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ABSTRACT

ABSTRACT

Enigmatic craters tens of kilometres in diameter have been mapped previously at the
top of Oligo-Miocene ooze on the mid Norway margin. These craters have been
linked with sliding and the remobilisation of large volumes of sediment to a palaeo-
seabed. In this study seismic reflection data are used to map slides, craters and
mounds in the Mgre Basin to better understand how the craters form. Many craters are
filled by a slide named Slide W, which is by volume similar to the Storegga Slide, but
which was translated only a few kilometres. Mounds are mapped in the vicinity of
craters filled by Slide W on the top surface of Slide W. These mounds consist of
sediment remobilised from the ooze in which the craters are incised. Mounds
generally pinch out onto the top surface of Slide W and are emplaced on a palaeo-
seabed, suggesting that failure of Slide W, incision of craters filled by Slide W and
remobilisation of ooze occurred contemporaneously. A hypothetical model is
presented linking these processes to gas hydrate dissociation. Rapid deposition of less
permeable sediments burying more permeable ooze leads to shoaling of the base of a
gas hydrate stability zone towards the top of the ooze and the base of the rapidly
deposited sediments. Dissociation of gas hydrate increases the pore pressure of the
ooze. If pore pressure becomes equal to lithostatic pressure, fracturing of the
overburden and venting of methane may occur, leading to slope failure. Alternatively,
build up of pore pressure primes or triggers the slide. Ooze is liquefied and emplaced
on the seabed through vents or faults developing in the slide, forming a crater in the
subsurface into which the slide subsides. A new class of structure is defined
(Subsurface Gas Expulsion Structures), and the significance of these structures is

discussed.



AUTHOR’S NOTE

AUTHOR’S NOTE

The text of Chapter 3 of this thesis is modified from the following publication:
Lawrence, G.W.M., Cartwright, JA., 2009. The initiation of sliding on the mid
Norway margin in the More Basin. Marine Geology 259, 21-35.

The Geological Setting section was removed, and other consequent changes were
made through the remainder of the text of the publication, prior to insertion in this

thesis.

The text of Chapter 4 of this thesis is modified from the following publication in
press:

Lawrence, G.W.M., Cartwright, JA., 2010. The stratigraphic and geographic
distribution of giant craters and remobilised sediment mounds on the mid Norway
margin, and their relation to long term fluid flow. Marine and Petroleum Geology,
27, 733-747.

Part of the Introduction was removed. The Geological Setting was also removed and
other consequent changes were made through the remainder of the text, prior to

insertion in this thesis.

Chapter 1 consists partly of material removed from the Introduction section of the
publication from which Chapter 4 is drawn. Chapter 2 consists partly of a synthesis of
material from the Geological Setting and Methodology sections removed from the text

of the publications which make up Chapters 3 and 4 above.

These changes were all made to ensure that the thesis presents a continuous narrative,

as per the requirements of Cardiff University.
The publications from which parts of Chapters 1, 2, 3 and 4 are drawn are the work of

the lead author (GWML), and editorial support was provided by the project

supervisor, JAC, in accordance with a normal thesis chapter.
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CHAPTER 1 INTRODUCTION

1 INTRODUCTION

1.1  Background

Large enigmatic craters with a circular—elliptical planform up to 20 km in diameter
and 300 m deep have recently been discovered in the Mere Basin offshore Norway
(Riis et al., 2005). Similar craters have also been found further north on the mid
Norwegian margin (Riis et al., 2005, Rise et al., 2006). These craters do not resemble
the craters formed by the impact of projectiles on the earth's surface (e.g. Chicaxalub,
Hildebrand et al., 1991), the collapse of volcanic calderas (e.g. Santorini, Druitt and
Francaviglia, 1992), erosional processes (e.g. Makhtesh Ramon, Ben-David et al,,
2002) or surface pockmarks (Hovland and Judd, 1988, Judd and Hovland, 2007).
They are therefore of geological interest because they may reveal another mechanism
by which craters can form on the surface of this planet, and by extension, on the

surface of other planets.

Large lens shaped mounds of remobilised sediment have also been mapped on the mid
Norway margin (Chapter 4, Hjelstuen et al., 1997, Hovland et al., 1998, Riis et al.,
2005, Rise et al., 2006), and these may represent the largest sediment remobilisation
features involving transposition of strata yet recognised on earth. Previously
interpreted as diapirs (Chapter 4, Hjelstuen et al., 1997, Hovland et al., 1998), some of
these mounds have been more recently linked with the formation of the giant craters
in the subsurface (Riis et al., 2005).

The remobilised sediment bodies mapped by Riis et al. (2005) are emplaced on the
top surfaces of mass flow deposits which fill the craters (Riis et al., 2005). Thus there
1s a potential link between slope failure on the mid Norway margin, the formation of
giant craters and the large scale remobilisation of sediments upwards transposing
strata. The craters mapped by Riis et al. (2005) are mapped at the top of an Oligo-
Miocene ooze formation (Riis et al., 2005), and the mass transports deposits which fill
these craters are therefore the first of a series of mass transport deposits which have
occurred on the mid Norway margin between the Miocene and the present day (e.g.
Evans et al.,, 1996, 2005). This would suggest a link between the initiation of sliding

on the mid Norway margin after the Miocene which remains relatively poorly
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understood, and the formation of craters and the large scale remobilisation of

sediment upwards towards the seabed.

The mid Norway margin is also of interest because there is evidence of movement of
hydrocarbons from the subsurface towards the seabed since emplacement of dykes
and sills in the late Palaeocene and early Eocene (Planke et al., 2005, Svensen et al.,
2003, Svensen et al., 2004, Jamtveit et al., 2004) for at least 50 Ma (Svensen et al.,
2003). It has previously been noted that the movement of fluids in the subsurface can
be linked to the liquefaction, deformation and remobilisation of sediment (Maltman,
1994), therefore a detailed understanding of the craters and mounds mapped on the
mid Norway margin will enable a better understanding of how fluid movements, mass

transport deposits and sediment deformation can interact.

The location of these craters and mounds on the mid Norway margin, which is an area
of significant hydrocarbon exploration (Moller et al., 2004), adds a further economic
imperative to better understanding the processes involved in the formation of craters
and large scale remobilisation of sediment. The craters and mounds may represent a
hazard to drilling operations, and furthermore represent a poorly understood process

which may affect fluid movements and reservoir geometry in the subsurface.

In this chapter previous mapping of craters and mounds on the mid Norway margin is
reviewed and unanswered questions regarding the formation of the craters and
remobilisation of sediment are identified. A research plan is then presented to enable
the craters and mounds to be better understood in the context of the history of the mid

Norway margin.

1.2 Previous work

Buried craters up to two orders of magnitude larger than pockmarks and mound
structures have been described in the Norwegian Sea (Riis et al., 2005). The craters
are termed “evacuation structures” (Riis et al., 2005). The term “crater” is preferred
here, because “crater” does not favour any one interpretation as to how these features
formed. Almost all of the craters described by Riis et al. (2005) incise Oligocene-
Miocene siliceous ooze formations in the Norwegian Sea, and are filled in by mass

transport deposits belonging to the Plio-Pleistocene Naust formation.
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1.2.1 Description of craters in the Norwegian Sea

Craters have been described from four areas in the Norwegian Sea on the mid Norway
margin, near wells known informally as Havsule and Solsikke, underneath the

Sklinnadjupet slide and in the area of the Vema Dome (Riis et al., 2005, Fig. 1-1).

1.2.1.1 Havsule craters and ooze mounds

Two craters between 10 and 20 km wide located along the crest of an anticline on the
mid Norway margin in the Norwegian Sea defined at the top of upper Oligocene ooze
sediments are described by Riis et al. (2005) in a 3D seismic survey area informally
known as Havsule (see Chapter 2 below for more information on this survey). The
smaller crater described in this area is located southwards of the larger crater. The
southern crater has a depth of 150 — 200 m (Riis et al., 2005). The northern Havsule
crater has a depth of 100 — 150 m (Fig. 1-2). These craters are labelled Craters A and
B in Chapters 4 and 5 below.

The craters are filled by Pleistocene glacigenic deposits which are divided into two
intervals (Riis et al., 2005). The thicker lower interval is characterised by imbricated
and tilted reflectors (Riis et al., 2005). The intervals that bury the craters are
interpreted as mass transport deposits (Riis et al., 2005).

Each crater is overlain by a mound that is located stratigraphically above the craters
on top of the two sequences that fill the craters described above and some 20 km west
north-westwards of the craters (Riis et al., 2005). The mound associated with the
northern crater is around 150 m thick (Fig. 1-2), and the mound associated with the
southern crater is around 200 m thick (Riis et al., 2005). Thus there is a good first
order match between the volume of the mound, and the volume of sediments removed

from the crater (Riis et al., 2005).
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Fig. 1-1: Adapted from Riis et al 2005. A map of the mid Norway margin, indicating the areas

studied by Riis et al. 2005, which are enclosed in boxes.
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Fig. 1-2: Seismic profile across the Havsule Crater adapted from Riis et al. (2005). The top of the ooze underlying the crater is shown by a green line in the seismic section, while the top of the overlying slide is shown in blue. Note the crater in the

top of the 0oze, and the ooze mound overlying the slide. On the time depth map to the right, blue represents the greatest depth, with green, yellow and red respectively representing progressively shallower depths.
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1.2.1.2  Sklinnadjupet craters and ooze mounds

There are six craters in the Sklinnadjupet area (Riis et al., 2005, Fig. 1-3). All of the
craters are filled by the Sklinnadjupet Slide, which is a late Pleistocene, pre
Weichselian event (Riis et al., 2005, Rise et al., 2006). Unlike the structures described
in the Havsule area, one of the structures filled by the Sklinnadjupet Slide does not
penetrate the top of upper Oligocene ooze sediments, and there is no mound located
stratigraphically above this feature (Riis et al., 2005). The other structures filled by
the Sklinnadjupet Slide are overlain by mounds which are emplaced on the top surface
of the Sklinnadjupet Slide, and also penetrate the top of an ooze formation (Riis et al.,
2005). The craters range from being approximately circular with diameters between 1
and 3 km in diameter to being elongate in an east to west direction with a width of 10
km and a length of 20 km (Riis et al., 2005). The craters buried by the Sklinnadjupet
Slide range from being 100 — 200 m deep (Riis et al., 2005).

1.2.1.3 Solsikke craters and ooze mounds

Structures are described in the area of the Solsikke and Gloria Valley troughs and of
the Faeroe-Shetland Escarpment that are over 20 km wide (Fig. 1-4), with one
structure over 140 km long (which will be termed formally as Crater K in Chapter 4)
being elongate parallel to the Faeroe-Shetland Escarpment (Riis et al., 2005). This
structure is associated with mounds which are located above Pliocene sediments, and
which are located downslope (Fig. 1-4) from the structure (Riis et al., 2005). Craters
labelled as Craters E, H, I, J and K in Chapters 4 and 5 below are located in this area.

1.2.1.4 Vema Dome area

The Vema Dome (Fig. 1-5) is a dome that formed in the Miocene (Riis et al., 2005).
The geometry of evacuation structures on this dome is complex because of many

evacuation events and because mounds are stacked on top of each other (Riis et al.,
2005).
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1.2.2 Well data

A well was drilled through the Havsule Crater shown in Fig. 1-2. The well is sampled
every 10 m, and samples 50 m of the overlying slide, and the underlying ooze (Riis et
al., 2005). The overlying slide deposits contain no microfossil assemblages that can be

uniquely ascribed to the underlying ooze (Riis et al., 2005).

A well penetrates a mound in the area of Fig. 1-4. It is found that the mound contains
similar microfossil assemblages to the ooze formations beneath, and that neutron
porosity, density and gamma ray readings from the mounds and the ooze formations
are similar (Riis et al., 2005). It is therefore concluded that the mounds consists of
ooze sourced from the underlying ooze formation (Riis et al., 2005). This conclusion
is supported by the seismic characteristics of the mounds (Riis et al., 2005), which are

discussed further in Chapters 4 and 5.

1.2.3 The model presented by Riis et al. (2005)

The conceptual model developed by Riis et al. (2005) is displayed (Fig. 1-6). A mass
flow erodes to the base of a glacial sequence of sediment unloading overpressured
ooze (Riis et al., 2005). Evidence from drilling shows that ooze in this area is
currently overpressured (Riis et al., 2005). Ooze is evacuated, and due to its low
density rises up to the surface of the slide, where it is carried downslope from the
crater. High pore fluid pressure and gas saturation would have facilitated mobilisation
of the ooze through liquefaction, fluidisation and gas expansion (Nichols, 1995),
however it is believed by Riis et al. (2005) that the ooze is not liquefied but rises to
the top of the fill of the crater as ooze blocks, because well data shows no apparent
mixing of ooze sediments within one mound in the area. As the mass flow continues
the crater becomes more elongate mobilising more of the ooze (Riis et al., 2005).
Eventually the bottom side of the structure is breached, and the fill drained, with the
ooze being carried further downslope on top of the slide (Riis et al., 2005).
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Fig. 1-3: From Riis et al. (2005). Upper left: Azimuth map of the top of the Sklinnadjupet slide showing the geographical spread of dip direction illuminated from the north. M: Ooze mounds, these are numbered to show which structure they are
associated with, and show a rough surface. Upper right: Two way travel time map of top of the ooze (and the base of the Naust formation in the top right hand corner) in the Sklinnadjupet area. Note the anticlinal structure. The craters
(numbered 1-6) are found on the crest of this anticline. The west wall of structure 6 has been breached (yellow arrow). Bottom: A seismic section through the structures. The location of the seismic section is indicated by red lines on the azimuth
map above. Contouritic deposits (CO) and the mounds associated with structure 6 appear to be faulted (blue dotted line). A seismically interpreted opal A/CT transition which seems to coincide with the lowest level of structure 6 is indicated.

Green dots indicate the base of the Sklinnadjupet slide.
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:$51TM

Fig. 1-4: From Riis et al. (2005). Left: Location map of crater like structures in Storegga and North Sea Fan areas. FSE: Facroe-Shetland Escarpment. ST: Solsikke Trough. GT: Gloria Valley Trough. Yellow line: Storegga slide area. Blue
represents the greatest depth, with green, yellow and red respectively representing progressively shallower depths. Right: Seismic profiles displaying characteristics of the structures and ooze mounds. The base of the ooze is interpreted in pink.

The top of the slide is interpreted in green. M: Mounds. C: Craters.
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GVIM 92415

Fig. 1-5: Adapted from Riis et al. (2005). Upper right: Seabed topography in the Vema Dome area. Upper middle: Two way time map of top of ooze formation. VD: Verna Dome. Ooze is mobilized and evacuation structures form in area outlined
in white. Blue represents the greatest depth, with green, yellow and red respectively representing progressively shallower depths. Upper left: Sea floor topography within the rectangle (upper middle, upper right), interpreted from 3D seismic

reflection data. Rough topography represents 00ze mounds which have been draped by recent sediments. Pink represents the shallowest depths, with yellow and green respectively indicating greater depths. Bottom: Seismic profile through Vema
Dome. See upper middle for location. The top of the ooze is interpreted in green.
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Slope
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Fig. 1-6: A model which may explain the formation of craters and ooze mounds, from Riis et al.
(2005). See the text for a fuller explanation of this model, (a) A slide uncovers and erodes into the
top of ooze sediments, (b) Evacuation starts, with ooze sediments rising upwards to the seabed
through the slide due to having a low density, (c¢) Slide continues to flow into the crater,
mobilising further ooze. The crater continues to grow. Ooze mounds are transported downslope.

(d) The lower wall of the evacuation structure is breached, draining the Fdl to a lower level.
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1.3 Scope of this research

1.3.1 Distribution of craters and mounds

Many craters in the Norwegian Sea have been described by Riis et al. (2005).
However more work is required to achieve a detailed understanding of the
geographical and stratigraphic distribution of the craters. For example, it is not clear
whether all of the craters and mounds described by Riis et al. (2005) incise the same
ooze formation, and whether craters described in the Havsule area and the Solsikke
area are filled by the same mass transport deposit or by other mass transport deposits.
Regional mapping will allow a better understanding of the geographic and

stratigraphic distribution of the craters and mounds.

1.3.2 Were craters excavated onto the seabed?

From the evidence presented by Riis et al. (2005) it is possible that craters are pre-
existing features on the seabed that are modified by slides. Indeed, Riis et al. (2005)
suggest when discussing the Havsule structures that,
“The dating and the seismic character of the infill show that the evacuation
structure was developed and existed as a negative feature on the sea floor, and
that it was filled by local slides in the Pleistocene.”
Further research into the geometry of the craters and mounds will enable a better

understanding of whether the craters were excavated on the seabed or not.

1.3.3 Well data

The exact dating of slide sediments on the mid Norway margin and the
sedimentological properties of the sediments in which the craters form and which
bury the craters remain poorly understood. The relative sonic velocities of the late
Oligocene ooze formation, the slides, and the mounds described above are also poorly
understood. Paleontological data from additional wells in the study area will yield
information which will allow slide sediments to be dated more accurately.
Geophysical wireline logs from publicly available wells on the mid Norway margin
will allow a better understanding of the relative densities of sediment formation the
late Oligocene ooze formation, the slides, and the mounds to be better understood, as

well as yield useful velocity information, which in turn will enable a better
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understanding of the detailed geometry of the mounds and craters, which are currently

confused by uncertainties introduced by pull up and push down effects in the data.

1.3.4 Volume of mounds

It is stated by Riis et al. (2005) that the time thickness of the mounds associated with
the southern crater in the Havsule area shows a good first-order match to the time
thickness of missing material from the underlying evacuation structure, suggesting
that all of the ooze evacuated from the craters is emplaced in mounds. The same is
true for one of the structures in the Sklinnadjupet Slide area. There is, however, a
need to better understand how the volume of other mounds compares to the volume of
other craters. This will enable more to be learnt about the emplacement process of the

mounds.

1.3.5 Infill of craters

A more detailed examination of the internal fill of craters on the mid Norway margin
will yield further information which may allow the formation of the craters to be
better understood. For example, a more detailed examination of the internal fill of the
slides which fill the craters may allow a better understanding of the dynamics of these
mass transport deposits, which may in turn yield further information about the
formation of craters and emplacement of mounds, because of the close relationship
described between mass transport deposits, craters and mounds (Riis et al., 2005). A
closer examination of the internal geometry of the fill of the craters will also enable a
better understanding of the process by which ooze ascends from the base of the craters

to the top of the mass transport deposits which bury the craters.

1.3.6 The importance of the opal A/CT transition to crater formation

It has been highlighted by Riis et al. (2005) that the depth of the base of some of the
craters in the Norwegian Sea is controlled by an Opal A/CT transition; however the
importance of this transition in the formation of the craters is not considered. There is
a need to understand the characteristics of the regional opal A/CT transition on the
mid Norway margin, the relationship of craters to the opal A/CT transition on the mid
Norway margin, and the importance of this transition as a fluid source in the area in

which the craters are found.
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1.4 Aims of thesis

This study is motivated by the realisation that there is still much that is not understood
about craters and mounds in the Norwegian Sea. The aim of this thesis is to use an
extensive suite of 2D and 3D seismic reflection data to map in greater detail some of
the craters and mounds described by Riis et al. (2005) to better understand the
significance of these features in the history of the mid Norway margin. These findings
will be combined with data from publically available well reports and industry well
reports. Specifically, the geometries of the craters and mounds and the internal fill of
the craters will be described in greater detail by mapping of seismic reflection data,
and the mass transport deposits which fill craters in the Havsule and Solsikke areas
will be more accurately dated using well data. The sonic velocity of the Oligocene-
Miocene ooze formations, the mass transport deposits and the mounds will be
obtained from well data and iteration. The seismic reflection data on which this thesis
is based are of superior quality to those available to previous workers who have
worked on these craters, and thus the data available represents an opportunity to build

on previous work.

The following questions, some of which were posed by Riis et al. (2005), and some of
which arise from the work of Riis et al. (2005), will be discussed in this thesis:
(a) Are the mounds the result of remobilisation and excavation of craters
(Chapters 4 and 5)?
(b) Did the mounds form at the surface or after burial of the ooze, and if the
ooze was buried, at what depth (Chapter 5)?
(c) What are the mechanisms of formation of the craters, and can they be
active today (Chapters 5 and 6)?
(d) How important was the Opal A/CT boundary in the formation of the
craters and emplacement of mounds (Chapters 2 - 5)?
(e) If the mounds consist of ooze sourced from the craters, how is the ooze

remobilised into the mounds (Chapter 5)?

1.5 Structure of thesis

Before investigating the formation of craters and the emplacement of ooze mounds, it
is important to have a good appreciation of the limitations of the data available, and

the characteristics of key geological formations and the geological setting of the mid
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Norway margin. Chapter 2 therefore focuses on these topics, with well data being

used to better understand geological formations on the mid Norway margin.

Inspection of previous work performed on the craters and mounds on the mid Norway
margin by Riis et al. (2005) shows a close relationship between crater formation,
mound emplacement and mass transport deposits on the mid Norway margin,
however the dynamics of early mass transport deposits on the mid Norway margin
remain poorly understood. Chapter 3 therefore focuses on mass transport deposits
which fill the craters described by Riis et al. (2005) in the Havsule area. Well data are
used to more accurately date the sediments which make up these mass transport
deposits, and 2D and 3D seismic reflection data are used to map these mass transport

deposits, and to describe the dynamics of these mass transport deposits.

In Chapter 4 2D seismic reflection data are used to perform regional mapping of the
mid Norway margin so that the geographic and stratigraphic distribution of the craters
can be better understood. These findings are combined with information on
subsurface fluid flow obtained from geological literature, and two opposing
hypotheses which might explain the formation of craters and emplacement of mounds

are presented and discussed.

Detailed 3D seismic reflection data are then combined with velocity information
obtained from geophysical well logs and iteration based on pull-up and push-down
effects in Chapter 5 to accurately describe the detailed geometries of craters and
mounds in selected areas of the mid Norway margin. On the basis of this description,
the hypotheses presented in Chapter 4 are critically evaluated, and a new hypothesis
presented which would explain the formation of craters and the emplacement of

mounds on the mid Norway margin.

In Chapter 6, some of the consequences of this new hypothesis are discussed, and the
craters are compared to the Blake Ridge Depression on the Blake ridge offshore the
eastern USA, which may have formed by a similar process to the craters on the mid

Norway margin described here.
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2 METHODOLOGY AND GEOLOGICAL
SETTING

2.1 Methodology

In this thesis seismic reflection data are used to describe the first mass transport
deposits to occur on the mid Norway margin (Chapter 3), subsurface craters, and
mounds of remobilised sediment (Chapters 4 and 5). Seismic reflection data
interpretation is performed on UNIX Sun workstations running Schlumberger’s

Geoframe IESX and GeoViz software.

Seismic reflection data consists of the arrival times of P-waves at a surface receiver
which have been reflected at a low angle of incidence from surfaces in the subsurface
showing an impedance contrast (Fowler, 2005). The acoustic impedance of a rock
mass is proportional to the seismic velocity and density of that rock mass (Gardner et
al., 1974). The seismic velocity of a rock will in turn depend on the composition,
texture, porosity, fluid content, elastic modulus and density of the rock (Keary et al.,

2002)

The data available to the interpreter consists of a series of wavelets (e.g. Fig. 2-1).
Seismic reflection data can be displayed in zero phase SEG (Society of Exploration
Geophysicists) normal polarity (e.g. James Brown et al., 2000). Where data are
displayed in zero phase SEG normal polarity, P-waves which are reflected from an
interface showing positive downwards impedance contrast will be correlated with a
peak on the wavelet whereas P-waves reflected from a surface showing negative
downwards impedance contrast will be correlated with a trough on the wavelet (Fig.
2-1, James Brown et al., 2000). The amplitude or height of any given peak or trough
increases with an increasing magnitude of impedance contrast (Fig. 2-1, Hart, 1999).
Some data are displayed in zero phase SEG reversed polarity, which means that p-
waves which are reflected from a surface showing a positive impedance contrast
downwards will correlate with a trough on the wavelet (Fig. 2-1, James Brown et al,,
2000). Reflections from surfaces showing positive downwards impedance contrast are

referred to in this thesis as “acoustically hard reflections”, and reflections from
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surfaces showing negative downwards impedance contrast are referred to in this thesis

as “acoustically soft reflections” (Fig. 2-1).

Geological boundaries in the subsurface could be defined as a discontinuous change
in rock property above and below that boundary (e.g. Beaudoin and Head, 2004).
Where there is an impedance contrast across that geological boundary, the geological
boundary will be correlatable with a P-wave reflection on seismic reflection data

(Brown, 2004).

Not all P-wave reflections will be correlatable with a geological boundary in the
subsurface. For example, P-wave reflections imaged beneath the seabed which are
similar in geometry to P-wave reflections from the seabed may represent P-waves that
are reflected from the seabed more than once (seabed multiples, Stagg 1984).
Geometries in the subsurface with a shorter wavelength than the seismic wavelength
may cause diffraction effects in the data (Fowler, 2005). Data can be processed to
minimise reflections due to P-waves that have undergone reflections more than once,

and to remove diffraction effects (Brown, 2004).

To definitively correlate a reflection with a geological boundary requires well data. If
the seismic velocity field at a well is known, reflections can be then tied to geological
boundaries observed in well data (Badley, 1985; Yilmaz, 2001). There are
uncertainties inherent in estimating a seismic velocity field within a well, therefore the
process of tying observed geological boundaries in the well to reflections observed on
seismic reflection data may be imprecise (e.g. Martin et al., 2010). This may lead to
large uncertainties at a distance from wells, if the uncertainty of a tie to a geological
surface at the well lies between two reflections which diverge at a distance from the
well (e.g. Fig. 2-2). Well ties here are based on confidential industry well reports and
published literature.
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SEG normal polarity

Soft Reflection Hard Reflection

Increasing magnitude Increasing magnitude

of -ve impedance of +ve impedance

contrast downwards contrast downward”
Interface

Trough

Peak

Interface

Increasing magnitude Increasing magnitude
of +ve impedance of -ve impedance
contrast downwards contrast downwards

Hard Reflection Soft Reflection

SEG reversed polarity

Fig. 2-1: Adapted from Hart (1999). Left: Seismic wavelets, illustrating the concepts of SEG

normal polarity and SEG reversed polarity. Zero phase is assumed. Right: Appearance of seismic

wavelets to left on seismic display.
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Horizontal
distance
TWTT Reflection A
Top surface
of anticline
Reflection B

Well

Fig. 2-2: Schematic illustration of a well penetrating an anticline. TWTT: Two way travel time,
(i) Uncertainty range of tie of a geological surface at well lies between reflections A and B. (ii)
Uncertainty range of location of geological boundary at a distance from the well is larger,

because reflections A and B diverge at distance from the well.

Pre-migration Fresnel Zone

Post-2D-migration
Fresnel Zone Seismic line

Post-3D-migration
Fresnel Zone

Fig. 2-3: Adapted from Brown (2004). Pre- and post- migration Fresnel Zone diameters.
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Reflections mapped in 3D data can be viewed with attributes which vary spatially
other than two way travel time or depth (Brown, 2004; Yilmaz and Doherty, 2001).
For example, a map of the amplitude of a horizon will reveal information about the
spatial arrangement of the impedance contrast across that horizon. A dip map of a
horizon will reveal spatial information about the dip of that horizon. An azimuth map
(e.g. Fig. 1-3) will reveal information about the direction of maximum dip of any

given point.

Data can be processed to obtain new information from the data (Yilmaz and Doherty,
2001). For example, a cube of 3D seismic reflection data showing the 3D spatial
arrangement of amplitude may be processed into a coherence cube, which highlights
the degree of discontinuity of reflections imaged in the data (Brown, 2004; Yilmaz
and Doherty, 2001. This technique is particularly useful for imaging subsurface faults
which may displace horizons. Like seismic reflection amplitude data, horizontal slices

through coherency cubes can be obtained.

The data used to describe the subsurface in this thesis contains five separate 3D
surveys and two separate 2D surveys (Fig. 2-4). Two of the 3D surveys overlap (Fig.
2-4), allowing reflections identified in one survey to be tracked in the other survey.
The remainder of the 3D surveys are connected by 2D survey lines (Fig. 2-4), which
means that reflections if present over the entire mapping area can be tracked from one
survey to the next. Each of the surveys utilised to describe the subsurface 1n this thesis

were obtained in the marine domain.

The data are commercial post-stack data that have been migrated in time. The Z-axis
of the data is therefore two way travei time. A P-wave velocity of 2000 m/s in the
intervals of interest, which are located in the top 1500 m of the stratigraphic column,
is adapted for purposes of depth conversion. A P-wave velocity of 2000 m/s is
justified by several wells in the mapping area, e.g. wells 6403/10-1 and 6405/7-1 (Fig.
2-5, Chapter 5), where the seismic velocity of P-waves has been found to be between
1694 m/s and 2345 m/s in the intervals of interest. Therefore, 1 ms on the data is
assumed to be equivalent to a depth of 1 m, unless otherwise noted (for example in
Chapter 5, where selected lines are depth converted using more accurate velocity

information from nearby wells).
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The characteristics of the surveys are summarised in Table 2-1. Horizontal resolution
is dependent on line spacing and the width of the Fresnel zone. For a flat lying
reflection, the horizontal sampling will be equivalent to half of the detector spacing
(Keary et al., 2002), which is equivalent to line spacing (or bin size). The Fresnel zone
is the area over which reflections from a surface constructively interfere. After
migration of the data, this will be one quarter of a wavelength for perfect migration
(Brown, 2004). In practice, the width of the Fresnel Zone after migration will be half
a wavelength (Brown, 2004), and a value of half a wavelength is assumed in Table
2-1. Vertical stratigraphic resolution is calculated to be one quarter of a wavelength
(after Brown, 2004, Sheriff and Geldart, 1995). Line spacing varies between 12.5 and
40 m, the width of the Fresnel zone varies between 16 and 25 m with an uncertainty
of +3 m, and the vertical resolution varies between 8 and 13 m with an uncertainty of
+2 m. All of the data are 8 bit data, and are sampled every 4 ms (Table 2-1). The
dominant or source frequency of the data varies between 40 Hz and 63 Hz, with an
uncertainty of £5 Hz (Table 2-1). Chapters 3, 4 and 5 contain further information on

methodologies specific to these chapters.

2.2 Geological time periods

During this study the Pliocene and Pleistocene were redefined, with the Gelasian
period (2.6 — 1.8 Ma) being moved from the Pliocene to the Pleistocene by the
International Commission on Stratigraphy. In this study, the Gelasian period is

defined to be part of the Pliocene, to facilitate easier comparison with previous work.
2.3 Definitions

2.3.1 Craters

Riis et al. (2005) described craters which were identified by mapping the top of the
Oligo-Miocene Brygge and Kai Formations (Riis et al., 2005). The craters are fully or
nearly completely enclosed features with steeply dipping sidewalls incising Oligo-
Miocene ooze formations, and are up to 20 km wide and 300 m deep (Riis et al.,

2005).

In this study a crater is defined on seismic reflection data as being mostly or fully
enclosed by sidewalls, which are defined as being a surface where reflections of the

Oligo-Miocene Brygge and Kai Formations are truncated against reflections of
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younger sediment which fill the crater. Sidewalls of craters will have a dip which is
steep with respect to the local bedding of the Oligo-Miocene Brygge and Kai
Formations. The base of a crater is defined on seismic reflection data as a reflection
which acts as a boundary between the older sediments which are incised by the crater
and the newer sediments which fill the crater. The base of a crater will be sub-parallel
to regional bedding of the Oligo-Miocene Brygge and Kai Formations. On well data
the basal surface of a crater will be defined by a time gap which is at least equivalent
to the time gap incised at the sidewalls. This time gap may be larger, if there was a
period of non deposition between the top-most sediment layer to be truncated at the

crater wall and later sediment deposition.

2.3.2 Mounds

Riis et al. (2005) described mounds which are located further up the stratigraphic
succession and geographically downslope relative to the crater from which they are
sourced, generally being emplaced on the top surface of the infilling slide. Because
evidence from a well shows that the mounds consist of sediment evacuated from
Oligo-Miocene ooze beneath (Riis et al., 2005), they are informally referred to as

“ooze mounds” (Riis et al., 2005).

A mound in this study is defined on seismic reflection data as a feature located
stratigraphically above a crater, and is defined on the basis of a top surface and a basal
surface. The top surface of a mound is defined on seismic reflection data as the
reflection which separates reflections of sediments which are deposited above the
mounds from the internal reflections of the mound. The basal surface of a mound is
defined on seismic reflection data as the reflection which separates the internal
reflections of the mound above from the reflections of sediments located beneath the
mound. Reflections from sedimentary formations beneath and above the mound may
be truncated against the basal surface and top surface of the mound respectively.
Alternatively, the reflections of sedimentary formations above and below the mound
may be sub-parallel to the top surface and basal surface of the mound respectively.
Riis et al. (2005) present well data penetrating a mound (see Chapter 1 above). The
definition of a mound on well data follows the findings of Riis et al. (2005). On well

data, a mound is defined as an interval consisting of sediments which are similar in
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characteristics to those of the Oligo-Miocene Brygge and Kai Formations, bounded

below and above by more recent sediments

In this study, the edges of a mound on seismic reflection data are defined by pinch out
of the internal reflections of the mound, such that the reflection of the top surface of
the mound downlaps onto the reflection of the basal surface of the mound, or the
reflection of the basal surface of the mound is truncated by the reflection of the top

surface of the mound.

2.3.3 Slides

Inspection of previous work reveals a close relationship between the formation of
craters, the remobilisation of sediment and slides on the mid Norway margin. There is
considerable variation in the literature regarding the classification of slumps and slides
(Frey Martinez et al., 2005). In this thesis large features resulting from slope failure
are referred to collectively as slides in that they generally exhibit coherent internal
structure and have boundaries that are relatively well defined with distinct sides and a
distinct failure surface (Mulder and Cochonat, 1996). Slides are recognised on seismic
reflection data as discrete bodies which exhibit a highly disrupted to chaotic internal
structure (Frey Martinez et al., 2005). They are bounded up-dip by a headwall (Bull et
al., 2009a, Frey Martinez et al., 2005, Mulder and Cochonat, 1996, Varnes, 1978),
which in seismic reflection data is recognised by the termination of reflections against
a surface bounding the slide body in an upslope direction (Frey Martinez et al., 2005).
The lateral edge of the slide body is delineated by lateral margins (Bull et al., 2009a,
Frey Martinez et al., 2005). These are recognised in seismic reflection data as being
the region where the distorted internal structure of the slide mass terminates.
Sidewalls may be vertical or dip steeply towards the slide body. A zone of depletion
forms a topographic depression between the headwall, sidewalls and slide body, and
this depression may be infilled by post-slide units (Frey Martinez et al., 2005) or form
a topographic depression if the slide is not buried (Varnes, 1978). The downslope
limit of the slide body is the toe region (Bull et al., 2009a, Frey Martinez et al., 2005),
and may be recognised on seismic reflection data from evidence of shortening of the
slide mass, e.g. in the form of thrusts ramping up from the basal shear plane, or where
the slide body thickens in the accumulation zone (Varnes, 1978). Later sediments may

then onlap the resulting topographic high. Where frontal thrusts define the downslope
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limit of the slide body the slide can be classified as frontally confined, but where the
slide body ramps up and over the original slope surface, the slide may be classified as

frontally emergent (Frey-Martinez et al., 2006).

Slides are delineated below and above by a basal shear surface and a top surface. The
basal shear surface separates highly stratified in situ slope sediments below from the
less stratified, deformed or disrupted reflections comprising the slide body. It may
ramp up and down stratigraphy, but will be a smooth surface that may show kinematic
indicators (Frey Martinez et al., 2005, Gee et al., 2005, Moscardelli and Wood, 2008).
The top surface is defined as a surface separating the chaotic facies below and the

highly stratified facies or slide above.

2.4 Geological Setting

2.4.1 The Mere Basin

This study is centred on the More Basin, offshore Norway (Fig. 2-5). The Mere Basin
is a large depocentre around 200 km in diameter, bounded to the north by the Jan
Mayen Fracture Zone and the Vering Plateau (Fig. 1A, Skogseid et al., 1992, 2000,
Planke et al., 1991), bounded to the west by the Faeroe-Shetland Escarpment and the
Mere Marginal High (Fig. 1A, Brekke, 2000, Planke et al., 1991, Smythe et al., 1983),
and bounded to the east by the Norwegian Continental Shelf (Fig. 2-5A). The Mere
Basin is bounded to the south by the North Sea Fan, which is a wedge of glacial
sediments prograding from the Norwegian Channel and the Mgore Shelf to the south.
This depocentre was closed in Eocene times by the extrusion of the Mgre Marginal

High (Planke et al., 1991).
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Fig. 2-4: Map of dataset referred to in this thesis. Grey lines: g2d; Black lines: e2d. (i) Grip 3D; (ii) Havsule 3D; (iii) Edvarde 3D; (iv) Solsikke 3D; (v) Tulipan 3D.

Display

Data Quality

Line Spacing

Width of Fresnel Zone
Dominant Frequency
(time interval used for
measurement)
Vertical Resolution
Vertical Sampling of

reflection data in time

Table 2-1: Characteristics of the data used in this study.

Grip 3D

SEG reversed polarity
8 bit

25 m

21m

48 Hz

2s-35s)

10 m

4 ms

Havsule 3D

SEG normal polarity
8 bit

25 m

24 m

42 Hz

@2s-35)

12m

4 ms

Edvarde 3D

SEG normal polarity
8 bit

25 m

20 m

50 Hz

(2.75 5-3.25 5)

10 m

4 ms

Solsikke 3D

SEG reversed polarity
8 bit

25 m

16m

63 Hz

(255s-3.559)

8m

4 ms

Tulipan 3D

SEG normal polarity
8 bit

12.5 m

23 m

44 Hz

@2s-35s)

4 ms
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e2d

SEG normal polarity
8 bit

40 m

22 m

45 Hz

(2s-35s)

11m

4 ms

G2d

SEG normal polarity
8 bit

40 m

25m

40 Hz

(2s-35)

13 m

4 ms
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Fig. 2-5: (A) A map of the mid Norway margin, showing the location of the More Basin. Contours
are in meters, (i) Faeroe-Shetland Escarpment, (ii) Jan Mayen Fracture Zone, (iii) Continental
Shelf, (iv) Norwegian Channel. (B) A map demonstrating the location of figures in this chapter

and wells. ST: Solsikke Trough. GT: Gloria Valley Trough.
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Culmination Miocene-
Pliocene

Late Oligocene

Early Eocene-
Oligocene

Early Eocene

Paleogene

30km

Fig. 2-6: (A) A seismic line across the More Basin. See Fig. 2-5B for location. A-CT: Opal A/CT boundary (indicated by a dashed line). HD: Havsule Dome. SD: Solsikke Dome. TF: Tare Formation. BF-I: Brygge Formation Unit I. BF-II: Brygge

Formation Unit II. KF: Kai Formation. NF: Naust Formation. (B) A chronostratigraphic column d ating the inter-relationship between sedi v units and formations in the More Basin. BF-III: Brygge Formation Unit IIL (C) A
seismic line across the More Basin. See Fig. Fig. 2-5B for location. See Appendix Al for time structure maps compiled from 2D seismic reflection data of the base of the Brygge Formation (Fig. Al- 1), the top ® Brygge Formation Unit I (Fig. Al-
2), the top of Brygge Formation Unit II (Fig. A1- 3) and the top of Brygge Formation Unit III (Fig. Al- 4); and for isochron maps compiled from 2D seismic reflection data of Brygge Formation Unit I (Fig. Al- 5), Brygge Formation Unit II (Fig.
Al- 6) and Brygge Formation Unit III (Fig. Al- 7).
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The onset of the Miocene saw the culmination of doming in the Moare Basin (Leseth
and Henriksen, 2005), forming several large north-south trending domes (Fig. 2-6A &
C). The reasons for this doming event are not well understood (Doré et al., 2008), but
potential explanations include gravity loading, spreading and sliding; flank
enhancement by sedimentary loading (Kjeldstad et al., 2003, Stuevold et al., 1992); a
transfer of orogenic stress from the Alpine Orogeny (Brekke, 2000, Vagnes et al.,
1998); reactivation of basement lineaments such as the Jan Mayen Fracture Zone
(Doré and Lundin, 1996); plate driving forces (Bodreel and Andersen, 1998); and
body forces, possibly generated by the Iceland Insular Margin (Lundin and Doré,
2002). In the study area there are three significant domes. The eastern dome is known
as the Helland Hansen Arch (Skogseid and Eldholm, 1989, Stuevold et al., 1992).
Well 6405/7-1 (Fig. 2-5B) on this dome contained oil, while well 6405/10-1 (Fig.
2-5B) which is yet to be evaluated contains gas. The central dome is known
informally as the Havsule Dome, and has a width of 30 km. Well 6404/11-1 was
drilled on the crest of the Havsule Dome (Fig. 2-5B), was described by Riis et al.
(2005), and did not contain hydrocarbons. The western dome, known informally as
the Solsikke Dome, has a larger width of 100 km. Well 6403/10-1 (Fig. 2-5B) was
drilled in the middle of the Solsikke Trough on the Solsikke Dome, was also
described by Riis et al. (2005), and was also found not to contain hydrocarbons. In the
south of the study area there was an accumulation of sediment against the Solsikke

Dome, marking the beginning of deposition of the North Sea Fan (King et al., 1996).

During the Pliocene, the uplift of Norway coupled to increased erosion due to cooling
climatic conditions ensured that increasingly large amounts of sediment were shed
from the Norwegian Margin to the east and Norwegian Channel to the south and
emplaced in the More Basin and elsewhere on the Norwegian Margin unconformably
as large prograding sediment wedges (STRATAGEM, 2003). The onset of extensive
northern hemisphere glaciation, often cited as being between 2.6 and 2.7 Ma on the
basis of ice-rafted debris (Hjelstuen et al., 2005, Jansen et al., 2000), ensured that
large volumes of sediment continued to be shed into the Mgre Basin from the
Norwegian Margin to the east and from the Norwegian Channel to the south (King et
al., 1996). During interglacial periods contourites were deposited on the continental
slope (Berg et al., 2005). Progradation of glacial sediments and contourite sequences

created the conditions for continued slope instability in this area of the mid
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Norwegian margin resulting in mass transport deposits sourced from the North Sea
Fan to the south and the continental slope to the east occurring to the present day

(Berg et al., 2005, Evans et al., 1996, 2005, King et al., 1996, Solheim et al., 2005).

The most recent large scale slide to occur on this margin is the Holocene Storegga
Slide (Bryn et al., 2005a, Gauer et al., 2005, Kvalstad et al., 2005, Biinz et al., 2005,
Haflidason et al., 2004, 2005). This slide may have eroded significant escarpments
(Haflidason et al., 2004), correlated to the Gloria Valley and Solsikke Trough in the

study area of this thesis in the western Mere Basin.

2.4.2 Stratigraphy

A column summarising the sediments that filled the Mere Basin is presented in Fig.
2-6B. In the early Eocene a series of claystones and tuffs were deposited, known as
the Tare Formation (Dalland et al., 1988). This is correlated with Unit IV sampled at
ODP sites on leg 104 (Hempel et al., 1989), which consists of volcanic ash and other

volcanic rocks and 1s dated as being Eocene in age.

This was followed by deposition of the Brygge Formation from the Eocene to the
early Miocene, which consists of claystone with stringers of sandstone, siltstone,
limestone and marl, with pyrite, glauconite and shells being observed within the
sandstone (Dalland et al., 1988). More recently these sediments have been described
on the basis of short borehole sections in the vicinity of the Ormen Lange Dome
(south of our study area) as consisting of kaolinite-rich oozes (Forsberg and Locat,
2005). These sediments were described as biogenic ooze by Riis et al. (2005). In well
6407/1-3 east of the study area the average bulk density of the Brygge Formation is
1.85 g/cm3 (Dalland et al., 1988). The Brygge Formation is correlated with Unit III
which is sampled at ODP sites on leg 104 (Hempel et al., 1989), spans the early to
middle Miocene, and is rich in biogenic silica and smectite. Thyberg et al (2000)
attempt to link the stratigraphy they found in several wells south of the crater field
(24/6-1, 30/3-3, 34/7-1, 34/7-2 and 34/7-6, Table 2-2) with sequence stratigraphy
developed by Jordt et al. (1995). They find that Eocene-Oligocene smectite mudstones
have high porosity and low seismic velocity compared with the underlying Palacocene
sediments and the overlying Miocene-Pliocene sequences. These Eocene-Oligocene

smectite mudstones are also correlated with the Brygge Formation. The characteristics
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of the Brygge Formation as found in different wells on the mid Norway margin are

summarised in Table 2-2.

In this study the Brygge Formation is subdivided informally into three seismic
stratigraphic packages, defined by the amplitude of the internal reflections and the
seismic characteristics of the boundaries between these packages (Fig. 2-6, Fig. 2-7).
The bottom-most package, Unit I, is well stratified and shows internal reflections of
medium amplitude (Fig. 2-6A & C, Fig. 2-7). Unit I varies in thickness from 200 m
thick in the west to over 400 m thick in the east (Fig. 2-6A). This thickness is as much
as 1100 m in the south east of the study area (Fig. Al- 5, Appendix Al). Unit I is
bounded above by a hard reflection (Fig. 2-7), and is dated palynologicaly as being
early Eocene in age on the basis of information obtained from wells 6405/10-1 and
6302/6-1 (Fig. 2-5). The middle package, Unit II, is more seismically transparent than
Unit I beneath in the region of the craters (Fig. 2-A & C). Unit II is up to 300 m thick
(Fig. 2-A & C, see also Fig. Al- 6, Appendix Al). This package is bounded above by
a soft reflection (Fig. 2-7) and is dated palynologicaly as being early Eocene to
Oligocene in age. Unit III is similar to Unit I in its seismic characteristics, but is
bounded above by a soft reflection (Fig. 2-7). This is not laterally continuous and is
only present in the south of the study area. Unit III displays an onlap relationship to
Unit II beneath (Fig. 2-7), and is up to 300 m thick (Fig. A1- 7, Appendix Al). This

unit is dated palynologicaly as being of late Oligocene age.

Deposition of the Brygge Formation was followed in the Miocene by deposition of the
Kai Formation (Dalland et al., 1988). These sediments are abundant in calcareous and
siliceous fossils (STRATAGEM, 2003), and are rich in smectite (Forsberg and Locat,
2005). The Kai Formation is correlated with Unit II at ODP sites 642, 643 and 644
(Hempel et al., 1989), which spans the middle Miocene to late Pliocene interval. Unit
II has variable carbonate content, some biogenic silica, and large amounts of smectite.
The Kai Formation is also correlated with Miocene-Pliocene sediments described by
Thyberg et al (Thyberg et al., 2000). In well 6407/1-2 and 6407/1-3 (east of our study
area) the bulk density of the Kai Formation rises from 1.9 g/cm’ at the base to 2.25
g/em® at the top (Dalland et al., 1988). The characteristics of the Kai formation in

various wells on the mid Norway margin are summarised in Table 2-2.
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The Kai Formation was deposited in synclinal lows between domes (Leseth and
Henriksen, 2005) such as the Solsikke Dome and the Havsule Dome (Fig. 2-6). This
unit is not laterally continuous, but where it accumulates in synclinal lows or as
contourite mounds it can be over 400 m thick (Fig. 2-6C). The Kai Formation is
topped by a regional early-Pliocene unconformity (STRATAGEM, 2003). Large
contourite drifts of the Kai Formation were deposited against the Vering Plateau to the
north of the basin (Bryn et al., 2005b).

In the More Basin, the Brygge and Kai formations are deformed by an extensive tier
of normal faults that are mapped elsewhere as polygonal faults (e.g. Berndt et al.,
2003, Cartwright and Dewhurst, 1998, Hustoft et al., 2007). This normal faulting
spans an interval from the base of the Brygge Formation to a datum in the Kai
Formation. The fault spacing within the faulted tier is typically of the order of around
200 m (Fig. 2-8). Maximum heave across the faults is 25 m, while the maximum
throw at the centre of the tier is typically around 25 m (Fig. 2-8). This faulting
deforms a fossilized opal A/CT boundary that underlies the study area (Chapters 3, 4
and 5). The maximum observed throw of the opal A/CT boundary across individual
normal faults is 10 m (Fig. 2-8), which is smaller than the typical maximum vertical
displacment across individual normal faults, showing that the boundary arrested
shortly before the cessation of normal faulting, in agreement with the conclusions of
Brekke (2000). These observations are in agreement with what is observed elsewhere
on this margin (e.g. Neagu et al.,, 2010). The opal A/CT transition is frequently
adjacent to the boundary between Brygge Formation Unit I and Brygge Formation
Unit II in the study area (Fig. 2-6), although in the south of the study area this
diagenetic transition is positioned adjacent to the boundary between Brygge
Formation Unit II and III (Fig. 2-7).
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ODP 642/643/644 24/6-1, 30/3-3, 34/7
References (Hempel et al., 1989, Pittenger et al., 1989) (Thyberg
Formation Brygge Kai Base Naust Brygge ]
Location with 300 km north of mapping area 500 km south
respect to
mapping area
Composition 50 - 60 % biogenic 0—150 % 0-40% n/a n/a
silica, carbonate, carbonate,
15 - 20 % smectite, 0 —50 % biogenic 15-20%
10 — 15 % non- silica, smectite,
smectite clay 5 -40 % smectite, 25 — 40 % non-
minerals. 10 — 30 % non- smectite clay
smectite clay minerals.
minerals.
Density 1.2-1.3 g/em® 1.1-1.4 g/cm® 12-1.9 g/em® n/a n/a
(Core data) (Core data) (Core data)
Porosity 60 % 60 % 55% Higher than Lower tl
(Geophysical), 70— (Geophysical), 40  (Geophysical), 50  overlying and underlyi
80 % (Core data) —70 % (Core data) — 70 % (Core data) underlying sequenc
sequences
Sonic Velocity 1600 — 1800 m/s 1600 m/s 1500 m/s 2000 — 2100 m/s 1900 — 2
Permeability 1X107 - 1X10% - 1X10° - n/a n/a
Coefficient 1 X107 cm/s 1X10° cm/s 1X 10 cm/s
Compression 0-3 2-6 0-4 n/a n/a
Index
Shear Strength 20 — 120 kPa 48 — 92 kPa 7—27 kPa n/a n/a

Table 2-2: Data on the Brygge Formation, Kai Formation and the base of the Naust Formation, obtained from selected wells inside
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Base Naust (W)
In mapping area
(Well 28)

4-1 and 28
References (Forsberg and Locat, 2005)
Formation Brygge Kai
Location with 50 km south of In mapping area
respect to mapping area (Well 28)
mapping area (Well 4-1)

Kaolinite-rich ooze.
25 —35 % Quartz,
20 — 30 % Illite,
20-25%
Kaolinite,

5 — 15% Plagioclase
3 % Smectite.

Composition

Density
Porosity

Sonic Velocity

Permeability n/a

Coefficient

Compression
Index

Shear Strength
Table 1-1 (continued)

n/a

n/a

Smectite-rich
fossiliferous clays
or clayey oozes

20 % Quartz,

15 — 20 % Illite,
15 % Kaolinite,
20 - 25 % Smectite,
0 — 5 % Chlorite,
5 - 10 % Feldspar,
0-15%
Plagioclase,

2 % Calcite.

n/a

n/a
n/a

Illite dominated
hemipelagic and
glacial sediments
20 — 25 % Quartz,
15 - 30 % Illite,

5 — 15 % Kaolinite,
15 — 30 % Smectite,
0 — 7 % Chlorite,

7 — 10 % Feldspar,
10-30%
Plagioclase,

0 -7 % Calcite.

n/a

n/a
n/a

n/a

n/a

Brygge

6
Comn

In mapping are

Mudstone with rare
limestone stringers,
80 — 90 % of some
mudstones are low
density ooze
sediments.

1.8 (Geophysical)

60 % (Geophysical)
1692 ms

n/a
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6403/6-1

References Commercial reports

Formation Brygge Kai Base Naust

Location In mapping area, little eastwards of Crater D

with respect

to mapping

area

Composition Claystones and Claystones and Partly remoulded
siliceous oozes. siliceous oozes. glacial marine clays.

Density 2.25-245 2.35-2.55 245-3.05
(Geophysical) (Geophysical) (Geophysical)

Porosity > 45 % (Geophysical) >45% 0-50%

(Geophysical) (Geophysical)

Sonic 1580 (calculated from 1481 (calculated 1667 (calculated from

Velocity seismic line) from seismic line)  seismic line)
1522 - 1692 1522 - 1692 1522 - 1692
(calculated from (calculated from (calculated from
wireline log) wireline log) wireline log)

Permeability n/a n/a n/a

Coefficient

Compression n/a n/a n/a

Index

Shear n/a n/a. n/a

Strength

Table 1-1 (continued)
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The Naust Formation was deposited between the late Pliocene and the present
(Dalland et al., 1988). The Naust Formation consists of interbedded contourite and
mass wasting deposits (Solheim et al., 2005), with its lithology consisting of
interbedded claystone, siltstone and sand, with very coarse clastics in its upper part
(Dalland et al., 1988). The earliest slides mapped in the Naust Formation are Slides Y
and W (Chapter 3). The Naust Formation is correlated with Unit I at ODP sites 642,
643 and 644 (Hempel et al., 1989), which spans the Pliocene to Holocene interval.
Unit I has variable carbonate content, no biogenic content, and moderate quantities of
smectite. The Naust Formation has been subdivided into five sequences, from bottom
to top W, U, S, R, O (Evans et al., 2005). More recently a new notation has been
suggested (Rise et al., 2006), however the older notation is preferred here to facilitate
easier comparison with previous work. A borehole in the north of our study area in the
Ormen Lange Dome shows that the Naust Formation consists of illite dominated
hemipelagic and glacial sediments. The bulk density of the base of the Naust
Formation in well 6407/1-2 east of our study area is 2.3 g/cm’ (Dalland et al., 1988).

The characteristics of the Naust Formation are summarised in Table 2-2.

The craters described in this thesis are incised in the Brygge and Kai Formations
(Chapters 4 and 5), and are buried by Slide W (Chapter 3) and other sediments of the
Naust Formation (Chapters 4 and 5), therefore this thesis focuses on the interval

encompassing the Brygge, Kai and the Naust Formations.
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'H6302/6-ir

BF-111

20km

Fig. 2-7: A seismic line d

the inter-relationship of the three units that comprise the Brygge Formation. See Fig. 2-5B for location. TF: Tare Formation. BF-I: Brygge Formation Unit I. BF-II: Brygge Formation Unit IL. BF-III: Brygge

Formation Unit III. NF: Naust Formation. KF: Kai Formation. NF: Naust Formation, (i) Brygge Formation Unit III onlaps Brygge Formation Unit IL.
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Fig. 2-8: A section showing the normal fault system that deforms the Neogene stratigraphy in this
area, (i) Displacement of beds across fault, (ii) Displacement of opal A/CT boundary is less than
that of the beds around it, and similar to the displacement of beds near the top of the tier of
faulting, (iii) Normal Faulting tips out. There is some uncertainty as to the exact tip out point,

this is shown by arrows.
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3 THE INITIATION OF SLIDING IN THE MURE
BASIN ON THE MID NORWAY MARGIN

3.1 Introduction

The continental margin off Mid Norway is one of the most unstable margins in the
world (cf. Bryn et al., 2005a). It has been a locus for large-scale slides of the slope
depositional system from the late Pliocene until the present day (Evans et al., 1996,
2005). Some of the largest individual slides in the world have been mapped in this
area, including the important Storegga Slide (Bryn et al., 2005a, Gauer et al., 2005,
Kvalstad et al., 2005, Biinz et al., 2005, Haflidason et al., 2004, 2005). This is the
largest of the numerous slide events to have occurred on this margin in the last 3 Ma,
and because it occurred in the Holocene, understandably it has received the most
intensive research effort to date. The economically important Ormen Lange Field is
Europe's third largest gas accumulation (Moller et al., 2004), and lies beneath the
headscarp region of the Storegga Slide, thus adding an economic imperative to a full
understanding of what triggered the slide (Bryn et al., 2005a, Rise et al., 2005,
Solheim et al., 2005).

In contrast little is known of the earliest slides on this margin, yet their role is
important in developing a coherent understanding of the origins of the instability of
the margin as a whole. Early sliding in this area has been linked to the formation of
several giant craters buried in the Mere Basin. Riis et al. (2005) showed a spatial and
temporal correlation between craters that are over 10 km in diameter excising
siliceous oozes of the Brygge Formation and early sliding; and from this suggested
that the action of submarine sliding loaded the underlying ooze (see Chapter 1 above).
Ooze was remobilised by this rapid loading mechanism, evacuated from the craters
onto the top of the slide, and transported basin wards (Riis et al., 2005). An accurate
description of this early sliding is therefore important to learn more about the
formation of these craters, which are potential geohazards, in addition to the wider
objective of unravelling the causes of earliest slope instability.

This chapter aims to describe the geometrical, internal and external characteristics of

the two earliest slides to occur in the Mere Basin (Fig. 3-1) using regional 2D seismic
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reflection lines for context, and five separate 3D seismic reflection surveys that allow
the detailed configuration of the slides to be mapped to high spatial resolution. A
subsidiary aim of this chapter is to discuss the timing of the earliest slides in the More
Basin with respect to the development of the slope, and also to other basin-wide
phenomena such as silica diagenesis (e.g. Berndt et al., 2004, Cartwright, 2007,
Chaika and Dvorkin, 2000, Davies and Cartwright, 2002, Davies and Clark, 2006,
Davies et al., 2008, Volpi et al., 2003, Hein et al., 1978), contourite deposition (Bryn
et al., 2005b, Solheim et al., 2005, Berg et al., 2005) and normal faulting (Berndt et
al., 2003, Cartwright and Dewhurst, 1998, Hustoft et al., 2007), in an attempt to shed
some light on the triggering mechanisms and the causes of slope instability. This
knowledge will allow us to better understand the wider significance of these early

slides in the evolution of this petroliferous passive continental margin.

3.2 Database and methodology

In this study the two 2D seismic reflection surveys described in Chapter 2 are used to
map the bottom and top surface of the two bottom-most slides in the Naust Formation
(Fig. 3-2) in order to describe their large scale morphology. The five dispersed 3D
surveys described in Chapter 2 are then used for detailed mapping of selected areas of
the slides. Time structure maps, dip maps, coherency maps and amplitude maps
(Brown, 2004) can be used to provide much information on the basal shear surface,
internal geometry and palacoflow directions of submarine slides (Frey Martinez et al.,
2005, Bull et al., 2009a, Bull et al., 2009b, Frey-Martinez et al., 2006, Huvenne et al.,
2002, Moscardelli and Wood, 2008).
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Fig. 3-1: (a) A bathymetry map of the Northern North Sea and the South-east Norwegian Sea
showing the location of the More Basin. Contours are in metres, (i) Faeroe-Shetland Escarpment,
(ii) Jan Mayen Fracture Zone, (iii) Continental Shelf, (iv) Norwegian Channel, (b) A map of the
two slides in this area demonstrating the spatial relationship between the two slides and the More

Marginal High to the west. The ticked lines indicated the mapped headwall and toe of the slide.
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3.3 Detailed mapping of slides

In this chapter the two earliest slides of the mid Norway margin are considered. The
first of these slides has not been recognised before. The second of these has been
recognised by previous workers and named Storegga Palacoslide W (Evans et al.,
2005, Solheim et al., 2005). Storegga Palacoslide W is here referred to as Slide W.
Mapping presented here shows that Slide W covers a larger area than the slide of the
same name mapped by Solheim et al. (2005), and that the slide mapped as NFS-1 by
King et al. (1996) in the south of the study area is part of Slide W. The older and
smaller slide is termed Slide Y because it is below Slide W (Fig. 3-2). This
terminology is consistent with the pre-existing nomenclature of slides on the Mid

Norway margin (Evans et al., 2005, Solheim et al., 2005).

Both slides cover large portions of the palaecoslope of this part of the Norwegian
margin, with head regions located in mid- to upper slope positions. Slide Y covers an
area of 3800 km?, whilst Slide W covers an area of > 21,600 km?. Slide Y and Slide
W are clearly discrete slide events separated in time because in the east of the area, a
laterally extensive layer greater than 20 km in length and composed of several stratal
reflections separates the two slides. This unit is interpreted as being an in situ deposit,
indicating that there was a period of well-stratified hemipelagic deposition between
the events of Slide Y and the events of Slide W (Fig. 3-2). The bottom surface of
Slide W ramps down through this stratified unit in the west of the area so that the tob
surface of Slide Y coincides with the bottom surface of Slide W (Fig. 3-2b). This
boundary between the slides is not always clear, therefore it is possible that parts of
Slide Y are cannibalised by Slide W (Fig. 3-2b). Key characteristics of the slide

intervals and the slides are summarised in Table 2-1.
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distance (km)<

E distance (km)

Fig. 3-2: (a) A section through the Neogene stratigraphy of the More Basin (see Fig. 3-1 for location). Core 28 is tied to seismic reflection data after Bryn et al. (2005b). TCM (top contourite mound) is the uppermost reflection incised by Slide W;
therefore Slide W occurred when this reflection was at the sea bed. (i) Erosive basal shear surface of Slide W. (ii) Slide W cannibalises Slide Y. (iii) Layer of stratified material between Slide Y and Slide W. Abbreviations: NFS = Normal Fault
System, A-CT = opal A/CT boundary, BF = Brygge Formation, KF = Kai Formation, NF = Naust Formation, (b) A section through the Neogene stratigraphy of the More Basin (see Fig. 3-1 for location), (iv) Erosive basal shear surface of Slide W.

(v) Layer of stratified material between Slide Y and Slide W. (vi) Slide W ramps down to top of Slide Y. Abbreviations: FSE = Faeroe-Shetland Escarpment.
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Slide Ma Palynological  Flow Length Width Depth Area  Volume
Name p Dating Direction sediment
Fig.

Slide  Fig. Piacenzian to East- 100 km 20-40 0-100 3800 380 km’

Y 3-4 Gelasian (3.6- West km m km?
1.8 Ma)

Slide  Fig. Late Zanclean East- 180km >100 0-300 >21,600 >4320

w 3-7  to Gelasian West km m km’ km’
(4.0-1.8 Ma)

Table 3-1: Characteristics of Slide Y and Slide W.
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6405/10-1

6302/6-1

Fig. 3-3: (a) A section showing the dating of Slide Y. (i) Late Oligocene sediments, (ii) Late Pliocene
(Piacenzian to Gelasian) sediments. The Top Brygge (TB) boundary is the top boundary dated in
this well, (b) A section showing the dating of Slide W. (iii) Middle-Late Miocene sediments, (iv)
Pliocene Sediments, (v) Late Pliocene (Gelasian) and Pleistocene Sediments. Abbreviations:

TNW = Top Naust W.
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Slide Y is penetrated by well 6405/10-1 (Fig. 3-3a). Sediments within Slide Y have
been dated approximately in confidential industry well reports from palynology in the
range from the Piacenzian to Gelasian (3.6-1.8 Ma). No dating of the overlying
stratigraphy was possible. Slide W is penetrated by well 6302/6-1 (Fig. 3-3b) and
sediments within the slide are dated in confidential well reports from their palynology
as being within the range of the late Zanclean to Gelasian (4.0-1.8 Ma). This
information is summarised on Table 1, and a further discussion about the use of
palynological data for dating slides is found in the discussion section of this chapter.
This biostratigraphic interpretation is consistent with previous dating results for Slide W
sediments (Berg et al., 2005; Solheim et al., 2005) and implies that Slide Y could have
occurred at any time between the Piacenzian and the time of deposition of the sediments

incorporated into Slide W.

3.3.1 SlideY
Slide Y (Fig. 3-4, Fig. 3-5 and Fig. 3-6) is the earliest major slide to occur on this part

of the Norwegian margin. The headwall is located midway up the continental slope at
the eastern edge of the More Basin and the toe is located downslope of the basin axis of
the Mere Basin (Fig. 3-2). The northern portion of Slide Y is confined against a middle-
Miocene inversion dome (Chapter 2) while the southern portion is not confined (Fig.

3-5). An isopach map of Slide Y showing its basinal disposition is presented in Fig. 3-4.

3.3.1.1 Margins and morphology

Slide Y exhibits a zone of depletion and accumulation (Fig. 3-5b), both of which are
key diagnostics in the slide interpretation (Chapter 2). The depletion zone is remarkably
small however (cf. Varnes, 1978, Frey Martinez et al., 2005, Frey-Martinez et al.,
2006), representing only c. 10% of the total area of the slide. The upslope region of
Slide Y exhibits a wedge-like geometry, pinching out in the upslope direction with
downlap onto the upper surface (Fig. 3-5a).

The headwall is not typical of slides of comparable volume reported elsewhere (e.g.
Frey-Martinez et al., 2006) in that it varies markedly in geometry laterally. At the north
east corner of the slide the headwall dips éteeply (Fig. 3-5a) whilst further south the
headwall dips more gently (Fig. 3-5b). The northern and southern edges of Slide Y are
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clear scarp features, interpreted as side-scarps. Towards the western limit the slide
overflows these side-scarps. The northern portion of the western edge of the slide is a

pinch out against the eastern flank of a prominent middle Miocene dome (Fig. 3-5).

The thickness of Slide Y varies from east to west, being below seismic resolution near
the upslope limit of the slide and 150 m thick downslope east of the middle Miocene
dome (Fig. 3-4). The southern portion of the slide is not confined by the middle
Miocene dome (Fig. 3-5b).

3.3.1.2 Basal Shear Surface

The basal shear surface is a generally high amplitude reflection with an acoustically soft
impedance contrast (Chapter 2). It has a steep average slope in the east of the area, but
to the east and south of the middle Miocene dome there is a break of slope in the basal
shear surface, before resuming its westward dip to the west of the dome (Fig. 3-5b). The
basal shear surface is planar to highly irregular, and locally steps up and down through
the underlying stratigraphy by up to 10 or 20 m of relief (Fig. 3-5a, c.f. Bull et al.,
2009a). In the upslope region of the slide the morphology of the basal shear surface has
been influenced by normal faulting (Chapter 2) that is interpreted to have propagated
upwards from the Brygge and Kai Formations (Chapter 2) after the slide formed (Fig.
3-6). There are also elongate blocks of intact material welded to the basal shear surface

(Fig. 3-6), these blocks are aligned east—west.

3.3.1.3 Internal Geometry

The average thickness of the slide is 100 m, with a maximum depth to detachment of
150 m. Internally, Slide Y is generally weakly stratified with weak to moderate
amplitude reflections exhibiting often considerable lateral continuity over distances of
up to 5 km (Fig. 3-5). Locally higher amplitude reflections are considered to result from
later gas charging of the slide sediments (c.f. gas charging of sediments surrounding a

gas chimney, Leseth et al., 2009).
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Fig. 3-4: A contoured isopach map of Slide Y in the Mere Basin, constructed from regional 2D
surveys. Contours are in metres. See Appendix A2 for time structure maps compiled from 2D
seismic reflection data of the basal shear surface of Slide Y (Fig. A2- 1) and top surface of Slide Y
(Fig. A2- 2); and for an isochron map compiled from 2D seismic reflection data of Slide Y (Fig. A2-
3).
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Fig. 3-5: (a) A length section through the northern portion of Slide Y (see Fig. 3-4 for location), (i)
Crest of middle Miocene dome, (ii) Slide Y pinches out against middle Miocene dome, (iii) Localised
high amplitude reflections within Slide Y. (iv) Step in basal shear plane of Slide Y. (v) Steep
headwall of Slide Y. (vi) Top lap onto Slide Y. Abbreviations: MMD = middle Miocene dome, (b) A
length section through the southern portion of Slide Y (see Fig. 3-4 for location), (vii) Run out of
Slide Y. (viii) Slide W cannibalises Slide Y. (ix) Localised high amplitude reflections within Slide Y.

(x) Slide Y pinches out upslope. (xi) Projection of pre-slide geometry.
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Fig. 3-6: (a) A coherency map of the headwall region of Slide Y (see Fig. 3-4 for location). This map
is a slice obtained 10 ms above the basal shear surface of Slide Y or 10 ms above the reflection that
is correlated with the basal shear surface of Slide Y were the basal shear surface ramps up or
down. Highly discontinuous areas (zones of low coherency), are shown in darker tones. Areas of
higher coherence, that is more continuous areas, are shown in lighter tones, (b) An interpretation of
the coherency map in (a), (¢) A cross section through the headwall region of Slide Y (see (b) for
location), x: Cross sectional level of coherency map displayed in (a) is shown as a black solid line.
Up slope the slide is intensely deformed by normal faulting (NFS), further downslope the slide is
deformed by a normal fault tier (NFT). Abbreviations: RB = Remnant block.
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The upslope region of Slide Y has a complex internal geometry (Fig. 3-6) dominated by
densely faulted internal reflections. Normal faults strike north-south along the
palaeoslope. The faulting style and direction is consistent with an area of depletion near
the headwall (Frey Martinez et al., 2005). Parts of this region of the slide are deformed
by normal faults (Chapter 2) and show little slide related deformation (Fig. 3-6).

3.3.1.4 Top Surface

In the upslope region of Slide Y the top surface is defined as the surface separating the
chaotic facies below and the stratified facies above. Further west the overlying slide
interval ramps down such that the same surface becomes a boundary between the two
slide intervals. This surface may represent the original top surface of Slide Y or may be
an erosional surface. In some areas the top surface is not clearly delineated on seismic
data, suggesting possible cannibalisation of Slide Y by the overlying slide interval (Fig.
3-5b).

3.3.1.5 Kinematic Indicators

The morphology of the slide, with a headwall to the north-east and a toe region to the
west (Fig. 3-5) suggests that material was translated from east to west. This is
corroborated by remnant blocks of material that are elongate in an east-west direction

(Fig. 3-6).

This flow direction is further corroborated by the faulting pattern imaged in the eastern
portion of the slide described above (Fig. 3-6). Flow is interpreted as having been
perpendicular to the normal faulting (c.f. Frey Martinez et al., 2005, Frey-Martinez et
al., 2006).

3.3.2 Slide W
Slide W (Fig. 3-7, Fig. 3-8, Fig. 3-9 and Fig. 3-10) is the second slide to have occurred

in this area of the Norwegian margin. The headwall is located close to the upper limit of
the continental slope, and the slide covers a large portion of the basin floor, confined by
the Faeroe-Shetland escarpment at its distal limit (Fig. 3-2b). King et al. (1996)
suggested that a component of this slide is sdurced from the North Sea Fan and More

Shelf to the south, but the data does not extend over these areas, so this cannot be
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confirmed. An isopach map showing the basinal disposition of Slide W is presented in

Fig. 3-7, and the main quantitative features are summarised in Table 3-1.

3.3.2.1 Gross Morphology

Zones of depletion and accumulation (Chapter 2) are evident for Slide W (Fig. 3-8a).
Slide W shows a wedge-like geometry pinching out towards the eastern margin.
However unlike Slide Y there is no downlap onto the top surface. The thickness
increases from east to west, ranging from less than 10-20 m in the east close to the
headwall in the region of maximum depletion (e.g. on Fig. 3-8a) to upwards of 200 m in
the west in the accumulation zone abutting the Faeroe—Shetland Escarpment (Fig. 3-8c

and d).

In the north-east of the study area it is found that the headwall is unusual in that it has
two steps in it (Fig. 3-8a). Local mapping shows that the headwall strikes south-east—
north-west in this area (Fig. 3-7). The eastern portion of the northern sidewall dips
steeply southwards (Fig. 9b), with overthrusting of Slide W (Fig. 3-8b). The coverage of
the data allows the northern toe region of Slide W to be mapped. In this area Slide W is
confined against the Faeroe—Shetland escarpment (Chapter 2, Fig. 3-2 and Fig. 3-8d),
although in places there is limited overspill of Slide W over the top of the Faeroe-
Shetland Escarpment.

3.3.2.2 Basal Shear Surface

The basal shear surface dips westwards, becoming more gently dipping further west
(Fig. 3-2). The geometry is planar to highly irregular, and locally steps up and down
through the underlying stratigraphy by 20-30 m of relief (Fig. 3-8). The base of Slide W
can be correlated over large areas of the western part of the Mere Basin with large
craters with local relief of over 200 m (e.g. shown as (ix) on Fig. 3-8d, see Chapters 4
and 5 for further details). We follow Riis et al. (2005) in correlating the surface defining
these craters with the basal surface of Slide W. The enclosed depressions formed by
these craters are thus closely related to Slide W (see the discussion section of this
chapter below, and Chapters 4 and 5). In addition to negative relief on the basal surface,
we have also mapped several large elongate, undeformed east-west aligned remnant

blocks of positive relief on the basal shear surface of Slide W (Fig. 3-8c).

3-14



THE INITIATION OF SLIDING IN THE MORE

CHAPTER 3
BASIN ON THE MID NORWAY MARGIN
2°E 4°E 6°E
I |
Figure 3-9 Noo igure 3-87
Figure 3-8 ~ ~—<
7 NV 100
R
Figure 3-10
1
Figure 3-8b
64°N

6).

N
* distance (km)
40

0
Fig. 3-7: A contoured Isopach map of Slide W in the Mere Basin, constructed from regional 2D
surveys. Contours are in metres. See Appendix A2 for time structure maps compiled from 2D
seismic reflection data of the basal shear surface of Slide W (Fig. A2- 4) and top surface of Slide W

(Fig. A2- 5); and for an isochron map compiled from 2D seismic reflection data of Slide W (Fig. A2-

3-15



CHAPTER 3

200 ms

[Slide WI

200 ms

150 ms

200 ms

ISlide yftW

THE INITIATION OF SLIDING IN THE MORE
BASIN ON THE MID NORWAY MARGIN

[Slide W|

3-16



CHAPTER 3 THE INITIATION OF SLIDING IN THE MORE
BASIN ON THE MID NORWAY MARGIN

Fig. 3-8: (a) A section through the headwall of Slide W (see Fig. 3-7 for location). (i) Step in basal
shear plane of Slide W. (ii) High amplitude reflections within Slide W. (iii) Headwall of Slide W.
The headwall is distinguished by the truncation of reflections and has two steps in it. (iv) Projection
of pre-slide geometry. (b) A section through the northern flank of Slide W (see Fig. 3-7 for
location). The sidewall is distinguished by the truncation of continuous reflections. (v) Step in basal
shear plane of Slide W. (vi) Contourite mound. (c) A section through the northern flank of Slide W
(see Fig. 3-7 for location). Slide W is deformed in areas by a tier of normal faulting, and there are
steps and remnant blocks on the basal shear plane. (vii) Step in basal shear plane of Slide W. (viii)
Remnant blocks. The long axes of these blocks is aligned east-west out of the page. (d) A section
through the toe region of Slide W. Slide W is confined against the Faeroe Shetland Escarpment
(FSE). (ix) Crater on basal shear plane of slide W. (x) Ooze mound on top of Slide W.

Fig. 3-9: (a) A map of the basal shear surface of Slide W showing the magnitude of the reflection
amplitude of this surface, which shows up some internal geometry (see Fig. 3-7 for location.) (b) A
section showing thrusting within Slide W (see (a) for location). A series of east-west trending thrust
faults (i). are disrupted by normal faults in a variety of orientations (ii). (c) A close up of the box in
(b), with 4 X vertical exaggeration, highlighting the reverse geometry of the faults (c.f. Frey
Martinez et al., 2005, Frey-Martinez et al., 2006)
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Fig. 3-10: (a) An amplitude map of the basal shear surface of Slide W near the headwall (see Fig.
3-7 for location.) (i) Erosive grooves, (ii) Step in basal shear plane, (b) A section showing the basal
shear plane of Slide W mapped, (c) A zoomed in section. Erosive grooves are indicated with arrows,

(d) A close up of the area boxed in (a). EG: Erosive Grooves.
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3.3.2.3 Internal Geometry

The mapped extent of Slide W has a volume of at least 4320 km’, although it should be
noted that it has not been possible to map the continuation of the slide beyond the limits
of seismic data coverage in the south of our study area (Fig. 3-7). The average thickness
of the slide is 200 m, with a maximum value of 350 m. It is characterised by weak to
moderate amplitude intra-slide reflections exhibiting often considerable lateral

continuity over distances of up to 3 km (Fig. 3-8).

Reverse faulting is imaged within Slide W in the region of its north-east sidewall (Fig.
3-9). A series of north-verging thrusts are interpreted across an area some 6 km by 5 km
on one of the 3D seismic surveys on the basis of the offset geometry of internal
reflections of Slide W (Fig. 3-9b&c). This thrust fault array generally strikes east—west,
and is parallel to the sidewall in this area. Some individual faults have displacements of
less than the vertical stratigraphic resolution of the seismic data (< 10 m). The faults are
therefore difficult to map using conventional horizon correlation, but an amplitude map
of the basal shear plane of the slide reveals their planform geometry (Fig. 3-9). The
thrust faults are cross-cut by a set of normal faults that are longer in planform extent,
and strike north-east—south-west, north-west—south-east and east-west (Fig. 3-9). These
normal faults are rooted at depth (below Slide W) in normal faults deforming the Kai
and Brygge Formations (Chapter 2, Fig. 3-9). Nearby regions of the slide have been
deformed by the same normal faulting (Fig. 3-8c).

3.3.2.4 Top Surface

The top surface shows low relief over large regions of Slide W (Fig. 3-8a, b & d),
although in some areas relief is greater (e.g. Fig. 3-8c). Slide W is mainly overlain by
younger slides, although it is overlain locally by well stratified sediments (e.g. Fig.
3-8c). The top surface of Slide W is not erosive where it is overlain by later slides,
because there is no significant depression in relief with respect to where it is overlain by

well stratified sediments (Fig. 3-8c).
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3.3.2.5 Kinematic Indicators

The morphology of the slide, with a headwall to the north-east and a toe region to the
west (Fig. 3-8) suggests that material was translated from east to west. This is
corroborated by the elongate remnant blocks of material mapped on the basal shear
surface (Fig. 3-8¢c). A number of east-west lineations 1-2 km long are mapped on a
large ramp in the basal shear surface in the upslope region of Slide W (Fig. 3-10a). By
analogy with similar features described elsewhere (Bull et al., 2009a, Gee et al., 2005,
Moscardelli and Wood, 2008), these are interpreted as small scour marks created by
material being translated across the basal shear surface. These are consistent with an
east-to-west transport direction. In this context the north verging thrusts on the northern
sidewall are somewhat enigmatic, since they imply a localised northward shortening
(Fig. 3-9). This shortening is localised to this margin. and could represent an outwards

spreading of flow trajectories (cf. Moscardelli and Wood, 2008, Woodcock, 1979).
3.4 Discussion

3.4.1 Slide Processes

The Storegga Slide and the slides described in this paper are part of a series of slides in
the More Basin known as the Storegga Slide Complex (Solheim et al., 2005). Slide Y is
partially confined by a middle Miocene dome and Slide W is frontally confined (cf.
Frey-Martinez et al., 2006) by the Faeroe—Shetland Escarpment (Chapter 2, Brekke,
2000, Planke et al., 1991, Smythe et al., 1983). In particular Slide W has a volume that
is larger than the Holocene Storegga Slide although it covers a vastly smaller area. This
confinement has consequences for the interpretation of translation distances of the slides

described here.

The stratal continuity of the internal units of Slide Y suggests that they have not been
translated far from their original depositional positions, and in this respect this slide is
reminiscent of the frontally-confined slides described by Frey-Martinez et al. (2006),
where much of the deformation is by an almost in situ remobilisation with limited
downslope translation and disaggregation. In support of this interpretation, several
blocks that are welded to the basal shear plane, surrounding which there is only minor

deformational intensity (Fig. 3-6). There are also regions that do not seem to be
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deformed by any slide-related faulting (Fig. 3-6), also suggesting that movement in
these areas was minimal. Projections of the pre-slide geometry in the headwall region
suggest a maximum translation distance of c. 2-3 km (Fig. 3-5b), but we note that the
lateral variation in headwall geometry complicates such a simple estimate. Over much
of the slide, movement is considered to have been less than this maximum value, simply
because > 60% of the volume is represented by laterally continuous and stratified
seismic facies. The area covered by the zone of depletion is small with respect to the
total area covered by the slide, whilst the zone of accumulation is larger (Fig. 3-5).
Translation distance would then likely decrease away from this zone towards those
regions where Slide Y is confined, and where downslope translation is effectively

buttressed.

The internal sediments of Slide W, like Slide Y, did not move far from their original
depositional positions. In support of this it has been shown that Slide W exhibits good
internal stratification with reflections that can be traced for c. 3 km. Projections of pre-
slide geometry (Fig. 3-8a) suggest that translation was minimal, and is likely to be c. 2
or 3 km at most. Translation distance would then likely decrease away from this zone

towards those regions where Slide W is confined by the Faeroe—Shetland Escarpment.

Slide W has two steps in parts of its headwall (Fig. 3-8a), and this strongly suggests that
Slide W was a poly-phase slide with several episodes of slide movement, similar to the
Holocene Storegga Slide (Bryn et al., 2005a, Gauer et al., 2005, , 2005, Kvalstad et al.,
2005, Biinz et al., 2005, Haflidason et al., 2004). Further evidence for this comes from
ramps imaged in the basal shear surface of Slide W (Fig. 3-8). These ramps could

represent the toe and sidewalls of an earlier slide event.

Solheim et al. (2005) suggest that later slides in the Storegga Slide Complex are cyclic
occurrences that are closely linked with glacial cycles. The onset of northern
hemisphere glaciation is often cited as occurring between 2.6 and 2.7 Ma (Jansen et al.,
2000, Hjelstuen et al., 2005). There are considerable uncertainties in estimating the

extent of ice during these early glacial times. There is however consensus that glacial
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processes are not implicated in the triggering of the slide mapped as Slide W (Solheim

et al., 2005, Haflidason et al., 1991, Sejrup et al., 2000, STRATAGEM, 2003).

3.4.2 Basinal Context

In the Early Pliocene when Slide Y and Slide W occurred the basin floor of the Mare
Basin would have exhibited significant topography, with the crests of middle Miocene
Domes and the western edge of the Mare Marginal High (Chapter 2) acting as local
topographic highs. Slide Y in particular interacted with this topography (Fig. 3-5). The
confinement of Slide Y against a middle Miocene dome demonstrates that Slide Y post-
dated the initiation of folding in this area. The minor folding in the basal shear plane of
Slide Y where the basal shear plane dips eastwards (Fig. 3-5) suggests that inversion
may either have continued after sliding or that the morphology of the basal shear plane

was influenced by pre-existing local structure.

The deformation of Slide Y by normal faulting allows some inferences to be drawn
about the timing of Slide Y relative to the normal fault forming process in this area. In
the area of Slide Y normal faulting tips out at a datum in the package of sediments that
fails as Slide Y (Fig. 3-11). Normal faulting is dated as having ended at the uppermost
reflection displaced by the faulting, because it has been shown that active tiers of
closely spaced normal faults extend to the sea bed (e.g. Gay et al., 2004). This means
that the normal faulting in this area became inactive during or shortly after the
deposition of sediments that failed as Slide Y. Parts of the internal geometry of Slide Y
are deformed by normal faulting (Fig. 3-6). Given that Slide Y has not moved far, it is
likely that these deformed regions represent areas where there was limited downslope
translation and instead sediments were deformed locally. This would imply that normal
fault deformation has been overprinted elsewhere by Slide Y, and this adds further
support for the argument that the main phase of normal fault activity ended at around

the time of failure of Slide Y.

The relative timing of cessation of normal faulting and the occurrence of Slide Y have
further significance when their relationship to the timing of arrest of the opal A/CT
boundary that underlies our study area is considered, because it has already shown that

this boundary arrested shortly before the cessation of normal fault activity (Chapter 2).
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Thus there is a temporal link between the cessation of migration of the opal A/CT

boundary and the triggering of Slide Y.

Some of the normal faulting described in the study area deforms the internal layering
within Slide W (Fig. 3-8c). The deformation of the Slide W fabric by normal faulting
rooted in a normal fault system below (Fig. 3-9) suggests that the normal faulting
deforming the internal geometry of Slide W is reactivated normal faulting that occurred

after the main phase of normal faulting (cf. Gay and Berndt, 2007).

3.43 Timing

Seismic reflection data tied to Core 28 by Bryn et al. (2005b) allows Slide W to be
dated relative to the deposition of contourite mounds in the northern Mere Basin (Fig.
3-2a). Core 28 penetrates a regional unconformity (Bryn et al., 2005b) which is traced
to the topmost reflection of the northern sidewall of Slide W. Bryn et al. (2005b)
suggest that this unconformity marks the cessation of contourite deposition at 4 Ma
when the pattern of sedimentation changed, possibly due to the closure of the Central
American Seaway (Bryn et al., 2005b, Stoker et al., 2005). Other workers date this same
unconformity as late Pliocene (e.g. Hustoft et al., 2007), which is in better agreement

with the dating of Slide W above.
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Line of section

100 ms

Fig. 3-11: A section showing the normal fault system that deforms the Neogene stratigraphy in this
area. A-CT: Opal A/CT boundary, (i) Displacement of reflections across faults, (ii) Displacement of
opal A/CT boundary is less than that of the beds around it, and similar to the displacement of beds
near the top of the tier of faulting, (iii) Normal Faulting tips out in the package of sediments that

fails as Slide Y. There is some uncertainty as to the exact tip out point, this is shown by arrows.
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3.4.4 Slope Configuration

The gradient of the slope in this area of the Norwegian margin has slowly increased
through the Plio-Pleistocene due to the aggradation of sediment from the Norwegian
margin to the east and south from the earliest Pliocene to the present day due to climatic
deterioration and continental uplift (STRATAGEM, 2003). To investigate whether these
changes may have played a role in preconditioning the margin for failure, a transect in
our study interval is used to study the variation of slope angle with depth (Fig. 3-12).
The transect is split into six segments spaced at c¢. 1.5 km intervals bounded by pins
labelled A, B, C, D, E, F and G, and then the average depth converted slope of every
reflection in these six segments from Miocene times to the present day is measured. Fig.
3-12 demonstrates that over half of the segments (B—C, C-D, E-F and F-G, Fig. 3-12)
show a gradual increase in average slope angle with time. The slope of the basal shear
planes of slides at their uppermost point is normally in excess of 2° (i.e. (i), (ii), (iii),
(iv) and (v), Fig. 3-12). It is noted that there has been basin subsidence since 2.6 Ma,
particularly in the last 1 Ma (Ceramicola et al., 2005, Dahlgren et al., 2002, Hjelstuen et
al., 2005) and that the slope therefore would have had a shallower gradient at the time of
failure. It is also noted that similar slope gradients to here are found on the south Vering
Plateau north of our mapping area (Haflidason et al., 2003). Despite this it is clear from
our analysis that steepening is an important process that preconditions this margin for
failure, because slides initiate where the slope is steepest. It is considered that there may
be trigger processes acting on this part of the margin that do not act further north, and

that the slope stability angle is thus shallower in this study area.

3.4.5 Evaluation of Methods

The mapping of Slide Y and Slide W using 2D and 3D seismic reflection data has
highlighted some of the strengths and limitations of using such data to map large buried
submarine slides, as well as in challenging aspects of conventional slide recognition
criteria. Regional mapping was greatly enhanced by the detailed mapping in the 3D
seismic data volumes, which gave wealth of information not obtainable from 2D
datasets. When a large slide such as Slide W is mapped with incomplete 3D data

coverage however, a good 2D data set is important because local kinematic information
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obtained from a 3D dataset can be misleading as local flow can be different from large

scale flow (Fig. 3-9a, Moscardelli and Wood, 2008, Strachan, 2002, Woodcock, 1979).

Mapping of Slide W was hampered by having a 2D regional survey that covered too
small an area and did not cover the entirety of the slide. This meant that the positive
identification of small sections of headwall and sidewalls had to be relied upon to
formally identify Slide W as a slide as opposed to an area of essentially in situ
remobilisation, and this emphasises the importance of having clear slide identification
criteria. Dating of Slide W was hampered at well 6302/6-1 by the reworking associated
with sliding, which meant that we were only able to assign an age range based on the
basal shear plane and top surface of Slide W. Well 6405/10-1 was used to date Slide Y,
however the stratigraphy dated here was the topmost stratigraphy sampled at this
locality. This meant that only the basal shear plane of Slide Y could be dated. Future

work on Slide Y and Slide W should focus on dating these slides more accurately.

3.5 Conclusions

A proper understanding of the initiation of sliding is vital in developing a coherent
understanding of slope instability on this margin. By using 2D and 3D seismic data to
map the first slides to occur on this margin in detail it has been possible to evaluate why

sliding initiated on this margin.

1) Sliding was initiated on the mid Norway margin before significant glaciation when
there was a large depocentre at the foot of the continental slope, with some topography

related to earlier regional inversion events.

2) Slide Y is a small slide that fails above a package of underlying biogenic ooze, and
on the basis of confidential palynological reports occurred sometime between the
beginning of the Piacenzian (3.6 Ma) and the deposition of sediments that fail as Slide
W. Kinematic indicators such as morphology, remnant blocks and internal geometry
suggest that Slide Y flowed from east to west. Slide Y was translated by a maximum of
2-3 km. The northern portion of the slide is confined by a middle Miocene inversion

dome while the southern portion of the slide is not confined.
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Fig. 3-12: (a) A time section in the east of the mapping area showing the location of slides with
respect to the continental shelf. Pins defining ends of segments are labelled A-G. Reflections
interpreted by a black line are basal shear planes and are labelled (i) to (vi). (b) A schematic time
section showing the average slope of reflections at intervals across the section. Pins defining ends of
segments are labelled A-G. A graph of segment-averaged slope angle vs. time is superimposed over
each segment. The basal shear planes of slides are indicated in bold and are labelled (i) to (vi).
Angles quoted are true angles, with an uncertainty of 0.3°. When calculating angles it is assumed

that 1 ms is equivalent to 1 m.
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3) Slide W is > 4320 km? in volume, and is one of the largest slides on the mid Norway
margin by volume. These findings concur with previous work that suggests that the
sediments that fail as Slide W were deposited between 2.6 and 1.8 Ma. Various
kinematic indicators such as morphology, remnant blocks and scours in the basal shear
plane constrain palacoflow as being approximately east to west, although there are large
local variations in this on the northern margin. Slide W has probably experienced only

minor translation of c. 2-3 km, and is confined by the Faeroe Shetland Escarpment.

4) There is a tier of normal faulting in the Mere Basin that mainly tips out at a datum
within the package of sediments that fails as Slide Y. An opal A/CT boundary arrested

shortly before normal faulting ceased.

5) Since the early Pliocene there has been a gradual increase in slope angle due to the
deposition of a prograding sediment wedge. It is likely that oversteepening was a key

process that preconditioned the margin in this area for slope failure.

An enigmatic feature of Slide W is the high relief crater-like depressions on the basal
shear plane and mounded accumulations on the top surface described by Riis et al.
(2005). Slide W is the only major slide where such features have been observed, and the
subsequent chapters will apply the understanding of Slide W gained here to better

understand the processes involved in the formation of the craters.
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4.1 Introduction

A key test of the model developed by Riis et al. (2005) and described in Chapter 1 is to
map the relation of craters and mounds (defined in Chapter 2) to the stratigraphy and
structure of the study area, and to investigate how craters and mounds interact with long
term fluid flow on the mid Norway margin. Therefore this chapter aims to use extensive
2D seismic data covering the Mere Basin to describe the spatial distribution of craters
and mounds with respect to underlying geological structure, stratigraphy and slide
events on the mid Norwegian margin, integrating the findings with what is known about
long term fluid flow on the Norwegian margin. This will allow a better understanding of
the factors which control the genesis of these structures, which in turn will enable a

better understanding of the history of the Mere Basin.

4.2 Database / Methods

This study utilises an extensive commercial seismic 2D reflection dataset of over 10,000
line kilometres, covering the Mere Basin and the Vering Plateau to the north consisting
of over a hundred 2D seismic profiles in a variety of orientations, to map the
distribution of craters within the crater field and mounds with respect to the regional
geology. Some craters and mounds will be mapped with 3D seismic reflection data in

Chapter 5.
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4.3 Craters

4.3.1 Description of craters

Eleven craters spaced at intervals of 10 to 40 km are mapped in the study area (see
Chapter 2 for definition of a crater). A time structure map showing the geometry of the
craters is displayed (Fig. 4-1B). Each crater is assigned a label for ease of description.
None of the craters outcrop on the current seabed. The craters are large, having
diameters spanning the range of 5-50 km and volumes spanning the range from 10 to
400 km® (Table 1). They vary in shape from being perfectly elliptical to irregular (Table
4-1). The sidewalls of the craters are all smooth and shallowly dipping with dips
ranging between 20° and 45° (Fig. 4-2 and Fig. 4-3), with the exception of the north-
east corner of Crater G which has a dip of 5° (Table 4-1)., Fig. 4-3E). The western
sidewall of Crater C and the eastern sidewall of Crater F are linked by a trough (Table
4-1), which is interpreted to be eroded by Slide W because this slide fills the trough
(Fig. 4-2A & B, Fig. 4-3A & B). The basal surface of all of the craters is an acoustically
soft reflection which exhibits low relief, with the exception of the basal surface of
Crater J which is crudely domed (Fig. 4-3D). The craters are all located in the western
part of the Mere Basin, and in the region where they occur, they cover at least 35% of

the total surface area (Fig. 4-1B).

The craters are all filled by Slide W (Fig. 4-2 and Fig. 4-3) with the exception of Crater
D which is filled by a deposit that may have undergone in situ remobilisation (Fig.
4-2D), and Craters H and I which are filled by a deposit which is interpreted to be a
younger slide on the basis of the chaotic internal geometry of the deposit and the

truncation of Slide W reflections against the base of the deposit (Chapter 5).

4.3.2 Relationship of craters to stratigraphy

All of the craters mapped here are interpreted to have formed as a result of the removal
of sediments that are mapped as Unit II, early Eocene to Oligocene biogenic ooze
(Chapter 2), with a fossilised Opal A/CT boundary (Chapter 2 & 3) being the bottom-
most limit of the evacuation (Fig. 4-2 and Fig. 4-3). Sediments mapped as Brygge
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Formation Unit III are also removed from Crater G (Fig. 4-3E). The base of these
craters (Fig. 4-2 and Fig. 4-3) is an acoustically soft reflection (Chapter 2), suggesting
that sediments evacuated from the crater are acoustically softer than the sediments that

fill the craters.

The uppermost surface evacuated by each of the craters is a regionally correlative,
acoustically soft reflection that is coincident with the basal shear plane of Slide W (Fig.
4-4, Fig. 4-2, Fig. 4-3 and Fig. 4-5). The sediments that fail as Slide W were deposited
on this surface some time between the late Zanclean and Gelasian (4 and 1.8 Ma)
(Chapter 3). The stratigraphy beneath this surface is condensed in the regions of the
Solsikke and Havsule Domes in the west of the Meore Basin, such that Eocene to
Oligocene sediments subcrop on this surface (Fig. 4-5). Northwards, eastwards and
southwards of this western region later sediment such as Brygge Formation Unit III, the
Kai Formation, and Naust Y (Chapter 2) subcrops, while north-westwards of the central
region the earlier Brygge Formation Unit I subcrops in the region of the Solsikke
Trough and the Gloria Valley Trough (Fig. 4-5, Haflidason et al., 2004, Riis et al.,
2005). Craters are located in the western region of the Mere Basin where Brygge

Formation Unit II subcrops.

4.3.3 Relationship of craters to basin structure

All of the craters are located near the present day base of the continental slope in the
west of the Mere Basin (Fig. 4-4). The subcrop map of the uppermost surface evacuated
by the craters shows that during deposition of Naust W sediments the locations where

the craters developed were at the base of the continental slope (Fig. 4-5).
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Fig. 4-1: (A) A map of the mid Norway margin, showing location of the More Basin. Contours are
in meters, (i) Faeroe-Shetland Escarpment, (ii) Jan Mayen Fracture Zone, (iii) Continental Shelf,
(iv) Norwegian Channel. (B) A map demonstrating the location of the craters with respect to Slide

W (Chapter 3). The craters are labelled A-K. ST: Solsikke Trough. GT: Gloria Valley Trough.
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Crater

A
(Fig. 4-2)

(Fig. 4-2)

(Fig. 4-2)

(Fig. 4-2)

(Fig. 4-3)

(Fig. 4-3)

(Fig. 4-3)

(Fig. 4-3)

(Fig. 4-3)

(Fig. 4-3)

K
(Fig. 4-3)

Location

Slightly westwards of crest
of Helland Hansen Arch
Slightly westwards of crest
of Helland Hansen Arch
Slightly westwards of crest
of Helland Hansen Arch

Westwards of crest of
Helland Hansen Arch
Eastern flank of Solsikke
Dome

Eastern flank of Solsikke

Dome

Western flank of Solsikke

Dome

Crest of Solsikke Dome

Crest of Solsikke Dome

Western flank of Solsikke

Dome

Adjacent to Faeroe-

Shetland Escarpment

Coverage by 2D data

Seven lines in five
different orientations
Seven lines in four
different orientations
Four lines in two

different orientations

Nine lines in three
different orientations
Nine lines in five
different orientations
Nine lines in four

different orientations

Seventeen lines in five

different orientations

Three lines in two
different orientations
Two lines in one
orientation

Six lines in three

different orientations

Seven lines in three

different orientations

Average Dimensions

10 km (length), 7 km (width),
200 m (depth)

30 km (length), 15 km (width),
150 m (depth)

10 km (length), 5 km (width),
150 m (depth)

30 km (length), 10 km (width),
150-300 m (depth)

40 km (length), 15 km (width),
200 m (depth)

30 km (length), 20 km (width),
150 m (depth)

40 km (length), 20 km (width),
200 m (depth)

10 km (length), 5 km (width),
100 m (depth)

10 km (length), 10 km (width),
100 m (depth)

40 km (length), 20 km (width)
150 m (depth)

50 km (length), 40 km (width),
200 m (depth)

Estimated
volume
14 km?

68 km®

8 km®

70 km®

120 km®

90 km®

160 km®

5 km®

10 km®

120 km®

400 km®

Table 4-1 Characteristics of craters mapped in the study area. The volumes of the craters were calculated assuming the craters to
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Mound Location  with  respect to Coverage by 2D data

associated crater and Slide W

A Slightly westwards (geographically  Ten lines in five

(Fig. 4-2) downslope) from Crater A. different orientations.
BCF Between Crater B, Crater C and Twenty-one lines in six
(Fig. 4-2, Crater F. North western corner different orientations.

Fig. 4-3)  coincides with northern flank of

Slide W.
E-1 Above northern portion of Crater E.  Seven lines in four
(Fig. 4-3) different orientations.
E-2 Above southern bay in eastern Three lines in three
(Fig. 4-3) sidewall of Crater E. different orientations.
GJ Located above and eastwards of Twenty-six lines in six

(Fig. 4-3) Crater J, and above and northwards  different orientations.
of Crater G. Northern edge coincides
with northern flank of Slide W.

K Located above northern edge of Six lines in two

(Fig. 4-3) Crater K different orientations.

Table 4-2 Characteristics of mounds mapped in the study area.

Average Dimensions

15 km (length), 15 km (wide),
150 m (depth)
80 km (length), 20 km (width)
175 m (depth)

20 km (length), 15 km (width),
100 m (depth)

10 km (length), 5 km (width),
100 m (depth)

80 km (length), 30 km (width),
200 m (depth)

50 km (length), 10 km (width),
150 m (depth)
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Fig. 4-2: Craters A, B, C and D. (A) A map showing the 2D seismic data coverage over Craters A,
B, C and D. Craters A, B, C and D are delineated by a solid line, while the associated mounds are
delineated by dotted lines Note that Crater C is linked to Crater F (Fig. 4-3) by a trough,
indicated by a dashed line. (B) A seismic line through Craters B and C. See (A) for location. (i)
Vertical correlation between peak on top surface of mound and trough on basal surface of
mound is not perfect, suggesting that the morphology on the basal surface of the mound is real
and not wholly a velocity artefact. (C) A seismic line through Crater B. Stratal relationships to
the overlying mound are indicated. See (A) for location. (ii) Localised vertical correlation
between peaks on the top surface of the mounds and troughs on the basal surfaces of the mounds.
Craters A, B and C are filled by Slide W. (D) A seismic line through Crater D. See (A) for
location. Crater D is not filled by a Slide W, but is filled by sediments that may have undergone

in situ remobilisation or sliding.

Fig. 4-3: Craters B,C, E, F, G, H, I, J and K. (A) A map showing the 2D seismic data coverage
over Craters B,CE, F, G, H, I, J and K. Craters B, C, E, F, G, H, I, J and K are delineated by a
solid line, while the associated mounds are delineated by dotted lines. Note that Crater F is linked
to Crater C (Fig. 4-2) by a trough, indicated by a dashed line. (B) A seismic line through Crater
F. See (A) for location. (i) Peaks and troughs on the top surface of mounds have dips of up to 30°.
(C) A seismic line through Crater E. See (A) for location. Stratal relationships to the overlying
mound are indicated. (D) A seismic line through Crater G, H and J. See (A) for location. Crater
H is not filled by Slide W, but is filled by a later slide. The basal surface of Crater J is crudely
domed. (E) A seismic line through Crater G. See (A) for location. Note that Crater G incises
Brygge Formation Unit IIl. (i) North-eastern sidewall of Crater G has shallow dip of 5°. Note
that Craters E, F, G, J and K are filled by Slide W.
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QCrater

\ I . S Solsikke
Trough Gj &loria

5 -

3000m!
Naust Y
Kai
Unit Il Brygge
. Unit Il Brygge
Bl Unit | Brygge
2000ms
40km
Brygge I
40km
Kai
GT Irygge
ST Brygge
HHA
SD HD

40km

Fig. 4-5: (A) Subcrop map of the regional surface that acts as a basal shear plane to Slide W,
showing the location of Craters A-K and underlying structure. HHA: Helland Hansen Arch, (i)
Well 6405/10-1. (ii) Well 6405/7-1. (iii) Well 6404/11-1. (iv) Well 6403/10-1. (v) Well 6302/6-1. (B)
A south west-north east cross-section through the study area with the subcrop surface mapped in
(A) at the seabed. See (A) for location. (C) A west north west-east south east cross-section
through the study area with the subcrop surface mapped in (A) at the seabed. See (A) for

location.
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No craters are positioned on the eastern Helland Hansen Arch. Craters A, B, C and D
are located on the Havsule Dome (Fig. 4-2 and Fig. 4-5). Craters A, B, C and D tend
to be a little offset from the dome axis, but are elongate and are aligned as a group
parallel to the dome axis (Fig. 4-2 and Fig. 4-5). Further west the relationship between
craters and doming is less clear. Craters E, F, G, H, I and J are located on the flanks
and in the crestal region of the Solsikke Dome (Fig. 4-3 and Fig. 4-5). The craters
positioned on this dome do not show an alignment parallel to the trend of the dome
(Fig. 4-3 and Fig. 4-5). Craters E, F, G, H, I and J are also more irregular in shape
(Table 1, Fig. 4-3 and Fig. 4-5).

Crater K is positioned immediately adjacent to the Faeroe—Shetland Escarpment to the
west of the basin, and is not located on the crestal region of a Miocene dome (Fig.
4-4A). This crater is larger than those associated with doming in the east of the area
(Fig. 4-3A, Table 1), and is aligned parallel to the strike of the Faeroe—Shetland

Escarpment.

4.4 Mounds

4.4.1 Description of mounds

Six large mounds spaced at intervals of 5 to 10 km are positioned above those craters
filled by Slide W (see Chapter 2 for definition of a mound). Each mound is assigned a
label, matching with the crater or craters with which the mound is associated (Table
2). A summary of the mounds found in the study area is found in Table 2. The
mounds vary in thickness from 100 to 300 m, vary in volume from 5 to 720 km®, and
vary in shape from being elliptical to irregular in planform (Table 2). Mounds A, BCF
and GJ are up to twice the volume than the craters they overlie, while Mounds E-1, E-
2 and K are considerably smaller in volume than the craters they overlic. Mounds
associated with the Solsikke Dome craters are positioned directly above the craters
(Table 2, Fig. 4-3D & E). Some mounds such as Mound GJ extend eastwards and
northwards from the craters whilst others such as E-2 are located over the eastern
portion of craters (Table 2). The tops of the mounds are an acoustically soft reflection,
while the bottoms of the mounds are an acoustically hard reflection. These

observations of reflection polarity are consistent with the mounds containing
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acoustically soft material with respect to the surrounding sediment. This is consistent

with the mounds consisting of ooze evacuated from the craters (Riis et al., 2005).

4.4.2 Morphology of mounds

The mounds are crudely lens shaped in cross-section, although in detail the basal and
top surfaces of the mounds exhibit significant relief consisting of peaks and troughs
up to 50 m in height (see (ii) on Fig. 4-2C). The slopes of these peaks and troughs are
steep, reaching 30° locally (see (i) on Fig. 4-3B). Generally troughs of any given
depth on the basal surface of a mound are associated with peaks of a similar
magnitude of relief on the top surface of a mound and vice versa (e.g. (ii) on Fig.
4-2C). Troughs on the basal surface of a mound were labelled as velocity artefacts by

Riis et al. (2005, their Figure 2).

Analysis of the shape of the mounds shows that there is only localised vertical
correlation between peaks on the top and troughs on the base of the mounds (see (i)
on Fig. 4-2B). This demonstrates that the irregular relief of the bases of the mounds is

partly real, and is not entirely a velocity artefact associated with the data.

The mounds pinch out onto the reflection that defines the top of the filling slide (Riis
et al., 2005). This slide is Slide W (Fig. 4-2B & C, Fig. 4-3, Table 2). There are some
exceptions to this, with the edges of Mounds BCF, GJ and K being positioned on the
northern flank of Slide W. These mounds partly pinch out onto the uppermost surface

evacuated by the craters.

Overlying sediments onlap all of the mounds in our study area (e.g. Fig. 4-2B C, Fig.
4-3C & E), suggesting that the mounds were emplaced on the seabed (Riis et al.,
2005). Had these mounds been emplaced as intrusions, substantial deformation of
stratigraphy above the mounds would be expected similar to that predicted above
diapirs (Davison et al., 1993). This is not observed. The relationship of the mounds to
underlying strata is not clear, because the underlying strata have been disturbed by

Slide W. However, indications are that the basal surface of the mounds is incisional,
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cutting into underlying strata (e.g. Fig. 4-2C and Fig. 4-3C). This topic is addressed in
Chapter 5.

4.5 Timing

If the ooze mounds consist of biogenic ooze evacuated from the craters, as suggested
by Riis et al. (2005) and supported from observations presented here, then the date of
formation of the craters associated with the mounds can be found by finding the date
of emplacement of the mounds. The crater and mound forming process is assumed to
be instantaneous with respect to background sedimentation, because the pinch out of
most of the ooze mounds is a single correlative reflection around the perimeter of the
mound. Importantly, it is observed that the datum for the timing of all the ooze
mounds occurs at a single, regionally correlative seismic horizon which corresponds
with the top surface of Slide W, and that they were emplaced at the seabed. Therefore
they would be emplaced at the time of sliding of Slide W. It has been demonstrated
on the basis of palynological data that the sediments that comprise Slide W were
deposited at sometime within a period that can only be dated approximately in the
interval between the late Zanclean and the Gelasian (4 to 1.8 Ma) (Chapter 3). Hence
the timing of formation of those craters associated with ooze mounds falls within the

same period.

This method fails to date Craters D, H and I because these craters are not filled by
Slide W and are not associated with ooze mounds. While the uppermost surface
evacuated by these craters is correlated to the basal shear plane of Slide W and the
uppermost surface evacuated by the other craters, it does not follow that these craters
necessarily formed at the same time as the other craters, because the uppermost
surface evacuated by these craters in the region of Craters D, H and I remained at the
seabed during deposition of Naust W sediments and their subsequent failure as Slide

W, and was not buried till a later date.
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4,6 Discussion

4.6.1 Long term fluid flow

The More Basin is part of a volcanic rifted margin, and the emplacement of magmatic
sills in the subsurface in late Palacocene and early Eocene times (Planke et al., 2005,
Svensen et al., 2003, Svensen et al., 2004, Jamtveit et al., 2004) may have had a
marked influence on the development of fluid flow pathways to the present day.
During emplacement of the sills and dykes, large hydrothermal vent complexes
developed, allowing fluid in the sediments adjacent to sills and dykes to escape to the
seabed rapidly (Planke et al., 2005, Svensen et al., 2003, Svensen et al., 2004,
Jamtveit et al., 2004). It is estimated that there may be 2000-3000 vent complexes in
the Mgre Basin and the Vering Basin to the north (Planke et al., 2005), and during the
emplacement of the dykes and sills significant quantities of methane may have been
released into the atmosphere, possibly contributing to a period of global warming
(Svensen et al., 2004).

Post emplacement, these vent complexes were buried, however geochemical analysis
of Eocene to Pliocene sediment above a vent complex in the Vering Basin has shown
that the vent complex may have continued to be a conduit for fluid flow for around
50 Ma after the emplacement of the dykes and sills (Svensen et al., 2003). This fluid
may have been sourced from the generation of hydrocarbons at lower levels in the
basin (Svensen et al., 2003). An analysis of Pliocene to Pleistocene sediment above
the vent complex mapped by Svensen et al. (2003) was not possible due to incomplete
well data, however the continued deposition of the Naust Formation would suggest
that lower levels of the Mere Basin would continue to become hotter and increase in
pressure as they undergo greater burial, thereby potentially permitting the continued
generation of hydrocarbon fluids at depth to the present day. Riis et al. (2005)
describe seismic amplitude anomalies interpreted to be gas effects adjacent to craters
on the Havsule Dome which post dates the formation of craters, and this is evidence
of continued hydrocarbon migration after the formation of the craters and the

emplacement of Slide W.
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Another potential long term source of fluid flow is serpentisation of the mantle and of
the intrusions emplaced in late Palaecocene and early Eocene times, which can give
rise to fluids such as H,, CO, CO,, and CH4 (Hovland, 2008). This has been
recognised as a potentially important process in the Porcupine Basin (Hovland, 2008).
It is envisaged that these could exploit the Jan Mayen Fracture Zone and the
hydrothermal fracture vents described above, although this hypothesis would require
further testing.

The Brygge, Kai, and bottom Naust Formations that bury the vent complexes have
undergone extensive polygonal faulting (Chapter 2, Berndt et al., 2003, Cartwright
and Dewhurst, 1998, Hustoft et al., 2007), and these may represent a conduit for fluids

leaking from the hydrothermal vents and the Jan Mayen Fracture Zone beneath.

In addition to deeply buried sediment and serpentisation of the intrusions and mantle
being potential sources of long term fluid flow, there are also shallower sources of
upward migrating fluid. A process in this region giving rise to pore fluid expulsion is
the diagenesis of opal A sediments to opal CT sediments (e.g. Berndt et al., 2004,
Cartwright, 2007, Chaika and Dvorkin, 2000, Davies and Cartwright, 2002, Davies
and Clark, 2006, Davies et al., 2008, Volpi et al., 2003, Hein et al., 1978), as
evidenced by the opal A/CT boundary exhibited in this region (Chapter 3, Berndt et
al., 2004, Brekke, 2000). It has been estimated that the porosity of sediments beneath
similar boundaries could be 20% less than that of the sediments above the boundaries
(Chaika and Dvorkin, 2000), therefore this could be a significant source of fluid
(Davies and Clark, 2006, Davies et al., 2008). Another potential shallow source of
fluid is the polygonal faulting (Berndt et al., 2003). However, both of these processes
became inactive before the deposition of sediments that fail as Slide W, although
there was some reactivation of normal faults after emplacement of Slide W (Chapter
3).
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4.6.2 Observations and previous work

Earlier workers who mapped remobilised sediment mounds in the Vering Basin to the
north also noted that the remobilised ooze was sourced from Eocene to Miocene
biosiliceous sediments (Hjelstuen et al., 1997, Hovland et al., 1998, and references
therein). Deep Sea Drilling Project (DSDP) sites 339 and 340 were drilled into
mounds in the Vering Basin, sampling late Eocene ooze and middle Oligocene diatom
ooze respectively (Talwani et al., 1976). ODP leg 104 (site 643) sampled in situ
Miocene ooze with a porosity of between 80 and 90% (Eldholm et al., 1987). The
mounds were interpreted as diapirs (Hjelstuen et al., 1997, Hovland et al., 1998).
Hjelstuen et al. (1997) suggested that the emplacement of diapirs was induced by
differential loading by more dense and less porous prograding Pliocene and
Pleistocene sediments with small offset late Oligocene to Pliocene faults and zones of
weakness acting as migration pathways for the ooze. Hovland et al. (1998) built on
this by arguing that there are four factors that may explain the emplacement of
diapirs: (a) a buried low density, high porosity layer of deformable material (the
ooze), (b) a doming substratum which causes extension and faulting, (c) migration of
light hydrocarbons through some of the faults and fault zones, and (d) possible
tectonic activity. The geological setting of the Mere Basin described above is similar
to that of the Varing Basin (Brekke, 2000, Gay and Berndt, 2007, Hempel et al., 1989,
Hovland et al., 1998, Pittenger et al., 1989, Riis et al., 2005, Skogseid and Eldholm,
1989, Skogseid et al., 1992, Stuevold et al., 1992, Svensen et al., 2003), with a wedge

of prograding denser sediments burying domes of lower density biosiliceous ooze.

Riis et al. (2005) linked some of the remobilised sediment mounds with the craters in
the subsurface, and noted on the basis of well data that the mechanism of removal of
ooze from the craters was efficient, and that the removal of ooze could have pre-dated
the emplacement of the slide deposit. Riis et al. (2005) attempted to solve this
problem by thinking of the slides and the crater formation as two parts of a
simultaneous process. As the slide is emplaced, it loads the low density biosiliceous
ooze, which is overpressured (Riis et al., 2005). The ooze is then remobilised and
ascends up onto the top surface of the slide due to its low density, where it is

transported downslope (Riis et al., 2005). In the model it is the slide that causes the
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craters to form. Riis et al. (2005) noted that seismic amplitude anomalies that are
interpreted as gas effects are positioned adjacent to two of the craters they describe,
and suggest that fluid flow from beneath could facilitate mobilisation of the ooze
through liquefaction, fluidization and gas expansion (c.f. Nichols, 1995). Thus the
model presented by Riis et al. (2005) builds on the models suggested by Hjelstuen et
al. (1997) and Hovland et al. (1998).

Mapping of the early slides within this area presented in Chapter 3 has improved
understanding of Slide W, which fills the craters. Slide W is a large slide with a
generally low displacement in a downslope direction (Chapter 3). This would mean
that the craters would have formed in the subsurface, as crater locations would have
been buried by ~.200 m of Naust W sediments when ooze was first mobilised from
the craters (see isopach map of Slide W presented in Fig. 3-7, Chapter 3). These
locations would not be thinly buried as envisaged by Riis et al. (2005), who imply in
their model (see their Figure 9) that the filling slide was translated over tens of km

into the area in which the craters were to form.

Results presented in this chapter show that there are eleven large craters, from all of
which sediments mapped as Unit II of the Brygge Formation (Chapter 2) are
evacuated and most of which are filled by Slide W. The top most surface evacuated
by all of the craters is a regional surface that is correlated to the basal shear plane of
Slide W. Most of the craters are located on the crests and flanks of the Havsule Dome
and the Solsikke Dome. Where the craters are filled by Slide W large mounds of
sediment, interpreted to be ooze sourced from the craters (Riis et al., 2005), are found
further up the stratigraphic succession. These mounds pinch out onto the top surface
of Slide W and, on the flanks of Slide W, onto the top most surface evacuated by the

craters.

4.6.3 Formation of craters and emplacement of sediment mounds
The results of earlier work and findings presented in this chapter prompt two
important questions, both of which are relevant to understanding how the craters were

formed and the sediment mounds were emplaced. Was the fluid flow from below
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intermittent or continuous? Did fluid flow from below cause crater formation and
initiate slide development, or did the slide develop first? It can be appreciated that a
variety of models could be presented to show how the fluid flow, sliding and crater
formation interact. Here two hypotheses are presented covering the different end
member answers to illustrate some of the processes that might be involved. In the first
hypothesis (Hypothesis A, Fig. 4-6) fluid flow from beneath is highly intermittent. In
this hypothesis an eruption of fluid flow from below is responsible for the initiation of
crater formation, which in turn is responsible for the initiation of sliding. In the
second hypothesis (Hypothesis B, Fig. 4-7) continuous fluid flow from below is
trapped beneath the prograding Naust Formation, with sliding loading the low density
Brygge Formation, causing it to undergo liquefaction, a process which may have been
facilitated by the trapped fluid, initiating crater formation and sediment
remobilisation. These hypotheses and their application to this area are discussed

further below.

4.6.3.1 Hypothesis A

Fluids at depth are considered beneath the sills emplaced in late Palaeocene and early
Eocene times. The fluids become overpressured (e.g. Berndt, 2005). The abundance
of filled gas reservoirs near the Mare Basin (e.g. Ormen Lange, Méller et al., 2004),
suggests that in our study area gas may be dissolved in this fluid. If the fluid were to
become overpressured and breach its reservoir seal, pore fluid pressure would be
released and degassing would occur as the fluid would become super-saturated due to
the loss in pressure. As the gas moves upwards with the pore fluids, potentially
exploiting hydrothermal vents and the polygonal fault system, it would encounter
more porous and less cohesive sediment above the opal A/CT boundary (c.f. Chaika
and Dvorkin, 2000). Both fluid and gas might mobilise the less cohesive ooze above.
This system is perhaps similar to a champagne bottle, where thermodynamic
equilibrium between gas dissolved in the fluid and gas in the headspace is lost on un-
corking leading to degassing of carbon dioxide (Liger-Belair, 2005). The carbon
dioxide lifts or entrains fluid and passes rapidly through a narrow neck into the open

air.
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In the mapping area considered here, the low porosity sediment beneath could
represent the neck of the champagne bottle. Less cohesive sediment above the opal
A/CT boundary could be mobilised by both fluid and escaping gas and ascend through
Naust W sediments. Naust W sediment would be displaced to allow ooze to ascend
through it. This could destabilise Naust W sediments, located at the base of the then
continental slope, giving rise to retrogressive slope failure (c.f. Gauer et al., 2005) and

Slide W.

Hypothesis A would explain why there are no observed deformation structures related
to the emplacement of ooze mounds within the infill where Slide W fills the craters
(Riis et al., 2005), and would also explain why well 6404/11-1 (Fig. 4-1 and Fig. 4-5)
shows no remobilised ooze within Slide W (Riis et al., 2005). If ooze mound
emplacement occurred before failure, then any deformation would be overprinted by
slope failure. Because Slide W has a low displacement (Chapter 3) this deformation

would not be displaced far downslope.
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Fig. 4-6: Hypothesis A. (A) Sediment is deposited on domed normally faulted biosiliceous ooze
which buries hydrothermal vent complexes associated with magmatic intrusions in lower levels of
the basin. (B) Biosiliceous ooze in the regions of Crater Y and Crater Z is remobilised by an
eruption of fluid from beneath (indicated by c. vertical white arrows). In the region of Crater Y
ooze ascends through the sediment drape, possibly entrained in the ascending fluid, accumulating
in 0ooze mounds at the seabed. In the region of Crater Z ooze is lost to the water column. (C) In
the region of Crater Y the ooze ascending to the seabed destabilises the sediment drape at the
foot of the continental slope, bringing about a retrogressive slide. (D) The slide moves the ooze

mound downslope, modifying the morphology of Crater Y.
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Fig. 4-7: Hypothesis B. Continuous fluid flow is represented by c. vertical white arrows. (A)
Sediment is deposited on domed normally faulted biosiliceous ooze which buries hydrothermal
vent complexes associated with magmatic intrusions in lower levels of the basin. Fluid flow
continuously exploits the vent complexes. Fluid is trapped between prograding sediments and
opal A/CT boundary. (B) Deposited sediment fails and moves as a slide. Sediments in region of
Crater Y are loaded by the slide. Ooze is remobilised and ascends due to its low density to the top
surface of the slide. (C) Ooze mound is transported downslope by Slide. (D) Slide modifies
morphology of Crater Y. (E) Further sediments are deposited above the system described in (A)-
(D). (F) These new sediments fail, loading biosiliceous ooze in the region of Crater Z. Ooze is
remobilised and ascends due to its low density to the top of the new slide, and is either lost to the

water column or transported far downslope out of the study area.
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Hypothesis A would explain why mounds associated with the Solsikke craters extend
eastwards and northwards of the craters they are sourced from (e.g. Mound GJ, Table
2, Fig. 4-3A), in spite of a general westwards flow direction of Slide W (Chapter 3). If
the ooze was emplaced on the seabed shortly before Slide W became active, the ooze
could flow in the direction of the local slope away from the crater, and would not be
constrained in moving in the same direction as the slide initially. For example, one of
the mounds associated with Crater E (mound E-2) is positioned over the eastern
portion of Crater E (Table 2, Fig. 4-3A), which is the local downslope direction. This
mound may have been emplaced and flowed eastwards, before being transported

westwards towards its original emplacement position by Slide W.

The observation that all of the craters associated with Slide W were evacuated
synchronously would suggest that the fluid flow event that resulted in the formation of
these craters was a basin wide and potentially catastrophic event. A basin wide fluid
flow event as envisaged by Hypothesis A would be expected to yield a greater
geographic spread of craters than that which is observed in our study area. Hypothesis
A might require Unit III of the Brygge Formation and the Kai Formation (Chapter 2)
to form a seal which would prevent remobilisation of Unit II where domes containing
Unit IT would be buried by later sediments. In contrast to this, Naust W sediments
prior to failure would present a very poor seal to allow upwards remobilisation of
ooze. This 1s considered unlikely, as the Kai Formation exhibits polygonal faulting
which is associated with fluid flow (e.g. Chapter 2, Berndt et al., 2003, Gay and
Berndt, 2007, Hustoft et al., 2007). Alternatively it may be that the craters could only
form up to a maximum burial depth in the subsurface, and that the cover of Naust W
sediments over the uppermost surface incised by the craters was only thin enough
where Unit II subcrops on or near this surface. Our results would support this latter

suggestion, as we have shown that Crater G evacuates later sediments.
Hypothesis A would require further testing to ascertain how fluids would be trapped

at depth, which formations could act as a seal, and how the ooze would move through

the sediments above the Brygge Formation to the seabed. Vents could not be imaged
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with the 2D seismic data used in this study, the presence of hydrothermal vents

underneath craters could be tested with 3D prestack depth migrated seismic data.

4.6.3.2 Hypothesis B

Hypothesis B envisages that fluid migrating upwards from the lower levels of the
basin becomes trapped between the prograding Naust Formation and the opal A/CT
boundary, and that this trapping of fluid might generate overpressure and facilitate
liquefaction of the Brygge Formation. Such a hypothesis would require further testing
to understand whether the Naust Formation could act as a seal, whether fluid would
move up dip and at what velocity it would do so in the Brygge Formation above the
opal A/CT boundary, and whether sufficient overpressure could come about in the
time between the emplacement of the Naust Formation and the failure of tlre Naust
Formation as a slide. These questions are not considered further here, but could be the
focus for further work. Answering these questions would most likely require
advanced basin modelling to be performed to understand the history and rates of fluid
migration from depth, as well as an advanced understanding of lateral and vertical
permeability in the Brygge Formation and a better understanding of the sealing

properties and relative vertical permeability of the Naust Formation.

A hypothesis such as Hypothesis B whereby craters are eroded in the basal shear
surface of a slide would be expected to yield craters over the entirety of the basal
shear plane of Slide W, with there being no necessary relationship to doming. Because
the formation of the craters is restricted to where Unit II of the Brygge Formation
subcrops on the basal shear surface of Slide W, it must be surmised that Unit II
sediments are more prone to erosion by sliding than later sediments such as Unit III of
the Brygge Formation and the Kai Formation. In particular, the close relationship
observed between Craters A, B, C and D with the Havsule Dome would indicate that
ﬂuid sourced from beneath had a role in predisposing the craters to erosion by
subsequent slides. This would be in agreement with Riis et al. (2005), who describe
seismic amplitude anomalies interpreted to be gas effects adjacent to craters on the
Havsule Dome which post dates the formation of craters, and would be consistent

with the long term fluid flow described above further continuing into the late Pliocene
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or early Pleistocene. Hypothesis B would require there to be at least two phases of
crater formation, because our findings show that some craters are filled by Slide W

and some by later slides.

Given the long term nature of fluid flow from depth in the region, it is easier with a
hypothesis such as Hypothesis B to envisage two or more phases of crater formation.
Fluid would continuously be lost to the seabed through the top of the Brygge
Formation domes. As and when the domes are buried by clay sourced from the
continental margin, fluid would be trapped between the opal A/CT boundary beneath
and the Naust Formation above. When the Naust Formation fails in a slide the Brygge
Formation is loaded, undergoes liquefaction, a process that might be facilitated by
trapped fluid, and rises upwards due to its low density, before being transported
downslope by the slide, in a manner similar to that envisaged by Riis et al. (2005).
This process would have to occur over a long enough timescale for the ooze to be

evacuated to the top of the slide efficiently to be then transported downslope.

A hypothesis such as Hypothesis B is supported by the observed erosive behaviour of
later slides in the study area and elsewhere. Later slides such as the Storegga Slide
carved out the giant Gloria Valley Trough and Solsikke Trough in the study area
(Haflidason et al., 2004). Elsewhere it has been observed that large submarine slides
can carve giant grooves 9 km long, and under 15 m deep (Gee et al., 2005) in their
basal shear planes. Within our study area giant enclosed linear slots 30 km long, 4 km
wide and 80 m deep have been observed on the basal shear planes of the Storegga
Slide (Bull et al., 2009a). If slides are capable of carving out giant grooves and slots
that are smaller than the craters described here and giant troughs that are considerably
larger, it seems plausible that a slide could carve out the craters described here as

well.
If Hypothesis B explains the formation of these craters, then these craters would be

the only example we are aware of whereby material incised at the basal shear surface

ascends upwards through the slide to the seabed.
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4.7 Summary and Conclusions

(1) All of the craters described in this study were formed because of the removal of
early Eocene to Oligocene biosiliceous ooze down to the depth of a fossilised Opal
A/CT boundary, which is present in this unit in the Mere Basin. It is found that most
of the craters are associated with doming that culminated in the Miocene. It is found
that all of the craters are located on a regionally correlative seismic surface that is
coincident with the basal shear plane of Slide W (Chapter 3), a slide located at the
base of the Naust Formation which progrades into the basin burying the Brygge and
Kai Formations beneath. Not all of the craters are filled by Slide W.

(2) All of the ooze mounds in the Mgre Basin pinch out on the same regionally
correlative surface, which is the top of Slide W. It is assumed that ooze mounds are
emplaced at the time of crater formation, because the emplacement of mounds at any
other time would require the ooze to be removed from the crater forming system.

Thus all of the craters associated with ooze mounds formed at the same time.

(3) Geochemical evidence presented in the literature suggests that long term fluid
flow from lower levels in the basin towards the seabed has been an active process
from the early Eocene, exploiting hydrothermal vent complexes that are associated
with the emplacement of sills in the late Palacocene and early Eocene. The association
of craters with subsurface doming where fluid sourced from lower levels in the basin
may be lost to the seabed or be trapped under prograding sediments from the

Norwegian margin would suggest a link with long term fluid flow.

(4) Two end member hypotheses are presented which might explain the formation of
these craters. In one hypothesis an eruption of fluid flow from beneath mobilises ooze
to the seabed at the foot of the continental slope where the ooze is emplaced as ooze
mounds, causing slope failure because of undermining of the foot of the continental
slope. In the other hypothesis the slide loads biosiliceous ooze causing it undergo
liquefaction, a process that might be facilitated by continuous fluid flow sourced from
the lower levels of the basin, causing the ooze to ascend through the slide due to its

low density and be emplaced on top of the slide.
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5 ATHREE DIMENSIONAL DESCRIPTION OF
CRATERS AND REMOBILISED SEDIMENT
MOUNDS ON THE MID NORWAY MARGIN

5.1 Introduction

At the end of Chapter 4 two end member hypotheses were presented that might
explain the formation of craters and remobilisation of the Brygge Formation from the
craters. In one hypothesis, the flow of fluid from beneath remobilises the Brygge
Formation upwards, potentially triggering Slide W (Hypothesis A, Fig. 4-6). In the
other hypothesis, loading of the Brygge Formation by Slide W results in liquefaction
of part of the Brygge Formation, which is emplaced on the top surface of Slide W
(Hypothesis B, Fig. 4-7). Hypothesis B may be facilitated by fluid flow from beneath.

It still remains to be established whether Hypothesis A or Hypothesis B reflects the
formation of Craters and remobilisation of Brygge Formation sediment. An improved
understanding of the geometry of the craters should enable a better distinction to be
made between these two hypotheses. In this chapter therefore use is made of 3D
seismic reflection data and well data to describe the 3D geometry of Craters A, B, D,
H and I; and Mounds A, BCF, D (not previously described), and GJ. The dimensions
of these craters and mounds is summarised in Table 4-1 and Table 4-2 respectively in
Chapter 4. The use of 3D seismic reflection data allows generation of time maps of
key horizons, such as the basal surface of the craters, the base of the mounds and the
top surface of the mounds. In addition, the use of horizontal slicing allows the
mapping of the interior geometry of units of interest. Attribute maps are used here to
gain an improved understanding of the slides that bury the craters in the subsurface

and of the geometries and processes associated with the mounds and craters.
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Fig. 5-1: Map showing location of surveys and subsequent figures.
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5.2 Database and methodology

In this chapter, use is made of three of the 3D seismic surveys described in Chapter 2.
Craters A, B and C, and Mounds A and BCF (Chapter 4) are located in the Havsule
survey (Chapter 2, Fig. 5-1 and Fig. 5-2). Craters A and B with their associated
mounds have been previously described using 3D data (Riis et al., 2005). Part of
Mound GJ, part of Crater J, and the entirety of Craters H and I (Chapter 4) are located
in the Solsikke survey (Chapter 2, Fig. 5-1). Mound GJ is penetrated by a well in this
region, and the description of this mound will focus on its sedimentological
characteristics. The description of Craters H and I will focus on the interaction of
subsequent slides with the craters. Craters C and D, and a part of mound BCF
(Chapter 4) are located in the Edvarde Survey (Chapter 2, Fig. 5-1). The Edvarde
survey will be used to describe Crater D and the characteristics of the sediments

evacuated at Crater D in detail for the first time.

5.3 Results of depth conversions

Selected key lines (Fig. 5-3 to Fig. 5-8) are depth converted to obtain a more accurate
visualisation of the cross dimensional geometry of craters and ooze mounds (see
Appendix A-4 for raw data). Pull up and push down relationships are used to create a
hierarchy of interval velocities in key units, namely the Brygge Fonﬁation (Chapter
2), Slide W (Chapter 3), the Mounds (Chapter 4), and the Naust Formation (Chapter
2) that overlies Slide W. Because there is pull up in the Brygge Formation associated
with the craters filled by Slide W (e.g. Fig. 5-3), it is deduced that the internal velocity
of Slide W is greater than that of the Brygge Formation. Because there is push down
in the Brygge Formation associated with the mounds above the craters (e.g. Fig. 5-3),
it is deduced that the internal velocity of the mounds is less than that of Slide W and
the overlying sediments that bury the mounds. Because density normally increases
with depth, and because velocity is proportional to density (Gardner et al., 1974), the
overlying Naust Formation above Slide W is considered to have a slower velocity
than Slide W. From this it is deduced that the unit with the fastest velocity is Slide W,
with the other units having slower velocities. A value for the interval velocity of the
overburden is obtained by a simple calculation performed on well 6403/10-U1 (Fig.
5-21) drilled in the Solsikke survey, using the time picks and the depth of those picks
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to compute a velocity. Iteration is then performed across all of the selected lines, to
minimise pull down and push up effects as far as possible, and the resulting values are
checked against known internal velocities obtained by coring, against velocities

calculated from well 6403/10-U1. The results are summarised in Table 5-1.

5.4 Havsule Survey

5.4.1 Description of craters A and B

In the Havsule Survey are found the Craters named as Crater A and Crater B in
Chapter 4 (Fig. 5-2). Craters A and B are located c. 5 km west of the crest of the
Helland Hansen Arch (Chapter 4, Fig. 5.6 - Fig. 5.8, Riis et al., 2005). They are
enclosed features, forming a contact between the Brygge Formation at the base of the
crater and Slide W within the Naust Formation which fills the craters (Chapter 4, Fig.
5-3 to Fig. 5-8). The edges of the craters are characterised by internal reflections of
the Brygge Formation being truncated against the internal reflections of Slide W
within the Naust formation (Fig. 5-3 to Fig. 5-8). Craters A and B are features mapped
on the basal shear surface of Slide W (Fig. 5-3 to Fig. 5-8), described in Chapter 3.

Crater B was previously mapped using seven 2D lines in four different orientations
which revealed two incisions in its western sidewall (Chapter 4). Here mapping with
3D seismic reflection data that offers a higher resolution demonstrates that there are
five incisions (Fig. 5-2), details that could not be mapped with 2D seismic reflection
data because of the spacing of the lines. The geometry of these incisions is discussed

further below.

3D seismic reflection data are used to accurately calculate the volume of sediments
removed from Crater A. The crater is split into cells 500 m by 500 m, and an average
depth of the crater is calculated in each cell. The obtained values are depth converted,
using a velocity of 1793 m/s (the velocity of the Brygge Formation, see Table 5-1
above), and a total volume for Crater A of 6.5+1.4 km’ is obtained. This is
significantly lower than the volume obtained for this crater in Chapter 4 of 14 km®

(Table 4-1 in Chapter 4). In Chapter 4 Crater A was modelled as a rectangular crater.
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In Chapter 4 the average time depth of the crater was overestimated by 50 ms, and a

velocity of 2000 m/s was assumed for depth conversion.

5.4.1.1 Sidewall of Craters A and B

The sidewalls of Craters A and B are defined by the truncation of Brygge Formation
sediments against Slide W within the Naust Formation (e.g. (i) on Fig. 5-3). The dips
of the sidewalls are measured at 500 m intervals in the orientation of maximum dip,
and the results are summarised on Table 5-2. The table shows that the average dip of
the eastern and western sidewalls of Crater A, and the eastern sidewall of Crater B
range between 28.4° and 29.7°. The western sidewall of Crater A is more complex
and considered separately below. The average dips of the northern and southern
sidewalls of Craters A and B range between 29.7° and 41.2°. While there is some
overlap in uncertainty (see Table 5-2) these results indicate that on average the
northern and southern sidewalls of Craters A and B are steeper than the eastern and
western sidewalls of Crater A and the eastern sidewall of Crater B. The direction of
movement of Slide W is from east to west in this area (Chapter 3). This means that
sidewalls of Craters A and B which dip towards or away from the headwall of Slide
W have steeper dips than the sidewalls of Craters A and B which dip towards the
lateral margins of Slide W, demonstrating a relationship between the flow direction of

Slide W and crater morphology.
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Fig. 5-2: A map of Crater A, Crater B, Mound A and the portion of Mound BCF associated with

Crater B in the Havsule survey highlighting the planforms of these features and the locations of

figures pertaining to Craters A and B. The location of the sidewalls of Craters A and B are

delineated by a solid line, and the location of the edges of Mound A and the portion of Mound

BCF associated with Crater B are delineated by a dotted line.
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Fig. 5-3: A crossline in time through Crater B and the portion of Mound BCF associated with Crater B. A smoothed depth section is also displayed, with data points indicated. See Fig. 5-2 or Fig. 5-13 for location and a planform map. NF: Naust
Formation, NF-W: Naust Formation W, BF: Brygge Formation. The opal A/CT boundary is indicated by a dotted line, (i) Crater sidewalls are defined by truncation of the Brygge Formation against the Naust Formation, (i) Eastward dipping
reflections within the fill of Crater B. (iii) Thrust offset of continuous reflection above eastward dipping planes, (iv) Interpreted line, showing the level of a polarity change on eastward dipping planes in the fill of Crater D. Selected planes are

highlighted, (v) Possible vertical amplitude anomaly trail, (vi) Westward dipping anomaly trail, (vii) Westward dipping plane in internal architecture of 0oze mound, (viii) Possible extension of planes within 0oze mound into Slide W.
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DEPTH SECTION

Fig. 5-4: A crossline in time through Crater B and the portion of Mound BCF associated with
Crater B. A smoothed depth section is also displayed. See Fig. 5-2 or Fig. 5-13 for location and
planform maps. NF: Naust Formation, NF-Y: Naust Formation Y, NF-W: Naust Formation W,
BF: Brygge Formation. The opal A/CT boundary is indicated by a dotted line, (i) A stacked
amplitude anomaly following an eastward dipping plane, (ii) Depression in the top surface of
Slide W to the west of the crater. The smoothed depth section shows this to be real, and not a

velocity artefact, (iii) Later sediments onlap the top of the mound.
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Fig. 5-5: A crossline in time through Crater A and Mound A. A smoothed depth section is also
displayed. See Fig. 5-2 or Fig. 5-13 for location and planform maps. NF: Naust Formation, NF-
Y: Naust Formation Y, NF-W: Naust Formation W, BF: Brygge Formation. The opal A/CT
boundary is indicated by a dotted line, (i) Base of the crater is concordant with stratigraphy
underneath the crater, (ii) Base of the crater is smoother than the stratigraphy underneath the
crater, (iii) Eastward dipping planes in the fill of Crater A. (iv) The top surface of Slide Yy,

dipping inwards into Crater A.
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Fig. 5-6: An inline in time through Crater B and the portion of Mound BCF associated with
Crater B. A smoothed depth section is also displayed. See Fig. 5-2 or Fig. 5-13 for location and
planform maps. NF: Naust Formation, NF-W: Naust Formation W, BF: Brygge Formation. The

opal A/CT boundary is indicated by a dotted line.
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Fig. 5-7: An inline in time through Crater B and the portion of Mound BCF associated with
Crater B. A smoothed depth section is also displayed. See Fig. 5-2 or Fig. 5-13 for location and
planform maps. NF: Naust Formation, NF-W: Naust Formation W, BF: Brygge Formation. The
opal A/CT boundary is indicated by a dotted line.
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Fig. 5-8: An inline in time through Crater A and Mound A. A smoothed depth section is also
displayed. See Fig. 5-2 or Fig. 5-13 for location and planform maps. NF: Naust Formation, NF-
Y: Naust Formation Y, NF-W: Naust Formation W, BF: Brygge Formation. The opal A/CT

boundary is indicated by a dotted line, (i) ¢. 25 m of Slide Y truncated at the southern sidewall of

Crater A. (ii) Vertical amplitude anomaly trails in mound.
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Unit Velocity (well | Velocity (Iteration,
6403/10-U1) 100 m/s)
Naust Formation (above Mound) 1723 m/s N/A
Mound 1708 m/s 1614 m/s
Slide W 2116 m/s
Brygge Formation 1715 m/s 1793 m/s

Table 5-1: Internal velocity values. Values utilised for depth conversions in this chapter are

highlighted in bold.

5-13




CHAPTER 5 A THREE DIMENSIONAL DESCRIPTION OF CRATERS
AND REMOBILISED SEDIMENT MOUNDS ON THE
MID NORWAY MARGIN

As indicated above, the western sidewall of Crater B is not as smooth as the other
sidewalls of Craters A and B, but consists of five U-shaped incisions which are
incised into the Brygge Formation bounded by four tongues of Brygge Formation
sediment which protrude into Crater B and the eastern and western sidewalls of Crater
B (Fig. 5-2). These incisions are labelled I, II, III, IV, and V from south to north (Fig.
5-2). The average dip of the northern and southern sidewalls of these incisions is
33.3°, with a standard deviation from the mean of 13.2° (53 measurements were
performed, see Table A4- 27, Table A4- 28, Table A4- 30, Table A4- 31, Table A4-
33, Table A4- 34, Table A4- 36, Table A4- 37, Table A4- 39 and Table A4- 40 in
Appendix A4 for data), whereas the average dip of the western sidewalls of the
incisions is 25.4°, with a standard deviation from the mean of 7.1° (20 measurements
were performed, see Table A4- 26, Table A4- 29, Table A4- 32, Table A4- 35 and
Table A4- 42 in Appendix A4 for data). Thus the morphology of these incisions is
also related to the flow direction of Slide W.

5.4.1.2 Basal Surface of Craters A and B

The basal surfaces of Craters A and B are acoustically soft reflections with high
reflection amplitude, and an irregular topography (Fig. 5-3 to Fig. 5-8). The basal
shear surface of Slide W (Chapter 3) coincides with the basal surface of the crater
(Fig. 5-3 to Fig. 5-8). The trace of polygonal faulting in the underlying Brygge
Formation (Chapter 2, Berndt et al., 2003, Gay and Berndt, 2007, Hustoft et al., 2007,
Stuevold et al., 2003) is partially outlined on a dip map of the basal surface of Crater
B (Fig. 5-9). The cross sections through Craters A and B show that the basal surface
can be concordant with the stratigraphy beneath (e.g. (i) on Fig. 5-5), although there
are areas where the basal shear surface is smoother than the stratigraphy beneath (e.g.
(ii) on Fig. 5-5). The basal surface of Craters A and B is subparallel to a regional opal
A/CT boundary, but is only coincident with this boundary over 0 - 10 % of the basal

surface of the craters.
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Sidewall Number of | Mean dip Standard
measurements deviation from
mean
Crater A, eastern 21 28.5° 6.5°
Crater A, western 21 29.7° 6.2°
Crater A, northern | 17 39.0° 9.6°
Crater A, southern | 16 33.8° 15.7°
Crater B, eastern 52 28.4° 6.6°
Crater B, northern | 29 29.7° 12.0°
Crater B, southern | 25 41.2° 14.4°

Table 5-2: Measurements of the dip of the sidewalls of Craters A and B. The western sidewall of

Crater B is complex is considered separately below. See Table A4- 19 to Table A4- 25 in

Appendix A4 for data used to compile these average dips.
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Other features of interest on the basal surface of Crater B are small rises on the basal
surface of Crater B with a relief of 30 m, which are elongate in an east to west
orientation, and which have a shallowly dipping eastern edge of 1° and a steeply
dipping western edge of 45° (Fig. 5-10). These features display a geometry with Slide
W which is reminiscent of the geometry of Roche Moutonnées underneath glaciers,
with a shallowly dipping slope dipping towards the headwall of the glacier being
abraded, and a steeper slope dipping towards the toe of the glacier being plucked
(Sugden and John, 1976). Here the features mapped have a shallowly dipping slope
which dips towards the headwall of Slide W, and a steeply dipping slope dipping
towards the toe of Slide W. It is considered that the shallowly dipping slope of this
feature facing the headwall of Slide W is formed in the subsurface by abrasion, a
similar mechanism to that which forms Roche Moutonnées (Sugden et al., 1992,
Sugden and John, 1976). The process which forms the downslide slope of this feature
may be different, because it is unlikely that the conditions for freezing of fluids in

cracks would exist during incision of the craters (c.f. Sugden and John, 1976)

A small crater like depression is imaged on the basal surface of the crater, located
midway along the eastern sidewall of Crater B (Fig. 5-9). This mini-crater is
approximately square, with two embayments in its western sidewall, and is 2 km in
diameter and 50 m in depth. The eastern sidewall of this mini crater has a mean dip of
29.2 ° (5 measurements made, standard deviation from mean 6.6 °, see Table A4- 41
in Appendix A-4 for data), the western sidewall has a mean dip of 14.4 ° (5
measurements made, standard deviation from mean 7.1 °, see Table A4- 42 in
Appendix A-4 for data), the northern sidewall has a mean dip of 24.6 ° (4
measurements made, standard deviation from mean 2.9 °, see Table A4- 43 in
Appendix A-4 for data), and the southern sidewall has a mean dip of 23.9 ° (5
measurements made, standard deviation from mean 9.6 °, see Table A4- 44 in
Appendix A-4 for data). Thus, on average and as above, the eastern and western
sidewalls have a lower mean dip than the northern and southern sidewalls, indicating
that like Crater A and Crater B there is a relationship between the morphology of the

mini-crater and the flow direction of Slide W.
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Lineations around 1 km in length striking east to west are imaged on the basal surface
of Crater B (Fig. 5-9), and which are similar to those described on the basal shear
plane of Slide W in Chapter 3. The lineations on the basal surface of Craters A and B
could be interpreted as the trace of polygonal faulting in the Brygge Formation
beneath the craters. However it is not considered likely that the lineations on the basal
surfaces of Craters A and B are the trace of polygonal faulting, because the lineations
are considerably shorter than the traces of faulting described above (Fig. 5-9). Instead,
the lineations on the basal surface of Crater B are interpreted to be related to
translation of Slide W across the basal surface of the craters, being similar to scour
marks that have been imaged on the basal shear planes of Slide W (Chapter 3). The
scour marks described here are considerably shorter than those observed elsewhere in
the literature (Gee et al., 2005), however this might reflect the minimal translation
distance of Slide W (Chapter 3).

5.4.1.3 Internal fill of Craters A and B

Craters A and B are filled by the Slide W deposits. Well 6404/11-1 drilled in the
centre of Crater B (Fig. 5-2 and Fig. 5-13) shows that Slide W in this region is
composed of a grey mudstone sequence with occasional traces of sandstone and lithic

gravel fragments.

The internal fill of Craters A and B is characterised for the most part by highly
disrupted discontinuous reflections with low reflection amplitude being cross cut over
c. 60 % of the area of the crater by a series of eastward dipping planar reflections of
variable reflection amplitude within the slide body (Fig. 5-3 - Fig. 5-5). The eastward
dipping planar features exhibit higher reflection amplitude close to the basal surface
of Craters A and B and lower reflection amplitude close to the top surface of Slide W

(Fig. 5-3 - Fig. 5-5).
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Fig. 5-9: A dip map of a portion of the basal surface of Crater B, adjacent to the eastern sidewall
of the crater. For an exact location, see Fig. 5-2. (Top) Non-interpreted dip map. (Bottom) Sketch
of dip map displayed above, highlighting important features. The sidewalls of Crater B and the
mini crater located adjacent to the sidewall of Crater B are highlighted by a bold solid black line.
The trace of polygonal faulting is delineated by a fine black line, and scour marks on the basal
surface of crater B are highlighted by fine grey lines. (i) Mini crater adjacent to the eastern

sidewall of Crater B.

Fig. 5-10: An irregularity on the basal surface of Crater B. See Fig. 5-2 for location. (Top) A dip
map of a portion of the basal surface of Crater B highlighting the feature. The dashed green line
represents the base of the crater and the top of the irregularity. (Middle) An east to west section
across the feature. See (Top) for location. Note that the eastern slope of the feature has a shallow
dip and that the western slope of the feature has a steep dip. (Bottom) A north to south section
across the feature. See (Top) for location. Note that both the northern and southern slopes of the

feature have a steep dip.
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Horizontal coherency slices (Brown, 2004) (Chapters 2 and 3) through Slide W within
Crater B demonstrate that the internal architecture of the slide consists of a series of
curving lineations spaced at intervals of 200 m which vary in strike between North to
South and North East to South West (Fig. 5-11). These are very clearly exhibited in
the northern area of Crater B, but are much less so in the southern area of Crater B.

These lineations are correlated with the eastward dipping planes described above.

Given that these planes strike predominantly from north to south, east to west profiles
displayed in Fig. 5-3 and Fig. 5-4 are used to measure the average dip of these planes.
A total of 32 measurements are made, and it is found that the average dip of these

planes is 11.2°, with a standard deviation from the mean of 2.1°

These eastward dipping planes in Craters A and B offset reflections in a manner that
would be consistent with thrust faulting (e.g. (iii) on Fig. 5-3), and are reminiscent of
the closely spaced thrust faulting at the northern edge of Slide W described in Chapter
3 above (Fig. 5-12). The geometry of faults is also in some ways reminiscent of thrust
faulting found at the toes of frontally confined slides (e.g. Frey-Martinez et al., 2006).
The thrust faults exhibited at the northern edge of Slide W were spaced at intervals of
approximately 250 m and exhibited a curving geometry, comparing with a spacing of
200 m observed within Slide W in the fill of Crater B (Fig. 5-11), whereas Frey-
Martinez et al. (2006) demonstrates thrust faulting with a spacing of ¢. 1000 m at the
toe of a slide deposit. The eastward dipping planes within Slide W in the internal fill
of Craters A and B are therefore interpreted as closely spaced thrust faults, which
would indicate that Craters A and B are located in the zone of accumulation of Slide
W (c.f. Frey-Martinez et al., 2006). This interpretation is further supported by the
thickening of Slide W within Craters A and B (Fig. 5-3 - Fig. 5-5). The displacement
of the thrust faults is of the order of 10 m (e.g. (iii) on Fig. 5-3). The dip of these

thrust faults is unusually low.

The variable reflection amplitude exhibited by the eastward dipping thrust faults could
be because of gas exploiting the fault planes as a path for fluid flow (see Loseth et al.
(2009) for amplitude anomalies associated with gas escape pipes), or alternatively

may be because of remnant Brygge Formation ooze within Slide W. Polarity changes
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are observed within the fault planes imaged within Slide W (e.g. (iv) on Fig. 5-3).
These are often associated with accumulations of hydrocarbon gas (e.g. Brown, 2004),
therefore fault planes exhibiting high reflection amplitude may contain hydrocarbon

gas.

The internal fill of Craters A and B is also cross cut by steeply dipping or vertical
amplitude anomaly trails, which link the basal surfaces of Craters A and B with
sediment remobilisation mounds which overlie the craters (e.g. (v) on Fig. 5-3,
Chapter 4, see below for a further discussion of sediment remobilisation mounds).
These features are reminiscent of gas charging adjacent to gas escape conduits
described by Leseth et al. (2009), and are therefore interpreted as such. It is however

acknowledged that the evidence for these is weak.

Some of these potential gas escape conduits cross cut the trend of eastward dipping
thrust faults and dip westwards (e.g. (vi) on Fig. 5-3). Others partially exploit thrust
faulting that has developed within the craters (e.g. (v) on Fig. 5-3). One potential gas
escape conduit is conically shaped (e.g. Fig. 5-3) and developed within one of the
incisions in the western sidewall of Crater A described above. These possible gas
escape conduits therefore developed subsequent to the development of thrust faults
within the crater and formed subsequent to the development of incisions on the
western sidewall of Crater A, and probably formed as a result of continuing fluid flow

from depth to the present after crater formation (e.g. Chapter 4 and references within).
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Fig. 5-11: (Top) A coherency slice, highlighting the internal geometry of the southern portion of
Crater B. See Fig. 5-2 for location. (Bottom) A sketch, highlighting important features of the
coherency slice in (Top). The sidewalls of Crater B are highlighted by a bold solid black line,
lineations within the fill of Crater B are highlighted by fine black lines and the edge of Mound A
is highlighted by a bold dotted line.
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Fig. 5-12: (Top) Thrust faulting within the internal fill of Crater B. (Bottom) Thrust faulting
within Slide W at the northern sidewall of Slide W (see Fig. 3-9b for more details).
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Within Crater A a high amplitude hard reflection is observed dipping westwards into
the fill of the Crater (e.g. (iv) on Fig. 5-5). This reflection is the top surface of Slide
Y, which has been remobilised by Slide W in the region of this crater (c.f. Chapter 3).
The sediments which are bounded above by this boundary, and beneath by the
sidewall and basal surface of Crater A (Fig. 5-5), show internal reflectivity which is
similar to that exhibited by the other sediments in the crater, consisting of semi-
continuous low amplitude reflections. 25 m depth of Slide Y are truncated against
Slide W sediments at the southern sidewall of Crater A ((i) on Fig. 5-8). On an east to
west cross section across Crater A (Fig. 5-5), it is estimated that the area in the crater
fill bounded by the reflection of the top of Slide Y, the sidewalls of Crater A and the
basal surface of Crater A is 150 000 m?. The reflection of the top of Slide Y in Crater
A shows good continuity (Fig. 5-5), and therefore the possibility that sediments
located between the top surface of Slide Y, the basal surface of Crater A and the
sidewall of Crater A were mixed into the sediments of Slide Y from Slide W above is
not considered likely. If prior to crater formation, the thickness of Slide Y over the
area of Crater A were 25 m, as indicated at the southern edge of Crater A (Fig. 5-8),
then if a similar area of the section were occupied by Slide Y prior to crater formation,
Slide Y would bury a length of 6 km from the eastern edge of Crater A, and would
almost entirely bury the crater, save for a small area above the west of where Crater A

is now located.

5.4.1.4 Top surface of fill of Craters A and B

The top surface of Slide W in the region of Craters A and B is flat in the eastern
portion of the craters, however westwards of the craters a topographic depression is
mapped (e.g. (i1) on Fig. 5-4). This depression is imaged on seismic cross sections
(Fig. 5-3 to Fig. 5-8). Depth conversions demonstrate that this depression is real, and
that it is not solely a velocity artefact associated with the mound that fills the
depression (Fig. 5-3 to Fig. 5-8). Depth conversions show that westwards of Crater B
the thickness of Slide W is 100 - 150 m, whereas northwards, southwards and
eastwards of Crater B, the thickness of Slide W is 150 - 200 m (Fig. 5-3 to Fig. 5-8).

The topographic depression mapped on the top surface of Slide W westwards of

Craters A and B might come about because the kinetic energy of Slide W is
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insufficient to translate material upwards over the lip of the crater. Kinetic energy
within the slide must be converted to potential energy to move the slide upwards over
the lip of the crater. If the kinetic energy of the slide is smaller than the potential
energy the slide must attain to be translated upwards over the lip of the crater, the
slide will stop within the crater, and material will accumulate inside the crater and

deplete westwards of the crater.

5.4.2 Description of mounds

Craters A and B are associated with mounds, which are located on the top surface of
Slide W (Chapter 4), a little westwards and downslope of the craters (Chapter 4, Riis
et al. (2005), Fig. 5-13). The Mound associated with Crater A is named Mound A
(Chapter 4). The mound associated with Crater B is part of a larger mound sourced
from Craters B, C and F, and is therefore named Mound BCF (Chapter 4). Here
Mound A and the portion of mound BCF located adjacent to and above Crater B are
described.

3D seismic reflection data are used to accurately calculate the volume of Mound A.
The mound is split into cells 500 m by 500 m and an average time depth is obtained in
each cell. These are depth converted, using a velocity of 1614 m/s (the velocity for
ooze mounds, see Table 5-1 above). A total volume of 9.0+2.8 km’ is obtained. Part
of Mound A is not covered by the 3D seismic reflection data, it is estimated that the
portion of the mound not imaged by the data has a volume of 1+0.3 km®. This yields a
total volume of 10+3.1 km®, which is significantly lower than the estimated volume of
this mound of 28 km® presented in Chapter 4 above. However in Chapter 4 the
average time thickness of the mound was over estimated by 50 ms, a velocity of 2000

m/s was assumed, and it was assumed that the mound was rectangular.
The volume of Mound A calculated here is larger than the volume of Crater A

calculated above (6.5+1.4 km’, see section 5.4.1 above), although there is some

overlap in uncertainty.
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Fig. 5-13: A map of Crater A, Crater B, Mound A and the portion of mound BCF associated with
Crater B in the Havsule survey highlighting the locations of figures pertaining to Mound A and
the portion of Mound BCF associated with Crater B. The location of the sidewalls of Craters A
and B are delineated by a solid line, and the location of the edges of Mound A and the portion of

Mound BCF associated with Crater B are delineated by a dotted line.
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5.4.2.1 Location

Mound A and the portion of Mound BCF located adjacent to Crater B fills the
topographic depression mapped on the top surface of Slide W westwards of Craters A
and B described above (Fig. 5-3 to Fig. 5-8). Mounds A and BCF are not penetrated
by a well, therefore it is not possible to confirm that the sediments within the mound

are sourced from the Brygge Formation.

5.4.2.2 Plan view geometry

The long axis of the portion of Mound BCF associated with Crater B is aligned north
to south, with this portion of the mound being at least 6 km wide and 20 km long (Fig.
5-2 - Fig. 5-13). Mound A is crudely circular, being 15 km in diameter (Fig. 5-2 - Fig.
5-13).

5.4.2.3 External morphology and internal structure

It is unclear whether the base of Mound A and the portion of Mound BCF associated
with Crater B incises the top surface of Slide W. The evidence from seismic cross
sections is ambiguous, because of the disruption observed within the internal

architecture of Slide W.

The topography of the portion of Mound BCF associated with Crater B consists of a
series of ridges which trend between north - south and northwest to southeast,
surrounded by troughs (Fig. 5-14). This topography is particularly clear in the south
eastern part of the mound, and is highlighted by a time map (Fig. 5-14). The strike of
every ridge on the top surface of the portion of Mound BCF associated with Crater B
is measured, and the results are summarised on a Rose diagram, which confirms that
the ridges on average are elongate in a south south east — north north west direction

(Fig. 5-15).

The ridges on the top surface of Mound A and the portion of Mound BCF associated
with Crater B are correlated vertically with troughs on the bottom surface of Mound
BCF (Fig. 5-3 to Fig. 5-8). Depth conversions demonstrate that the troughs on the
bottom surface of Mound A and the portion of Mound BCF associated with Crater B
are real and not velocity artefacts (Fig. 5-3 to Fig. 5-8).
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The cross sectional geometry of the mounds described is in some ways reminiscent of
the geometry of sandstone bodies which undergo layer parallel stretching in a
mudstone matrix (Cowan, 1986). This gives rise to a cross sectional geometry, where
ridges on the top surface of the unit are correlated with troughs on the basal surface of
the unit, with necking and shear geometries similar to what is observed within Mound

A and the portion of Mound BCF associated with Crater B (Fig. 5-3 to Fig. 5-8).

The depth converted angle of slope of the ridges and troughs on the top surface of
mound BCF are measured. Two lines are used in a west south west — east north east
orientation at right angles to the strike of the structures (Fig. 5-3 and Fig. 5-4), and
two lines are used in a south south east — north north west orientation parallel to the
strike of the structures (Fig. 5-6 and Fig. 5-7), to ensure that dip angles measured are
real dips. For the lines in a west south west — east north east orientation, it is found
that the westward dipping slopes are on average steeper than the eastward dipping
slopes, with the westward dipping slopes having an average dip of 6.3° (standard
deviation from mean is 3.1°, 47 measurements) and the eastward dipping slopes
having an average dip of 4.8° (standard deviation from mean is 2.5°, 47
measurements) (Fig. 5-16). On the lines with a south south east — north north west
orientation it is found that the average dips of northward and southward dipping
slopes are more similar, being 4.5° and 4.4° respectively (standard deviation from
mean is 2.3° and 3.7° respectively, 68 measurements in each orientation) (Fig. 5-17).
Noting a considerable overlap in standard deviations from the mean, it seems that the
ridges may be nonetheless asymmetric in cross section, but symmetric in length

section.
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Fig. 5-14: A time map of the top surface of Slide W and Mound BCF.

5-30



CHAPTER 5 A THREE DIMENSIONAL DESCRIPTION OF CRATERS
AND REMOBILISED SEDIMENT MOUNDS ON THE
MID NORWAY MARGIN

Fig. 5-15: A rose diagram, showing the orientation of the long axes of ridges observed on the top

surface of the portion of Mound BCF associated with Crater B.
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Features of Mound A and the portion of the mound associated with Crater B visible
on the 3D seismic reflection data are a series of planar features with low reflection
amplitude that cross cut the mound on lines with an east to west orientation (e.g. (vii)
on Fig. 5-3). The planes which dissect the mounds mainly dip westwards, but a few
dip eastwards (Fig. 5-3 - Fig. 5-5). The planes that cross cut mound BCF are spaced at
intervals of approximately 500 m and dip predominantly westwards, such that the
western slope of a ridge on the top surface of a mound is linked to the eastern slope of
the trough associated vertically with a ridge on the top surface further westwards (e.g.
(vii) on Fig. 5-3). The dip of the westward dipping planes dissecting Mound BCF is
similar to the average dip of westward dipping slopes on the top surface of Mound
BCF (e.g. (vii) on Fig. 5-3).

The planar features that cross cut the ooze mounds on lines with an east to west
orientation are reminiscent of normal faulting or shear zones striking north to south.
The similarity with normal faulting is suggested by the geometry of the planar
features linking a slope of a ridge on the top surface of the mound with the opposite
slope of a trough located beneath the adjacent ridge. In Mound BCF the faults
intersect with the troughs on the top surface of the mound and the ridges on the
bottom surface of the mound (Fig. 5-18). This resembles a half graben arrangement,
with ridges on the top surface of the mound acting as a hanging wall and the troughs
on the basal surface of the mound acting as a footwall, displaced downwards from the
hanging wall (Fig. 5-18). On Mound BCF the shallowly dipping eastward slopes on
the top surface of the mounds suggest rotation of half grabens, making the style of
deformation within the mounds reminiscent of domino faulting (Barr, 1987). The
normal faults within the mounds do not extend upwards into the overburden. The
overburden onlaps the fault scarps (e.g. (iii) on Fig. 5-4), and this is indicative that

these faults formed while the mound was exposed on the seabed.

The dip of the normal faulting is unusually low for normal fault zones, with the dips
of the normal faults being an average of 6.3° in Mound BCF. This suggests that at the
time of faulting the mound was weakly brittle or weakly ductile, which may have

been partly or entirely due to high fluid pore pressure (Axen, 1992).
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Fig. 5-16: Distribution of slope dips measured on lines with an east to west orientation. See Table

A4- 45, Table A4- 46, Table A4- 49 and Table A4- 50 for data.
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Fig. 5-17: Distribution of slope dips measured on lines with an north to south orientation. See

Table A4- 47, Table A4- 48, Table A4- 51 and Table A4- 52 for data.
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Vertically stacked columns of sediments with higher reflection amplitude are situated
indiscriminately with respect to the outer morphology of the mound (e.g. (ii) on Fig.
5-8). On 2D and 3D seismic reflection data gas escape conduits such as pipes often
show up as vertical narrow amplitude anomalies, with the reflection amplitude of the
gas escape conduit being higher than the reflection amplitude of the sediments in
which the gas escape conduit is found, which may indicate gas charging adjacent to a
gas escape conduit (c.f. Leseth et al., 2009, Fig. 5.19). In the portion of Mound BCF
located adjacent to Crater B narrow vertical high amplitude anomalies are also
observed. These would require further testing to be evidence of gas charging adjacent
to a gas escape conduit after Laseth et al. (2009), as the seismic data are noisy, and

vertical high amplitude anomalies could represent artefacts.

Another feature of the topography of Mound A and the portion of Mound BCF
associated with Crater B is a series of circular conically shaped features 250 to 500 m
in diameter and 25 m in height superimposed on top of the geometry of the top
surface of the mounds described above. These features, clearly visible on a time map
of a portion of the top surface of Mound BCF (Fig. 5-20), are spaced at intervals of
approximately 500 m, and are located on the crests of ridges on the top surface of the
mound (Fig. 5-20). The conically shaped features are not interpreted as mud
volcanoes related to emplacement of the ooze, because there is no evidence of a

central vent.
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Fig. 5-18: (Top) A close up of the mound in Fig. 5-3. (Bottom) After Barr (1987). (i) trough on top
surface of Mound. Westward dipping plane in Mound intersects top surface of mound here, (ii)
Ridge on bottom surface of mound. Westward dipping plane inside mound intersects bottom

surface of mound here.
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Fig. 5-19: A comparison of a gas escape conduit inside a mound (top), and a gas escape conduit
utilising a fault (Loseth et al. 2009). The amplitude anomaly on the top figures may be due to gas

charging.
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Instead the circular conically shaped features can be compared to deformation
associated with Raleigh Taylor instability. The top surfaces of sedimentary units
which have undergone Raleigh Taylor instability are characterised by a ridge and
spoke pattern, with the spokes being regularly spaced in a square or hexagonal pattern
(e.g. Ribe, 1998). The distribution of the circular shaped features on the top surface of
Slide W is irregular and not so similar to the layout of spokes which develops when a
sedimentary body undergoes Rayleigh Taylor instability in perfectly isotropic stress
conditions. It is noted however that in nature that Rayleigh Taylor instability related
upwelling associated with subsurface salt in the Zagros Mountains of Iran and the
Zeichstein Basin in Germany has an irregular pattern (Jackson et al.,, 1990, Ribe,
1998, Trusheim, 1960), similar to what is observed here, therefore Mound B may

have undergone Raleigh Taylor instability.

5.5 Solsikke Survey

5.5.1 Description of Mound

A mound is located in the south eastern portion of the Solsikke Survey (Fig. 5-21).
This mound is part of the mound named as Mound GJ in Chapter 4. The Solsikke
survey covers the north eastern portion of this mound, in the vicinity of Crater J, a
small portion of which is imaged on the unconformity separating the Brygge
Formation from the Naust Formation underneath Mound GJ (Fig. 5-22). The portion
of the mound described here extends north eastwards and south eastwards from this
crater (Fig. 5-21). Crater J 1s filled by Slide W, and Mound GJ is located on the top
surface of Slide W (Fig. 5-22 and Fig. 5-23). As with Mound B, the top surface of
Mound GJ is an acoustically soft seismic reflection and the basal surface of Mound

Gl is an acoustically hard seismic reflection (Fig. 5-22 and Fig. 5-23).

5.5.1.1 Waell calibration of Mound

Mound GJ is penetrated by well 6403/10-U1 in the Solsikke Survey (Fig. 5-21), and
this allows an investigation of the similarities and differences between the Brygge
Formation and the sediments that form the mounds in this region. Sidewall cuttings

from this well show that the mound consists of very sandy biosiliceous ooze. The
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Brygge Formation, from which the mounds are sourced (Riis et al., 2005) (Chapter 4),
but which has not been removed at the locality of the well, consists of ooze containing

pyrite, carbonate and mica. Slide W in this region contains silt and mica.

A petrophysical log suite was obtained in well 6403/10-Ul. Geophysical results
suggest that the density of the ooze mound varies between 1.25 and 1.45 g/cm’, and
that the porosity of the mound varies between 50 and 80 %. The density of Slide W
varies between 1.95 and 2.05 g/cm3, and the porosity of Slide W is between 0 and 15
%. The density of the in situ Brygge Formation is consistently 1.45 g/cm’, and its

porosity is consistently 60 %.

It has been previously observed that the volume of the mounds is frequently larger
than that of the craters from which they are sourced (see above, Chapter 4). The well
data obtained from well 6403/10-U1 makes it possible to explore why this might be.
The well data shows that key differences between Mound GJ and the Brygge
Formation from which the mound is sourced are that the mound consists of very
sandy ooze, whereas the Brygge Formation consists of ooze, with a rare pyrite and
carbonate. The mound also shows a greater variation in porosity and density than the
Brygge Formation from which the mound is sourced. During the process of ooze
extrusion sediments may be removed from Slide W. It may be that the ooze interacts
and mixes with the sediments within Slide W, giving rise to a sandy ooze mound with
variable density and porosity. This would explain why the mounds increase in
volume. Alternatively the portion of Mound GJ sampled by the well may have been
sampled from a sandier portion of the Brygge Formation not sampled by the well. It is

also possible that water was added to the ooze during extrusion.

Another difference between the portion of the ooze mound sampled by 6403/10-U1
and the Brygge Formation sampled in this well is that rare pyrite and carbonate are
sampled in the Brygge Formation but not in the mound. This material may be mixed

into Slide W, or left as a residue at the base of a crater.
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Fig. 5-20: Detailed map and scctions through a portion of Mound BCF, showing the detailed topography of the top surface of the mound. Sclected peaks are labelled A-F. (Top left) A time map of the top surface of the portion of Mound BCF
associated with Crater B. See Fig. 5-13 for location. (Bottom left) An interpreted sketch map of (Top left). The black circles indicate the location of conical features on the top surface of Mound BCF. (Top right) A west to east cross section through

the area mapped to the left. Interpreted shear zones are interpreted by a black dotted line. (Bottom right) A north to south cross section through the area mapped to the left.
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Fig. 5-21: A map of a portion of Mound GJ associated with Crater J in the Solsikke Survey
highlighting the location of figures pertaining to Mound GJ. The location of the sidewall of
Crater J is delineated by a solid line, and the location of the edge of the portion of Mound GJ

associated with Crater B is delineated by a dotted line.
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Fig. 5-22: A crossline in time through Mound GJ. A smoothed depth section is also displayed.
See Fig. 5-21 for location. NF: Naust Formation, NF-W: Naust Formation W, BF: Brygge
Formation. The opal A/CT boundary is indicated by a dotted line, (i) Dipping plane linking a
trough on the top surface of Mound GJ to a ridge on the bottom surface of Mound GJ

5-42



CHAPTER 5 A THREE DIMENSIONAL DESCRIPTION OF CRATERS
AND REMOBILISED SEDIMENT MOUNDS ON THE
MID NORWAY MARGIN

Mound
NF-W

4 km £100

NF

BF

Fig. 5-23: A crossline in time through Mound GJ. A smoothed depth section is also displayed. See
Fig. 5-21 for location. NF: Naust Formation, NF-W: Naust Formation W, BF: Brygge
Formation. The opal A/CT boundary is indicated by a dotted line, (i) Truncation of internal

sediments of Slide W. (ii) Normal fault which delineates the boundary of Mound GJ in this area.
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5.5.1.2 External Morphology

The cross sectional morphology of the portion of Mound GJ described here is more
complex than that of Mounds A and B. While Mounds A and B displayed localised
thickness variations, the trend was that the mounds were thickest in the centre and
thinnest at the edges, pinching out onto the top surface of Slide W. While the portion
of Mound GJ described here thins to its north eastern and south western margin, the
mound is at its thickest at its north western margin (Fig. 5-23), with cross sections

showing the mound to be 100 m thick at this margin (Fig. 5-23).

The thickening towards the north western edge of Mound GJ (which is the upslope
limit of the mound, Fig. 5-23) is interpreted to be evidence of mound incision or
erosion by a later slide, which would make the north western edge of the portion of
Mound GJ described here an erosive boundary. The truncation of the internal
reflections of Slide W beneath the north western edge of the mound against internal
reflections of a later slide (e.g. (i) on Fig. 5-23) supports this interpretation. It is
unlikely that the thickening observed at the north western edge of Mound GJ is
primary, because this would require the upslope movement of a large volume of
remobilised sediment from the current centre of the mound to the edges of the current
mound, which is not observed elsewhere (e.g. Mound A and Mound BCF). This
incision of Mound GJ occurs along the line of a north east — south west trending
normal fault which dips north westwards and pierces the overburden (Fig. 5-21, (ii) on
Fig. 5-23), and it is considered that this fault may have represented a zone of

weakness that was easily incised.

Like Mounds A and BCF, the top and basal surfaces of mound GJ are characterised
by a series of ridges and troughs, with ridges on the top surface being correlated
vertically with troughs on the bottom surface. The mounds and troughs on the top
surface of Mound BCF are arranged regularly and trend in an approximately north to
south direction, however the ridges and troughs on the top surface of Mound GJ
imaged in the Solsikke survey display no preferred orientation, being more circular
than elongate (e.g. (i) on Fig. 5-24). As with Mound B, we interpret the ridges and
troughs on the top surface and basal surface of the mounds, with an approximate

correlation between ridges on the top surface and troughs on the basal surface of the
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mound, as evidence of extension. In addition to this, there are some areas in Mound
GJ where the top surface of the mound is essentially flat, whereas ridges and troughs
continue to be imaged on the basal surface of the mound (Fig. 5-23). This is further
evidence that the ridges and troughs on the basal surface of the mound are real. It has
been noted above that the north western edge of Mound GJ is incised by a later slide.
The geometry described here of the mound having a flat top and irregular base may
also be because of incision of the later slide into ridges on the top surface of the

mound.

5.5.1.3 Internal Geometry of Mound GJ

A similarity to the mound associated with crater B are a series of vertically aligned
packages of higher amplitude sediments within Mound GJ, and the dissection of
Mound GJ by shallowly dipping low amplitude planes (e.g. (1) on Fig. 5-22). The
shallow dipping planes with low reflection amplitude are similar to those described at
Mound B above, linking a ridge on the top surface of Mound GJ with an adjacent
trough on the basal surface of the mound (e.g. (i) on Fig. 5-22). The shallow dipping
high amplitude planes linking ridges on the top surface of the mound with adjacent
troughs on the basal surface of the mound are interpreted as low angle normal faults
(see above). As with Mound B described above, these do not extend upwards into the
overburden and later sediments onlap the fault scarps (e.g. Fig. 5-23), suggesting that
the faulting was active when the mound was exposed at the seabed. As above, the
vertical high amplitude anomalies within the mounds are interpreted as gas escape

conduits.

5.5.2  Description of Craters

The craters located in the Solsikke survey were labelled as Craters H and I in Chapter
4 above. These craters, located in the north western portion of the Solsikke survey,
were distinguished from many of the other craters described above because they are
not filled by Slide W and are not associated with ooze mounds. They are however

filled by the same slide that incises Mound GJ (see above).

5.5.2.1 External Morphology and Burial of Craters H and I

Craters H and I are defined in a similar manner to Crater B above. The basal surface

of Craters H and I is a soft reflection, which is a boundary between the Brygge
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Formation below and the Naust Formation above. The sides of the craters are defined
by the truncation of internal seismic reflections of the Brygge Formation against

internal reflections of the Naust formation (e.g. (i) on Fig. 5-26).

Craters H and I are different however to Crater B above, in that they are not fully
enclosed features. The north western edge of Crater H and the north eastern edge of
Crater I open into a larger and deeper erosive feature (Fig. 5-25), with the internal
sediments of Craters H and I being adjacent to sediments which fill the deeper erosive
feature (e.g. (1) on Fig. 5-27). The erosive feature (Fig. 5-25) is known as the Solsikke
Trough, a feature which may have been carved out by the Holocene Storegga Slide
(Haflidason et al., 2004).

The slide that fills Craters H and I is not the same slide that fills the Solsikke Trough.
Craters H, I and the area not incised by the Solsikke Trough are buried by two slide
deposits which are separated by a high amplitude hard reflection (Fig. 5-26 and Fig.
5-27). The bottom slide to bury Craters H and I is the same slide which incises Mound
GJ above (Fig. 5-28). The upper slide to bury Craters H and I is the Holocene
Storegga Slide. There is only one slide deposit imaged within the Solsikke Trough
(Fig. 5-26 and Fig. 5-27), and, being exposed at the seabed, this is interpreted as the
Storegga Slide.
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Fig. 5-24: A time map of the top surface of Mound GJ. See Fig. 5-21 for location, (i) A non-

elongate ridge on the top surface of Mound GJ.
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Fig. 5-25: A map of a Craters H and I in the Solsikke Survey highlighting the location of figures
pertaining to Craters H and I. The location of the sidewall of Craters H and I is delineated by a

solid line, and the location of the sidewalls of the Solsikke Trough are delineated by a dashed line.
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Fig. 5-26: A crossline in time through Crater I. See Fig. 5-25 for location. NF: Naust Formation,
BF: Brygge Formation, (i) Truncation of Brygge Formation sediments at the edge of Crater L. (ii)

A hard reflection with high reflection amplitude, separating the Storegga Slide above from the

slide which fills Crater I below.
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Fig. 5-27: A crossline in time through Crater H. See Fig. 5-25 for location. NF: Naust
Formation, BF: Brygge Formation, (i) Truncation of Brygge Formation sediments at the edge of
Crater H against the fill of the Solsikke Trough, (ii) A hard reflection with high reflection
amplitude, separating the Storegga Slide above from the slide which fills Crater I below, (iii)

Plane with eastward component of dip in the fill of Crater H.
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Fig. 5-28: A crossline in time through Mound GJ and Crater H. See Fig. 5-25, Fig. 5-29 and Fig.
5-30 for location. NF: Naust Formation, NF-W: Naust Formation W, BF: Brygge Formation, (i)

Plane with eastward component of dip in the fill of Crater H.
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Craters H and I may have been originally associated with an earlier slide, which has
since been eroded or remobilised by a later slide. The absence of sediment
remobilisation mounds associated with these craters may represent evidence of this
process. For example, Craters H and I may once have been buried by Slide W and
overlying sediment remobilisation mounds in a manner similar to the burial of Craters
A and B described above, with another later slide incising and remobilising Slide W
and the sediment remobilisation mound. Evidence which would support this is that the
Slide which does fill Craters H and I does incise Slide W (Fig. 5-23). The burial of
Craters H and I by Slide W is however considered unlikely. In the region of Mound
GJ (described above) Slide W thins north westwards over the Solsikke Dome (Fig.
5-23), and therefore it is likely that Slide W would thin to zero thickness south
eastwards of Crater H and Crater 1. However it is not precluded that Craters H and I
were associated with a slide event subsequent to Slide W and were also associated
with sediment remobilisation mounds, which have since been incised by a more recent
slide. The opening of Craters H and I into the Solsikke Trough suggests that the
sediments in which Craters H and I formed were incised by the Storegga Slide. In
particular, the location of Crater H at the upslope limit of the Solsikke Trough, raises
the possibility that incision of the Solsikke Trough may have initiated at the locality
of Crater H. This would require the Storegga Slide to incise downwards into the slide
that buries Crater H, and to then incise downwards into the crater floor of Crater H

and to incise in the direction of flow into the north western sidewall of Crater H.

The incision of Craters H, I and the sediments in which these craters are incised by the
Storegga Slide raises the possibility that sediment remobilisation mounds emplaced
on top of the bottom most slide to bury Craters H and I may have been incised by the
Storegga Slide. This would be an alternative explanation of why these craters are not
overlain or linked with sediment remobilisation mounds like Craters A, B and J

described above.

5.5.2.2 Basal Surface and Internal fill of Craters H and I

The basal surface of both Craters H and I exhibits irregular topography. In addition to
a trace of the polygonal faulting which deforms the Brygge formation in this area
(Chapter 2 & 3) (Berndt et al., 2003, Cartwright and Dewhurst, 1998, Hustoft et al.,

5-52



CHAPTER 5 A THREE DIMENSIONAL DESCRIPTION OF CRATERS
AND REMOBILISED SEDIMENT MOUNDS ON THE MID
NORWAY MARGIN

2007), short lineations of up to 1000 m in length are observed (Fig. 5-29). These
lineations are aligned in a south east to north west orientation, a similar orientation to
the Solsikke Trough in this area. The lineations on the basal surfaces of Craters H and
I are shorter than but otherwise similar to those observed on the basal surface of

Crater B, and are therefore interpreted similarly as scour marks.

Despite being filled by a later slide, the internal geometry of the fill within Crater H
and Crater I is similar in some respects to that described within Crater B described
above. The fill of Crater B was distinguished on a coherency slice by lineations with
spacing of 200 m, the strike of which varied between being north to south and south
east to north west. In both Crater H and Crater I similarly spaced lineations are
distinguished on coherency slices (Fig. 5-30 and Fig. 5-31). In Crater H the strike of
these varies between east to west and north east to south west (Fig. 5-30). In Crater I
the strike of the internal fabric varies between north to south and north east to south
west (Fig. 5-31). Cross sections show that the dip of these planes has an easterly

component (Fig. 5-26 and Fig. 5-28).

The generally eastward dipping planes that dissect the fills of Craters H and I are
reminiscent of thrust faulting described at the northern edge of Slide W, and on this
basis are interpreted as such. It should be noted that, unlike Craters A and B above,
these thrust faults exhibit very low reflection amplitude, suggesting that the process of
ooze removal from the crater floor was efficient here, or else that the slide deposit was
deposited sometime after formation of the crater. Vertical amplitude anomalies such
as those described in the internal fill of Craters A and B are not observed. These may
have existed in an earlier slide deposit which may have buried craters H and I which

may have later been incised by a later slide event.
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Fig. 5-29: A dip map of a portion of the basal surface of Crater 1. For an exact location, see Fig.
5-25. (Top) Non-interpreted dip map. (Bottom) Sketch of dip map displayed above, highlighting
important features. The sidewalls of Crater I are highlighted by a bold solid black line. The trace
of polygonal faulting is delineated by a fine black line, and scour marks on the basal surface of

crater B are highlighted by fine grey lines. Location of Fig. 5-28 is indicated.
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Fig. 5-30: (Top) A coherency slice, highlighting the internal geometry of Crater H. See Fig. 5-25
for location. (Bottom) A sketch, highlighting important features of the coherency slice in (Left).
The sidewalls of Crater H are highlighted by a bold solid black line, lineations within the fill of
Crater B are highlighted by fine black lines. Location of Fig. 5-28 is indicated.
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Fig. 5-31: (Top) A coherency slice, highlighting the internal geometry of Crater I. See Fig. 5-25
for location. (Bottom) A sketch, highlighting important features of the coherency slice in (Top).
The sidewalls of Crater I are highlighted by a bold solid black line, lineations within the fill of
Crater B are highlighted by fine black lines.
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5.6 Edvarde Survey

5.6.1 Description of Crater and Crater fill

In Chapter 4, 2D seismic reflection data were used to describe the plan view geometry
of Crater D. This crater is somewhat enigmatic because it is not filled by Slide W, and
because no ooze mound could be mapped on 2D data. Crater D is fully enclosed, with
the sidewalls being defined by the termination of internal reflections of the Brygge
Formation against the internal reflections of the Naust Formation (Fig. 5-33 to Fig.

5-36).

5.6.1.1 Plan view geometry

The crater is aligned in a south south east — north north west orientation, and is 25 km
long (Fig. 5-3). The crater is 7 km wide at its southern end, becoming progressively
narrower northwards (Fig. 5-3). There is a dogleg in the eastern sidewall of the crater.
In the south this strikes north to south, however further north it strikes south east to
north west (Fig. 5-3)

5.6.1.2 Basal surface

The basal surface of Crater D is irregular, but similar to the basal surfaces of the other
craters described above in this chapter. It is defined as a soft reflection which
separates the Brygge Formation beneath from the Naust Formation above (Fig. 5-33
to Fig. 5-36). The trace of underlying polygonal faulting can be mapped on relief and
dip maps of the crater (Fig. 5-37). A key difference between the basal surface of
Crater D and the basal surfaces of other craters described in this chapter is an absence

of lineations which are interpreted elsewhere as scour marks.
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Fig. 5-32: A map of a Crater D and Mound D in the Edvarde Survey highlighting the location of
figures pertaining to Crater D and Mound D. The location of the sidewall of Crater D is

delineated by a solid line, and the location of the edge of Mound D is delineated by a dotted line.
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Fig. 5-33: A crossline in time through Crater D and Mound D. See Fig. 5-32 for location. NF:
Naust Formation, BF: Brygge Formation, P2: Package 2, P3: Package 3. The lensoid shaped
package is highlighted in transparent grey.
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Fig. 5-34: A crossline in time through Crater D. See Fig. 5-32 for location. NF: Naust Formation,
BF: Brygge Formation, PI: Package 1, P2: Package 2, P3: Package 3. The lensoid shaped

package is highlighted in transparent grey.
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Fig. 5-35: A traverse in time through Crater D. See Fig. 5-32 for location. NF: Naust Formation, NF-W: Naust Formation W, KF: Kai Formation, BF: Brygge Formation, PI: Package 1, P2: Package 2, P3: Package 3. The lensoid shaped package
is highlighted in transparent grey, (i) Incision of sediments that can be correlated with Slide W by the Storegga Slide, (ii) Sediments which can be correlated with Slide W truncated at edge of Crater D. (iii) Base of Lensoid shaped package (an
opal A/CT boundary) cross cuts stratigraphy, (iv) Sediments of lensoid shaped package are domed between normal faults. VI and V2: Vent complexes underneath lensoid shaped package.
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Fig. 5-36: An inline in time through Crater D. See Fig. 5-32 for location. NF: Naust Formation, KF: Kai Formation, BF: Brygge Formation, PI: Package 1, P2: Package 2, P3: Package 3. The lensoid shaped package is highlighted in transparent

grey, (i) Downlap of sediments in lensoid shaped package onto opal A/CT boundary.
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Fig. 5-37: A dip map of a portion of the basal surface of Crater D. For an exact location, see Fig.
5-32. (Top) Non-interpreted dip map. (Bottom) Sketch of dip map displayed above, highlighting
important features. The sidewalls of Crater D are highlighted by a bold solid black line. The

trace of polygonal faulting is delineated by a finer black line.
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5.6.1.3 Sediments evacuated at Crater D

Sediments from the Brygge Formation have been evacuated from Crater D (Fig. 5-33
to Fig. 5-36), however sediments are also evacuated from a lensoid shaped
stratigraphic package that is discontinuous and which is only mapped within the Mere
Basin in the region of Crater D within the Brygge Formation (Fig. 5-33 to Fig. 5-36).
This lensoid shaped package is centred on the Havsule Dome, with the package being
thickest on the crest of the dome and pinching out on the dome flanks (Fig. 5-33 to
Fig. 5-36). The lensoid shaped package is penetrated by Well 6403/6-1. While the
package was not sampled, the geophysical data suite obtained in the package indicates
that the package has a density of 2.1 g/cm’, slightly lower than the Brygge Formation
above the package which has a density of 2.15 g/cm’. This indicates that the
composition of this package is not too different from the composition of the rest of the

Brygge Formation.

The bottom surface of the lensoid shaped package is a high amplitude hard reflection
(Fig. 5-33 to Fig. 5-36) that is interpreted elsewhere as an opal A/CT boundary that is
mapped beneath the other craters (e.g. Chapter 4). Underneath 90 % of the sediment
body, the opal A/CT boundary is concordant with stratigraphy beneath the boundary;
however the opal A/CT boundary cross cuts stratigraphy beneath the boundary at the
north western corner of the sediment body (Fig. 5-35). Sediments from the lensoid
shaped package are evacuated from Crater D downwards to the opal A/CT boundary
(Fig. 5-33 to Fig. 5-36).

The upper surface of the lensoid shaped package is also an acoustically hard high
amplitude reflection. On seismic reflection data internal reflections within this lensoid
shaped package has anomalously low amplitude (Fig. 5-33 to Fig. 5-36). These
reflections are semi-continuous, and, particularly at the edges of the sediment body,
downlap onto the opal A/CT boundary (e.g. (1) on Fig. 5-36). Between the normal
faults, which cut across the package, the interior reflections of the sediment body have

a domed appearance (e.g. (iv) on Fig. 5-35).

The dip of reflections above the lensoid shaped package is greater than the dip of the
reflections beneath the lensoid shaped package (Fig. 5-33 to Fig. 5-36). This might be
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indicative of sediment above the lensoid shaped package collapsing into the lensoid
shaped package, which would suggest that the lensoid shaped package was not able to
support large loads and may have had low shear strength. However the lensoid shaped
package is now cross cut by normal faulting, which suggests that the lensoid shaped
package gained shear strength after burial, becoming more brittle, by a mechanism
similar to dewatering. The deformation of the overburden extends upwards into a
package of sediments that is correlated with Slide W (Fig. 5-35). This indicates that

the deformation of the lensoid shaped package occurred at around this time.

A number of columnar features consisting of vertical stacks of disrupted reflections
are observed beneath the lensoid shaped sediment package, with these features being
terminated at the base of the lensoid shaped sediment package (e.g. V1 and V2 on Fig.
5-35). In geometry, these are similar to the vents in this area described by Svensen et

al. (2003), and are therefore interpreted as such.

5.6.1.4 Burial of Crater D

Crater D is buried by three stratigraphic packages that can be delineated on 3D
seismic reflection data (Fig. 5-33 to Fig. 5-36). Each of these packages is
characterised by the internal reflections consisting of discontinuous low amplitude
reflections (Fig. 5-33 to Fig. 5-36). Each package is bounded below and above by a
continuous high amplitude reflection. The bottom most package to bury Crater D is
bounded below by an acousticélly soft reflection and above by an acoustically hard
reflection, and is named Package 1 (Fig. 5-33 to Fig. 5-36). The middle package
which buries Crater D is bounded by the acoustically hard reflection that is the upper
boundary to Package 1, is bounded above by an acoustically soft reflection, and is
named Package 2 (Fig. 5-33 to Fig. 5-36). The topmost package to bury Crater D is
bounded below by the acoustically soft reflection which is the upper boundary of the
middle package and is bounded above by the present day seabed, which is an

acoustically hard reflection (Fig. 5-33 to Fig. 5-36). This is named Package 3.
The top surface of Package 1 is a semi-continuous lower amplitude reflection, which

cannot be traced over ca 50 % of the crater (Fig. 5-38). A mound that is too small to

be interpreted on 2D data is mapped pinching out onto this surface to the north west
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of the crater, in a manner similar to the way that Mound B pinches out onto the top
surface of Slide W. This mound, named Mound D, is up to 150 m thick (Fig. 5-33).
The volume of Mound D is impossible to measure because it is located on the edge of
the dataset, however the portion of Mound D within our dataset is miniscule
compared to the amount of sediment that has been removed from the crater. Mound D
is similar in its characteristics to Mound GJ, described above. The top surface of
Mound D is characterised by a series of randomly arranged ridges and troughs (Fig.
5-33). Ridges on the top surface of the mound are associated with troughs on the basal
surface of the mound (Fig. 5-33). The top surface of Mound D is onlapped by later
sediments, suggesting that Mound D was emplaced at the seabed (Fig. 5-33).

Package 3 is exposed at the present day seabed. Lineations which strike from east to
west above the southern portion of Crater D and which curve so that they strike
parallel to the eastern sidewall of Crater D from south east to north west above the
northern portion of Crater D are imaged on the basal surface of this package. These
are interpreted as scour marks on the basal shear surface of the Storegga Slide (Fig.
5-39). This interpretation is confirmed by the mapping of similar lineations eastwards

of Crater D on the basal shear surface of the Storegga Slide (Fig. 5-39).

Packages 1 and 2 are also interpreted as separate slides. This interpretation is
primarily on the basis that both packages consist of internal discontinuous reflections
with low reflection amplitude (e.g. Fig. 5-33 to Fig. 5-36), but the interpretation of
these two features as separate slides as opposed to one slide is because of the mound
on the top surface of package 1, which does not appear to be an intrusive feature in
the middle of a slide consisting of packages 1 and 2 because of the lack of
deformation of the package 2 above this feature.
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Fig. 5-38: A time map of the top surface of Package 1 in the area of Crater D. In the region of
Mound D (shown in the insert), the top of Mound D is taken as the top of Package 1.
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Fig. 5-39: A dip map of the basal surface of Package 3 (The Storegga Slide) above Crater D, and

eastwards of the southern portion of Crater D. (i) and (ii) indicate scour marks on the Basal

shear surface of the Storegga Slide.
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Package 1 is of particular interest, because this slide fills Crater D, and because
Mound D is on the top surface of Package 1. It is considered likely that the headwall
of Package 1 is the south eastern sidewall of Crater D. The top most sediments to be
truncated at the sidewall of Crater D is the package of sediments which can be
correlated with the sidewalls of Slide W (Fig. 5-35). There is evidence that these
sediments have been incised further upslope by the Storegga Slide ((i) on Fig. 5-36),
and that therefore prior to the Storegga Slide the thickness of sediments correlated
with Slide W truncated at the south eastern sidewall of Crater D would have been
greater. The top of Package 1 is truncated against the Brygge Formation beneath the
sediments correlated with Slide W at the south eastern sidewall of Crater D, and this
would be consistent with Crater D being in the zone of depletion of Package 1. The
thickness of Package 1 is thinner near the eastern sidewall of Crater D and thicker
towards the western sidewall of Crater D (Fig. 5-33 and Fig. 5-34), with Package 1
having a thickness less than that which can be resolved on seismic reflection data at
the northern end of the Crater (Fig. 5-33), and this is also consistent with an
interpretation of the headwall of Package 1 being the south eastern sidewall of Crater

D, with Crater D being under the zone of depletion of Package 1.

It is considered less likely that Package 1 is correlated with slides which occurred
after Slide W which are incised further up the continental slope by the Storegga Slide,
although this eventuality cannot be precluded. Had this been the case, it would have
been more likely that the thickness of Package 1 in Crater D would have been thicker,
and that the top surface of Package 1 would be truncated against the top surface of the
south eastern sidewall. Mound D is not truncated or incised, and because Mound A is
on the top surface of Package 1 it follows that Package 1 has not undergone

significant incision by Package 2.
The observation that Package 1 is not incised and that the top surface of Package 1 is

truncated close to the base of the eastern sidewall of Crater D demonstrates that the

area mapped as Crater D underwent unloading during the formation of Crater D.
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5.7 Synthesis

Craters A, B, D, H and I are features defined at the top of the Brygge Formation and
the base of the Naust Formation. The sidewalls of these craters are defined as being a
surface where internal reflections of the Brygge Formation are truncated against

internal reflections of the Naust Formation.

Craters A, B, D, H and I are filled by Plio-Pleistocene slides which have occurred on
the mid Norway margin. Craters A and B are filled by Slide W (Chapter 3). Craters H
and I are filled by a slide which incises Slide W eastwards of Craters H and 1. Crater
D is filled by a slide, the timing of which with respect to Slide W is uncertain.

The fill of Craters A, B, H and I are characterised by a series of closely spaced
shallowly dipping thrust faults with an easterly component of dip, demonstrating that
these craters are formed in zone of accumulation of the slides which fill them. The
spacing of these faults is c. 200 m and the average dip of these faults in Crater B is c.
11.2°, with a standard deviation of 2.1°. In craters A and B, fluid escape pipes are
observed which exploit these thrust faults and cross cut these thrust faults. At crater
D, the slide which first fills the crater is depleted, suggesting that this crater formed in

the zone of depletion of this slide.

A relationship is observed at Craters A and B between the direction of flow of Slide
W and the dip of the sidewalls of these craters. It is observed that sidewalls dipping
downslope in the direction of movement of Slide W are shallowest, sidewalls dipping
towards the headwall of Slide W are steeper, and that sidewalls dipping towards the

lateral margins of Slide W are the steepest.

The base of Craters A, B, D, H and I can be defined as the basal shear surface of the
slides which fill these craters. On the basal surface of Craters A, B, H and I scour
marks trending c. east to west are observed c. 1 km long. On the basal surface of
Crater B a rise which is reminiscent of a Roche Moutonnée is observed. The
orientation of this rise would be consistent with abrasion of the shallower eastward

dipping slope of the rise by Slide W.
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Craters A, B and D are overlain by mounds of remobilised sediment which are
emplaced on the top of the slides which fill these craters. The mounds associated with
Craters A and B are emplaced in a topographical depression on the top surface of
Slide W which is located over the western sidewalls of Craters A and B. The upper
surface of the mounds which overlie Craters A and B is characterised by a series of c.
north to south trending ridges which are correlated vertically with troughs on the basal
surface of the mounds, and by a series of randomly distributed conical rises. These
may represent Rayleigh Taylor Instability. These ridges and conical rises are onlapped
by overlying sediments, suggesting emplacement of the mounds at the seabed. The
internal geometry of the mounds which overlie Craters A and B are characterised by a
series of interpreted shallowly dipping normal faults dipping westwards which link
troughs on the top surface of these mounds with ridges on the basal surface of the
mounds. The westward dipping slopes of the top surface of the mounds which overlie
Craters A and B are on average steeper than the eastward dipping slopes of the
mounds which overlie Craters A and B. The external and internal geometry of the
mounds is consistent with necking, boudinage and extension of the mounds. The

volume of the mound which overlies Crater A is larger than that of Crater A.

Part of a mound which overlies craters G and J (craters G and J are not covered by 3D
data) is mapped. This mound is emplaced on the top surface of Slide W and is named
Mound GJ. Mound GJ is essentially similar to the mounds which overlie Craters A
and B, however differs in that there is no preferred orientation of ridges on the top
surface of Mound GJ, that there is no preferred orientation of normal faults in Mound
GJ, and that Mound GJ has been incised by the slide which fills Craters H and I
(described above). Well evidence at Mound GJ suggests that during emplacement of
this mound there may have been attrition of pyrite and carbonate at the base of Slide
W or in the internal fill of Slide W, and that sediments within Slide W may have been

mixed into the remobilised sediments.

5.8 Discussion

A key question posed at the beginning of this chapter is whether these craters form
because of fluid flow from beneath (a bottom upwards hypothesis, Hypothesis A, Fig.
4-6), or whether the craters form due to loading of the Brygge Formation by slides
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such as Slide W (a top downwards hypothesis, Hypothesis B, Fig. 4-7). The key to
understanding whether these craters are formed because of fluid flow from below,
potentially triggering the slide, lies in understanding whether remobilisation of ooze
started before or after the start of sliding. The challenge is that any deformation
associated with a remobilisation of ooze before the initiation of sliding may be
overprinted by the slide process, meaning that any features described here may be

overprinting original deformation structures, if they existed.

It is not considered likely that the craters were ever exposed on the seafloor. In
Chapter 3 Slide W was described as likely having a minimal translation distance of
under 10 km, being more akin in some respects to an area of in situ sediment
remobilisation. Given that Craters A and B are located a minimum of 80 km from the
toe region of Slide W, it follows that the site of Craters A and B would have been
buried at the time of sliding. Other craters described here and in Chapter 4 are also
some distance from the headwall region of Slide W (see Fig. 4.1 in Chapter 4). It has
been established (Chapter 4, Riis et al., 2005) that mounds emplaced above craters on
the top surface of the first slide to bury the craters are sourced from the Brygge
Formation. If the ooze mounds are sourced from the craters, and if Slide W is not
translated far (<10 km, Chapter 3), the ooze must have transposed strata, therefore it
is considered impossible that the craters formed on the seabed and were buried before

the occurrence of later slides.

5.8.1 Evaluation of Hypotheses A and B

Much of the evidence presented in this chapter could be argued to be in favour of
either Hypothesis A or Hypothesis B. For example, Craters A, B, H and I exhibit
scour marks on their basal surfaces, demonstrating that Slide W was translated across
the basal surfaces of Craters A and B and that other slides were translated across the
basal surface of Craters H and I. This could mean that the external morphology of
craters such as Craters A, B, H and I was modified by later slides (consistent with
Hypothesis A), or alternatively that later slides continued to translate across the crater
floors of Craters A, B, H and I after loading and carving out the craters (consistent

with Hypothesis B).
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The incisions in the western sidewall of Crater B described above are in some ways
reminiscent of the headwall and sidewalls of slides, and may represent collapse of the
sidewalls into the area of the craters. For the crater wall to fail sediments adjacent to
the crater wall must either be removed or undergo a change in physical properties
such as undergoing liquefaction or fluidisation, so that sediments sourced from failure
of the sidewall could displace sediments adjacent to the sidewall. Fluidisation and
liquefaction would be in keeping with Hypothesis A. Alternatively the incisions on
the western sidewall of Crater B could represent incision of the western sidewall of
Crater B by Slide W after formation of the crater with incised ooze sediment being
mixed into Slide W or remobilised to the surface, a scenario which could arise under

Hypothesis A or Hypothesis B.

It has been demonstrated above that there is a good relationship between the
morphology of Craters A and B and the flow direction of Slide W. A general rule is
that sidewalls parallel to the flow direction of Slide W are steeper than sidewalls
perpendicular to the flow direction of Slide W. This could imply steepening of lateral
sidewalls by Slide W indicating erosion of the lateral sidewalls, or could represent
abrasion of the western and eastern sidewalls of these craters, also indicating erosion.
These would be especially compatible with Slide W loading and carving out the
Craters (Hypothesis B), but it could also be compatible with Hypothesis A if Slide W

merely modifies the morphology of the craters.

The observation of thrust faulting in the internal geometry of Craters A, B, H and I,
and the idea that thrust faulting within the interior fill of Craters A and B may be
exploited by hydrocarbon fluid flow, raises the possibility of liquefied sediment also
using the thrust as a conduit to the surface. The thrust faults in the internal fill of
Craters A and B would only form subsequent to the initiation of Slide W. Therefore if
the thrust faults were exploited by liquefied sediment as a conduit to the surface, it is
likely that liquefaction of the Brygge Formation would occur after the initiation of
Slide W, suggesting a possible causal relationship between Slide W and liquefaction
of the Brygge Formation. This would be consistent with Hypothesis B, but could also
be consistent with Hypothesis A if liquefaction occurred prior to sliding and upwards

remobilisation occurred after the initiation of sliding.
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An important observation is that Crater D underwent unloading during crater
formation. This contradicts Hypothesis B, which requires the Brygge Formation to be

loaded by a slide to bring about liquefaction.

5.8.2 A new hypothesis

Neither Hypothesis A nor Hypothesis B satisfactorily explains the formation of craters
and the remobilisation ooze to mounds on the mid Norway margin. Any hypothesis
developed to explain the formation of craters and remobilisation of 0oze must account
for the fact that it is necessary for ooze of the Brygge Formation to be transposed
through the overlying Naust Formation, because the spacing of craters on the basal
surface of Slide W and mounds on the top surface of Slide W (~40 km, Chapter 4) is
far greater than the displacement of Slide W (< 10 km, Chapter 3). Here a new
hypothesis, Hypothesis C, is developed and presented. Hypothesis C links the
formation of craters and remobilisation of ooze to the dissociation of gas hydrate
brought about by the rapid deposition of the Naust Formation on top of the Brygge
Formation. Gas hydrate is formed on parts of the mid Norway margin at the present
day; however it is believed that gas hydrate formation is currently inhibited because of
the presence at the sea bed of sediments with poor porosity and permeability (Biinz et
al., 2003). No direct evidence of gas hydrate at the present day is observed in the
study area. Hypothesis C is not supported by direct evidence, and therefore
Hypothesis C should be regarded as speculative and in further need of testing.
Strengths and weaknesses of Hypothesis C will be highlighted in the following part of
this chapter.

5.8.2.1 Gas Hydrates

Gas hydrate dissociation is well known to lead to destabilisation of large volumes of
slope sediment (e.g. Kennett et al., 2003, Mclver, 1982). Gas Hydrate dissociation has
been implicated in the triggering of the Storegga Slide (e.g. Bryn et al., 2005a,
Mienert et al., 2005). The conditions at the time of crater formation are therefore
evaluated, to examine whether gas hydrate could have been present in sufficient

quantities to warrant examination of dissociation as a potential trigger.
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The sediments which comprise Slide W are correlated with a contourite sequence
(Chapter 3), which has been identified as ideal for the formation of gas hydrate (Biinz
et al., 2003). Rapid deposition of sediments which comprise Slide W between 4 Ma
and 1.8 Ma (Chapter 2) would cause the base of the gas hydrate stability zone to shoal
upwards. The consequent dissociation of gas hydrate to free gas could create
overpressured conditions at the top of the Brygge Formation if a connected gas

column would be able to form.

This system might be fed by advection of free gas from depth. The large accumulation
of gas at the nearby Ormen Lange gas field suggests a significant source of
thermogenic gas. The Upper Jurassic Spekk Formation has been identified as a
potential source rock; although this may be overmature (e.g. Swiecicki et al., 1998).
There may also be Upper Cretaceous oil source intervals (e.g. Brekke et al., 1999).
Continued advection of gas from depth, which is believed to be the source for gas
hydrate formation on the mid Norway margin (Biinz et al., 2003), would contribute to
the overpressured conditions. This overpressure would persist until the free gas could
escape into the ocean atmosphere system, and it is hypothesised that this may be at the
time of failure of Slide W and crater formation. These ideas are tested, using craters A

and B as a case study.

In order to understand how the theoretical position of the base of the Gas Hydrate
Stability Zone relates to the regional opal A/CT boundary, the depositional thickness
of the Brygge Formation above the arrested opal A/CT transition in the areas of
Craters A and B must be calculated accurately. It is also important to know the
depositional thickness of Slide W in the area of craters A and B to understand
accurately the relationship between migration of the base of the Gas Hydrate Stability
Zone and sedimentation between 4 Ma and 1.8 Ma. The compaction of sediments on

the mid Norway margin is estimated using the formula:

C=(1 - &)/ (1 - &) [1] (Berner, 1980)

where @; is the initial porosity, and @;is the formation porosity.
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Fig. 5-40: Best fit porosity-depth profiles from Praeger (2009), taken from ODP Site 717, Indian

Ocean; ODP Site 900, Iberia margin; ODP Site 931, Amazon Fan; ODP Site 935, Amazon Fan;
ODP Site 944, Amazon Fan; ODP Site 976, western Mediterranean; ODP Site 977, western
Mediterranean; ODP Site 979, Western Mediterranean; ODP Site 985, North Atlantic; ODP Site
986, North Atlantic; ODP Site 1079, West Africa; ODP Site 1146, South China Sea; ODP Site
1148, South China Sea; ODP Site 1245, Cascadia Margin; and ODP Site 1324, Gulf of Mexico.
Ooze rich lithologies are indicated in black and clay/silt/sand rich lithologies are indicated in red.
Superimposed on the data are porosity depth profiles for sediments correlated with the Naust
Formation (green) and the Brygge Formation (purple) at ODP sites 642 and 643, compiled from

Hempel et al. (1989)
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Formula [1] assumes that there is no bioturbation, no dissolution and removal of
sediment by pore fluids, no chemical reactions involving pore fluid or bulk solid, and

that the rate of deposition is equal to the rate of compaction (Berner, 1980).

Measurements from ODP site 642, 643 and 644 show that the in-situ porosity of the
Brygge Formation is a maximum of 80 %, and that the in-situ porosity of the base of
the Naust Formation is a maximum of 70 %. These measurements are taken from
sediments a maximum of 200 m from the seabed; hence these samples are not
significantly compacted. Because of the paucity of information regarding the
formation porosities of the Brygge Formation and the base of the Naust Formation,
which are buried at the present day at depths of 625 and 475 m beneath the seabed
respectively, compaction profiles from Praeger (2009) are used to estimate likely

current formation porosities, and to estimate the compaction of the sediments.

The Brygge formation is buried at a depth of c. 625 m beneath the seafloor in the area
of Craters A and B (Fig. 5-3 to Fig. 5-8). For sediments rich in nanofossil ooze, such
as the Brygge Formation (Chapter 2), Praeger (2009) uses porosity-depth plots to
show that the initial porosity ranges between 65 % and 80 %, and that the porosity of
these sediments at a depth of 500 m ranges between 35 and 55 % (Fig. 5-40). Porosity
values at greater depths are not available. Between depths of 100 and 280 m, which is
the depth range at which the Brygge Formation is sampled at the ODP holes in
Chapter 2, porosities compiled by Praeger (2009) range between 40 and 80 % (Fig.
5-40). The upper end of this range is in agreement with geophysical and sampled
porosities at the ODP sites, which range between 60 and 80 % (Chapter 2, Fig. 5-40).
Therefore the values for initial porosity and formation porosity at 500 m burial depth
from Praeger (2009) are substituted into expression [1] to find the uncompacted
thickness of the Brygge Formation. It is found that these sediments have undergone
compaction ranging between 0.33 and 0.77. Given that the sampled porosities of the
Brygge formation lie at the upper end of the range of ooze rich sediments described
by Praeger (2009) (Fig. 5-40), compaction is likely to be at the upper end of this
range. This means that the original uncompacted thickness of the Brygge Formation
would lie within a range between 195 m and 455 m, lying close to the bottom end of

this range.
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The Naust Formation is buried approximately 475 m beneath the seafloor in the area
of Craters A and B (Fig. 5-3 to Fig. 5-8). For more clay rich sediments, such as those
found at the base of the Naust Formation (Chapter 2), porosity-depth plots compiled
by Praeger (2009) show that at 475 m the porosity of these sediments varies between
25 % and 60 %, and that the initial porosity of these sediments varies between 80 %
and 60 % (Fig. 5-40). From 0 to 50 m depth, the depth at which the Naust Formation
is sampled at the ODP sites described in Chapter 2, the porosities compiled by Praeger
(2009) for more clay rich sediments are between 30 and 80 %, which agrees with a
range of 50 to 70 % found at the ODP sites described in Chapter 2 (Fig. 5-40).
Therefore values for initial porosity and formation porosity at 475 m burial depth
from Praeger (2009) can be substituted into expression [1] above. It is found that these
sediments have undergone compaction ranging between 0.27 and 0.73, which would
imply that the uncompacted depth of the Naust W at the base of the Naust Formation

would lie within a range between 205 m and 555 m.

The likely thickness of the gas hydrate stability zone before, during and after Slide W
will be dependent on temperature, and therefore on the geothermal gradient (e.g.
Dickens, 2001). The present day geothermal gradient on the mid Norway margin is
modelled using the current position of the base of the gas hydrate stability zone to the
north of the study area, and is found to be between 51.5 °C/km and 55.8 °C/km
(Bouriak et al., 2000). This unusually high geothermal gradient may represent
thinning of the continental crust in this area (Olafsson et al., 1992). A lower figure of
between 31 and 53 °C/km has been put forward as a geothermal gradient in this
region (Neagu et al., in press); however these lower values are derived from
uncorrected bottom borehole temperatures, hence the higher geothermal gradient

suggested by Bouriak et al. (2001) is preferred.

The thickness of the gas hydrate stability zone is dependent on pressure and therefore
will be constrained by water depth (e.g. Dickens, 2001, Fig. 5-41). The current water
depth in the vicinity of Craters A and B is 1500 m. The onset of northern hemisphere
glaciation is often cited as occurring between 2.6 and 2.7 Ma on the basis of Ice
Rafted Debris (Hjelstuen et al., 2005, Jansen et al., 2000), which is in the middle of

the period during which the sediments that comprise Slide W were deposited. From
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3.2 Ma to 1.8 Ma 8'%0 records in the North Atlantic show that sea level dropped by
40 m (Fig 5-42, Sosdian and Rosenthal, 2009).

The depth of the gas hydrate stability field will also be affected by bottom water
temperature, so it is important to consider how bottom water temperature might have
changed between 4 Ma and 1.8 Ma. Between 17 and 16 Ma the seabed temperature at
high latitude was 5 — 6 °C warmer than at the present day (Savin et al., 1975). Since
then there have been two periods of climatic deterioration — from 15 to 12 Ma, and
from 4 to 2 Ma (Fig. 5-43, Wright and Miller, 1996). Global temperature has
decreased from 5 Ma during the second period of climatic deterioration to the present
by 3.5 °C (Lear et al., 2003). Wright and Miller (1996) show that §'%0 increased from
2 to 2.9 from 15 to 12 Ma, and that §'°0 increased from 2.9 to 4 from 4 to 2 Ma (Fig.
5-43, Wright and Miller, 1996) Northern Component Water flux increased at 12.5 Ma
(Fig. 5-43, Wright and Miller, 1996), it has been estimated that the initiation of the
onset of deep water circulation through the Faeroe-Shetland Basin caused seabed
temperatures to reduce by 3 — 4 °C (Coachman and Aagaard, 1974). There was a
significant increase in Northern Component Water flux from 4 to 3 Ma (Fig. 5-43,
Wright and Miller, 1996) during the period of climatic deterioration from 4 to 2 Ma,
this may have caused further cooling of temperature at the seabed. A Mg/Ca record at
mid latitudes in the North Atlantic from Sosdian and Rosenthal (2009) shows cooling
from 5 — 2 °C from 3.2 to 1.8 Ma (Fig. 5-44).

Graphs showing the likely depth of the gas hydrate stability zone beneath the seafloor
at 4 Ma and the depth of the gas hydrate zone beneath the seafloor at 1.8 Ma after
deposition of the sediments that comprise Slide W are plotted after Dickens (2001) in
order to test the hypothesis that the base of the gas hydrate zone shoaled upwards
towards the boundary between the Brygge Formation and the Naust Formation during
the deposition of sediments that comprise Slide W (Fig. 5-41).
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Fig. 5-41: After Dickens et al. (2001). (a) Graph of seafloor depth vs. depth of the base of the gas
hydrate zone beneath the seafloor at 4 Ma before deposition of Naust W sediments. Sources of
uncertainty are indicated, and are relative to the assumed conditions (see text), (i) Range of the
thickness of the depth beneath the sea floor of the opal A/CT transition, (b) Graph of seafloor
depth vs. depth of the base of the gas hydrate zone beneath the seafloor at 1.8 Ma after deposition
of Naust W sediments. Sources of uncertainty are indicated, and are relative to the assumed
conditions (see text), (ii) Range of the thickness of the depth beneath the sea floor of the boundary

between the Naust Formation and the Brygge Formation.
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Fig. 5-42: After Sosdian and Rosenthal (2009). S5IsO records for the North Atlantic, indicating

eustatic sea level change from 3.2 Ma to the present.
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Fig. 5-43: After Wright and Miller (1996). Record of Northern Water Component (NCW) flux
(obtained by recording benthic foramaniferal 813C changes in the southern ocean relative to
change in North Atlantic and Pacific records) and of S1sO (obtained from Benthic Foraminifera)
between 25 Ma and 2.5 Ma (the record from 2.5 Ma to the present is not shown due to high
frequency variations). NHG: Northern Hemisphere Glaciation. Two periods of climatic
deterioration are observed between 15 and 12 Ma, and between 4 and 2 Ma. An increase in NCW

flux is observed at 12.5 Ma, and between 4 and 3 Ma.
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Fig. 5-44: After Sosdian and Rosenthal (2009). Mg/Ca record from the North Atlantic (DSP Site
607, approx 40 °N and 35 °W), indicating changes in bottom water temperature from 3.2 Ma to

the present.
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The graph showing the likely depth of the base of the Gas Hydrate Stability Zone at
1.8 Ma assumes a bottom water temperature of ~ 2 °C, after Sosdian and Rosenthal
(2009). It is noted that this value comes from mid latitudes, and that therefore the
bottom water temperature may have been a little lower. Cooling of 3 °C from 5 °C at
4 Mato 2 °C at 1.8 Ma is assumed, which is similar to the estimate of global cooling
in this period by Lear et al. (2003), and which is also consistent with (a) the bottom
temperature record of Sosdian and Rosenthal (2009), (b) seabed temperature being 5 —
6 °C warmer than the present day between 17 and 16 Ma (Savin et al., 1975), (c) two
periods of climatic deterioration since this time (Fig. 5-43, Wright and Miller, 1996),
and (d) an increase in Northem Component Water flux between 4 and 3 Ma (Fig. 5-
43, Wright and Miller, 1996). An uncertainty of £2 °C is assigned to account for high
frequency temperature oscillations during the period of interest (Fig 5-42, Sosdian and
Rosenthal, 2009)

The water depth at 3.2 Ma was similar to that at the current day (Sosdian and
Rosenthal, 2009). No significant change is observed in 5'30 between 4 and 3.5 Ma
(Fig. 5-43, Wright and Miller, 1996), suggesting that there was no significant change
in eustatic sea level during this time. Therefore the current day water depth of 1500 m
is assumed for 4 Ma. A water depth of 1460 m is estimated at 1.8 Ma from §'%0
records in the North Atlantic (Sosdian and Rosenthal, 2009). An uncertainty of +40 m
is assigned to account for high frequency oscillations of sea level during the period of

interest (Fig 5-42, Sosdian and Rosenthal, 2009).

Both graphs assume a geothermal gradient of between 50 and 55 °C/km, which is
similar to the current geothermal gradient recorded by Bouriak et al. (2000) in the
Mere Basin. A similar geothermal gradient to the present day is assumed in the time
interval of interest, however it is noted that the geothermal gradient could have
undergone large changes in the last 4 Ma due to rapid deposition of the Naust
Formation. A key issue which remains to be resolved is the competition between the
rate of deposition, the rate of heating and the slope of the gas hydrate phase boundary.
A weakness of Hypothesis C is the assumption that heat flow in the Mare Basin is
able to adjust to rapid deposition of the Naust Formation, and this part of the

hypothesis would require further testing and refinement.
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Other important factors that have been identified which may affect the depth of the
gas hydrate stability zone are the salinity of the body of water in which sediments are
deposited and the sea level depth at the continental shelf (Dickens et al., 2001).
Salinity is assumed to be close to current day conditions, however this assumption
also requires further testing and refinement. The depth of the continental shelf is
related to sea level changes, because the craters occupy a similar position with respect
to the continental shelf through the period of interest. The given uncertainty reflects
the uncertainty in sea levels given above. The uncertainties associated with salinity

and the depth of the continental shelf are also displayed on the graphs.

The graphs displayed in Fig. 5-41 demonstrate that the predicted base of the gas
hydrate stability zone at 4 Ma is 245 m below the seafloor, with an uncertainty of +45
m. This overlaps with the calculated range of depths of the opal A/CT boundary
beneath the seabed at 4 Ma before deposition of the sediments that fail as Slide W,
which is calculated to be in the range 195 and 445 m (see above). The graphs
displayed in Fig. 5-41 also show that the predicted base of the gas hydrate stability
zone at 1.8 Ma is between 225 m and 325 m. This overlaps with the range of depths
calculated for the boundary between the Naust Formation and Brygge Formation at
1.8 Ma, which is calculated to be at the lower end of the range between 205 and 555
m (see above). These findings are consistent with the hypothesis that the failure of
Slide W and the formation of Craters may be related to the base of the gas hydrate
stability zone shoaling towards the boundary between the Brygge Formation and the

Naust Formation at 1.8 Ma.

Free gas at the base of the gas hydrate stability zone would occupy a reservoir
bounded beneath by the opal A/ CT boundary and bounded above by the base of the
Gas Hydrate Zone and the base of the Naust Formation at 1.8 Ma. It is considered that
clay in the Brygge Formation allows polygonal faults to provide a sideways lateral
seal (c.f. Bouvier et al., 1989), although this requires further work to establish whether

this could be the case.
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5.8.2.2 Fluidisation or Liquefaction of the Brygge Formation

Sediments may be remobilised from the base of the craters to the top of a slide which
fills the craters by a process which may involve liquefaction and fluidisation of

sediments at the floor of the craters (Riis et al., 2005).

Fluidisation occurs when the fluid drag force of an ascending fluid is equal to or
exceeds the weight of individual particles in a sediment body (Maltman and Bolton,
2003). Fluidisation is most likely to occur in sediment bodies consisting of
cohesionless granular material (Owen, 2003). Fluidisation can result in sorting of
granular sediments, and can also result in the upward transportation of sediments

(Owen, 2003).

Liquefaction occurs when the pore fluid pressure in a sediment body equals the
normal stress across solid contacts, such that the grain weight is supported by the pore

fluid (Owen, 2003).

As a sediment body such as the Brygge formation undergoes burial, it will compact if
drainage is good and pore fluids can drain away, with the effective stress (total stress
minus pore pressure) of the sediment body increasing. If drainage is poor and pore
fluid cannot drain away, the sediment body will maintain its depositional porosity and
effective stress (Maltman and Bolton, 2003). Drainage is affected by factors such as
whether the sediment body under consideration is surrounded by less permeable
sediments, and whether voids in the sediment body are filled by sediments with a

smaller grain size (Seed et al., 2001).

To decrease the effective stress of a sediment body such as the Brygge Formation so
that grain weight can be increasingly supported by pore fluid, the pore pressure of the
sediment body can be increased by the addition of pore fluid at a rate faster than the
added pore fluid can be drained. This is known as overpressure (e.g. Bowers, 2002,
Byerlee, 1990, Mann and Mackenzie, 1990, Osborne and Swarbrick, 1997, Westbrook
and Smith, 1983). Alternatively lithostatic load can be removed. This will result in the
sediment body becoming over consolidated (Maltman and Bolton, 2003).
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A decrease in effective stress brought about by unloading is ruled out; because before
the craters form Naust formation sediments were being deposited rapidly on top of the
Brygge Formation. An increase in pore pressure brought about by the addition of fluid
is a relevant factor to consider here, especially considering the likely dissociation of
gas hydrate within Brygge Formation sediments and the addition of free gas from
below (see Chapter 4). The dissociation of 1 m® of gas hydrate at standard temperature
and pressure will yield 0.8 m’ of water and 164 m® of methane (Kvenvolden, 1993). If
there is not sufficient pore space to store the excess gas within the Brygge Formation
at formation fluid pressure, the methane will be compressed according to the ideal gas
law into the available pore space at a greater pressure than the fluid pressure prior to
the addition of gaseous methane. If the gas could form a connected gas column, an

overpressure could develop due to gas buoyancy effects.

Overpressuring of the Brygge Formation due to the dissociation of gas hydrate
requires that the Brygge Formation be effectively sealed so that fluid cannot be
displaced from the reservoir by the addition of gaseous methane. It is shown in
Chapter 2 above that the permeability coefficient of the Brygge Formation at a depth
of 100 to 200 m below the seafloor ranges between 1 X 10”7 and 1 X 10~ cn/s, and
that the permeability coefficient of the base of the Naust Formation at a depth of 0 to
50 m beneath the seafloor ranges between 1 X 10° and 1 X 10 cm/s (Pittenger et al.,
1989). Porosity-depth curves compiled by Praeger (2009) show that at 100 to 200 m
burial the porosity of ooze-rich sediments such as the Brygge Formation will be 45 —
80 % (Fig. 5-40). Porosities at the upper end of this range are anticipated (see above).
At depths of 300 m this porosity will be reduced by c. 5 - 10 % (Fig. 5-40). Data
presented by Bryant (1981) suggests that for a porosity drop of c. 10%, the
permeability coefficient will also drop by an order of magnitude. This means that the
permeability of the Brygge Formation buried at 300 m before deposition of Naust
Formation sediments would be between 1 X 10® and 1 X 10~ cm/s. The porosity-
depth curves compiled by Praeger (2009) show that for more clay rich sediments such
as the Naust Formation, the porosity will be between 30 and 70 % at depths of 300 m,
a reduction of c. 10 % from values obtained at the seabed (Fig. 5-40). Again, data
presented by Bryant (1981) shows that this will be linked with a permeability

coefficient drop of one order of magnitude, which means that at the base of the Naust
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Formation at the time of crater formation, the permeability coefficient of the Naust
Formation will be between 1 X 10"'% and 1 X 107 cms.

These permeability coefficients translate (Bryant et al., 1981) to permeabilities of 1 X
10 to 10 mD for the Brygge Formation and of 1 X 10* to 1 X 10" mD for the Naust
Formation. The permeability coefficients quoted here do not take into account the
effect of gas hydrate, which would act to further reduce the permeability of the
sediments (Johnson et al., 2010, Kvenvolden, 1999, Nimblett and Ruppel, 2003).
Bryant (1981) considers sediments with permeabilities under 1 X 102 mD to be
impermeable for all practical purposes. Thus the base of the Naust Formation could be

considered impermeable.

There are various categories of loading events that can then bring about liquefaction
of sediments. These include monotonic external short lived events such as igneous
emplacement, footsteps and meteorite impacts, and monotonic external short lived
cyclic events such as surface waves and seismic waves bought about by earthquakes
(Maltman and Bolton, 2003, Seed et al., 2001). Large sediment bodies are particularly
prone to liquefaction during earthquakes, because the drainage distance will be large
(Seed et al., 2001). Loading may be of an external long-lived nature, such as
persistent sedimentation or tectonic stresses (Maltman and Bolton, 2003). Loading
can come about by internal processes such as mineral dehydration, gas expansion and
aquathermal effects (Maltman and Bolton, 2003). Loading can also come about as a
result of fluid movements, such as externally sourced fluid pulses and seepage

(Maltman and Bolton, 2003).

Mechanisms for loading the Brygge Formation to bring about liquefaction in the study
area around the time of slope failures such as Slide W are considered. There is no
evidence for igneous emplacement, meteorite impacts, mineral dehydration and
aquathermal effects. The application of a stress by loading by the addition of
sediments to the sedimentary column during sliding (c.f. Riis et al., 2005) is
considered unlikely, because Crater D is located in the headwall region of the slide on
top of which ooze incised from the crater is emplaced and therefore undergoes

unloading during crater formation. In many of the craters (A, B, E, F, G, H, I, J and
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K) it is considered unlikely that liquefaction of the Brygge Formation is brought about
by undermining (c.f. Bull et al., 2009b), because there is no evidence of removal of
part of the sidewall of the crater by slides which might release confining pressure. A
shear stress might be applied by an earthquake, however this is considered unlikely
because sediments are only known to liquefy due to earthquakes in the shallow

subsurface (Obermeier, 1996).

Given that it is possible that there is pore pressure build up in the Brygge Formation
due to the dissociation of gas hydrate and the creation of an overpressured gas
column, it is considered that this pore pressure might increase until it becomes equal
to lithostatic pressure. This would lead to fracturing of the overburden, which would
resolve the overpressure (c.f. Flemings et al., 2003). Venting of overpressured gas is
associated with slope instability (Tréhu et al., 2004), therefore it is possible that
venting of overpressured gas may trigger Slide W and other slides on the mid Norway
margin by the destabilising of sediments on the continental slope. Liquefaction of the
Brygge Formation would be driven by gas expansion during venting or by

incorporation of the Brygge Formation in to the subsequent slide and translation.

If overpressure build up is not sufficient to fracture the overburden and initiate
sliding, it is possible that sliding may be initiated in the area of the craters because of
overpressure build up in the Brygge Formation. This would reduce the shear strength
of the Brygge Formation in the area of the craters, increasing the likelihood of slope
failure (c.f. slope failure described in the Norwegian Channel by Davies and Clark,
2006). The overpressured sediments of the Brygge Formation would then be
incorporated into a slide as a detachment unit, which would then be liquefied due to

translation (Davies and Clark, 2006).

5.8.2.3 Remobilisation of the Brygge Formation

Once liquefied, the sediments of the Brygge Formation would be remobilised to the
top of the slide, either through faults developing in the internal geometry of the slide
(c.f. Davies and Clark, 2006), or, alternatively, through vents developed during
fracturing of the overburden because of overpressure build-up due to gas hydrate

dissociation. Emplacement of the ooze mounds will be quick with respect to regional
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sedimentation, because the 0ooze mounds pinch out on a single horizon (Chapter 4). It

is not clear how long emplacement of the mounds takes in absolute terms.

The liquefaction of Brygge Formation ooze would indicate that as this ooze is
remobilised to the surface it is in a liquid state, and the accumulation of Mounds A
and BCF in depressions forming on the top surface of Slide W indicates possible
detachment of Mounds A and BCF. However the mounds are cross cut by normal
faulting, indicating that the remobilised ooze later lost liquidity and underwent
extension. Because of the disruption apparent in the internal architecture of Slide W, it
is not possible to be definitive about whether the slide is incised by the mound or not.
However detachment of mounds from Slide W would imply that incision would be
possible. The normal faulting which cross cuts the mounds does not extend into the
overburden, and therefore it is possible to constrain the timing of the loss of liquidity
of the ooze mounds and the normal faulting as occurring when the ooze mounds were
exposed at the seabed. The normal faulting may extend into Slide W beneath the
mounds (e.g. (viii) on Fig. 5-3), and this could explain the basal topography of the
mounds. An example of a process that could bring about a decrease in volume leading
to normal faulting, and which could explain a transition of the mound such that it lost

its liquid properties, would be dewatering.

5.8.2.4 Mounds post-emplacement

Mounds are likely to form good reservoirs subsequent to burial, making an accurate
understanding of the internal geometry, external geometry and mechanism of
formation of the mounds important. It is observed from Well 6403/10-U1 above that
Mound GJ has a porosity of between 50 and 80 %, whereas the porosity of Slide W
beneath is between 0 and 15 %. The porosity of the slides immediately above Mound
GJ is between 0 and 20 %. This also indicates that if reservoir mounds are filled
before the sediments which bury the reservoirs fail, it may be possible to remobilise
ooze from the reservoirs in a manner similar to the remobilisation of ooze from the

Brygge Formation at the bases of craters.

It was shown above that cylindrical conical features are superimposed on the top of
the stretching geometries described on the top surface of mound BCF. Mound BCF

may have undergone Rayleigh Taylor instability. This would be consistent with
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density data, which suggests that the density of the Brygge Formation is less than the
density of the Naust Formation (Chapter 2). Therefore the density of the mounds
(which are sourced from the Brygge Formation) might be less than the density of the
sediments of the Naust Formation above and below the mound. These conditions
would be ideal for Rayleigh Taylor Instability, which can form when density

inversion is present (e.g. Conrad and Molnar, 1997, Davies et al., 1999).

5.8.2.5 Crater A

It was shown above that the geometry of the top surface of Slide W in the fill of
Crater A could occur if sediments from Slide W were mixed into Slide Y below, a
process considered unlikely because of the continuity of the reflection of the top
surface of Slide Y. Alternatively; it was shown that the location of Crater A may have
been almost entirely buried by Slide Y. If Crater A were almost entirely buried by
Slide Y, a mechanism by which the observed geometry may come about is as follows.
Sediment in the western region of Crater A in the Brygge Formation may liquefy
through the mechanisms described above. This liquefied sediment would then be
remobilised to the surface. Confining pressure on Brygge Formation ooze sediments
located beneath Slide Y would be released in a manner similar to that described by
Bull et al (2009b), causing Brygge Formation sediments beneath Slide Y to be
expelled horizontally and remobilised to the surface. This would undermine Slide Y,
causing Slide Y to collapse backwards into the forming crater, causing Slide Y

sediments to collapse progressively towards the eastern sidewall of Crater A.

5.8.2.6 Significance of opal A/CT boundary

The slope failure described by Davies and Clark (2006) is associated with the
migration of an active opal A/CT boundary upwards. This is associated with porosity
reduction, which indicates that fluid may be expelled upwards above this boundary
(e.g. Chaika and Dvorkin, 2000, Davies et al., 2008). The hypothesis presented here is
different from the system described by Davies and Clark (2006) because the source of
fluid which fills the reservoir may be different. While an opal A/CT boundary
underlies the mapping area described here, it is demonstrated in Chapter 3 above that
this boundary arrested sometime before the emplacement of sediments that fail as

Slide W at Craters A, B, C, E, F, G, J and K. However, it cannot be ruled out that the
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migration of an active opal A/CT boundary upwards. This is associated with porosity
reduction, which indicates that fluid may be expelled upwards above this boundary
(e.g. Chaika and Dvorkin, 2000, Davies et al., 2008). The hypothesis presented here is
different from the system described by Davies and Clark (2006) because the source of
fluid which fills the reservoir may be different. While an opal A/CT boundary
underlies the mapping area described here, it is demonstrated in Chapter 3 above that
this boundary arrested sometime before the emplacement of sediments that fail as
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water and methane from which gas hydrate might form in the Brygge Formation is
sourced previously from the upwards migrating opal A/CT boundary. Indeed, it is
possible that there may be some sort of interaction between the upwards migrating
opal A/CT boundary and the base of the gas hydrate zone, particularly as the
fossilised opal A/CT boundary may have coincided with the base of the gas hydrate
stability zone around the time of formation of the craters described here. This would

merit further investigation.

5.8.3 Summary of Hypothesis C
A new hypothesis which would explain the formation of the craters is presented in

Fig. 5-45 and summarised below.

(1) The development of a gas hydrate zone is dependent on advection of gas from
depth, possibly through the hydrothermal vent complexes described in Chapter
4 (Fig. 5-45A).

(2) During deposition of the Naust Formation on top of the Brygge Formation, the
boundary of the gas hydrate stability zone shoals upwards, leading to
dissociation of gas hydrate into methane and water. This process could
increases pore pressure within the Brygge Formation if methane is able to
form an interconnected gas column (Fig. 5-45A & D).

(3) Overpressure build up in the Brygge Formation may lead to venting of
overpressured gas. In this scenario, liquefaction of the Brygge Formation
during the formation of craters may be driven by gas expansion during venting
or by the assimilation and translation of the Brygge Formation within a
subsequent slide (Fig. 5-45B).

(4) Alternatively, overpressure build up will result in a reduction of shear strength
within the Brygge Formation, which may prime or trigger a slide (c.f. Davies
and Clark, 2006). Where craters form, the Brygge Formation becomes a
detachment unit for the slide, and is liquefied due to translation (Fig. 5-45B).

(5) Craters may form at different times in different locations (Fig. 5-45B & E).
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Fig. 5-45: Schematic hypothesis explaining the development of craters and mounds on the mid
Norway margin. A gas hydrate stability zone is represented by transparent blue shading, and a
stationary Opal A/CT boundary is indicated by a dashed line. Normal faults are shown
schematically within the Brygge and Kai Formations. (A) Naust Formation sediments are
deposited on a slope, burying the Brygge Formation at location Y. Any gas advecting from depth
and dissociated gas hydrate are trapped between the Naust Formation and the Opal A/CT
boundary. A possible gas reservoir is indicated in the Brygge Formation at Y by dark grey
shading. (B) Naust Formation sediments deposited at Y fail as a slide. This could be due to
overpressure build up within the Brygge Formation leading to fracturing of the overburden,
destabilising sediments on the slope. Alternatively the host sediments of the reservoir indicated in
(A) are incorporated into the slide as a detachment unit and undergo liquefaction due to
translation. The host sediments are remobilised to the seabed, where they are extruded. (C) The
mound on the seabed moves further down slope. Possible failure of the downslope sidewall of the
crater is indicated. (D) The system described in steps A to C is buried by continued deposition of
sediments. At site Z, the Brygge Formation is buried for the first time. The base of the gas
hydrate stability zone moves towards the boundary of the Brygge Formation and the Naust
Formation at Site Z. Any gas advecting from depth and dissociated gas hydrate form a
potentially overpressured gas reservoir at the top of the Brygge Formation, indicated by dark
grey shading. (E) Process described at Y in steps A to C repeated at Z. (F) Later slide incises

downwards into slide which buries crater at Z, removing 0oze mound.

5-93



CHAPTER 5 A THREE DIMENSIONAL DESCRIPTION OF CRATERS
AND REMOBILISED SEDIMENT MOUNDS ON THE MID
NORWAY MARGIN

(6) Ooze liquefied at the crater floor ascends through the moving slide which
buries the crater formation site, possibly due to its low density (Riis et al.,
2005), either exploiting faults developing within the slide or vents as a flow
conduit to reach the surface. At the seabed, ooze is emplaced (Fig. 5-45B, C &
E) in depressions that form on the top surface of the slide which buries the
forming crater (e.g. Mounds A and B which occupy large depressions on the
top surface of Slide W above the western margin of Craters A and B).

(7) After emplacement and before burial the mounds lose their liquid properties,
undergoing extension by normal faulting which might be related to volumetric
contraction. A process that might give rise to this loss in liquid properties and
volumetric contraction would be dewatering (indicated by c. vertical black
arrows on Fig. 5-45C & E).

(8) After burial mounds may act as good reservoirs, given a source of fluid and an
impermeable seal. Potentially, craters could be formed in the mounds by a
similar mechanism to those which form at the top of the Brygge Formation,
with a shoaling Opal A/CT transition leading to dissociation of gas hydrate
and the build up of overpressure in the mound. Mounds may undergo Rayleigh
Taylor instability if they are buried by a sedimentary sequence which has a
high density than the sediments which make up the mounds. The mounds may

be partly or fully incised (Fig. 5-45F) by later slides (i.e. Mound GJ).
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6 DISCUSSION

6.1 Wider significance of craters on the mid Norway margin

It was shown in Chapter 4 that the craters described in this thesis are located on the
contact between the Eocene to Oligo-Miocene Brygge Formation and the Pliocene to
Pleistocene Naust Formation. Ooze evacuated from the craters is emplaced as mounds
on the top surface of the first large scale slide to occur in the Pliocene and Pleistocene
on this margin, Slide W, which is located at the base of the Naust Formation (Chapter
3). The idea that the formation of craters and emplacement of mounds triggered slides,
such as Slide W (Chapter 3), was considered possible in Chapter 4. Findings from
Chapter 5 suggest that triggering of slides by crater formation is possible. If
Hypothesis C presented in Chapter 5 accurately describes the formation of craters, the
principle significance of the formation of craters and emplacement of mounds lies in
that they may represent a history of slides and gas hydrate dissociation on the mid

Norway margin.

The formation of craters and emplacement of mounds on the mid Norway margin may
have resulted in significant methane release to the ocean atmosphere system. The
mass of methane which would have been released to the ocean atmosphere system is
calculated, using the volume of Crater A calculated in Chapter 5, and the volumes of
the other craters calculated in Chapter 4. Firstly, the mass of methane released due to
the formation of craters on the basal shear surface of Slide W is calculated. Secondly,
the mass of methane released from craters H and I on the Solsikke Dome which are
buried by a later slide is calculated. Finally, the mass of methane released due to the

formation of Crater D is calculated.

6.1.1 Volume of methane released from craters

The total volume of the craters on the basal shear surface of Slide W is 975 km’,
although this may represent an overestimate (Chapter S). It is shown above using
compaction profiles from Praeger (2009) and Hempel et al. (1989) that the porosity of
the Brygge Formation buried at a depth of ¢. 300 m would be between 35 and 75 %,
with the porosity of the Brygge Formation likely lying at the upper end of this range
(Fig. 5-40). The Brygge Formation sediments sampled at ODP sites have porosities at

6-1



CHAPTER 6 DISCUSSION

the upper end of those predicted by Praeger (2009), therefore a range of porosities
from 50 to 75 % is used to calculate the quantity of methane which might be released
to the ocean / atmosphere system. The pore volume of the craters on the basal shear
plane of Slide W would have been between 490 and 736 km’. At the Blake Ridge, the
percentage of pore volume occupied by gas hydrates varies between 0 % and 9 % in
the lower portion of the gas hydrate stability zone, with an estimate of 2.3 % given for
the average percentage of pore volume occupied by gas hydrate over almost the entire
gas hydrate stability zone at the Blake Ridge (Table 6-1). Noting that the gas hydrate
at the Blake Ridge is sourced primarily from biogenic methane (Borowski et al., 1996,
Brooks et al., 1983, Claypool and Kaplan, 1974, Claypool and Threlkeld, 1983, Paull
et al., 2000) and that the source of methane in the study area may be thermogenic
(Chapter 4), the latter value is taken as an indicative value for the mid Norway
margin, to estimate how much methane may have been released into the atmosphere,
given dissociation of gas hydrate during crater formation. The volume of gas hydrate
at the sites of the craters on the basal shear surface of Slide W will therefore be up to
between 11 and 17 km®. At standard temperature and pressure, this would give rise to
up to between 1838 and 2758 km® of methane (Kvenvolden, 1993). At standard
temperature and pressure, the density of methane is 1.819 kg/m’. The mass of
methane released to the ocean atmosphere system due to the formation of craters on
the basal surface of Slide W would therefore be between 3.3 and 4.8 GT, which is
approximately 0.9 — 1.4 times the quantity of methane currently in the atmosphere
(3.6 GT, e.g. Whiticar, 1990). A similar calculation for Craters H and I (which are
both incised by the Solsikke trough, Chapter 5) suggests that at least between 0.06 GT
and 0.08 GT of methane would have been released to the ocean/atmosphere system
during formation of Craters H and I (1.5 — 2.3 % of methane currently in the
atmosphere), and that between 0.25 and 0.37 GT of methane would have been
released to the ocean/atmosphere system during formation of Crater D (6.9 — 10.2 %

of methane currently in the atmosphere).
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Reference Method Estimate of pore Depth range of
volume occupied estimate
by gas hydrate at
Blake Ridge
Holbrook et al. (1996) | P-wave velocity |2-7 % 200 -450 m
below sea floor
Dickens et al. (1997) Direct in-situ 0-9% 190 — 450 m

below sea floor

measurements
Egeberg and Dickens, | Pore water CI’
(1999) concentrations

2.3 % (average

value)

24-452m

below sea floor

Table 6-1: Estimates of the percentage of pore space in the gas hydrate stability zone occupied by

gas hydrate at the Blake Ridge.
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6.2 Comparative study area: The Blake Ridge Depression

6.2.1 Description

One of the most puzzling aspects of this research is to explain why such large craters
of this type have only been documented offshore Norway. The closest analogue to the
Norwegian craters is perhaps the Blake Ridge Depression, on Hydrate Ridge offshore
the eastern USA (Fig. 6-1, Fig. 6-2). The Blake Ridge Depression is about 38 by 18
km in extent defined at the seabed as a depression ~ 100 m deep, with the basal
surface of the depression having a relief of ~ 100 m (Fig. 6-2, Holbrook et al., 2002).

The Blake Ridge Depression has been interpreted in two different ways. The earlier
interpretation is that the Blake Ridge Depression is a collapse structure (Dillon et al.,
1998). Faults which disrupt the sea floor and sole out or terminate about 40 — 500 m
below the sea floor at the base of the gas hydrate stability zone are interpreted (Dillon
et al., 1998). Many of these faults are interpreted as normal faults, however reverse
faults are also interpreted (Dillon et al., 1998). Folds are mapped, with some folds
converting into faults, sediment diapirs and deposits of sediments erupted onto the
seafloor are also interpreted (Dillon et al., 1998).The faults in the western part of the
depression trend south / south east to north / north west (Dillon et al., 1998).

The latter interpretation is that the Blake Ridge Depression consists of a series of
sediment waves (Holbrook et al., 2002). Evidence cited in support of this
interpretation are the stratal geometries in the depression, which include sigmoidal
shapes and climbing crests; the lack of stratal continuity across features previously
interpreted as faults, including erosion of underlying strata and the thinning of
overlying strata towards the unconformities; the shallow dip (2 — 7°) of the
discontinuities interpreted as faults above, much shallower than numerous high angle
faults (with a dip of 50°) interpreted beneath the depression; and seabed scarps which
do not extend into the subsurface (Holbrook et al., 2002). It is noted that the ridges
are 5 to 10 km long, 1 — 3 km apart, and are orientated north west — south east, with
wave crests typically reaching 75 m and sometimes reaching 150 m above troughs

(Holbrook et al., 2002).
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3136 ™ J— S—
76°00' W 75'54 75'48 7542 75°36' 75°30 75'24 7518

Fig. 6-1: From Holbrook et al. (2002). A map of the Blake Ridge Depression (BRD), showing the

location of the seismic lines in Fig. 6-2.
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proportion of biosiliceous microfossils in the clay sediments at the Blake Ridge are
variable (Paull and Matsumoto, 2000), with the carbonate content being up to 25 %
(Kraemer et al., 2000).

The size of the Blake Ridge Depression and the craters described in this thesis are in
the same order of magnitude. The craters described in this thesis being up to 80 km in
diameter and 200 m deep (Chapter 4). The Blake Ridge Depression is 38 by 18 km in
extent and 100 m deep (Holbrook et al., 2002).

At both the Blake Ridge Depression and at the craters on the mid Norway margin
there are permeable pathways connecting sediments at depth to the seabed. At the
Blake Ridge Depression, there is some disagreement as to whether sediments at depth
are linked to the seabed faults (Dillon et al., 1998, Dillon et al., 2001) or the
boundaries between sediment waves (Holbrook et al., 2002). On the mid Norway
margin the internal structure of the slides which fill the craters consists of a series of

closely spaced faults which may be exploited by fluid flow (Chapter 5).

Perhaps the most important similarity between the Blake Ridge Depression and the
craters described in this thesis lies in a potential link to dissociation of gas hydrate and
the formation of gas reservoirs at depth trapped by a shoaling gas hydrate stability
zone. At the Blake Ridge Depression, rapid sedimentation (see above) would lead to
rapid shoaling of the gas hydrate stability zone (Holbrook et al., 2002), with reservoirs
of free gas being accumulated at the base of the gas hydrate stability zone before
being lost to the ocean-atmosphere system (Dillon et al., 1998, Dillon et al., 2001,
Holbrook et al., 2002). Hypothesis C presented in Chapter 5 suggests that shoaling of
the gas hydrate stability zone during deposition of the sediments that fail as Slide W
may have led to the creation of free gas reservoirs in the sediments in which the

craters form.

There are also a number of differences between the Blake Ridge Depression and the
craters described in this thesis. Perhaps the most significant difference lies in the
arrangement of sediments at the two sites. On the mid Norway margin there is a
clearly stratified arrangement of sediments, with low permeability clay sediments

overlying very permeable and porous sediments consisting of biosiliceous
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microfossils (Chapter 2). At the Blake Ridge Depression, such a clearly stratified
arrangement of sediments is not present (e.g. Kraemer et al., 2000), with the

sediments showing only a little heterogeneity (e.g. Paull and Matsumoto, 2000)

Another significant difference between the Blake Ridge Depression and the craters on
the mid Norway margin described in this thesis lies in the evidence of significant
remobilisation of sediment from the subsurface to the seabed. On the mid Norway
margin this evidence is ubiquitous on seismic reflection data (e.g. Chapters 4 and 5),
although it is important to note that at some craters, for example Crater E, the
apparent volume of sediment extruded as mounds is considerably less than the volume
of the sediment missing from the crater (e.g. Chapter 4). At the Blake Ridge
Depression there is evidence of remobilisation of sediment to the seabed and of the
formation of mounds (Dillon et al., 1998). However 2D profiles show that the volume
of sediment extruded is small. There may be significant seafloor erosion of sediments
at the Blake Ridge Depression (Holbrook et al., 2002, Hornbach et al., 2008);
therefore at the Blake Ridge Depression it is possible that any extruded sediment from
depth may be eroded. It is also possible that the Blake Ridge Depression no sediment
was extruded, and that the depression exists as a consequence of seafloor erosion (e.g.
Holbrook et al., 2002, Hornbach et al., 2008).

6.3 Are the craters pockmarks?

The craters described in this thesis might be considered as giant pockmarks, in that
they represent depressions on the top of the Brygge Formation. Some of the craters
described (e.g. Crater A) have aspect ratios that lie within the range suggested for
pockmarks by Stewart (1999). The craters described in this thesis are located in an
area of significant vertical fluid advection (Chapter 4), and may be associated with the

release of methane to the ocean/atmosphere system (see above).

The mechanism by which the craters in this thesis formed according to Hypothesis C
presented in Chapter 5 may be similar in some respects to the mechanism by which
pockmarks form. Pockmarks form by the accumulation of shallow reservoirs of
overpressured fluid. The pressure of the fluid becomes similar to lithostatic pressure.
Hydro fracturing occurs and a pockmark or small crater is formed (Hovland and Judd,
1988). According to the hypothesis presented in Chapter 5 the craters described in this

6-9



CHAPTER 6 DISCUSSION

thesis could also be formed by the build up of overpressure in the subsurface, which

may fracture the overburden.

The craters described in this thesis however are also dissimilar to pockmarks in many
respects. A distinguishing feature of pockmarks is that pockmarks form on the seabed
(e.g. Hovland and Judd, 1988). The craters described in this thesis, however, formed
in the subsurface (e.g. Chapter 5), which means that the craters described in this thesis
are very different from pockmarks. Furthermore, the craters described in this thesis
are filled exclusively by slides, and are associated with mounds of remobilised ooze
which are emplaced above the slide which buries the craters (Chapters 4 and 5).
Mounds of remobilised sediment have not been described above pockmarks. Another
difference between the craters described in this thesis and pockmarks is the respective
sizes of pockmarks and the craters. The largest pockmarks yet described are around 5
km in diameter (Cole et al., 2000), whereas the only the smallest craters have

diameters of this magnitude (Chapters 4 and 5).

The craters described in this thesis are not considered to be related to pockmarks,
primarily because of the significant diagnostic differences between the craters

described in this thesis and pockmarks.

6.4 Are the mounds diapirs?

It was demonstrated in Chapter 5 above that mounds located above craters on the mid
Norway margin consist of sediment evacuated from the craters. In the hypothesis
presented in Chapter S shows that liquefied sediment rises to the seabed through vents
or faults developing in the overburden which hitherto had acted as a seal, with the
upward advection of liquefied sediment being driven by density inversion (Riis et al.,
2005) and, potentially if the reservoir were overpressured before liquefaction, by the
pressure difference between the liquefied sediment at depth and the pressure at the

bottom of the water column.

Previously the mounds described in this thesis above craters were interpreted as

diapirs. Diapirs have been defined as:
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“Upward-directed, dome-like intrusion of a lighter rock mass, e.g. salt or granite, into
a denser cover.” (Allaby and Allaby, 2003)

In some respects the mounds described in this thesis might be considered to be diapirs
because a rock mass with lower density moves upwards into a denser cover (e.g.
Chapter 5). There are however significant differences between the mounds described
in this thesis and diapirs as defined above. Critically, the mounds are extruded on the
seabed (Chapters 4 and 5), and are not intruded. Therefore, while the process may be

diapiric, the mounds cannot be defined as diapirs.

6.5 Subsurface Gas Expulsion Structures

The craters described in this thesis were classified as “Evacuation Structures” by Riis
et al. (2005). This classification was chosen, because sediments are evacuated from
the craters because of loading by a slide and are emplaced on the seabed (Riis et al.,
2005). However, a number of conclusions reached in this thesis make a new
classification necessary. Firstly, Hypothesis C presented in Chapter 5 suggests that
crater formation and mound emplacement could be driven by the shoaling of the base
of a gas hydrate stability zone leading to formation of a potentially overpressured
reservoir. Secondly, according to the same hypothesis, the formation of the craters and
emplacement of mounds may have been associated with the release of a significant
mass of methane to the ocean atmosphere system. Thirdly, the Blake Ridge
Depression, which is not associated with significant evacuation of sediments like the

craters described in this thesis, could be classified as a similar structure to the craters.

Assuming Hypothesis C is correct, the Blake Ridge Depression and the craters and
mounds described in this thesis could be classified as Subsurface Gas Expulsion
Structures. Subsurface Gas Expulsion Structures are defined as structures which form
due to the expulsion of dissociated gas hydrate or dissociated gas hydrate and other
free gas from a sealed reservoir in the shallow subsurface (e.g. < 500 m below the
seabed) through fluid flow pathways which develop within the brittle seal (which
buries the location of the reservoir before, during and after formation of the structure)

to the ocean / atmosphere system.
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Subsurface Gas Expulsion Structures could be confused with craters associated with
mud volcanoes, particularly where the pipe or conduit of the mud volcano is
associated with a gas hydrate stability zone (e.g. Ginsburg et al., 1999). However
Subsurface Gas Expulsion Structures differ from craters associated with mud
volcanoes because the gas source of these structures generally lies at depth (e.g.
Ginsburg et al., 1999), and not in the shallow subsurface. It should be noted, however,
that mud volcanoes in at least one area have been described which forms due to the
dissociation of gas hydrate (e.g. Van Rensbergen et al., 2002), and these could also be
defined as Subsurface Gas Expulsion Structures.

6.6 Where else could Subsurface Gas Expulsion Structures form?

Subsurface Gas Expulsion Structures are ubiquitous on the area of the mid Norway
margin described in this thesis. There are a number of conditions which are present on
the Blake Ridge and on the mid Norway margin which would be vital to the formation
of Subsurface Gas Expulsion Structures elsewhere. Firstly, a source of methane is
necessary to be frozen as gas hydrate. This might come about by bacterial
methanogenesis (e.g. Blake Ridge, Borowski et al., 1996, Brooks et al., 1983,
Claypool and Kaplan, 1974, Claypool and Threlkeld, 1983, Paull et al., 2000);
alternatively this might come about by the advection of methane from depth (e.g.
Chapter 4). Secondly, conditions such as seabed depth, bottom water temperature,
salinity and geothermal gradient must be right to ensure the stability of gas hydrates at
the seabed. Thirdly, there must be a reservoir in the shallow subsurface which is fed
by the advection of methane from depth and / or by the dissociation of a shoaling gas
hydrate stability zone. Fourthly, this reservoir must be sealed, either by less porous
sediments or by a gas hydrate stability zone. Finally, conditions must exist to drive

gas expulsion.

These conditions were present on the mid Norway margin when the craters formed
and the mounds were emplaced. It was demonstrated in Chapter 4 that the mid
Norway margin is a region of significant methane advection towards the seabed. It
was shown in Chapter 5 that conditions were right when the craters formed for gas
hydrate to be stable at the seabed. After burial, the Brygge Formation acted as an
excellent reservoir for gas due to the exceptionally high porosity of the Brygge

Formation. (Chapter 2). This reservoir would have been sealed by the base of a
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shoaling gas hydrate stability zone (Chapter 5) or / and by the less porous and

permeable sediments of the Naust Formation (Chapter 2 and 5).

The conditions necessary for Subsurface Gas Expulsion Structures are also present on
the Blake Ridge. At the Blake Ridge there is significant bacterial methanogenesis
which also acts as a source of methane (Borowski et al., 1996, Brooks et al., 1983,
Claypool and Kaplan, 1974, Claypool and Threlkeld, 1983, Paull et al., 2000).
Conditions are right for gas hydrate to be stable at the seabed. The geothermal
gradient at the Blake Ridge is 40 °C/km (Ruppel et al., 1995), and the depth of the
seabed at the Blake Ridge Depression is 2550 m (Holbrook et al., 2002). Under these
conditions, a gas hydrate stability zone extending 500 m underneath the seabed is
predicted (Dickens, 2001). Sediments on the Blake Ridge have a porosity of between
60 % and 70 % in the interval of interest (see above), and are therefore able to act as

an effective reservoir.

Slopes on continental margins will be particularly “at risk™ as regards the formation of
Subsurface Gas Expulsion Structures, because conditions will be right for the rapid
deposition of terrigenous sediment on the seafloor to trigger formation of Subsurface
Gas Expulsion Structures. The formation of Subsurface Gas Expulsion Structures on
the seafloor of deep oceans is considered less likely, because of slower deposition
rates. Shallow continental shelves are also considered at low risk with regards to the
formation of Subsurface Gas Expulsion Structures, because in shallow waters bottom

water temperature will be too high for the formation of gas hydrates (Dickens, 2001).

It is also important to note that the conditions necessary for the formation of
Subsurface Gas Expulsion Structures are unlikely to exist on other planets. Other
planets may be cold enough at the surface to support the formation of gas hydrate at
the surface (e.g. Mars, Pollack, 1978). However, on those planets and other bodies
closest to Earth (the Moon, Mars and Venus), no current processes have been
observed which could lead to the rapid deposition of sediments which could lead to a
shoaling of the gas hydrate stability zone and dissociation of gas hydrate at depth,
which is a pre-requisite for the formation of Subsurface Gas Expulsion Structures. It

is possible, however, that these conditions existed in the past. For example, on Mars,
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evidence of sedimentary rocks have been observed (Malin and Edgett, 2000), which

suggest that sedimentary processes may have been active in the geological past.

6.7 Significance of Subsurface Gas Expulsion Structures

Subsurface Gas Expulsion Structures are significant; because they represent a way
which has not been described previously by which dissociated gas hydrate can be
moved from the base of a gas hydrate stability zone to the ocean atmosphere system,
bypassing the gas hydrate stability zone which would otherwise act as a seal.
According to the clathrate gun hypothesis (Kennett et al., 2003), changes in oceanic
circulation towards the end of glacial periods may result in dissociation of gas hydrate
at depth, which then triggers slides, allowing the dissociated gas hydrate to be
released into the ocean atmosphere system, amplifying and accelerating global
warming. This may have been particularly relevant in the Quaternary (Kennett et al.,
2003). Subsurface Gas Expulsion Structures don’t necessarily require global warming
or changes in oceanic circulation. On the mid Norway margin, if Hypothesis C
presented in Chapter 5 were to be true, steepening of the continental slope due to
climatic deterioration (Chapter 3) may be sufficient to shoal the base of a gas hydrate
stability zone (Chapter 5) and trigger or prime Slide W (Chapter 3), which in turn
leads to the formation of craters and the emplacement of mounds (Chapters 4 and 5)
and the release of a significant mass of methane to the ocean atmosphere system (see

above).

Subsurface Gas Expulsion Structures could be considered geohazards in the sense that
they may provide for a mechanism to transport large quantities of gas hydrate to be
added to the ocean atmosphere. Areas particularly at risk would be those areas where
there is rapid deposition of sediments, a plentiful supply of methane, and conditions
favourable to the formation of gas hydrate. Continental slopes on passive continental
margins could be considered especially at risk, because in such environments
deposition of sediments will be rapid, methane can be readily supplied from bacterial
activity and by advection from depth, and because conditions will be favourable to the

development of gas hydrate.

The area studied in this thesis, despite being a passive continental slope setting, is

considered to be at low risk with regards to the formation of Subsurface Gas

6-14



CHAPTER 6 DISCUSSION

Expulsion Structures. The continental slope is currently believed to be stable (e.g.
Nadim et al., 2005), and furthermore, gas hydrates are not able to form on the slope
because the porosity of slide units on the margin is too low to support the

development of gas hydrates (Biinz et al., 2003).

6.8 Further Work

Given that Subsurface Gas Expulsion Structures could potentially occur on other
unstable continental margins, the work presented in this thesis adds an imperative to
better understanding which continental slopes are at risk of failure. Areas of rapid
sediment deposition should be analysed to consider the risk of the formation of
Subsurface Gas Expulsion Structures. Areas with a particular risk of Subsurface Gas
Expulsion Structure will be distinguished by:
(a) an abundant methane supply from bacterial activity and / or advection of
methane from depth.
(b) conditions which ensure the stability of gas hydrate at the seabed.
(c) sediments within 500 m of the seabed which are capable of forming a good
ITEeServoir.
(d) rapid deposition of less porous sediments on more porous sediments, or rapid
deposition of high porosity sediments leading to rapid shoaling of the base of
the gas hydrate stability zone.

A better understanding of the likely consequences on global climate of the formation
of Subsurface Gas Expulsion Structures is required. Further modelling is required to
understand the likely consequence of the release of up to 5 GT of methane over a

variety of timescales.
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7 SUMMARY AND CONCLUSIONS

7.1 Previous work

A number of enigmatic craters up to tens of kilometres in diameter have recently been
mapped on the mid Norway margin by Riis et al. (2005). Key findings are
summarised.

1) The craters are mapped on the top of a regional Oligo-Miocene ooze formation
and are filled by slides.

2) Mounds are mapped above the craters on the top surface of slides which fill
the craters. Well data combined with the seismic characteristics of the mounds
suggest that the mounds were remobilised from the crater floors. Onlap of the
mounds by later sediments suggests that the mounds were emplaced on the
seabed.

3) A hypothesis is proposed whereby the craters were formed by emplacement of
slides onto the top of Oligo-Miocene ooze formations, which may have been
overpressured. The loading of these Oligo-Miocene ooze formations at the
seafloor or under shallow burial by sliding brings about liquefaction of the
Oligo-Miocene ooze formations, which are then remobilised towards the
seabed.

In this study the work of Riis et al. (2005) is built upon by use of an extensive suite of
2D and 3D seismic reflection data to carry out detailed mapping of slides, craters and

mounds in the Mgre Basin.

7.2 Conclusions from Chapter 3: Mapping of Slides

Two of the first slides to bury the top of Oligo-Miocene ooze formations in the More
Basin were identified on seismic reflection data and mapped in this study, to better
understand the dynamics of these movements.

1) The first slide to occur in the Mere Basin since Miocene times was a small
scale slide that only covered a small portion of the top of the Oligo-Miocene
ooze formation mapped by Riis et al. (2005). This first slide was named Slide
Y. Palynological data shows that the sediments which comprise Slide Y were
deposited in the late Pliocene from the Piacenzian to Gelasian (3.6 to 1.8 Ma).

Failure could have occurred at any time during this time period.
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2)

3)

4)

7.3

The occurrence of Slide Y is linked temporally with the cessation of active
normal faulting and the arrest of an opal A/CT transition in the More Basin.
No causal relationship between the two events is identified.

The second slide is more significant areally, covering a large portion of the top
of the Oligo-Miocene ooze formation mapped by Riis et al. (2005), and filling
many craters identified at the top of the Oligo-Miocene ooze formation in the
Moere Basin. This second slide, named Slide W, has a volume of over 4320
km’® and is equivalent in volume to the Holocene Tsunamgenic Storegga Slide,
however unlike the Storegga Slide; Slide W was only translated by a few
kilometres. Evidence in support of this conclusion includes the confinement of
much of Slide W by the Faeroe Shetland Escarpment and a middle Miocene
dome, and the observation that Slide W has a very small zone of depletion
near the headwall and a very large zone of accumulation at the toe.
Palynological data shows that the sediments that comprise Slide W were
deposited in the Pliocene between the Late Zanclean and Gelasian (4.0-1.8
Ma). Failure of Slide W likely occurred at the end of this period.

There is a relationship between the oversteepening of the continental slope and

the initiation of sliding in the Mere Basin.

Conclusions from Chapter 4: Regional mapping of craters and mounds

Regional mapping of craters and mounds located in the Mere Basin using 2D seismic

reflection data was performed.

1)

2)

Eleven craters are mapped. It is found that all of the craters are incised in a
sub-unit of the Brygge Formation which is dated using palynological data as
being of early Eocene to Oligocene in age. More recent sediments are also
incised at the sidewall of one of the craters. All of the craters are located on a
surface which can be correlated to the failure plane of Slide W, however not
all of the craters are filled by Slide W. It is found that many of the craters are
located in the crestal regions of middle Miocene domes.

Six mounds are mapped in the vicinity of craters which are filled by Slide W.
These all pinch out onto the top surface of Slide W, with the exception of
mounds located at the edge of Slide W which pinches out onto a surface that
can be correlated with the top surface of Slide W. The mounds are generally

larger in volume than the craters they overlie, although there are two mounds
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3)

4)

7.4

which are significantly smaller in volume than the crater they overlie. The
seismic characteristics of the mounds suggest that the mounds are sourced
from the floors of the craters, in agreement with previous work.

Craters which are filled by Slide W and overlain by mounds are dated as
forming contemporaneously with failure of Slide W. It is not possible to
constrain the time of formation of craters filled by other slides, because
mounds are not mapped in the vicinity of craters filled by later slides on the
top surfaces of the slides which fill these craters.

In the context of the subsurface fluid flow regime of the Mere Basin, two
hypotheses are presented that could explain the formation of craters and the
remobilisation of ooze to the seabed. In one hypothesis (Hypothesis A), a
sudden eruption of fluid from depth fluidises and remobilises the early Eocene
to Oligocene ooze, potentially triggering sliding. In the other hypothesis
(Hypothesis B), continuous fluid flow from depth feeds reservoirs in the early
Eocene to Oligocene ooze. Slide W loads overpressured reservoirs in the
subsurface within the early Eocene to Oligocene, bringing about liquefaction

and remobilisation of ooze to the seabed.

Conclusions from Chapter 5: Detailed mapping of craters and mounds

The detailed 3D geometries of craters and mounds located within the boundaries of

3D seismic reflection surveys in the Mere Basin are considered.

D

2)

3)

4)

There is a relationship between the morphology of some of the craters and the
flow direction of Slide W.

The slides which fill some of the craters located in 3D seismic reflection
surveys in the Mgre Basin are broken up by a series of closely spaced thrust
faults (spacing is 200 m), which is consistent with thrusting of a slide in the
zone accumulation. It is therefore possible that these craters were loaded by
sliding. However, importantly, it is found that one crater is unloaded by
sliding.

The external morphology of the mounds is reminiscent of sediment bodies
which have undergone layer-parallel extension, with necking and shearing of
the mounds being observed.

A regional Opal A/CT boundary is not considered to be a direct cause of crater

formation. Evidence in support of this is the observation that the regional opal
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5)

6)

7

A/CT transition arrested at the time of failure of Slide Y, which predates the
formation of craters filled by Slide W.

Noting that the Plio-Pleistocene sediments which bury the early Eocene-
Oligocene ooze at the sites of crater formation have a lower permeability and
porosity than the early Eocene-Oligocene ooze, and noting that the depth of
the gas hydrate stability zone at the time of failure of Slide W may coincide
with the calculated thickness of Slide W in the vicinity of the craters, a new
hypothesis is presented linking the formation of craters and the remobilisation
of early Eocene to Oligocene ooze in the Mgre Basin with the dissociation of
gas hydrate.

According to the hypothetical hypothesis presented in Chapter 5, during rapid
deposition of sediments burying the early Eocene to Oligocene ooze in the
More Basin from 4 Ma to 1.8 Ma, the base of a gas hydrate stability zone
shoals upwards towards the top of the early Eocene to Oligocene ooze. The
dissociation of gas hydrate within the early Eocene to Oligocene ooze leads to
the build up of pore pressure and the reduction of effective stress of the early
Eocene to Oligocene ooze. The pore pressure could increase to lithostatic
pressure, leading to fracturing of the overburden and venting of overpressured
gas, followed by sliding of the overburden. Alternatively, the pore pressure in
the Eocene to Oligocene ooze increases towards lithostatic pressure, priming
or triggering a slope failure of the overburden. The overpressured Eocene to
Oligocene ooze then becomes a detachment unit. Translation brings about
liquefaction of Eocene to Oligocene ooze, which is incorporated into the slope
failure.

According to the hypothetical hypothesis presented in Chapter 5, ooze is
remobilised to the seabed through faults or vents which develop in the
overburden. The emplacement of ooze will be rapid with respect to
background sedimentation. Evidence in support of this includes the pinch out
of the mounds on a single datum. It is not clear how quick the process of ooze
emplacement is in absolute terms. Shortly after emplacement on the seabed,
liquefied ooze loses its liquid properties and undergoes extension by shear and
possible volumetric contraction. The ooze mounds may undergo Rayleigh
Taylor instability, undergo liquefaction and remobilisation again in a process

similar to the process described above, or be incised by a later slide.
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7.5 Conclusions from Chapter 6: Subsurface gas expulsion structures

Up to 5 GT of methane may have been released into the ocean atmosphere system
during formation of the craters and the remobilisation of ooze sediments to the
seafloor, assuming the hypothesis presented in Chapter 5 accurately describes
formation of the craters described in this thesis. The craters mapped in the More Basin
are similar in some regards to the Blake Ridge Depression, where there is evidence
that 0.6 GT of methane gas has bypassed a gas hydrate cap at the seabed and been
vented to the ocean atmosphere system. Assuming Hypothesis C accurately describes
the formation of the craters described in this thesis, the structures described in the
Mere Basin and the Blake Ridge Depression could be classed as Subsurface Gas
Expulsion Structures.

1) Subsurface Gas Expulsion Structures are considered to be significant, because
they represent a manner by which significant quantities of methane can bypass
the cap of a gas hydrate stability zone and be vented to the ocean-atmosphere
system without a change in sea level or warming of global climate.

2) Continental margins should be considered at risk for the formation of
Subsurface Gas Expulsion Structures where there is a plentiful supply of
biogenic or thermogenic methane, where conditions are right for the formation
of gas hydrate, where there is a capped reservoir at shallow depth and where
there is rapid deposition at the seafloor leading to a rapid shoaling of the base
of a gas hydrate stability zone.

3) The Mpere Basin is currently considered to be at low risk as regards the
formation of Subsurface Gas Expulsion Structures, because present day
sediments at the seabed are not favourable to the formation of gas hydrate, and
because the continental slope to the east of the Meare Basin is considered to be
stable at the present day.

4) Further work is required to better understand the climatic effects of the release
from Subsurface Gas Expulsion Structures of quantities of methane similar to
the current quantity of methane in the atmosphere over a variety of

geologically rapid timescales.
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Fig. A2- 2: Two way travel time map of top surface of Slide Y, compiled from 2D seismic

reflection data.

A-9



APPENDIX A2 ADDITIONAL EVIDENCE IN SUPPORT OF FINDINGS

'I'|]”l’]’ll’lll”l"’ll'7’]]”‘[]|’|II'|”I|YT]I|||r|'7||l’|1|'l‘r""II]]1I”"I'llll"'[l]ll”ll]"||l[‘f|'l"r[1||l'rr”|||”|'
:§ 641200N 840600N 84 0000N 635400N 834800N 634200N 833800N 833000N 8 240
—8z8 =& 8 & 8 ® 8 & ° g8

o~ o~ - - - - | i )

o2 ' | ) | 9
—u e comims——"
—w |2 3 s

Fig. A2- 3: Tweo way travel time isochron map of Slide Y, compiled from 2D seismic reflection

data.
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Fig. A2- 4: Two way travel time map of basal shear surface of Slide W, compiled from 2D seismic

reflection data.
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Fig. A2- 5: Two way travel time map of top surface of Slide W, compiled from 2D seismic

reflection data.
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Fig. A2- 6: Two way travel time isochron map of Slide W, compiled from 2D seismic reflection

data.
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Fig. A3- 1: Two way travel time map of base of craters, compiled from 2D seismic reflection data.
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ADDITIONAL EVIDENCE IN SUPPORT OF FINDINGS

OF CHAPTER 5

APPENDIX Ad4:

ADDITIONAL EVIDENCE IN

SUPPORT OF FINDINGS OF CHAPTER $

Data used for depth conversions

CDP 4002 Havsule
Shot Point Time pick of | Time pick of | Time pick of | Time pick of | Time pick of
seabed (ms) top Slide W |top Slide W | base Slide W | base Brygge
and top mound | and base | (ms) (ms)
(ms) mound (ms)
5 -2046 -2594 -2594 -2846 -3430
25 -2044 -2578 -2578 -2840 -3426
50 -2054 -2584 -2584 -2828 -3410
75 -2072 -2582 -2582 -2808 -3404
100 -2060 -2574 -2574 -2806 -3380
115 -2076 -2576 -2576 -2796 -3366
116 -2076 -2576 -2576 -2796 -3376
125 -2075 -2558 -2596 -2789 -3371
150 -2074 -2540 -2616 -2780 -3366
175 -2108 -2528 -2610 -2774 -3374
200 -2106 -2514 -2624 -2762 -3368
225 -2098 -2486 -2598 -2740 -3358
225 -2098 -2486 -2598 -2740 -3358
226 -2098 -2488 -2598 -2888 -3328
250 -2106 -2488 -2636 -2894 -3308
275 -2100 -2470 -2612 -2870 -3298
300 -2116 -2478 -2592 -2862 -3294
325 -2100 -2516 -2574 -2846 -3258
350 -2100 -2484 -2558 -2820 -3246
375 -2096 -2490 -2558 -2814 -3230
400 -2088 -2482 -2558 -2806 -3198
407 -2088 -2512 -2512 -2802 -3202
408 -2088 -2512 -2512 -2802 -3192
425 -2088 -2512 -2512 -2796 -3172
450 -2084 -2502 -2502 -2774 -3174
475 -2076 -2490 -2490 -2758 -3164
500 -2072 -2490 -2490 -2750 -3164
525 -2052 -2490 -2490 -2746 -3156
550 -2036 -2478 -2478 -2728 -3148
575 -2020 -2480 -2480 -2726 -3156
600 -2012 -2476 -2476 -2720 -3112
625 -2006 -2474 -2474 -2714 -3124
650 -1992 -2480 -2480 -2698 -3136
675 -1990 -2476 -2476 -2702 -3140
683 -1982 -2484 -2484 -2704 -3164
684 -1982 -2484 -2484 -2604 -3204
700 -1976 -2480 -2480 -2612 -3208
725 -1972 -2472 -2472 -2624 -3222
750 -1968 -2458 -2458 -2650 -3240
775 -1956 -2458 -2458 -2658 -3270
800 -1960 -2454 -2454 -2678 -3316




APPENDIX A4 ADDITIONAL EVIDENCE IN SUPPORT OF FINDINGS
OF CHAPTER 5
825 -1948 -2454 -2454 -2700 -3344
Table A4- 1: CDP 4002 Havsule — Time picks of selected horizons.
Shot Point Calculated Calculated Calculated Calculated Calculated
depth to | depth to top | depth to top | depth to base | depth to base
seabed (m) Slide W and | Slide W and | Slide W (m) Brygge (m)
top mound (m) | base mound
(m)
5 -1596 -2067 -2067 -2334 -2858
25 -1594 -2054 -2054 -2331 -2856
50 -1602 -2058 -2058 -2316 -2838
75 -1616 -2055 -2055 -2294 -2828
100 -1607 -2049 -2049 -2295 -2809
115 -1619 -2050 -2050 -2282 -2793
116 -1619 -2050 -2050 -2282 -2802
125 -1618 -2034 -2065 -2269 -2791
150 -1618 -2019 -2080 -2253 2779
175 -1644 -2006 -2072 -2245 -2783
200 -1643 -1994 -2082 -2228 -2772
225 -1636 -1970 -2061 -2211 -2765
225 -1636 -1970 -2061 -2211 -2765
226 -1636 -1972 -2061 -2368 -2762
250 -1643 -1971 -2091 -2364 -2735
275 -1638 -1956 -2071 -2344 -2728
300 -1650 -1962 -2054 -2340 -2727
325 -1638 -1996 -2043 -2330 -2700
350 -1638 -1968 -2028 -2305 -2687
375 -1635 -1974 -2029 -2300 -2673
400 -1629 -1968 -2029 -2291 -2643
407 -1629 -1993 -1993 -2300 -2659
408 -1629 -1993 -1993 -2300 -2650
425 -1629 -1993 -1993 -2294 -2631
450 -1625 -1985 -1985 -2273 -2632
475 -1619 -1975 -1975 -2259 -2623
500 -1616 -1976 -1976 -2251 -2622
525 -1600 -1977 -1977 -2248 -2616
550 -1588 -1968 -1968 -2233 -2609
575 -1576 -1971 -1971 -2232 -2617
600 -1569 -1969 -1969 -2227 -2578
625 -1565 -1967 -1967 -2221 -2589
650 -1554 -1974 -1974 -2204 -2597
675 -1552 -1970 -1970 -2209 -2602
683 -1546 -1978 -1978 -2211 -2623
684 -1546 -1978 -1978 -2105 -2643
700 -1541 -1975 -1975 -2115 -2649
725 -1538 -1968 -1968 -2129 -2665
750 -1535 -1957 -1957 -2160 -2689
775 -1526 -1958 -1958 -2169 -2718
800 -1529 -1954 -1954 -2191 -2763
825 -1519 -1955 -1955 -2215 -2792

Table A4- 2: CDP 4002 Havsule — Calculated depths to selected horizons.




APPENDIX A4 ADDITIONAL EVIDENCE IN SUPPORT OF FINDINGS
OF CHAPTER 5
ILN 2634 Havsule
Shot Point Time pick of | Time pick of | Time pick of | Time pick of | Time pick of
seabed (ms) top Slide W | top Slide W | base Slide W | base Brygge
and top mound | and base | (ms) (ms)
(ms) mound (ms)
825 -1984 -2526 -2526 -2690 -3296
850 -2026 -2526 -2526 -2690 -3280
875 -2018 -2526 -2526 -2692 -3272
900 -2042 -2532 -2532 -2700 -3286
925 -2084 -2534 -2534 -2700 -3296
930 -2094 -2514 -2560 -2698 -3300
935 -2092 -2504 -2572 -2700 -3308
940 -2094 -2502 -2592 -2846 -3270
950 -2094 -2518 -2588 -2850 -3276
975 -2102 -2514 -2588 -2814 -3284
1000 -2100 -2510 -2578 -2832 -3280
1025 -2110 -2494 -2590 -2830 -3274
1050 -2116 -2488 -2604 -2876 -3278
1075 -2114 -2462 -2596 -2860 -3268
1100 -2122 -2462 -2616 -2846 -3268
1125 -2120 -2492 -2600 -2852 -3246
1150 -2122 -2490 -2598 -2856 -3236
1175 -2140 -2468 -2602 -2856 -3234
1200 -2148 -2476 -2604 -2838 -3246
1225 -2156 -2474 -2608 -2864 -3248
1250 -2156 -2508 -2586 -2824 -3262
1275 -2168 -2432 -2658 -2896 -3264
1288 -2180 -2414 -2668 -2900 -3276
1300 -2174 -2436 -2660 -2890 -3282
1312 -2180 -2494 -2630 -2860 -3264
1325 -2178 -2524 -2626 -2854 -3258
1350 -2192 -2562 -2596 -2870 -3280
1375 -2194 -2558 -2624 -2880 -3294
1400 -2212 -2578 -2610 -2856 -3288
1425 -2224 -2564 -2618 -2886 -3304
1450 -2248 -2558 -2604 -2882 -3304
1475 -2238 -2560 -2614 -2874 -3320
1500 -2240 -2550 -2616 -2882 -3316
1525 -2244 -2586 -2586 -2898 -3330
1550 -2264 -2584 -2614 -2912 -3316
1575 -2280 -2600 -2600 -2904 -3314
1600 -2278 -2604 -2604 -2898 -3334
1625 -2234 -2586 -2586 -2882 -3338
1650 -2300 -2578 -2578 -2878 -3328
1675 -2296 -2596 -2596 -2898 -3336
1700 -2304 -2602 -2602 -2884 -3344
1710 -2320 -2614 -2614 -2886 -3336
1715 -2336 -2616 -2616 -2814 -3366
1725 -2338 -2610 -2610 -2824 -3370
1750 -2340 -2614 -2614 -2820 -3360

Table A4- 3: ILN 2634 Havsule — Time picks of selected horizons.




APPENDIX A4 ADDITIONAL EVIDENCE IN SUPPORT OF FINDINGS
OF CHAPTER 5
Shot Point | Calculated | Calculated | Calculated | Calculated | Calculated
depth to | depth to top | depth to top | depth to | depth to
seabed (m) | Slide W and | Slide W and | base  Slide | base Brygge
top mound | base mound | W (m) (m)
(m) (m)

825 -1547 -2014 -2014 -2187 -2731
850 -1580 -2011 -2011 -2184 -2713
875 -1574 -2011 -2011 -2187 -2707
900 -1593 -2014 -2014 -2192 -2717
925 -1625 -2013 -2013 -2188 -2723
930 -1633 -1995 -2032 -2178 2717
935 -1632 -1986 -2041 -2177 -2722
940 -1633 -1984 -2057 -2326 -2706
950 -1633 -1998 -2055 -2332 -2714
975 -1639 -1994 -2054 -2293 -2714
1000 -1638 -1991 -2046 -2314 -2716
1025 -1646 -1976 -2054 -2308 -2706
1050 -1650 -1971 -2064 -2352 -2712
1075 -1649 -1948 -2056 -2336 -2701
1100 -1655 -1948 -2072 -2315 -2694
1125 -1654 -1974 -2061 -2327 -2681
1150 -1655 -1972 -2059 -2332 -2673
1175 -1669 -1951 -2060 -2328 -2667
1200 -1675 -1958 -2061 -2308 -2674
1225 -1682 -1955 -2063 -2334 -2678
1250 -1682 -1985 -2047 -2299 -2692
1275 -1691 -1918 -2100 -2352 -2682
1288 -1700 -1902 -2107 -2352 -2689
1300 -1696 -1921 -2102 -2345 -2697
1312 -1700 -1971 -2080 -2324 -2686
1325 -1699 -1997 -2079 -2320 -2682
1350 -1710 -2028 -2056 -2345 -2713
1375 -1711 -2024 -2078 -2349 -2720
1400 -1725 -2040 -2066 -2326 -2714
1425 -1735 -2027 -2071 -2354 -2729
1450 -1753 -2020 -2057 -2351 -2730
1475 -1746 -2023 -2066 -2341 -2741
1500 -1747 -2014 -2067 -2349 -2738
1525 -1750 -2045 -2045 2375 -2762
1550 -1766 -2041 -2065 -2381 -2743
1575 -1778 -2054 -2054 -2375 -2743
1600 -1777 -2057 -2057 -2368 -2759
1625 -1742 -2045 -2045 -2358 -2767
1650 -1794 -2033 -2033 -2351 -2754
1675 -1791 -2049 -2049 -2368 -2761
1700 -1797 -2053 -2053 -2352 -2764
1710 -1809 -2063 -2063 -2350 -2754
1715 -1822 -2063 -2063 -2272 -2767
1725 -1824 -2058 -2058 -2284 -2774
1750 -1825 -2061 -2061 -2279 -2763

Table A4- 4: ILN 2634 Havsule — Calculated depths to selected horizons.
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CDP 4942 Havsule
Shot Point Time pick of | Time pick of | Time pick of | Time pick of | Time pick of
seabed (ms) top Slide W [top Slide W | base Slide W i base Brygge
and top mound | and base | (ms) (ms)
(ms) mound (ms)
5 -2174 -2568 -2678 -2820 -3380
25 -2208 -2568 -2696 -2828 -3400
50 -2240 -2560 -2688 -2830 -3404
75 -2246 -2552 -2686 -2844 -3420
100 -2232 -2534 -2704 -2840 -3412
125 -2248 -2532 -2680 -2848 -3422
150 -2258 -2574 -2684 -2834 -3420
175 -2256 -2562 -2680 -2826 -3410
180 -2254 -2584 -2676 -2974 -3400
200 -2256 -2580 -2676 -2942 -3352
225 -2256 -2550 -2664 -2948 -3370
250 -2256 -2544 -2664 -2936 -3356
275 -2250 -2526 -2620 -2934 -3338
300 -2244 -2532 -2618 -2892 -3332
325 -2244 -2526 -2614 -2874 -3322
335 -2242 -2564 -2564 -2878 -3310
340 -2234 -2568 -2568 -2880 -3298
350 -2216 -2570 -2570 -2866 -3294
375 -2188 -2556 -2556 -2858 -3274
400 -2184 -2562 -2562 -2840 -3242
425 -2178 -2558 -2558 -2820 -3248
450 -2170 -2544 -2544 -2808 -3238
475 -2168 -2542 -2542 -2790 -3250
500 -2156 -2540 -2540 -2778 -3248
525 -2138 -2526 -2526 -2768 -3252
550 -2132 -2520 -2520 -2770 -3242
575 -2072 -2512 -2512 -2758 -3242
600 -2040 -2502 -2502 -2740 -3254
625 -2022 -2494 -2494 -2736 -3258
650 -2022 -2498 -2498 -2744 -3258
675 -2012 -2492 -2492 -2738 -3266
700 -2006 -2484 -2484 -2736 -3274
725 -1986 -2488 -2488 -2734 -3280
750 -1984 -2488 -2488 -2772 -3266
770 -1982 -2486 -2486 -2776 -3280
775 -1980 -2484 -2484 -2664 -3332
800 -1974 -2486 -2486 -2676 -3360
825 -1972 -2484 -2484 -2694 -3372

Table A4- 5: CDP 4942 Havsule — Time picks of selected horizons.
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Shot Point Calculated Calculated Calculated Calculated Calculated
depth to | depth to top | depth to top | depth to base | depth to base
seabed (m) Slide W and | Slide W and | Slide W (m) Brygge (m)
top mound (m) | base mound
(m)

5 -1696 -2035 -2123 -2274 -2776
25 -1722 -2032 -2135 -2275 -2788
50 -1747 -2023 -2126 -2276 -2791
75 -1752 -2015 -2123 -2290 -2807
100 -1741 -2001 -2138 -2282 -2795
125 -1753 -1998 -2117 -2295 -2809
150 -1761 -2033 -2122 -2281 -2806
175 -1760 -2023 -2118 -2273 -2796
180 -1758 -2042 -2116 -2432 -2813
200 -1760 -2038 -2116 -2397 -2765
225 -1760 -2013 -2105 -2405 -2783
250 -1760 -2007 -2104 -2392 -2769
275 -1755 -1992 -2068 -2400 -2763
300 -1750 -1998 -2067 -2357 -2752
325 -1750 -1993 -2064 -2339 -2741
335 -1749 -2026 -2026 -2358 -2745
340 -1742 -2030 -2030 -2360 -2735
350 -1728 -2033 -2033 -2346 -2730
375 -1707 -2023 -2023 -2343 -2716
400 -1703 -2029 -2029 -2323 -2683
425 -1699 -2026 -2026 -2303 -2687
450 -1693 -2014 -2014 -2294 -2679
475 -1691 -2013 -2013 -2275 -2688
500 -1682 -2012 -2012 -2264 -2685
525 -1668 -2001 -2001 -2257 -2691
550 -1663 -1997 -1997 -2261 -2684
575 -1616 -1995 -1995 -2255 -2689
600 -1591 -1989 -1989 -2240 -2701
625 -1577 -1983 -1983 -2239 -2707
650 -1577 -1987 -1987 -2247 -2708
675 -1569 -1982 -1982 -2243 -2716
700 -1565 -1976 -1976 -2243 -2725
725 -1549 -1981 -1981 -2241 -2731
750 -1547 -1981 -1981 -2282 -2724
770 -1546 -1980 -1980 -2286 -2738
775 -1544 -1978 -1978 -2168 -2767
800 -1540 -1980 -1980 -2181 -2794
825 -1538 -1979 -1979 -2201 -2809

Table A4- 6: CDP 4942 Havsule — Calculated depths to selected horizons.
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