinear amplitude bands in area 3 (Fig. 5.6a) are different from those in areas

1 and 2 for their locations and bending directions. These amplitude bands are mainly located
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Fig. 5.6 (a): The amplitude map of the BSR in area 3. See figure 5.3 for location. There are alternating bands of
low and high amplitude surrounding this diapir. (b): A time slice (2.7 s) was taken from the 3D seismic amplitude
volume, showing the location of the diapir. (c): A seismic section (inline: 12340) showing the relationship among
the BSR, stratigraphy and the diapir. (d): A phase diagram showing the effect of salinity on BSR location. The BSR
gets shallower as the salinity increases or the heat flow increases. (e): Comparison of the modelled BSR (with

different heat flow values) with the interpreted BSR (discussed in section 5.4).
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in the south of area 3, surrounding a circular area of low amplitude. A time slice (Fig. 5.6b)
taken at 2.7 seconds from the 3D seismic amplitude volume shows the location of a diapir,
suggesting that the amplitude bands of the BSR surround this circular diapir. The seismic
section (Fig. 5.6¢c) shows a up-domed BSR above a diapir and we observe three zones of high
amplitude reflections sealed below the BSR. The BSR on the two wings of the diapir is of
lower apparent dip than the up-domed strata (reflections a’ and b’; BSR type 1), and the BSR

in the south of this area is located much deeper, ~ 2.5 s (the yellow arrow) (Fig. 5.6c).

5.3.1.4 Area 4

In area 4 there is another diapiric structure (Fig. 5.7) located at a shallower depth
than the salt diapir in area 3. It is a mud diapir characterized by low amplitude and typical
‘Christmas tree’ features related to the mud flow deposits (Milkov, 2000; Kopf, 2002). On
seismic sections we observe that the BSR is much more up-domed along the short axis of the
mud diapir, in W-E direction (Fig. 5.7bc). Below the BSR there are high amplitude reflections,
especially beneath the crest of the up-domed BSR. The amplitude map shows that a linear
feature in the middle separates the high amplitude into two zones (Fig. 5.7a). On a seismic
section we observe that this linear structure is a buried canyon running from east to west
(yellow triangle) (Fig. 5.7b). In the northern zone, we observe clear amplitude bands on the
eastern side where the BSR is of steeper apparent dip than the stratal reflections and these
amplitude bands bend away from the crest (BSR type 2) (Fig. 5.7ac). In the southern zone,

there is no obvious amplitude band (Fig. 5.7a).

In the south eastern corner of area 4 there is a small zone of comparatively high
amplitude (Figs 5.7a and 5.8a). The amplitude bands are twisted along a curvilinear line
(yellow line) (Fig. 5.8a). On a seismic section cutting through this axis we observe a deeply
rooted normal fault below the BSR (Fig. 5.8b). To study the location of this fault, we
interpreted a reflection locally (reflection 1) (Fig. 5.8b). The apparent dip map of this
reflection shows that this fault is spatially consistent with the yellow curvilinear line on the

amplitude map (Fig. 5.8ac).
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mud diapir o
&

Fig. 5.7 (a): The amplitude map of the BSR in area 4, separated into two parts by a linear structure. There are
alternating bands of low and high amplitude on the updip side of the mud diapir on the northern side. See figure
5.3 for location. (b): A seismic section along the long axis of the mud diapir, showing the relations of the BSR,

FGZ, and the mud diapir. The location of the buried canyon is indicated by a yellow triangle. (c): A seismic section

across the short axis of the mud diapir.
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IJ reflection 1

normal fault

Fig. 5.8 (a): Zoom in image of part of the BSR amplitude map in area 4. The high amplitude bands are twisted

along a curvilinear axis in the middle. See figure 5.7 for location. (b): A seismic section cutting through the high
amplitude bands, showing the BSR, FGZ, and a normal fault. (c): Apparent dip map of reflection 1, showing the

location of the normal fault.

5.3.1.5Area 5

In area 5 the amplitude map (Fig. 5.9a) shows that the amplitude bands of the BSR
shift seaward at a deep-water canyon. On a seismic section cutting through this canyon we
observe that the BSR deepens significantly when it gets close to the canyon wall (Fig. 5.9b).
There are a number of high amplitude reflections which terminate ~ 500 m from the canyon
margin, confined laterally by the deepening BSR. Another seismic section parallel to the
canyon shows a BSR type 2 of alternating high and low amplitude (Fig. 5.9c). Another similar
phenomenon has also been observed on the north eastern side of area 1 where the BSR
bands have an along-strike deflection and convergence (Fig. 5.4a; Davies et al., 2012a). A
seismic section shows that the BSR shifts downward below the canyon and there are high

amplitude reflections below the BSR (Fig. 5.9d).
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Fig. 5.9 (a): The amplitude map of the BSR in area 5, showing alternating bands of low and high amplitude. See
figure 5.3 for location. (b): A seismic section from north to south, showing the downward shift of the BSR around
a canyon. (c): A seismic section cutting through the amplitude bands and parallel to the canyon, showing a

normal stair-like BSR type. (d): A seismic section from area 1, showing the downward deflection of the BSR below
a canyon. See figure 5.4a for location. (e): A phase diagram showing the cooling effect of a canyon on

surrounding sediments, causing downward shift of the BSR.

In addition to these five areas, we study another high amplitude band on the
northern side of the amplitude map between areas 1 and 2 (Fig. 5.10a). This high amplitude

band is ~ 10 km long, in W-E direction. Two seismic sections through this band (Fig. 5.10bc)
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show a downward shift of the BSR which is consistent with the northern boundary of the
high amplitude band in map view (Fig. 5.10a). Below the seabed there is interval decreasing

above the shifting points of the BSR, probably due to slope failure or reduction of

sedimentation (Fig. 5.10bc).

Fig. 5.10 (a): Part of the BSR amplitude map showing a high amplitude band on the northern side, in an East-West
alignment. See figure 5.3 for location. (b): A seismic section showing the downward shift of BSR and above slope
failure body. (c): A seismic section showing the downward shift of BSR and related decreased interval below the

seabed.

5.3.2 High amplitudes below the BSR

To study the high amplitude reflections below the BSR, we generated a root-mean-
square (RMS) amplitude extraction map within a window between the BSR and 50 ms below
(Fig. 5.11a). This RMS map shows that high amplitude mainly occurs on the eastern side of
area 1 and area 4, while in other areas the RMS amplitude map is featured by middle or low
amplitude. In area 2, seismic sections also show some high amplitude reflections below the
BSR, often in a thin zone (Figs 5.5be and 5.11b). And on the updip side of these high
amplitudes are reflections of very low amplitude. In area 5, there are also zones of high
amplitude reflections which terminate at the deepening BSR (Fig. 5.9b). But because the
mapping window is narrow, only from the BSR to 50 ms below, the high amplitude
reflections are not located within this window. Therefore the RMS amplitude map does not

show these high amplitude reflections near the canyon wall in area 5.
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Fig. 5.11 (a): The RMS amplitude extraction map which is generated within a window between the BSR and 50 ms

below, showing the location of high amplitude FGZs. (b): A seismic section showing the location of the BSR and a

FGZ, and this FGZ is interpreted to be stratigrahpicly sealed on the updip side by impermeable layers.

5.4 Modelling

The location of BSR below the seabed is mainly caused by pressure and temperature

conditions (Field and Kvenvolden, 1985; Brown et al., 1996). To estimate the heat flow in this

area, we model the BSR locations under different heat flow values and compare with our

observation. According to Makogon (1997), the relation between equilibrium temperature

(Te) and pressure (P) is:
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LogioPe=aTe’ +bTe + ¢ Eq. 5.1

where P, is in Pa and T, is in °C, and a, b and c are empirical constants that depend on
hydrate composition. Here hydrate stability curve of pure methane is used and the following

values are obtained to fit to the equilibrium P-T data:
a=0.000309 °C?, b = 0.040094 °C"* and ¢ = 0.478626.

Since the BSR is located shallow below the seabed, the pore pressure in the
sediments at the BSR is assumed to be hydrostatic and equilibrium pressure at the BSR can

be calculated as (Makogon, 1997; Sloan, 1998):
Pe= Psw 8 hpsr Eq.5.2

where seawater density p. = 1028 kg m?, gravitational acceleration g = 9.81 m s and hy is

the depth of the BSR below the sea level in m.

The temperature of the seabed (T,,) can be derived from the World Ocean Database,

and the temperature at the BSR (T.) can be calculated as (Makogon, 1997; Sloan, 1998):
Te=Tsp +q (hpsr — hsp) K Eq.5.3

where q is heat flow in mW m?, k is the thermal conductivity, ~ 10> m °C mW?, and hy, is the
seabed depth of the seabed in m which can be calculated from the TWT time using the
average seismic velocity of sea water, ~ 1450 m s* (Davies et al., 2012b). Based on the three
equations above, the depth of the BSR (hy,) under different heat flow values can be

calculated and converted back to TWT time.

The heat flow can be estimated by fitting the model to the observed BSR. The heat
flow in areas 1 and 2 is estimated to be 37 mW m™, which increases to 50 mW m™ as the
seabed gets deeper (Fig. 5.2c). In area 3 the heat flow value increases towards the salt
diapir, especially on the southern side, changing from 50 mW m™ to 70 mW m™ (Fig. 5.6e).
Salinity is not considered here. Above the crest of the diapir, there is a canyon which seems

to have affected the BSR probably due to the cooling effect (Fig. 5.6ce).
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5.5 Interpretation

Based on the strong reflection and negative polarity, we interpret the BSR to be
hydrate-related, representing a phase transition from the hydrate-bearing sediments above
the BSR to the underlying free gas-charged sediments (Field and Kvenvolden, 1985; Berndt
et al., 2004). The alternating high- and low-amplitude sections of the BSR on seismic sections
are consistent with the alternating bands of high and low amplitude on the amplitude map.
The amplitude of the BSR is probably determined by the presence or absence of free gas
trapped below the base of gas hydrates, controlled by the regularly spaced beds of coarser

and finer sediments.

The high amplitude reflections below the BSR are interpreted to be caused by free
gas in FGZs due to their locations and the negative polarity of the BSR. The RMS amplitude
map shows the distribution of the FGZs which mainly occur on the eastern side of area 1 and
in area 4 (Fig. 5.11a). The middle or low amplitude on the RMS map is probably caused by
thin FGZs or the absence of FGZ.

5.6 Discussion

5.6.1 Distribution of the BSR

The BSR depth below the seabed is controlled by the hydrate stability conditions
such as P-T, salinity, gas composition, or subsurface heat flow (Shipley et al., 1979; Sloan,
1998; Biinz et al., 2003). Seabed depth (pressure) and temperature are two basic parameters
often used in the phase diagram to model the location of the BSR which is defined by the
intersection of the heat flow profile and hydrate stability curve (Fig. 5.2b; Tucholke et al.,
1977; Blinz et al., 2003). It is widely accepted that BSRs are mostly caused by the underlying
free gas in FGZs which can cause the reduction of velocity, forming a higher acoustic
impedance contrast (Taylor et al., 2000; Berndt et al., 2004). However sometimes there is no
FGZ below the BSR, such as on the western side of area 1. That is probably related to the
angle relationship between the BSR and stratal reflections. The BSR is steeper than the
stratal reflections here, so the gas below the BSR will migrate laterally to the updip if there is
no seal inhibiting the lateral escape of gas. Since a low saturation of free gas may cause the

formation of BSR (Berndt et al., 2004; Yang and Davies, 2013), it is possible that this BSR is
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caused by some relict free gas below the BSR which has not escaped yet. However we
cannot rule out the possibility that the BSR in this conditon is caused by diagenesis due to
the existence of hydrates (Matsumoto,1989; Posewang and Mienert, 1999; Davies et al.,

2012a).

On a regional seismic section through areas 1 and 2 (Fig. 5.2), the BSR depth gets
shallower as the seabed depth decreases. From D to A, water temperature increases as the
seabed depth decreases and the heat flow does not change (Fig. 5.2). As a result the BSR
depth decreases from D to A, determined by the intersection of the heat flow profile and gas
hydrate stability curve (Fig. 5.2b). On the phase diagram we see that the intersection depth
of the BSR and the seabed (point A) is independent of the heat flow, but controlled by
intersection of the water temperature profile and hydrate stability curve (Fig. 5.2b). Here the
BSR offshore Mauritania intersects the seabed at ~ 880 ms in TWT time, which is ~ 640 m in
depth assuming a water velocity of 1450 m s (point A) (Fig. 5.2; Davies et al., 2012b).
Studies in Gulf of Mexico (Cooper and Hart, 2002) and the Yaquina Basin off Peru (Hiibscher
and Kukowski, 2003) show that the BSRs in both areas intersect related seabeds at ~ 600 m.
However on the West Spitsbergen continental margin the BSR intersects the seabed at a
depth of ~ 400 m (Westbrook et al., 2009), which is much shallower than the intersection
depths we introduce above. That is probably because of its high latitude, ~ 78° N, where the
water temperature should be colder, which leads to a comparatively shallower intersection
depth of the water temperature profile and the hydrate stability curve (from A, to By) (Fig.
5.9d; Mark et al., 1995).

There are two diapiric structures (salt and mud) in the study area (areas 3 and 4),
above which the BSR is up-domed (Figs 5.6 and 5.7; Vear, 2005). Comparison of the two
diapirs shows that the BSR is much more affected by the shallower one probably due to the
distance between BSR and diapir. Although only seismic reflection data are available here,
some factors associated with diapirism have been proposed previously which may affect the
location of the BSR, such as diapir-related faults, increased pore water salinity (salt diapir),
and increased heat flow above the diapirs (Schmuck and Paull, 1993; Taylor et al., 2000). The
faults caused by diapirs can act as fluid pathways which allow upward gas migration to
hydrate systems, and the gas may even vent to the seabed along active fault planes

(Schmuck and Paull, 1993). Theoretically the pore water salinity increases above salt diapirs
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which may inhibit the formation of gas hydrates and shifts the gas hydrate stability to lower
temperatures (Fig. 5.6d; Sloan, 1998; Taylor et al., 2000). The heat flow also increases due to
high thermal conductivity or advective heat transport (Fig. 5.6d; Taylor et al., 2000). As a
result changes in both salinity and heat flow caused by diapirs can cause the up-domed
shape of the BSR (Fig. 5.6). Additionally gas composition may be contaminated by heavier
hydrocarbons or carbon dioxide transported by diapir-related conduits from below, causing
the deepening of the BSR (Tucholke et al., 1977; Clayton et al., 1997). However we observe
up-domed BSRs above both diapirs here, probably indicating that compared to the combined
effect of salinity and heat flow, the role of heavier gas in shifting the BSR may be negligible
(e.g. Schmuck and Paull, 1993). However we cannot decide whether salinity or heat flow is
the dominate factor in causing the up-domed BSR due to the lack of the heat flow

measurements and pore water composition data.

In area 5, the BSR deepens significantly when it gets close to the canyon wall,
probably caused by the incision of canyon which has a cooling effect on surrounding
sediments (Hickey, 1997; Davies et al., 2012b). The seabed temperatures at different
localities near this canyon are different due to their related distances to the canyon, colder
at site B than site A. Providing the heat flow does not change, the BSR deepens from site A
to B as shown in the phase diagram (Fig. 5.9d). Similar phenomena have also been observed
at Dnieper Canyon of north western Black Sea and offshore southwestern Japan where the
downward shift of BSR is probably the result of both erosion (seabed decrease) and cooling

effect of the depression incision (Lidmann et al., 2004; Bangs et al., 2010).

Outside these 5 areas, there is a band of high amplitude in the north part between
areas 1 and 2, in W-E direction (Fig. 5.10). The BSR shifts downward below a layer thinned by
a slope failure or sedimentation reduction, which confines the northern boundary of the
amplitude band (Fig. 5.10bc). The decrease of the interval is approximately equivalent to
seabed deepening and canyon incision, shifting the BSR downwards (Figs 5.2d and 5.9d). The
southern boundary of the amplitude band is probably related to the distribution of a gas
accumulation which may be transported from below by fluid migration conduits like

chimneys (Fig. 5.10c).
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Generally any changes in hydrate stability conditions, such as P-T, salinity, and gas
composition, may affect the distribution of gas hydrates, shifting the BSR downward or
upward. These changes mainly occur during processes like sedimentation, diapirism, or
bottom water temperature change. However the hydrate stability conditions are not
responsible for the specific geometry of the BSR, and the detailed controlling factors of the

BSR geometry will be discussed in the following section.

5.6.2 Geometry of the BSR

Successful seismic imaging of the BSR is a function of frequency matching of the
thickness of the FGZ and the dominant wavelength of the seismic data (Vanneste et al.,
2001; Mosher, 2011). Continuous BSRs of strong amplitude and negative polarity can be
interpreted primarily on low frequency data from areas with homogeneous sediments and
pervasive and diffusive gas flux (Vanneste et al., 2001; Shedd et al., 2012). Discontinuous
BSRs, which have also been termed as segmented BSRs or shingled BSRs, mainly occur on
medium to high frequency data because the amplitude and continuity of the BSR are
determined by the vertical and horizontal resolutions of the seismic data (Vanneste et al.,
2001; Navalpakam et al., 2012; Shedd et al.,, 2012). The discontinuous high amplitude
sections of the BSRs are expressed as the updip termination of the FGZ, probably caused by
the patchy distribution of the free gas below the BSR (Vanneste et al., 2001; Navalpakam et
al., 2012). According to Mosher (2011), industry seismic data are ideal to recognize BSRs,
especially when they crosscut stratal reflections at an acute angle. So in this chapter we rely
on the high resolution 3D seismic data offshore Mauritania to investigate the geometry of

the BSR.

Here the interpreted BSR consists of segmented sections of high amplitude and it
has a discontinuous shape when we connect the high amplitude sections during seismic
interpretation. High amplitude sections along the BSR represent higher acoustic impedance
contrasts, probably due to the presence of free gas (Berndt et al., 2004; Laird and
Morley,2011). The low amplitude sections along the BSR are picked by the interpreter or
auto-picking to connect the high amplitude sections. They do not represent a phase
boundary but indicate lower or zero acoustic impedance contrasts probably due to the in

situ fluid and lithology characteristics (Laird and Morley,2011). According to previous
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studies, lithology is a major factor controlling the distribution of gas hydrates and gas (Henry
et al., 1999; Biinz et al., 2003; Rodrigo et al., 2009; Malinverno, 2010). Case studies of gas
hydrates occurring in porous coarse-grained sediments have been observed on the Cascadia
margin (Weinberger et al., 2005; Malinverno, 2010) and offshore India (Collett et al., 2008).
Gas hydrates mainly occur in porous coarse-grained sediments where hydrates grow within
the pores and cement the grains, changing the physical properties of the sediments
(Pearson, 1983; Clennell et al.,, 1999). In fine-grained sediments, hydrate formation is
inhibited due to the reduced pore water activity in the vicinity of hydrophilic mineral
surfaces and the excess internal energy of small crystals confined in pores (Ginsburg, 1998;
Clennell et al., 1999). Additionally gas is also inhibited to enter fine-grained sediments due to
the high capillary entry stress caused by the small pore size (Sylta, 2005). So although no well
information is available here, we propose that the alternating amplitude change of the BSR
here is probably caused by presence or absence of free gas trapped below the base of gas
hydrates, which is probably controlled by the regularly spaced beds of coarser and finer

sediments (Vear, 2005; Krastel et al., 2006).

In map view the amplitude bands bend toward different directions, probably due to
the 3D intersection of the BSR and stratal reflections (Fig. 5.3). The amplitude bands are
confined by many intersection lines of the BSR crosscutting different sedimentary layers of
coarser and finer sediments (Davies et al., 2012a). In areas 1 and 2, both stratigraphy and
the BSR dip seawards, and the amplitude bands of the BSR bend to two opposite directions
(Figs 5.4 and 5.5). For BSR type 1, the amplitude bands bend landward to the updip side (e.g.
on the eastern side of area 1) (Fig. 5.4). For BSR type 2, the amplitude bands bend seaward
to the downdip side (e.g. on the western side of area 1 and in area2) (Figs 5.4 and 5.5). In
area 2, we observe more high amplitude bands on section e than on section b (Fig. 5.5abe),
which is probably caused by the different thicknesses and frequency of the sedimentary
layers crosscut by the BSR. In diapiric areas the amplitude bands are semi-circular
surrounding the diapirs, also controlled by the intersection of the BSR and stratal reflections
(areas 3 and 4) (Figs 5.6 and 5.7). In area 5 where a canyon develops, the amplitude bands
deflect downslope to lower temperature zones due to the cooling effect of the canyon
(Davies et al., 2012b). So the amplitude bands in these five areas are all controlled by the 3D

intersection of the BSR and stratigraphy.
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5.6.3 Free gas zones (FGZs)

According to Tucholke et al. (1977), structural peculiarities of the BSR and
stratigraphy are prerequisites to the formation of FGZs. When the BSR is of lower apparent
dip than the stratigraphy, free gas can be trapped below the BSR, forming a FGZ (the eastern
side of area 1) (Fig. 5.4b; Tucholke et al., 1977; Laird and Morley, 2011). When the BSR and
stratigraphy both dip towards the same direction and the BSR is steeper than the
stratigraphy, updip gas migration is unhindered and no FGZ can form below the BSR (the
western side of area 1) (Fig. 5.4c; Tucholke et al., 1977). However in area 2 where the BSR is
steeper than stratigraphy, we also observe some thin FGZs (Figs 5.5 and 5.11). They are
probably trapped in combination traps, hydrate-sealed vertically and stratigraphy-sealed on
the updip side by fine-grained sediments, indicated by the weak seismic reflections. In the
two diapiric areas, FGZs can form under the up-domed BSR regardless of the angle
relationship between BSR and stratigraphy (Figs 5.6 and 5.7). At the canyon wall in area 5,
the BSR shifts downwards and the FGZ can be sealed by the base of gas hydrates both
vertically and laterally (Fig. 5.9). The RMS amplitude extraction map (Fig. 5.11a) shows that
FGZs are not uniformly distributed below the BSR, but also characterized by amplitude bands
(Fig. 5.3). That is probably because of the 3D distribution of the FGZs which is controlled by

the sediment lithology.

5.7 Controls on the base of gas hydrates

The schematic diagram (Fig. 5.12) explains the roles of sediment lithology and angle
relationship between the BSR and stratigraphy in controlling the amplitude characteristics of
the BSR and FGZ location. On seismic sections the predicted BSR is a continuous reflection
which crosscuts the stratigraphy (orange line) (Fig. 5.12ab). The interpreted BSR is composed
of a number of sections of high amplitude, when connected, forming a discontinuous
geometry of alternating high and low amplitude. Here we assume a seismic-scale sequence
of alternating sedimentary layers of higher and lower porosities. However, at core scale the
layers in this diagram can be divided into more layers of only a few metres thick (inset core
records) (Fig. 5.12). The high amplitude sections of the BSR represent higher acoustic
impedance contrasts which are controlled by the presence of free gas at the depth of the

predicted BSR (Fig. 5.12ab). It is proposed that the high amplitude sections of the BSR mainly
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occur in coarser sedimentary layers such as the turbidite deposits, indicating a transition
from hydrate- to free gas-charged coarser sediments or from finer sediments to free gas-
charged coarser sediments (Fig. 5.12ab; Henrich et al., 2010). The low amplitude sections are
used to connect the high amplitude sections, representing lower or zero acoustic impedance
contrasts. They are proposed to be mainly located in sedimentary layers of lower porosity
where the occurrence of gas hydrates and free gas is inhibited (Fig. 5.12ab; Clennell et al.,

1999; Henrich et al., 2010).
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Fig. 5.12 (a, b): Formation mechanisms of the two types of stair-like BSRs on cross sections. Pale yellow colour
indicates coarser-grained sediment while grey colour indicates finer-grained sediment. Blue rectangles represent
hydrates and red circles represent free gas. Cores GeoB 1926 and 9624 are from nearby Timiris Canyon area
which display turbidite deposition and hemipelagic background sediment (from Henrich et al., 2010). (a’, b’): A
3D model showing the intersection of the BSR and stratigraphy which controls the bending directions of BSR
amplitude bands and the location of FGZs. Yellow colour represents the BSR surface; grey colour represents a

stratigraphic surface; red colour represents a FGZ.

The angle relationship between the BSR and stratigraphy also affects the BSR
characteristics and FGZ location, based on which the BSR is divided into two types (Figs 5.12
and 5.13). Type 1 indicate the BSR which has a lower apparent dip than the stratal
reflections, and the high amplitude sections of the BSR step downwards as corresponding
seabed gets shallower (Fig. 5.12a). FGZs can form below the BSR and the plan-view
amplitude bands of the BSR bend upslope (Fig. 5.12aa’). Type 2 occurs where the BSR has a

steeper apparent dip than the stratal reflections with the high amplitude sections stepping
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upwards as corresponding seabed gets shallower (Fig. 5.12b). In this condition the free gas
below the BSR will escape laterally to the updip side due to buoyancy and there is no FGZ
formation. In map view the amplitude bands of the BSR bend downslope (Fig. 5.12b’). In this
chapter it is exemplified that mapping the BSR can provide a wealth of information on lateral
changes of the BSR at different depths from only one map (Fig. 5.13). It enables us to
investigate the BSR characteristics and FGZ locations in different areas, and understand their

specific controls.
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Fig. 5.13 (a): Illustration of a cross section from this area, showing the relationship between the BSR and
stratigraphy, as well as the locations of FGZs. (b): Schematic BSR amplitude map of high amplitude bands in the

study area, controlled by different factors.

5.8 Conclusions

In this chapter we studied the BSR characteristics and FGZ locations offshore
Mauritania, where the hydrate stability is controlled by geological features such as water
depth of the seabed, salt diapir, mud diapir and canyons. The BSR depth decreases as the
seabed gets shallower in areas 1 and 2, vaults upwards above the crests of the two diapirs in
areas 3 and 4 because of the changes in salinity and heat flow, and shifts downwards near
the canyon in area 5 due to its cooling effect on surrounding sediments. The amplitude
characteristics of the BSR are proposed to be related to sediment lithology because free gas
which can cause the high amplitude of the BSR is preferentially held in coarser sediments.

The bending directions of the amplitude bands of the BSR in map view are interpreted to be
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the result of 3D intersection of the BSR and stratigraphy, which may also affect the FGZ

locations.

Previous seismic imaging of BSRs is mainly based on mapping stratal reflections
crosscut by BSRs, through which one map can only display the BSR characteristics at one
single depth. In this chapter we map the BSR rather than the stratal reflections, and the
amplitude map of the BSR provides a wealth of information on lateral changes in the
position of the base of gas hydrates. So mapping the BSR probably represents an efficient
way to study gas hydrate systems, which should be applicable in other areas that have

widespread BSRs and high-resolution 3D seismic data.

95



Discussion and conclusions

Chapter 6: Discussion and conclusions

This chapter summarizes the principal findings, introduces the uncertainties and

presents some interesting topics for future work.

6.1 Principal findings

The 3D seismic dataset offshore Mauritania is of high quality, allowing for detailed
mapping of the gas hydrate system. This thesis (Fig. 1.5) mainly focuses on hydrate-related
gas migration processes (chapters 3 and 4) and investigates the geological controls on the
bottom simulating reflection (BSR) distribution, BSR geometry and free gas zone (FGZ)

locations (chapter 5).

Chapter 3 describes many localized high amplitude anomalies (HAAs) above some
mass transport complexes (MTCs). These HAAs are divided into two populations, aligned and
non-aligned, and both indicate gas migration up margin alignments or local faults associated
with underlying MTCs. The upward fluid migration indicated by the HAAs was possibly
caused by hydrate dissociation due to the upward resetting of the base of gas hydrates
which would have occurred in response to sedimentation. However it is also possible that
the fluid was from other sources such as the in situ generated biogenic gas, squeezed pore
fluids from compaction or deep thermogenic gas, which needs further study using additional

data.

Chapter 4 builds a model for gas recycling between gas hydrates and other gas traps,
with gravity-driven faults as migration conduits for the released gas from hydrates
dissociation. There are spatial relationships among the fault location, a breached gas
accumulation and the location of a shallower FGZ sealed by hydrates. These are consistent
with the upward-resetting of the base of gas hydrates. The released gas from hydrates
migrated up the faults to either become trapped in a new FGZ or potentially recycled back

into a hydrate phase.

The processes of upward gas migration described in chapters 3 and 4 indicate the
dynamics of gas recycling between gas hydrates and other free gas traps on continental

margins. The gas recycling process has seldom been described before and is poorly
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understood, which may also indicate a significant mechanism of gas supply to the shallower
gas hydrates (Pecher et al., 1996; Haacke et al., 2007). Due to pulsed sedimentation or other
processes, the gas hydrate zone resets upwards and the hydrates at the base of gas hydrate
stability zone (BHSZ) dissociate, releasing a large volume of gas and water which may be
overpressured. The overpressure can reactivate pre-existent structures such as headwall
scarps of MTCs, faults or chimneys, allowing the released gas recycling upwards to the new
hydrate zone. Since MTCs, faults and chimneys are common on continental margins where
gas hydrates are expected to coexist, the model of gas recycling process along pre-existent

structures should be generally applicable.

Chapter 5 uses a new seismic tool for the study of gas hydrates and FGZs. The BSR is
mapped rather than chronostratigraphic reflections. The map of the BSR shows that the
seismic amplitude of the BSR is not continuous but characterized by intervening high and
low amplitude bands. The amplitude bands of the BSR are curvilinear and bend to different
directions. The high amplitude of the BSR is interpreted to be caused by the presence of gas
trapped below the base of gas hydrates in regularly spaced beds of coarser sediments. The
amplitude map of the BSR provides evidence of lateral changes such as P-T conditions and
salinity due to variable water depth of the slope, impingement of salt diapir and mud diapir,
and canyon cutting at the seabed, which are responsible for the changes of BSR depth and
amplitude. The base of gas hydrates often represents the top of FGZs. So the high amplitude
bands on the map of the BSR may indicate possible locations of FGZs. Previously the
description of FGZs is often based on the observation from cross sections. In chapter 5 a
RMS amplitude map was generated within a window between the BSR and 50 ms below,
showing the distribution of FGZs. Generally the study in chapter 5 exemplifies the potential
of 3D seismic data in displaying the 3D complexity of the BSR and FGZs and mapping the BSR

probably indicates an effective method to study gas hydrates.

6.2 Uncertainties

The research is based solely on interpretation of the 3D seismic data from offshore
Mauritania which have been processed by post-stack time-migration. The absence of other
additional data may hinder a better understanding of the gas hydrate system in this

research.
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In marine environments gas hydrates mainly occur at shallow depth below the
seabed which is relatively well imaged on seismic data because the frequency content
decreases as penetration depth increases due to attenuation of waves (Brown, 2010;
Ireland, 2011). The 3D seismic data have a high vertical resolution of ~ 8.5 m, which can

increase the confidence of seismic interpretation.

In this thesis, many localized high amplitude anomalies (HAAs) are interpreted to be
caused by either free gas or gas-related diagenesis and the HAAs are regarded as the
evidence of gas migration. Additionally the amplitude change of the BSR is hypothesized to
be caused by the presence or absence of free gas related to the variable sediment porosity
and lateral changes in the ambient hydrate stability conditions. To guarantee the accuracy of
seismic interpretation, borehole data or reliable velocity data are required to aid the seismic
interpretation (Bacon et al., 2007). At the Storegga Slide, Blinz and Mienert (2004) analyzed
the P-wave velocity of an ocean-bottom cable (OBC) dataset to demonstrate the existence of
gas hydrates and free gas. Some geotechnical data were also used to model the hydrate and
gas concentrations, such as the porosity, water content, mineral constituents and organic
carbon. These data can provide important constraints on seismic interpretation and help
understand the details of the gas hydrate system. So although there is no well drilled in the
study area, the availability of such additional data could improve the understanding of the

gas hydrate system and related fluid migration processes accurately.

Furthermore the models built in the thesis are only based on one 3D seismic dataset
from offshore Mauritania. Although they may represent significant processes of gas
recycling below the BSR and describe extraordinary features of the BSR, more datasets are
required to prove whether these models are generally applicable or not. Unfortunately only

one 3D seismic dataset is available for this research.

6.3 Future work

Similar to conventional petroleum systems, gas hydrate reserves also involve a few
prospect elements such as source, reservoir, seal, trap, timing and migration, which should
be well understood before hydrate production (Mosher, 2011). So techniques used to

explore and estimate conventional hydrocarbon reserves can also be used in hydrate
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research. The significance of gas hydrates has been repeatedly emphasized by many

researchers, but a firm understanding of the details of gas hydrates requires additional

multidisciplinary research. So many types of data are required to do detailed research on gas

hydrates, such as seismic data, borehole data or pore water chemistry data. The following

are some topics for my future work which probably need an analysis of high quality

geophysical data, in particular well logs:

1)

2)

3)

What are the gas sources of gas hydrates? Does the occurrence of gas hydrates
rely on focused fluid migration? This should be carried out by seismic
interpretation and analysis of borehole data, isotopic and compositional data. The
relationship between hydrate occurrence and fluid migration pathways will
suggest whether most of the gas hydrate systems are dependent of the focused
fluid migration or the generation of in situ biogenic gas. If the formation of gas
hydrates mainly depends on focused fluid migration, the concentration of gas

hydrate may be larger near the focused fluid migration conduits.

How are the hydrated layers distributed in the subsurface? The presence of
hydrate-related BSR only indicates the position of the base of gas hydrates. Very
little is known about the details of gas hydrate layers, such as their thickness,
hydrate saturation, the physical properties of hydrated sediments and the rate of
hydrate dissociatin in natural envrionments (Rodrigo et al., 2009; Boswell et al.,
2012). When these parameters are available, the reserve of gas hydrates can be
estimated and the areas of economic hydrates can be detected for further

development (Mosher, 2011).

What are the characteristics of the different hydrate reservoirs? The hydrate
reservoirs can be classified into different types based on their thermodynamic
conditions, hosting geological structures or trapping configurations. According to
Lee and Collett (2011), the hydrate reservoirs in Gulf of Mexico can be classified
into three types based on resistivity and velocity analysis: isotropic reservoirs in
sands, vertical fractured reservoirs in shale and horizontally layered reservoirs in
silty shale. Chen et al. (2006) classify the hydrate reservoirs into two types based

on their gas supply mechanisms: diffusion hydrates and vent hydrates. A full
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understanding of the characteristics of hydrate reservoirs will help further hydrate

development.

6.4 Conclusions

e MTC margins and related faults are possible fluid migration pathways
transporting fluid upward through the MTC succession, indicated by the

spatially consistent HAAs above the alignments of MTC margins.

e The fluids responsible for the formation of MTC-related HAAs may be from
hydrate dissociation due to the frequent upward resetting of the BSR

although other sources cannot be ruled out.

e Gravity-driven faults can act as gas recycling pathways when hydrates
dissociate and release a large volume of gas and water due to the upward

resetting of the BSR.

e Released gas can migrate upwards along the faults which have higher
permeability until it reaches the new position of the BSR. The gas can then

be stored in a FGZ or form new hydrates.

e Mapping the BSR probably represents an efficient method to study gas
hydrates, providing a wealth of information of the BSR characteristics and

FGZ locations.

e This thesis exemplifies the potential of high resolution 3D seismic data to

study the subsurface features.
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Appendix A

Appendix A- Comparison of 2D and 3D seismic data

1) 2D and 3D seismic surveys offshore Mauritania
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Appendix A

2) 2D and 3D seismic lines
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See 2D seismic survey for locations.
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Appendix B

Appendix B- Supporting material for chapter 3

1) Interpreted reflections to study the localized HAAs
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Appendix B

2) Amplitude maps of reflections 2, 3 and 5

See figure 3.1b for map location.
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Appendix B

amplitude
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Appendix C

Appendix C- Supporting material for chapter 4

1) Time slice, showing structures at depth of 2772 ms

Time: ? o

2772 ms
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Appendix C

2) 3D visualization of the locations of a normal fault, a stratigraphic gas trap and a

FGZ
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Appendix D

Appendix D- Supporting material for chapter 5

1) Seismic sections showing the BSR, with (b) showing wiggle on top
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Appendix D

2) Maps with contours on top

(a): Amplitude map of the BSR; (b): Seabed dip map. Yellow dotted lines: seabed contours in
depth (m).
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3) 3D seismic cube — TWT map of the seabed at the top

Yellow dotted lines: seabed contours in TWT (ms).

White dotted line: the intersection depth of BSR and the seabed.
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