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Abstract
A variety of factors influence the stability of submarine slopes and this thesis
investigates those operating on the northwest British continental margin and Barra Fan.
Through analysis of North Atlantic sector submarine mass movements, a conceptual
model of continental slope failure is proposed and examined against the Peach slide
case study. Situated on the eastern flank of the Rockall Trough, the Barra Fan is
subject to cyclonic ocean circulation and has experienced growth since continental
uplift during the mid-Pliocene. Surface and shallow-subsurface morphology of the fan
is determined using pinger sub-bottom profile (paper records scanned and converted to
SEGY format), sidescan sonar and multibeam echosounder data. A number of different
acoustic facies are mapped, including: contourites, hemipelagites and debris flows.
Analysis of gravity core 56/-10/239 identifies a debris flow containing material of glacial
age and AMS

14C

dating of planktonic foraminifera constrain emplacement prior to 11.9

ka cal BP. Reference to additional sediment cores located in the Barra Fan region
(MD95-2006 and 56/-10/36) allows the development of a chronology for the contourites
and hemipelagites interpreted during geophysical investigation. This allows constraint
of two periods of slope failure during the late Pleistocene: the first between 21 and 20
ka cal BP, shortly after the British ice sheetʼs maximum advance; and the second
between 12 and 11 ka cal BP at the termination of the Younger Dryas stadial.
Processes similar to those on the Norwegian continental margin seem to operate on
the northwest British continental margin, the morphology and setting of the Peach slide
is similar to Storegga and Trænadjupet, suggesting that similar processes initiated
failure. Important roles seem to be played by contouritic and glaciogenic sedimentation,
producing excess pore pressure in the fanʼs sediments with fluid expulsion visible in
the acoustic data.

5/267

Contents
List of Figures!.............................................................................................10
List of Tables!...............................................................................................14
List of Equations!.........................................................................................15

1. Introduction! __________________________________________16
1.1. Introduction to thesis!..........................................................................16
1.2. Rationale!...............................................................................................16
1.2.1.

Terminology!..................................................................................................16

1.2.2.

Relevance of submarine mass movements!..................................................17

1.3. Methodology!.........................................................................................18
1.3.1.

Previous work on the northwest British continental margin and Barra Fan!..18

1.3.2.

New advances in this study!..........................................................................19

1.4. Aim and objectives!..............................................................................20
1.5. Outline of thesis!...................................................................................20

2. A review of the occurrence and cause of submarine mass
movements and their relation to climate! __________________23
2.1. Introduction to chapter!........................................................................23
2.2. Occurrence of submarine mass movements!....................................23
2.2.1.

Physical properties of soil and the mechanics of sediment failure!...............23

2.2.2.

Controls on slope failure: susceptibility to failure and triggering of failure!...26

2.3. Impacts of submarine mass movements!...........................................35
2.3.1.

Damage to infrastructure!..............................................................................35

2.3.2.

Tsunami generation!......................................................................................36

2.3.3.

Gas Hydrate release!....................................................................................37

2.4. Review of late Pleistocene and Holocene North Atlantic sector
submarine mass movements!..............................................................38
2.4.1.

Database methodology and uncertainty!.......................................................38

2.4.2.

Database results!...........................................................................................43

2.5. Discussion of susceptibility factors and triggering mechanisms
affecting the key deposits in the database.!.......................................48
2.5.1.

Northwest European margin!.........................................................................48

2.5.2.

Canadian Arctic!.............................................................................................53

2.5.3.

Northeast American margin!..........................................................................53

2.6. Discussion of timing of mass movements relative to changes in
sea level and climate.!..........................................................................55
2.7. Latitude effects upon susceptibility factors and triggers - a
conceptual model of high latitude continental slope failure!...........60
6/267

2.7.1.

High latitude glaciated margins!....................................................................60

2.7.2.

Low latitude non-glaciated margins!..............................................................62

2.8. Chapter summary!................................................................................63
2.8.1.

Implications for the Barra Fan and Peach debrites!......................................63

3. Geologic and oceanographic development of the Barra Fan and
northwest British continental margin! _____________________65
3.1. Introduction to chapter!........................................................................65
3.2. Development of the northwest British continental margin!..............65
3.2.1.

Palaeocene igneous activity!.........................................................................65

3.2.2.

Post-rift tectonic margin evolution!.................................................................65

3.2.3.

Sedimentation process response to margin evolution!..................................67

3.3. Barra Fan during the Pleistocene and Holocene!..............................69
3.3.1.

Relationships between the Barra Fan and the British ice sheet during the
late Pleistocene (Devensian)!........................................................................71

3.3.2.

Oceanographic setting of the Rockall Trough and Barra Fan!.......................75

3.3.3.

Sedimentary processes on the Barra Fan!....................................................78

3.4. Chapter summary: differences between sedimentation in glacial
and interglacial periods!.......................................................................82

4. Surface and shallow-subsurface morphology of the Peach slide
region of the Barra Fan!_________________________________83
4.1. Introduction to chapter!........................................................................83
4.1.1.

Objectives!.....................................................................................................83

4.1.2.

Previous geophysical studies!.......................................................................83

4.1.3.

Geophysical data from the Peach region of the Barra Fan!..........................84

4.2. Methods!................................................................................................85
4.2.1.

GIS construction and geodetic system!.........................................................85

4.2.2.

Multibeam bathymetry!..................................................................................85

4.2.3.

Sidescan sonar!.............................................................................................87

4.2.4.

Sub-bottom profiles!......................................................................................88

4.3. Surface geology data analysis and results!.....................................100
4.3.1.

LOIS SES and SRTM30 bathymetry!..........................................................100

4.3.2.

AFEN TOBI sidescan sonar!.......................................................................111

4.4. Sub-surface geology data analysis and results!..............................113
4.4.1.

Sub-surface geology overview!...................................................................113

4.4.2.

Identifying characteristics and interpreted origin of acoustic facies!...........115

4.4.3.

Importing sub-surface interpretation in a GIS environment!........................126

4.4.4.

Occurrence of interpreted facies!................................................................130

4.4.5.

Overview of sub-surface geology results!...................................................134
7/267

4.5. Overview of margin morphology !.....................................................141
4.5.1.

Surface Morphology!...................................................................................141

4.5.2.

Sub-surface morphology!............................................................................143

4.6. Chapter summary!..............................................................................147

5. Sedimentology and geochemistry of 56/-10/239, a gravity core
sample from the headwall area of the Peach slope failure!___148
5.1. Introduction to chapter!......................................................................148
5.1.1.

Objectives!..................................................................................................148

5.1.2.

Previous sediment core studies from the region!.........................................148

5.2. Methods!..............................................................................................148
5.2.1.

Sediment core selection and sub-sampling!...............................................148

5.2.2.

Sediment analysis!......................................................................................150

5.2.3.

Stable isotope geochemistry!......................................................................153

5.2.4.

Foraminiferal AMS 14C dating!...................................................................156

5.3. Results!................................................................................................158
5.3.1.

Visual log!....................................................................................................158

5.3.2.

Sediment analysis!......................................................................................159

5.3.3.

Isotope geochemistry!.................................................................................167

5.4. Discussion of gravity core sample BGS CS 56/-10/239
sedimentology and geochemistry !....................................................171
5.4.1.

Comment on sulphur, arsenic and chlorine concentrations!........................171

5.4.2.

Unit lithology of gravity core sample BGS CS 56/-10/239!..........................172

5.5. Chapter summary!..............................................................................176

6. Morphology and timing of sedimentary processes on the
northwest British continental margin! ____________________177
6.1. Introduction to chapter!......................................................................177
6.2. Gully formation!...................................................................................177
6.3. Chronology of sedimentation!...........................................................180
6.3.1.

Accounting for the marine 14C reservoir effect!..........................................180

6.3.2.

Regional stratigraphic framework and chronologies!..................................183

6.3.3.

Age of interpreted acoustic facies!..............................................................192

6.4. Margin morphology !...........................................................................197
6.4.1.

Slope parallel current features!....................................................................197

6.4.2.

Mass movement features!...........................................................................202

6.4.3.

Fluid release and fault structures!...............................................................206

6.5. Late-Pleistocene sedimentation processes on the Barra Fan!.......207
6.5.1.

Proposed failure mechanism!......................................................................207

6.5.2.

A chronology of sedimentation and failure!.................................................210
8/267

7. Summary and Conclusions! ____________________________215
7.1. Summary of major findings!...............................................................215
7.2. Fulfillment of thesis objectives!........................................................216
7.3. Thesis limitations and future work!...................................................217
7.3.1.

Use of methodologies outlined in this thesis!..............................................217

7.3.2.

Further studies on the Barra Fan and in the Rockall Trough!......................218

8. Bibliography!_________________________________________221
9. Appendix A - Database of North Atlantic sector submarine mass
movements*!_________________________________________254
10.Appendix B - Estimation of potential error associated with
interpolated navigation during conversion of seismic paper
records to digital seismic files*! _________________________255
11.Appendix C - Sub-bottom interpretation log*! _____________259
12.Appendix D - Acoustic facies interpretation plots*!_________260
13.Appendix E - Tabular data from CS 56/-10/239*!____________261
*Appendices are also included digitally with the accompanying DVD.

9/267

List of Figures

Figure 1.1: Thesis structure and relationships between chapters

21

Figure 2.1: Development of a failure plane through overpressure, permeability
variation and fluid flow

30

Figure 2.2: Dating submarine mass movements

42

Figure 2.3: Distribution of late Pleistocene and Holocene North Atlantic sector
submarine mass movements.

46

Figure 2.4: Latitudinal distribution and timing of submarine mass movements
compared with mean global sea level and GISP2 CH4

47

Figure 2.5: Comparison of local sea level curves with mean global sea level

56

Figure 2.6: Approximation of isostatic change of sea level at Frøya and Andøya for
the past 12.5 ka

58

Figure 2.7: Low latitude, non-glaciated margin mass movements and mean global
sea level curve for the past 45 ka

59

Figure 2.8: Flow diagram demonstrating climate change driven mass movement
cause variation during glacial and deglacial periods

61

Figure 3.1: Contemporary North Atlantic overview

68

Figure 3.2: Overview of northwest British continental shelf and adjacent Rockall
Trough

70

Figure 3.3: Local sea level and estimated isostatic rebound for the Hebrides shelf

74

Figure 3.4: Contemporary oceanographic setting of the Rockall Trough and Barra
Fan

75

Figure 3.5: Contemporary water masses bathing the Barra Fan

77

Figure 3.6: Overview of sedimentary processes on the Barra Fan

80

Figure 4.1: Bathymetry conversion workflow

86

Figure 4.2: Overview of BGS and NOC seismic data analysed in this thesis

87

Figure 4.3: Flowchart demonstrating the process used to convert paper seismic
records into digital seismic data files

90

Figure 4.4: Annotated screen grab from the ImageToSEGY application

91

Figure 4.5: Potential error associated with navigation interpolation

93
10/267

Figure 4.6: Positional accuracy check for bathymetry, sidescan sonar and NOC
AFEN vessel pinger data

96

Figure 4.7: Positional accuracy check for bathymetry and BGS pinger data

97

Figure 4.8: Bathymetry overview of Barra Fan and neighbouring regions

100

Figure 4.9: Artefact in SRTM30 data

101

Figure 4.10: LOIS SES bathymetry

103

Figure 4.11: Gradients calculated from LOIS SES bathymetry

104

Figure 4.12: Map of landslide scar. Numbered lines indicate cross-sections
displayed in Figure 4.13

105

Figure 4.13: Profiles across landslide scar marked in Figure 4.12

107

Figure 4.14: Map of gullies in north and south of LOIS SES bathymetry

108

Figure 4.15: Profiles through gullied areas indicated in Figure 4.14

109

Figure 4.16: Raw AFEN TOBI sidescan sonar data

111

Figure 4.17: Major features interpreted from AFEN TOBI sidescan sonar

112

Figure 4.18: Example of muddy contourite, facies Ia; and hemipelagic sediments,
facies II from BGS pinger record 1985 6-16

115

Figure 4.19: Example of sandy contourite, facies Ib, from BGS pinger record 1985
6-27

118

Figure 4.20: Example of low viscosity debris flow deposit, facies IVb, from BGS
pinger record 1985 6-14

120

Figure 4.21: Example of high viscosity debris flow deposit, facies IVa; with
prominent internal unit, facies IVc, from BGS pinger record 1985 6-13

121

Figure 4.22: Example of hard debris deposits, facies V, from BGS pinger record
1985 6-27

123

Figure 4.23: Example of diffuse acoustic blanking from BGS pinger record 1985
6-14

124

Figure 4.24: Example of acoustic blanking associated with faulting from BGS pinger
record 1985 6-13

125

Figure 4.25: Acoustic facies present at seabed

134

Figure 4.26: Thickness of draping sediment facies (FIa, FIb, FIIa, FIIb), where
acoustic facies are interpreted

135
11/267

Figure 4.27: Location of fluid and faults interpreted from pinger data

137

Figure 4.28: North to south orientated interpreted section from Pinger line BGS
1985 6-12

138

Figure 4.29: West to east orientated interpreted section from Pinger line BGS 1985
6-16

140

Figure 4.30: Seabed morphology interpreted from LOIS SES bathymetry, AFEN
sidescan sonar and Pinger data supplied by BGS and NOC

141

Figure 4.31: Contourite deposition in relation to surface morphology

143

Figure 4.32: Pinger data example of contourites within the Peach slide scar

144

Figure 4.33: Distribution of mass movement associated facies

146

Figure 5.1: Locations of BGS sediment cores that were visually inspected prior to
selection of BGS 56/-10/239 for sub-sampling

150

Figure 5.2: A. Visual log of CS 56/-10/239

158

Figure 5.3: Percentages of sand, silt and clay with 56/-10/239

159

Figure 5.4: Particle size parameters for 56/-10/239, displaying logarithmic values
from Folk and Ward (1957) method

161

Figure 5.5: Bulk sediment XRF results for: Calcium, Chlorine, Strontium expressed
as percent and Silica expressed as μg g-1

163

Figure 5.6: Bulk sediment XRF results for: Potassium and Iron expressed as
percent; Nickel and Copper expressed as μg g-1

164

Figure 5.7: Bulk sediment XRF results for: Sulphur expressed as percent and
Arsenic expressed as μg g-1

165

Figure 5.8: Bulk sediment XRF results for: Chlorine expressed as percent and
Bromine expressed as μg g-1

166

Figure 5.9: Sulphur and total organic carbon expressed as percentage of bulk
sample calculated from combustion

167

Figure 5.10: δ18O values for planktonic foraminifera N. pachyderma (s.) and G.
bulloides

168

Figure 5.11: δ13C values for planktonic foraminifera N. pachyderma (s.) and G.
bulloides

169

Figure 5.12: Lithology and sedimentology of CS 56/-10/239

175

12/267

Figure 6.1: Estimating the marine reservoir effect in the Rockall Trough during MIS
3, from Fugloyarbanki tephra layer in MD95-2006

180

Figure 6.2: Location of core samples that are used to provide a regional chronology
in relation to slide scarp slope, probable ice stream locations, major
thermohaline current circulation and inferred local variation in slope parallel
currents

182

Figure 6.3: Linking Interpretation from Knutz et al. (2002) to this study.

184

Figure 6.4: Linking Knutz et al.ʼs (2002) interpretation of MD95-2006 and BGS
seismic data to work completed in this thesis.

185

Figure 6.5: Radiocarbon chronology, lithology and tied acoustic interpretation for
piston core MD95-2006

187

Figure 6.6: Location and acoustic facies of vibrocore 56/-10/36

188

Figure 6.7: Radiocarbon chronology and lithology from vibrocore 56/-10/36

189

Figure 6.8: Location of BGS 56/-10/239

190

Figure 6.9: Radiocarbon chronology and lithology from gravity core BGS
56/-10/239

191

Figure 6.10: Stratigraphic position of debris flow facies

194

Figure 6.11: Chronology of units within the study site.

196

Figure 6.12: Example of current scour and deposition from Pinger line BGS 1985
6-23

198

Figure 6.13: Upper landslide scar showing slumped sediments with contourite drift
formation

200

Figure 6.14: Example of extensional faulting at the slideʼs northern margin

204

Figure 6.15: Middle slope landslide scar, showing blocky debris overlain by a thin
contourite unit

205

Figure 6.16: Schematic of sedimentation driven slope failure on the Barra Fan.

211

13/267

List of Tables
Table 2.1: Explanation of mass movement database fields

39

Table 2.2: Determination of reliability index

40

Table 2.3: North Atlantic Sector late-Pleistocene - Holocene submarine mass
movements. Selected key references listed

45

Table 4.1: WGS 84 datum parameters and UTM Zone 29N projection parameters

84

Table 4.2: Overview of acoustic data analysed in this thesis

88

Table 4.3: Positional check summary

95

Table 4.4: Data resolution of scanned pinger records

99

Table 4.5: Overview of interpreted acoustic facies

114

Table 4.6: Evidence for and against different interpretations of acoustic facies I.

117

Table 4.7: Summary of pinger line data quality

127

Table 4.8: Summary of interpreted acoustic facies results

130

Table 5.1: Sediment cores inspected visually during September 2006

149

Table 5.2: Particle size classification and analytical method

151

Table 5.3: Overview of foraminiferal CaCO3 AMS 14C dates awarded under NERC
allocation number 1441.1009

157

Table 5.4: Foraminiferal CaCO3 AMS 14C results

170

Table 6.1: North Atlantic 14C marine reservoir effects during the late Glacial and
Holocene transition

179

Table 6.2: Summary of 14C marine reservoir corrections used

181

Table 6.3: Calibration of radiocarbon chronology to calendar years BP

183

Table 6.4: Executive summary of Peach debrite ages

213

14/267

List of Equations
Equation 2.1: Coulomb failure criterion

25

Equation 2.2: Mohr-Coulomb failure criterion

25

Equation 2.3: Darcyʼs Law

25

Equation 4.1: Wavelength and theoretical resolution of pinger data

98

Equation 4.2: Example of Python logic function

129

Equation 5.1: Calculating δ18O and δ13C V-PDB

154

Equation 5.2: Cold condition δ18O and δ13C equilibrium calibrations for Globigerina
bulloides

155

15/267

1. Introduction
1.1. Introduction to thesis
Continental margin submarine mass movements are an important component of the
marine system. They play a major role in transporting sediments from the continental
shelf into the deep water of the abyss and the ocean basins. They have the potential to
influence climate change through the release of gas hydrates (Kennett, 2003; Maslin et
al., 2004), are a hazard to seabed infrastructure (Bea et al., 1983; Gilbert et al., 2007;
Hsu et al., 2008) and may be tsunamigenic (Bondevik et al., 2005; Tappin et al., 2008).
This thesis takes two approaches to improve understanding of the processes that
cause submarine mass movements to occur.
First, an extensive study of the occurrence and cause of mass movements is
undertaken. Through this research a conceptual model of occurrence and cause of
submarine mass movement is developed and the relationship between mass
movement and climate indicators examined.
Second, the main body of the thesis applies this conceptual model to a study of the
Barra Fan and the Peach slide. This submarine mass movement complex, situated on
the northwest British continental margin, consists of at least four Pleistocene mass
movement deposits (Holmes et al., 1998). This thesis focuses on the most recent
Peach 4 debrite: an event that is believed to be of late-glacial age (Holmes et al., 1998;
Armishaw, 1999; Armishaw et al., 2000).
This event is regarded as a useful case study for high latitude, passive margin
continental slope submarine mass movements and may be analogous to events that
may be triggered by contemporary deglaciation in Greenland and Antarctica.
This thesis questions what the key processes operating in the development of the
Barra Fan and Peach slide are. To facilitate this a number of specific questions are
asked. First, when did the Peach 4 debrite occur? Second, what factors (environmental
and geological) are key in the occurrence of mass movement on the northwest British
continental margin? Third, how does this greater understanding of sedimentology allow
understanding of the processes of causation?
1.2. Rationale
1.2.1. Terminology
In the context of this thesis the term submarine mass movement refers to the
downslope transport of sediments on the seabed. The term encompasses a wide range
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of processes, including cohesive transport (such as slides and slumps) and
disintegrative transport (such as turbidity currents and debris flows) (Coleman and
Prior, 1988; Hampton et al., 1996; Mulder and Cochonat, 1996). As such it is important
to be cautious when discussing specifics from a general term. For instance some
processes may result in high velocity downslope movement (e.g. Grand Banks turbidite
(Piper et al., 1999a)) and others in a more gradual creep (Masson et al., 2006).
Turbidity currents may deposit sediments over 1000 km from the initial failure (Talling et
al., 2007), whereas cohesive transport is associated with shorter distances. A processʼ
attributes (e.g. velocity or cohesion) will influence the severity or magnitude of the
hazard posed, such as efficiency of tsunami generation (Ward, 2001; Gisler et al.,
2010) or methane release (Buffett and Archer, 2004).
In this thesis the term submarine mass movement is used as an umbrella for all mass
movement events. When discussing specific mass movements more precise terms
(such as slide, slump, debris flow and turbidity current) are used. Mass movements
associated with volcanic flank collapses (e.g. El Golfo debris avalanche (Masson et al.,
2002) and Hawaiian landslides (Moore et al., 1989)) are beyond the main scope of this
thesis and are only discussed briefly.
When referring to the Peach mass movement complex the term Peach slide (following
from Holmes et al., 1998) is used to describe the sequence of four Pleistocene debrite
deposits. Within this, the most recent mass movement is referred to as Peach 4. Later
chapters of this thesis will use more specific terminology to describe this mass
movementʼs morphology.
1.2.2. Relevance of submarine mass movements
Submarine mass movements pose a significant hazard in terms of tsunami generation
(Tappin et al., 2001; Bondevik et al., 2005) and damage to seabed infrastructure such
as cables (Piper and Asku, 1987; Piper et al., 1999a; Hsu et al., 2008) and pipelines
(Gilbert et al., 2007). Additionally they may play a significant role in the carbon cycle:
releasing carbon held in clathrate bonds into the water column and possibly the
atmosphere (Norris and Röhl, 1999; Kennett, 2003; Maslin et al., 2004).
Therefore, an improvement in our understanding of the processes and mechanics of
submarine mass movement may enable greater understanding of and preparedness
for such hazards.
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1.3. Methodology
This thesis employs a broad range of techniques to improve understanding of
submarine mass movements in general and the Peach slide in particular. A reexamination and analysis of the considerable body of work available on the subject is
used to develop a conceptual model of continental margin submarine mass movement
occurrence.
The Barra Fan study site was chosen in order to use previously acquired geophysical
data and geological samples. This methodology is consistent with the view that there
are a vast amount of geological and geophysical data already collected (e.g.
OneGeology, 2011) and that before expending financial resources acquiring more data
it is wise to fully explore that which is already available.
1.3.1. Previous work on the northwest British continental margin and Barra Fan
A large volume of work, including several PhD theses, has been conducted in the area
over the last 20 years. Selby (1989) conducted a seismic and lithostratigraphic analysis
of glaciation of the Hebrides Shelf, confirming the presence of shelf-edge ice, though
also examining sedimentation on the slope.
Dodd (1995) presents a comparison of the Var Canyon and Barra Fan, primarily based
on geotechnical data. Describing her study as a ʻfirst stepʼ towards investigating slope
stability on the Barra Fan, Dodd (1995) employed seismic data to produce a refined
bathymetric map, however, due to the complexity of the facies no detailed sub-bottom
interpretation was performed.
Howe (1996) presents a seismic and sedimentological study into sediment waves at
the northern boundary of the Barra Fan, which documents a range of depositional
processes including contouritic and what he terms ʻhemiturbiditeʼ.
Holmes et al. (1998) present a key study that documents Peach debrites 1 - 4. The
study maps the debrites and proposes approximate timing: early Pleistocene for
debrite 1 and (on the basis of truncated iceberg scours) post glacial for debrite 4. Work
by Maslin et al. (2004) further refine the debrite ages and is discussed in section
2.5.1.3.
Barra Fan sedimentation processes were investigated by Armishaw (1999) who argued
in favour of an important role for alongslope and downslope sediment transport in the
development of the fan. This thesis, combined with later work, presented evidence of
surface sediments consisting of both muddy and sandy contourites reflecting the role of
recent bottom current circulation (Armishaw, 1999; Armishaw et al., 2000).
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The relationship between Barra Fan sedimentation and the British ice sheet was
investigated by Knutz et al. (2001), documenting and dating glacimarine sedimentation.
Additional work investigated the Barra Fan drift and provided seismo-stratigraphic age
constraint, based on correlation with piston core MD95-2006, of the Peach 3 debrite
(Knutz et al., 2002).
1.3.2. New advances in this study
This thesis builds on the previous Barra Fan studies and produces novel results by
advancing our knowledge in the following ways. The complexity of the sub-surface and
the difficulties of interpreting the seismic data were noted by Dodd (1995), therefore,
geophysical work in chapter four takes advantage of software developments to map
the shallow-subsurface morphology of the Barra Fan. This new database of scanned
seismic data shows the distribution of expelled fluid in the region, as well as
preferential accumulation of sediments within the Peach slide scar for the first time.
Armishaw (1999) suggests that future work should attempt to date material overlying
the most recent debrite. To this end, chapter five of this thesis uses AMS

14C

dating of

planktonic foraminifera to date the Peach 4 debrite. This is the first time that material,
immediately, overlying this slope failure has been dated. Chapter six produces a new
synthesis of sedimentation on Barra Fan, which greatly enhances our knowledge of
mass movement in the region and the roles played by glaciogenic sedimentation and
ocean circulation.
The majority of investigations concerning mass movement on the Barra Fan pre-date
the year 2000 (e.g. Wild, 1985; Cook, 1989; Selby, 1989; Holmes, 1994; Dodd, 1995;
Howe, 1996; Armishaw et al., 1998; Holmes et al., 1998; Armishaw, 1999; Armishaw et
al., 2000), with only limited work conducted more recently (Knutz et al., 2002). As such,
it is possible to employ Geographical Information System (GIS) software to provide
more detailed and computationally complex analysis than was previously possible. To
this end this thesis constructs a model of the Barra Fan using all available data in
ArcGIS™.
Employing a combination of geophysics, sedimentology, sediment geochemistry and
isotope geochemistry the Barra Fan study is an attempt at an integrated investigation
of a mass movement event and the environment in which it occurred. Through
geophysical techniques such as multibeam echo sounder bathymetric mapping and
sub-bottom profiling the geographical extents and morphological features of a mass
movement may be determined, both at the seabed and within the sedimentary column.
Sediment core analysis allows much more fine resolution analysis of the interface
between failed and unfailed material.
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Via the combined investigation of geophysical and geological data it is possible to gain
a greater understanding of the timing (via AMS

14C

dating of CaCO3 shells in pelagic

sediments overlying failed material (e.g. Rothwell et al., 1998)) and processes of
sediment failure, transport and deposition (through seabed morphology, distribution of
acoustic facies and particle size analysis (Wilson et al., 2004; e.g. Jenner et al., 2007;
Tripsanas et al., 2007; Tripsanas et al., 2008)).
1.4. Aim and objectives
The overall aim of this thesis is to answer the questions posed in section 1.1 and in so
doing improve understanding of the processes governing the occurrence of continental
slope submarine mass movements and the hazards they pose. Within this, the project
focuses on the Barra Fan and investigates the timing and morphology of the Peach 4
debrite.
Specific objectives of the Barra Fan site study are:
i. Employ geological and geophysical methods to understand submarine mass
movement in the area.
ii. Map the different acoustic facies associated with submarine mass movement and
thereby reconstruct the mechanisms of sediment failure and transport.
iii. Make full use of GIS software to improve interpretation and analysis of the Barra
Fan environment.
iv. Improve understanding of the more recent submarine mass movementsʼ timing and
cause.
v. Make an assessment of the hazard potential of submarine mass movements
occurring within the Barra Fan.
A range of techniques, including geophysical interpretation and GIS analysis, will be
employed in an attempt to achieve these goals.
1.5. Outline of thesis
In addition to this introductory chapter this thesis is structured in six chapters. Chapter
two provides an overview of continental slope submarine mass movements. The third
chapter discusses the geological and oceanographic setting of the Barra Fan study
site. Chapters four and five present the main body of the projectʼs original geophysical
and geological research, with a discussion of results and interpretations in chapter six.
Conclusions are presented in chapter seven. Figure 1.1 presents an overview of the
thesisʼ structure and demonstrates how the chapters interrelate.
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Figure 1.1: Thesis structure and relationships between chapters.

Chapter two presents a review of the occurrence and cause of continental slope
submarine mass movements and proposes a conceptual model of slope failure. This
provides a conceptual thread running through the remainder of the thesis. The chapter
is largely based on work published by Owen et al. (2007). As well as providing a review
of submarine mass movement theory, this chapter provides a brief investigation into the
relationships between North Atlantic sector submarine mass movements and climate
indicators (such as the GISP2 methane and sea-level records).
Chapter three reviews literature from the Barra Fan study site, neighbouring Rockall
Trough and Hebrides Shelf: providing context for the application of the conceptual
model of slope failure presented in chapter two, as well as foundations for the
geophysical and geological investigation chapters that follow.
The geophysical component of the thesis is presented in chapter four. Through
techniques of multibeam bathymetry, sub-bottom profiling and side-scan sonar the
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Peach region of the Barra Fan is mapped and the extents and morphology of the
Peach 4 debrite determined.
Chapter five focuses on geological investigation within the Barra Fan, specifically
analysis of sediment core BGS CS 56/-10/239, which is located in the headwall area of
Peach 4. Through analysis of this core, this thesis attempts to achieve its objective of
refining the understanding the eventʼs timing. To this end the chapter presents a
detailed and comprehensive sedimentological and geochemical analysis of BGS CS
56/-10/239. A selection of the data and interpretation presented in this chapter was
published by Owen et al. (2010). This thesis presents more data and an updated
interpretation, reflecting the AMS 14C dates obtained after paper publication.
Chapter six presents a synthesis of the combined geophysical and geological data,
with an emphasis on the processes controlling mass movement on the Barra Fan. The
discussion is widened to include previous work in the area, particularly work by Kroon
et al. (1997; 2000 and their analysis of sediment core BGS CS 56/-10/36) and others
concerned with the climatic and glacial history of the northwest British continental
margin (for example Selby, 1989), as well as sedimentation on the Barra Fan (Howe,
1996; Holmes et al., 1998; Armishaw, 1999; Knutz et al., 2001; Knutz et al., 2002). This
chapter refers to chapters two and three in order to explain why the northern flank of
the Barra Fan is susceptible to large scale submarine sediment failures.
Chapter seven presents the key conclusions of this thesis as well as recommendations
for future work in the Barra Fan region and in the field of continental slope submarine
mass movements.
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2. A review of the occurrence and cause of submarine mass movements and
their relation to climate
2.1. Introduction to chapter
The following chapter is a development of work published in Quaternary Science
Reviews by Owen et al. (2007). The intention is to provide a global review of the
mechanical and geologic control of continental slope mass movements. In so doing the
chapter seeks to answer two main questions. First, what is the current consensus on
the factors that control the occurrence of submarine mass movement? Second, what
evidence regarding cause have previous surveys of mass movement deposits/scars
found? This work leads to the development of a conceptual model of continental slope
failure, which is applied in later chapters of the thesis.
Additionally, recent (post 45 ka cal BP) North Atlantic sector submarine mass
movements are analysed in relation to timing, sea-level variation and atmospheric
methane concentrations. This review is based on a database of North Atlantic sector
mass movements that has been developed from Owen (2000), Maslin et al. (2004) and
finally Owen et al. (2007) as a part of this PhD project. Initially this approach sought to
test whether their was a relationship between submarine mass movement and climate
(i.e. Kennet et al.ʼs (2003) Clathrate Gun Hypothesis). However, as discussed later in
this chapter it is felt that the data does not exist that would allow this relationship to be
properly tested.
Although initial work, particularly with regard to compiling the database of submarine
mass movements, was carried out prior to this thesis the vast majority of the work
presented here was carried out during the PhD project. In particular, work on
susceptibility of slopes to failure and the detailed analysis of individual mass
movementsʼ characteristics was undertaken entirely within the PhD (as demonstrated
by the theoretical development between Maslin et al. (2004) and Owen et al. (2007)).
2.2. Occurrence of submarine mass movements
Before discussing regional and temporal occurrence of submarine mass movements it
is necessary to briefly review the engineering and mechanical properties of marine
sediments.
2.2.1. Physical properties of soil and the mechanics of sediment failure
In this section the term soil is used rather than sediment, reflecting the geological and
engineering nomenclature with respect to physical properties and stability.
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2.2.1.1. Physical properties of soil
A soil may be defined as being an unconsolidated assemblage of solid particles
between which are voids (Bell, 1992). As such, when considering a soilʼs properties it is
useful to consider the individual grains, the voids and the structure as a whole.
It is important to distinguish between cohesive soils, like clays and fine silts, and noncohesive soils like coarser silts, sand, gravels and larger particles. The former are
attracted to one and other by electro-chemical bonds and respond to stress as a
matrix, whereas the coarser particles act individually and in this case the soil strength
comes from inter-particle friction (Frossard, 1979).
The ratio of voids to particles in a given volume of soil equates to porosity, which in turn
influences soil density (along with particle density). Porosity is determined by degree of
consolidation, with more consolidated soils having lower porosities than looser packed,
less consolidated soils. The connectivity of voids, or pores, determines the soilʼs
permeability, or the ease with which water may pass through: the hydraulic
conductivity.
Generally speaking, finer particles, such as clays, have lower permeabilities than
coarser particles (Bell, 1992; Laberg and Vorren, 2000; Strout and Tjelta, 2005).
However, permeability is also influenced by packing and size distribution, with loose
well sorted soils having the greatest porosity values (Graton and Fraser, 1935).
2.2.1.2. Consistency of cohesive soils
Consistency of cohesive soil is determined by clay mineral composition and moisture
content. The lower the moisture content, the stronger the attraction between particles
and the more brittle the material. Based on the Atterberg tests a clay deposit may be
defined as being: solid, semi-solid, plastic or liquid (Haigh et al., 2013). Plastic limit,
and liquid limit define the water content required for the material to act as a plastic or
liquid (Bell, 1992).
As consistency is largely governed by moisture content, greater consolidation is
associated with solid, more brittle consistency and generally increases with depth in
the sedimentary column. Conversely, less consolidated clays tend to show greater
plasticity or liquidity and are located shallower in the sedimentary column. However,
erosion may lead to overconsolidated materials being present in shallow locations
(Bryn et al., 2005a).
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2.2.1.3. Stress, strength and the role of pore fluid
Shear strength of a soil may be defined as being the maximum resistance to shear
stress and when this maximum is reached the soil is regarded as having failed (Bell,
1992). The Coulomb criterion may be used to calculate resistance on a plane.

τ = c + σn tanφ
Equation 2.1: Coulomb failure criterion.

Where τ is the shear stress acting along plane; c is cohesion; σn is the normal stress
(acting perpendicular to the plane); and φ is the angle of shearing resistance. The
resultant value of resistance is equal to the stress and the strength.
Stress that controls changes in volume and strength of a soil is known as effective
stress (σʼ) and equates to the intergranular pressure that develops when a soil resists
an applied load. An important role is played by the soil pore water, as this offers no
resistance to the shear. Therefore, the total stress (σ) is equal to the pore water
pressure (u) plus the effective stress; the Coulomb criterion is modified to the MohrCoulomb criterion in order to account for this.

τ = c'+ (σ − u)tanφ'
Equation 2.2: Mohr-Coulomb failure criterion.

Where cʼ is the effective cohesion and φʼ is the effective friction angle. Hence, in
saturated soils increased shear stress may be carried by the pore water, causing an
increase in pore pressure and reduction in shear strength (Savage and Baum, 2005).
When a soil is loaded the void ratio decreases and settlement occurs. However, in the
case of saturated soils the presence of pore water means that loading is accompanied
by a equal increase in pore pressure (in excess to hydrostatic pressure); which
dissipates with time in permeable soils. The rate at which this dissipation occurs is
governed by Darcyʼs Law.

v = ki
Equation 2.3: Darcyʼs Law.

Where v is the rate of flow, k is the permeability coefficient and i the gradient of the
potential head (measured in the direction of flow). When considered in a stratigraphic
context this means that upwards fluid dissipation may generate excess pore pressure
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(associated with a reduction in shear strength) below a layer with a lower permeability
coefficient (Biscontin et al., 2004).
As water flows through a soil energy is transferred to the particles past which it flows,
exerting a drag effect known as seepage force (Orange and Breen, 1992). If water
flows toward the surface the effect is counter to gravity and reduces the effective
stress. In areas where fissuring has occurred this can produce erosion as water moves
preferentially through cracks in the soil removing sediments.
2.2.1.4. Mechanics of failure
A soil will fail when downslope (shear stress) force exceeds the resisting (shear
strength) force. Sediments deposited in a state where shear strength exceeds shear
stress will be stable. However, an alteration of this state, through either a reduction in
shear strength or through an increase in shear stress operating on that sediment, can
lead to failure (Biscontin et al., 2004).
Different materials respond to failure in different ways. Loose soils will contract,
whereas dense soils will dilate in response to shearing. Liquefaction may occur when
saturated, loosely packed soils experience increased excess pore pressure that
reduces the intergranular forces: causing the material to act like a viscous liquid.
Cohesive soils may undergo strain-softening, that is to say excess pore pressure and
reduction in strength (Kvalstad et al., 2005). Increased water content from excess pore
pressure will influence the soilʼs consistency, potentially passing the plastic or liquid
limit (see section 2.2.1.2) causing collapse of the overlying sedimentary column.
2.2.2. Controls on slope failure: susceptibility to failure and triggering of failure
Stability of a slope is determined by the balance of the destabilising forces (downslope
component of gravity, seepage forces, pore fluid pressure) and the stabilising forces
(slope – normal component of gravity × friction coefficient, cohesion). The balance
between these is in engineering terms the factor of safety (F, the ratio of the two sets of
opposing forces). As F decreases the susceptibility to failure increases as the
additional, transient seismic or fluid pressure force needed to produce failure
decreases (see also Sultan et al., 2004 for discussion of factor of safety).
From a geological perspective, this thesis distinguishes two categories of process that
combine to produce the change in state from stable slope to failure and mass
movement. These categories are susceptibility to failure and triggering mechanisms
(susceptibility may be considered analogous to pre-conditioning as outlined by Masson
et al. (2006)).
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For a slope to fail, it must first be susceptible to failure when subjected to a triggering
process (see section 2.2.2.2). This is a product of geological history and local
environmental conditions. For example the development of a low permeability layer, in
an otherwise relatively permeable environment, will lead to an increase in susceptibility
to failure through prevention of pore water expulsion and the development of
overpressure (see section 2.2.1.3; Dugan and Flemings, 2000; Volpi et al., 2003;
Biscontin et al., 2004). Sedimentation patterns, glacial history and geological uplift are
all factors that may influence a slopeʼs susceptibility to fail without actually triggering a
mass movement, or failure, event.
Trigger mechanisms tend to be identifiable events with clear temporal constraints. For
instance an earthquake, or rapid destabilisation of a gas hydrate reservoir. This trigger
will then influence the slopeʼs geometry or sedimentological properties causing it to fail.
For example, earthquake seismic shaking leads to vertical and horizontal movement
which increases the gravimetric forces operating on the sediments and the pore
pressure: reducing the sediment shear strength allowing failure to occur (see Wright
and Rathje, 2003; Martel, 2004; Strout and Tjelta, 2005).
Climate change and mass movement may, therefore, interact in the first instance
through the effect of climate upon susceptibility to failure of sedimented slopes, or
through the effect of climate upon the occurrence and intensity of triggering events.
The effect upon climate of the slope failures then has the potential to act either as a
positive or as a negative feedback upon the primary (climate driven) interaction.
2.2.2.1. Susceptibility factors
Susceptibility factors are those which influence the long-term (>102 years) likelihood of
a slope to fail.
In high latitudes the advance and retreat of large ice sheets influences the adjacent
continental slopesʼ susceptibility to failure through a variety of mechanisms.
For example isostatic uplift, of the continental side of the slope, coupled with the
flooding of the ocean basins (by rising sea level) leading to basin subsidence, causes
slope steepening (Van Weering et al., 1998). A steeper slope increases the downslope
gravimetric force (the shear stress) increasing the likelihood of failure. Depending on
sediment type and overpressure conditions, submarine landslides can originate on
nearly flat surfaces. Slope angles on the Mississippi delta are generally <0.4°, in this
area mudslides caused by Hurricane Camille (1969) destroyed two platforms (Bea et
al., 1983) and have been documented on angles of 0.01° (see Hampton et al., 1996
and references cited therein; Coleman et al., 1998; Walsh et al., 2006). A change in
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slope angle of <1° can be very significant in terms of a slopeʼs engineering safety factor
and its susceptibility to fail.
Rapid sedimentation, and variation in sedimentation type as associated with the glacial
cycles leaves a distinct sedimentary column. During interglacials pelagic sedimentation
tends to dominate. This produces silts and muds: sediments associated with high water
content. During glacials and particularly during deglaciation, glaciogenic sedimentation
dominates. This is associated with a very rapid input of clay rich terrigenous sediments
(see Dowdeswell and Elverhøi, 2002). Deposited on top of soft pelagic muds, the
glaciogenic sediment will compact them and force the pore fluids out of the pore
spaces and into migration. However, upon reaching the less permeable glaciogenic
sediment, overpressure will build up causing a reduction in sediment shear strength
and the development of a weak layer (see Orange and Breen, 1992; Dugan and
Flemings, 2000; Volpi et al., 2003; Biscontin et al., 2004; Strout and Tjelta, 2005). A
contrast must be drawn, on glaciated margins, between sedimentary fan locations and
inter-fan locations. Work on the Svalbard margin by Dowdeswell and Elverhøi (2002)
demonstrates that the fan areas are characterised by major sedimentary input during
full glacial conditions. Interfan areas, however, receive high rates of sedimentation with
the glacial advance, very low sedimentation during the last glacial maximum (LGM)
and then a rapid increase in sedimentation rates during the deglaciation. Return to
interglacial conditions during the Holocene is associated with low rates of
sedimentation.
It is also important to consider sequences of units. Multiple glacial – interglacial cycles
build up alternating undercompacted units and low-permeability layers. Periglacial
outwash deposits (silts and sands) tend to have high-permeability and porosity, the
rapid rates of deposition lead to inefficient compaction. The muds and hemipelagic
sediments, which follow, will tend to have a lower permeability (due to lower rates of
deposition and smaller particle size) and more efficient compaction. Owing to the
lofting of buoyant meltwater (once coarser sediment has settled into lower levels of the
flow) there is the potential for developing thick, highly permeable and porous units
immediately below interglacial muds (Hesse et al., 2004). Sediments deposited away
from ice-proximal regions may lack fine-grained fraction. Once these units are loaded
by sediment deposition in the next glacial cycle there is a potential for development of
excess pore pressure at the boundary between glacial sands and inter-glacial muds.
On the Norwegian margin contouritic sediments are important in determining the
susceptibility of the slope to future failure. Infill drift contourites are deposited in existing
slide scars, such as Storegga (Bryn et al., 2005b) and Trænadjupet (Laberg and
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Vorren, 2000). They smooth the rough seabed created by the mass wasting processes
and produce thick sediment bodies with high water content, which generate excess
pore pressure when rapidly loaded by glaciogenic sediment. Bryn et al. (2005b)
conclude that the distribution of contourite drifts will influence the position of the next
generation of slides.
In order to understand a slopeʼs susceptibility to failure it is important to consider the
slope and its sediments at the granular level. According to Orange and Breen (1992)
the forces acting at this scale are: gravity, seepage force and the frictional and
cohesive strength of the material.
Sedimentation and alteration to the biogeochemcial properties of the sediments can
increase the values of seepage force (and fluid migration), frictional strength of the
material and pore pressure. Total stresses can be changed via sedimentological
processes also.
As outlined in section 2.2.1.3, increased pore pressure reduces the capacity of
sediments to resist shear stresses and increases the likelihood of failure (Biscontin et
al., 2004; Savage and Baum, 2005; Strout and Tjelta, 2005). Several environmental
changes may lead to excess pore pressure through rapid sedimentation: pelagic,
contouritic and glaciogenic (Dugan and Flemings, 2000; Bryn et al., 2005b; Strout and
Tjelta, 2005). Therefore, a slope may be susceptible to failure, due to excess pore
pressure, because of its sedimentation history.

29/267

Figure 2.1: Development of a failure plane through overpressure, permeability variation and
fluid flow.

Under the conditions associated with a homogeneous sedimentary column, deposited
at a constant rate with constant porosity the sediments will compact, due to increased
gravity loading, and the pore fluids will migrate up the column. However, the presence
of faults and less permeable layers will alter the migration. Faults channel fluid flow
(see Volpi et al., 2003). Less permeable layers initially prevent vertical passage, create
overpressure beneath the cap and then potentially channel the flow beneath the cap
creating lateral flow until a weakness in the overlying layer is found, when vertical
migration can recommence (see Figure 2.1; Orange and Breen, 1992; Dugan and
Flemings, 2000; Volpi et al., 2003).
Diagenetic modification of sediments may also increase susceptibility to failure, as
demonstrated by the work of Volpi et al. (2003) investigating biogenic silica
compaction. The transformation of Opal-A to Opal-CT is associated with a porosity
reduction of ~20%, consequently a layer of excess pore pressure occurs beneath this
diagenetic front. Seismic profiles provide evidence of fluid vents rising from this
boundary, in addition to evidence of surface layer creep (Volpi et al., 2003). Pliocene
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and early Pleistocene failures in the Storegga area may also be associated with Opal
diagenesis (Lawrence and Cartwright, 2009).
Bacteria generate methane (biogenic) from the breakdown of organic rich sediments
deep in the sedimentary column, this can migrate upwards to form clathrates, forming
methane hydrate (Mienert et al., 1998; Dickens, 2003). Thermogenic methane may
also migrate upwards in the sedimentary column. The clathrates strengthen the
sediments but free gas (a reservoir of which may form beneath the hydrate layer) will
significantly weaken the sediments increasing the likelihood of failure (Haq, 1998;
Mienert et al., 1998; Sultan et al., 2004). Gas hydrates may only occur in high pressure
and/ or low temperature regimes, an increase in temperature or a reduction in pressure
can cause the hydrate bonds to destabilise, releasing the caged-gas molecules
(Mienert et al., 1998; see Dickens, 2003) and reducing the strength of the sediment.
Hence the development of gas hydrates will increase the susceptibility of a slope to fail
especially after long periods of free gas accumulation beneath the hydrate layer and
when environmental conditions change to destabilise the hydrate layer.
As well as the micro-scale (granular) it is also necessary to consider the meso- and
macro-scales (regional). Throughout the Cenozoic era the northwest Eurasian plate,
and northwest European continental margin, has been subject to periods of uplift (see
chapter three; Praeg et al., 2005; Stoker et al., 2010). This, as well as the increased
continental denudation associated with the Plio-Pleistocene glacial cycles, led to the
development of many fan complexes including the Bear Island, North Sea and Barra
Fans (Wilson et al., 2004; see Bryn et al., 2005b; Dahlgren et al., 2005). It can be
argued that the most important factor in a slopeʼs susceptibility to failure is a supply of
sediment to fail. As such in the case of the northwest European margin shelf front fans
continental uplift and the onset of Pleistocene glacial cycles (with the associated
increase in sedimentation) could be said to be the primary influence of susceptibility.
Volcanic uplift would exert a similar, more localised, effect.
From whichever source it is derived, uplift will increase the angle and the gravimetric
forces acting on a slope: further increasing failure susceptibility.
In low latitudes continental slope susceptibility to failure is primarily governed by
sediment supply: through changes in deposition rates and centres. Sedimentation rate,
on the continental shelf and slope in low latitudes, is influenced strongly by onshore
climate and marine productivity. For example in the South China Sea glacial stages are
marked by an increase in the aridity over northern Asia and a strong aeolian sediment
input; while interglacials are associated with a stronger summer monsoon (with
enhanced precipitation) resulting in greater physical erosion and chemical weathering
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(Boulay et al., 2005). Marine productivity influences the rates of pelagic sedimentation,
and in the tropics is primarily governed by nutrient availability. This can be increased
through intensified upwelling (see Little et al., 1997), as observed during the LGM on
the Benguela margin or increased supply of terrigenous sediment (see Von Rad and
Tahir, 1997), as observed on the Indus shelf during the early Holocene.
Changes in sediment deposition centres will also effect low latitude continental slope
susceptibility to failure through both changing slope angle and influencing pore
pressure and fluid migration. During lowstands river fan systems tend to bypass deltas
and deposit fluvial, silty, clays directly onto the upper slope (see Amazon fan (Maslin et
al., 1998), Indus fan (Von Rad and Tahir, 1997), Bengal fan (Weber et al., 2003) and
Pearl River fan (Boulay et al., 2005)). These clays may act as a less permeable layer
and a barrier to pore fluid migration. The fans are also subject to erosion, or
aggradation, at different times. The Indus fan, for instance, was subject to massive
erosion during the LGM, when there was extensive turbidite and slumping activity,
during the Younger Dryas it aggraded and since the Holocene there has been relatively
little activity (Von Rad and Tahir, 1997).
2.2.2.2. Triggers of slope failure
An event that initiates failure is termed a trigger.
Expansion and contraction of the cyrosphere affects seisimicity in high latitudes. The
removal of the ice-mass releases stresses accumulated through long-term tectonic
deformation: glaciation tends to be associated with aseismicity and the deglaciation
with a pulse of seismic activity (Bungum et al., 2005 and references cited therein).
In the deglacial and postglacial environment, the largest earthquakes are likely to be
found around the margins of the rebound dome, in the case of Fennoscandia: in the
northwest quadrant of the former forebulge (Muir-Wood, 2000). Work by Fjeldskaar et
al. (2000) reinforces this. They predict the transition zone between uplift and
subsidence to be located just offshore western Norway, as they note, the location
where bending stress of the crust will be greatest. Increased seismicity is associated
with faults that have been reactivated by sediment loading, for example beneath shelffront fans (Bungum et al., 2010).
Seismic triggers are defined as a cyclic or vibrational motion of the earth (Wright and
Rathje, 2003; Biscontin et al., 2004). Acceleration-induced sliding occurs when strong
seismic motions subject the sediments to horizontal and vertical accelerations,
however, liquefaction-induced sliding occurs when cyclic shearing weakens noncohesive sediments (Wright and Rathje, 2003). Seismic shaking will generate excess
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pore pressure and it is possible for upward migrating pore fluid to cause an instability
beneath a region with a lower fluid dissipation rate (Biscontin et al., 2004). Slope failure
may occur several months after the seismic event because the time required to reach
critical conditions may range from minutes to months according to the corresponding
consolidation and hydraulic conductivity of different soil profiles, which will influence the
fluid dissipation rate (Wright and Rathje, 2003; Biscontin et al., 2004).
Storm wave, or tsunami, loading may also trigger failures. Water waves generate
adjacent zones of high and low pressure beneath crests and troughs, and shear stress
is generated between these zones (Hampton et al., 1996; Locat and Lee, 2005).
Tsunami wave fronts are capable of generating large hydrodynamic pressures on the
seafloor with the potential to lead to failure (see Wright and Rathje, 2003). An example
is demonstrated by the work of Bea et al. (1983) in the Gulf of Mexico. Storm waves
produced during the passage of Hurricane Camille (August 1969) triggered sediment
failure to a depth of 30 m and lateral movement exceeded 1000 m (see Bea et al.,
1983). More recently waves generated by hurricanes Katrina and Ivan triggered
mudslides that damaged pipelines (Gilbert et al., 2007). Storm occurrence is controlled
temporally by climate: in high latitudes by the movement of the polar front and in low
latitudes by the development of high-altitude zonal winds that tend to shear off
hurricane systems.
Rapid drawdown of water, for instance by the approach of a tsunami, removes the
resisting forces exerted by the water and induces undrained loading conditions,
potentially causing failure (see Wright and Rathje, 2003). The Skagway slide and fjord
tsunami in Alaska (1994) may have been initiated by an exceptionally low tide (see
Rabinovich et al., 1999).
Gas hydrate destabilisation can trigger slope failure. Distribution and stability of
hydrates are controlled by: temperature, pore pressure, gas composition and pore
water salinity (Kvenvolden, 1993; 1998). Any change in these parameters may lead to
the conversion of hydrate into free gas plus water (Sultan et al., 2004). This conversion
reduces cohesive strength by removing hydrate cement and raising pore pressure.
There are two ways that changes in the oceans may lead to gas hydrate
destabilisation. Firstly, a reduction in pressure through a drop in sea level: it has
frequently been argued that the sea level lowstand, associated with glacial conditions,
could result in gas hydrate destabilisation, with the associated free gas release (Nisbet,
1990; Haq, 1998; Kennett, 2003). Secondly, through an increase in ocean
temperatures (as associated with the deglaciation or warm interstadials) causing
destabilisation of the hydrate sediments (see Kennett, 2003; Mienert et al., 2005).
33/267

However, due to the diffusive flow of heat through sediments there will be a delay
between ocean warming and dissociation of hydrates located below seabed (Yamano
et al., 1982; Phrampus and Hornbach, 2012). In either case methane gas is released
from the oxygen-hydrogen bonds creating a weak layer in the sedimentary column.
Failure may also be triggered by rapid sediment deposition and the associated
development of excess pore pressure. For instance: vertical fluid migration is initiated
by sediment consolidation, a less permeable layer is encountered leading to high
excess pore pressure, eventually this fluid may be expelled by venting (Volpi et al.,
2003). This loading process has produced a potential failure plane of reduced shear
strength. As the downslope force gradually increases failure could be triggered, by the
very gravimetric loading that has created the failure surface, at the moment when the
driving downslope force exceeds the resisting shear strength (see Hampton et al.,
1996).
Differences in patterns of triggering events can be seen between the high and low
latitudes. There is a relative absence of post-glacial seismicity in lower latitudes
compared to abundance in higher latitudes. In lower latitudes hurricane frequency and
alterations in sedimentation patterns are more significant trigger control mechanisms.
Cyclic variation in frequency and/or severity of triggering events may in itself produce
particularly large failure events. A low-triggering period allows time for build up of
susceptible sediment sequences that are then subjected to a period of high triggering
event activity. This may explain the comparative absence of large-scale mass
movement events on highly active margins, and locations (such as the Makran Margin
of southwest Pakistan (see Prins and Postma, 2000)), and the greater frequency of
such events in less active locations (such as the Sindh margin, the northwest
European margin and the Amazon fan).
2.2.2.3. Continuum of susceptibility and triggering
As outlined above, some processes (for example sedimentation and the presence of
gas hydrates) may act as susceptibility factors and trigger mechanisms. In some cases
there may be no clear distinction between the categories and as such a continuum can
be considered. For example, in the case of overburden development via sediment
consolidation and excess pore pressure the environmental process (sedimentation)
operates on a long timescale but, theoretically, when a critical condition is reached
failure occurs instantaneously (Bell, 1992).
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Conversely an earthquake may occur over a very short timescale, but generate excess
pore pressures over a period of months to years (Biscontin et al., 2004). In this case a
trigger mechanism is extremely difficult to identify and acts to increase susceptibility.
2.3. Impacts of submarine mass movements
In addition to the creation of slump and slide scars on continental margins, and
turbidite sands on the abyssal plains, submarine mass movements have three
potentially major consequences: damage to seabed infrastructure; gas hydrate release;
and tsunami generation.
2.3.1. Damage to infrastructure
There is a large amount of infrastructure installed on the seabed, with cables (electrical
and communications) and oil and gas infrastructure (wellheads, templates and
pipelines) the most prevalent. As the amount of seabed infrastructure increases so
does the potential exposure and likelihood of submarine mass movement induced
damage: both economic and environmental.
The first known instance of submarine mass movement induced damage to seabed
infrastructure occurred in 1929 when the Grand Banks turbidite broke transatlantic
communications cables (Piper and Asku, 1987; Piper et al., 1999a). More recently
damage has been caused to offshore oil and gas platforms (e.g. Mudflows triggered
during Hurricane Camille in 1969 (Bea et al., 1983)) and pipelines (e.g. Mudflows
triggered during Hurricane Ivan in 2004 (Gilbert et al., 2007)).
Rising fossil fuel prices, and reduced reserves, pushes hydrocarbon exploration into
deeper waters beyond the continental shelf break (e.g. Ormen Lange, Norwegian
continental margin; West of Shetland, British continental margin; Campos Basin,
southeastern Brazilian margin; and Lower Congo Basin, Angolan continental margin
(Khain and Polyakova, 2004)). In so doing infrastructure is exposed to greater risks of
slope failure and submarine mass movement due to steeper slopes. Even if wellheads
and templates are not located in high risk areas, connecting infrastructure (pipelines,
cables and umbilicals) may have to traverse these areas. The volume of research
undertaken on the Ormen Lange gas field (western Norwegian margin), situated in the
headwall scar from the Storegga landslide, demonstrates how seriously these risks are
taken (see Solheim et al., 2005).
The rapid growth of digital data (global Internet Protocol traffic has increased fivefold
over the last five years (CISCO, 2011)), offshore renewable energy and calls to
connect national electrical power grids has led to a large increase in the number and
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length of subsea cables (BERR, 2008). The vast majority of transcontinental data is
transmitted via seabed fibre optic cable (as opposed to satellite) and damage to cables
may disrupt parts of this communication network for months (e.g. Aiwen, 2009).
As these assets have to make landfall, and at times cross ocean basins, they are
exposed to potential risk from a number of hazards. Some of the greatest risks are
posed by anthropogenic activities such as fishing (e.g. trawling) and ship anchors
(BERR, 2008), however, natural hazards including earthquakes (Aiwen, 2009) and
submarine mass movements also cause disruption to the seabed cable network.
Several examples of submarine mass movement induced cable breaks exist, from the
1929 Grand Banks event (Piper and Asku, 1987; Piper et al., 1999a) to the 2006 event
associated with the Pingtung earthquake off southwest Taiwan (Hsu et al., 2008).
2.3.2. Tsunami generation
Tsunamis occur as a result of water displacement, which may be caused by a number
of mechanisms including earthquake (the most common), volcanic eruption, submarine
mass movement, sub-aerial landslide and bolide impact (Dawson and Stewart, 2007;
Tappin, 2010).
During the twentieth century tsunamis generated by submarine mass movement have
been linked to 27 fatalities in Newfoundland (see Locat, 2001) and 2000 fatalities in
Papua New Guinea (Tappin et al., 2001; Tappin et al., 2008). Peat deposits from the
early Holocene provide evidence of a tsunami, triggered by the Storegga landslide, that
produced run-ups of between 20 m and 5 m around the North Sea basin (Bondevik et
al., 1997; Bondevik et al., 2005).
The magnitude of a tsunami generated by a submarine mass movement is dependent
on the initial volume of the mass movement, seafloor geometry, the cohesion of the
displaced mass, acceleration and velocity of the mass movement (Locat et al., 2004).
The sediment type and rheology are also important considerations: stiff clays will
convert more of the mass movementʼs energy into tsunami energy, and are thus more
likely to produce a tsunami than less dense, less compacted and more heterogeneous
sediments (Tappin et al., 2001; Gisler et al., 2010).
As with gas hydrate release (see section 2.3.3), whether or not the mass movement is
disintegrative or cohesive is an important factor in tsunami generation. The more
disintegrative the mass movement the less efficient it will be at displacing water and
generating a wave front. However, a cohesive slide mass may not travel as fast as a
disintegrative one. There is a tradeoff between cohesion of the sliding block and its
basal friction, hence the velocity that it can attain. The true impact of the tsunami will
36/267

not simply be a function of its size, but also of the region where it impacts. A large
tsunami impacting on an uninhabited coastline will have a less severe impact than a
smaller tsunami impacting on a densely inhabited coastline. Mentioned previously,
tsunamis may have the additional effect of triggering submarine slope failures, and
potentially generating more tsunamis.
2.3.3. Gas Hydrate release
A consequence of a mass movement occurring within, or adjacent to, clathrate bearing
sediments is the possible release of gas hydrates. Release of this gas (commonly CH4
or CO2) into the atmosphere could have had significant impact on past global climate,
for example the K/T event (Day and Maslin, 2005), the PETM (Norris and Röhl, 1999;
Zachos et al., 2001; Dunkley Jones et al., 2010; Maslin et al., 2010) and abrupt
termination of the Pleistocene glaciations (Paull et al., 1991).
The specific mechanisms of failure triggering are also important in localising the failure
plane above, within or below the zone of gas hydrate stability. They may also
determine whether the developing failure becomes disintegrative, producing a
disaggregated mass of sediment, or whether much of the sediment remains as slabs of
coherent sediment. Gas hydrate embedded within the latter is carried down into deeper
water and thus in general further into the stability field of solid gas hydrate.
The principal mechanism of hydrocarbon release from such failures is therefore not
from the cohesive sediment masses themselves, but from uncapped reservoirs of free
gas in the sediments below the failure plane and to a lesser extent from decompressed
gas hydrates also originally located below the failure plane (known as the champagne
cork effect (see Maslin et al., 2010)).
In contrast, disintegrative slope failures (Hampton et al., 1996) typically develop into
large-volume turbidity currents or grain flows. In such cases, while dense lithic grains
settle out as ocean floor deposits, low-density, buoyant hydrate clasts will tend to rise in
the water column and ultimately float upwards through the low-pressure limit of hydrate
stability and there decompose releasing methane to the surface layers of the ocean or
even directly to the atmosphere. On a small-scale, such floating may involve individual
gas hydrate grains or nodules as demonstrated experimentally by Paull et al. (2003).
On a larger scale in turbidity currents, buoyant gas hydrate grains would tend to rise in
the turbidity currents and perhaps even produce convective lift-off of the turbidity
current once a sufficiently high fraction of the sediment grains had settled out, in the
reverse process to the rapid sinking of dense sediment laden plumes (Carey, 1997).
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Large-scale lift-off of buoyant plumes from turbidity currents, equivalent to the buoyant
rise of hot ash clouds from pyroclastic flows (Sparks et al., 1993), have been inferred
from the characteristics of graded hemipelagic mud layers associated with the giant
freshwater turbidites produced by meltwater discharge ʻHeinrichʼ events from the
Laurentian ice sheet (Hesse et al., 2004). Knutz et al. (2002) interpret a similar
mechanism on the Barra Fan to account for their B1 lithofacies (which consists of
sharp based sand layers and muddy beds). Association of such layers with
disintegrative continental slope sediment failures would provide direct evidence of
escape of buoyant plumes from such failures and, due to the requirement of lower
density freshwater, plausible evidence for gas hydrate release.
2.4. Review of late Pleistocene and Holocene North Atlantic sector submarine
mass movements
This section is based on an extensive review of scientific evidence for the timing and
causes of submarine mass movements. The first stage was the development of a
database of well dated North Atlantic sector large-scale submarine mass movements
for the last 45 ka (presented previously by Owen (2000), Maslin et al. (2004) and in
updated, expanded form as part of this PhD project by Owen et al. (2007)).
2.4.1. Database methodology and uncertainty
Several fields are incorporated in the database and Table 2.1 summarises these and
the reason for their inclusion.
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Field

Reason for inclusion

Ocean/sea location

In order to allow an appreciation of geographical patterns and to locate the
event

Specific Location

As above

Latitude

As above, but specifically to allow a glacial component to be considered

Event Name

To simplify discussion and general comprehension

Mass movement type

Being a mass movement database it contain many varieties of deposits
(landslides, turbidites, and so on) and it is important to understand these
differences and realise that different triggers may cause different types of
failure

Radiocarbon age

The majority of timing estimations for this period (0 – 45 ka) have used 14C
dating

Calendar age

Dates may be in 14C years but ice core and sea-level data are expressed in
calendar years. Conversion was performed using Calib4.3 (Stuiver and
Reimer, 1993)

Dating method

Despite the dominance of 14C dating other techniques, with different
reliabilities and assumptions, are used and it is important to be aware of
these

Reliability index

Reflecting the difficulty in dating mass movements accurately. Some are
easier to date than others, the more reliable the date, the more analytical
weight which can be placed upon it (see text and Table 2.2)

Volume

Simply demonstrating the different magnitudes of events

Mass

As above, but this field also allows a consideration of quantity of carbon
release

Reference

Major reference providing information regarding event location,
dimensions (with volume) and timing

Author(s) ascribed cause

Adding to potential cause and effect analysis as well as providing some
insight into the initial author(s) findings

Notes

Cataloguing the work undertaken in database construction, such as
assumptions, extrapolations and any other information used (including
reference)
Table 2.1: Explanation of mass movement database fields.

The dataset produced using these methods consists, at its most basic, of timing and
volume/mass of mass movements during the past 45 ka. Exact age determination is
vital; an error of a thousand years may make the difference between rising and falling
sea level, or a CH4 peak or trough.
2.4.1.1. Reliability of mass movement ages
A recent study by Urlaub et al. (2013) presents a database of submarine mass
movements with age error bars. This thesis employs a reliability index to account for
the potential errors associated with the date of mass movements. This more qualitative
approach reflects the number of different sources of dating error beyond those present
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within a sediment core sample. It also acknowledges the uncertainty associated with
analytically sound

14C

dates, for example the marine reservoir effect (Bard et al., 1994;

Austin et al., 2011) and uncertainties associated with multiple debris lobes within a
ʻsingleʼ event (Evans et al., 1996; Haflidason et al., 2005). Errors are not produced for
the events within this database, but it is anticipated that associated error will be shorter
for events indexed as 1 or 2 and longer for those indexed 4 or 5. Equally, uncertainty
concerning the ascribed date will be greater for events indexed 4 and 5 with a
possibility of these dates being significantly changed by more detailed research.
Reliability index score

Factors for inclusion

Example events

1 - Excellent Reliability

Timing of event determined by multiple well placed
core samples combined with a detailed geophysical
survey.

Grand Banks
Turbidite, Storegga
Slide

Historical observation of event.
2 - Good Reliability

Timing of event determined by core samples with a
geophysical survey.
Where multiple core samples are used location may
be subject to sedimentary hiatuses that reduce
dating confidence.

Amazon Fan
Western Debris Flow,
Herodotus Basin
Megaturbidite

Where single core sample is used it will be located
in a basin plain with known sedimentation history.
3 - Average Reliability

Timing of event determined by cores samples with a
geophysical survey.

Cape Fear Slide,
Trænadjupet Slide

Where estimation of age is from a single core
sample it is supported by geophysical data.
Where age estimation is from multiple core samples
these dates may have a relatively large range.
4 - Mediocre Reliability

Timing of event will be based on a core sample, but
assumptions may have been made about
sedimentation rates in order to interpolate between
date markers.

Canadian Abyssal
Plain Turbidites,
Faeroe Slide

Where interpolation was not necessary, the
environment will have reduced dating certainty (e.g.
seabed erosion).
5 - Poor Reliability

Timing is determined by loosely constrained
seismostratigraphy.

Peach debrite 2,
Andøya Slide

Core sample provides evidence of timing from
nearby event, not within it.

Table 2.2: Determination of reliability index.

The reliability index is not attempting to grade the research, rather it reflects the level of
difficulty of dating a particular mass movement emplacement. For example dating a
megaturbidite, in a basin plain where sedimentation rates are known, is a great deal
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more straightforward to date than a debris flow in a river fan system that has been
subjected to erosion during periods in its history. The reliability index is a five point
scale as follows: 1 Excellent reliability; 2 Good reliability; 3 Average reliability; 4
Mediocre reliability; 5 Poor reliability. Some published dates have simply not been used
due to doubt over their validity and more recent work, for example the omission of the
Embley (1982) date for the Saharan sediment slide because of more recent research
published by Gee et al. (1999). Table 2.2 provides an overview of the index.
2.4.1.2. Potential bias within the database
Bias within the database may be considered in terms of geography and chronology. In
general terms it is expected that this database is biased towards populated coastlines,
especially those with significant oil and gas reserves. Locations that are remote and/or
hazardous (e.g. Arctic) are anticipated to be under-represented and locations with
significant hydrocarbon reserves (e.g. Norway) may be over-represented.
The database may also be biased towards more recent events. These are more easily
identifiable on bathymetry and may also erode or obscure older events, particularly
when events reoccur in the same location (e.g. AFEN slide (Wilson et al., 2004),
Storegga Slide (Evans et al., 1996; Bryn et al., 2005a)). It is also generally more
straight-forward to date events that have occurred more recently due to the length of
core samples that are obtainable. Only rarely, for example on the Amazon Fan (Maslin
et al., 1998), are events sampled via drilling. Shorter samples acquired via gravity- (<3
m length), vibro- (<5 m length) or piston-corers (<30 m) are more commonly used to
sample mass movement deposits and as noted by Urlaub et al. (2013) this will tend to
bias the analysis in favour of more recent events.
This thesis acknowledges the presence of these biases and considers them when
discussing distribution and timing of mass movement.
2.4.1.3. Further complications when dating mass movement events
Many problems are encountered when dating submarine mass movements, as
demonstrated in Figure 2.2. The most reliable method for determining emplacement
dates, during the last 45 ka, is AMS 14C dating pelagic sediment immediately above the
deposit, as this should have been deposited immediately after emplacement. Material
below the deposit will include reworked older material and the deposit itself will consist
of sediment deposited prior to failure. It is not always possible to obtain dates from
immediately above the deposit. In some instances timings are ascertained through
extrapolations from sedimentation rates; but it should be noted that these are not
always continuous. Moreover, the hemipelagic sedimentation above the slide may be
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so rapid as to not contain enough dateable “pelagic” material. Alternatively, where a
mass movement from shallow water is emplaced in much deeper water it may be
preferable to pick abyssal-depth dwelling benthic foraminifera to date, in order to
eliminate contamination of the dated samples from slide material (which should not
contain the abyssal dwelling species).

Figure 2.2: Dating submarine mass movements. A. Sedimentary column variation. B. Ideal
locations of AMS dates. C. Effect of bioturbation.

42/267

The effect of bioturbation on AMS

14C

dates can lead to substantial error. Benthic

organisms are known to burrow up to 10 cm into the ocean sediments (Loubere et al.,
1995), this means that sediments of different ages can be mixed and in areas of low
sedimentation rates, dating accuracy greatly reduced. Where a mass transport deposit
has a low carbonate content there will be unequal bioturbation, as little carbonate is
available to be mixed upwards and this younger material will be preferentially moved
downwards, so AMS

14C

dating will under-represent the age of the event. Where the

mass transport deposit has high carbonate content there may be equal bioturbation,
but older carbonate will be bioturbated upwards making the age of the slump too old
(see Figure 2.2.C). Published

14C

dates, although acquired through sound research,

may be inherently inaccurate. Unfortunately, it is impossible to include standard error
for mass movement timing due to a lack of metadata.
Volume/mass of mass movements are also an important component of the database,
although not of this particular analysis (see Maslin et al., 2004). Relevant data has
been taken from articles concerning the event in question. In some cases (notably the
Cape Fear slide, Andøya slide, and Canadian Arctic turbidites) assumptions and
extrapolations have been made. Specific instances shall be discussed in more detail
later, however, whenever assumptions have been made or extrapolation performed this
has been justified on a scientific basis.
2.4.2. Database results
Table 2.3 is an abbreviated version of the mass movement database (the full database
is included as Appendix A); deposits are listed in chronological order. Figure 2.3 shows
the geographical location of events and their chronological distribution in relation to the
assigned reliability index. Though included in the table and figure the Canary debris
flow and the Madeira abyssal plain ʻbʼ turbidite will not form a part of the further
analysis. This is because they have a volcanic, subareal, trigger (see Masson et al.,
1998) and they are controlled by different factors than the other events listed.
Urlaub et al. (2013) test the relationship between submarine mass movements and
global climate change statistically and do not demonstrate a statistically significant
relationship. As noted by the authors, there are a number of possible reasons for this,
including: that there is no relationship; the database is too small; heterogeneity
between margins resulting in different phase signals; and mass movement age
constraint not being sufficiently robust.
This thesis does not seek to test whether there is a relationship between submarine
mass movements and climate change; as due to age uncertainty, local sea levels and
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the time taken to trap bubbles in ice (outlined in Maslin et al. (2010)), it seems the data
does not exist to allow a rigorous test. Instead, this thesis briefly examines the
relationships between occurrence of mass movements and climate proxies before a
detailed analysis of the local factors that are interpreted to have contributed to the
occurrence of individual mass movement events.
The latitudinal distribution of these events through time, shown in Figure 2.4.A, shows
a clear trend. Prior to 12 ka cal BP most events are mid to low latitude, after 12 ka cal
BP high latitude events dominate. Figure 2.4.B shows the occurrence of mass
movements in relation to a global mean sea level curve. This graph shows a relatively
sparse grouping of events from 45 to 23 ka cal BP. From 23 to 14 ka cal BP there is a
cluster of events associated with the sea level lowstand and Termination 1B. There is a
further cluster of events after Termination 1A, followed by a steady grouping of
Holocene events.
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Canadian Abyssal Plain Turbidite 2

Canadian Abyssal Plain Turbidite 1

Grand Banks Turbidite

North Norwegian Continental Margin

Canadian Abyssal Plain

Canadian Abyssal Plain

Canadian Abyssal Plain

Sohm Abyssal Plain

Location

71

68

71

71

71

45

Latitude
(ºN)

Turbidite

Slide

Turbidite

Turbidite

Turbidite

Turbidite

Type

6000

4000

3100

2400

1300

70

Age (cal
years BP)

4

3

4

4

4

1

Reliability

160

900

240

80

80

185

Volume
(km3)

Earthquake

Earthquake -post-glacial

Earthquake

Earthquake

Earthquake

Earthquake

Author(s) ascribed cause

Grantz et al. (1996)

Laberg et al. (2000), Laberg et al. (2002)

Grantz et al. (1996)

Grantz et al. (1996)

Grantz et al. (1996)

Piper and Asku (1987)

Selected key references

Name

Canadian Abyssal Plain Turbidite
3a

Canadian Abyssal Plain

Jansen et al. (1987), Haflidason et al. (2004), Bryn
et al. (2005)

Trænadjupet

Grantz et al. (1996)

Canadian Abyssal Plain Turbidite
3b

Embley (1980, 1982)

2800

Earthquake

Laberg et al. (2000)

1

80

Earthquakes, undercutting

8100
4

200

Slide
8200
5

66
Turbidite
9400

West Norwegian Continental Margin
71
Slide complex

Storegga
Canadian Abyssal Plain
38

Earthquake, sedimentary overburdening, pore fluid
migration

Canadian Abyssal Plain Turbidite 4
Northeast American Margin

Holmes et al. (1998), Armishaw (1999), Knutz et al.
(2002) and this study

Baltimore Slide Complex

Lastras et al. (2002)

Van Weering et al. (1998)
Earthquake

Maslin et al. (1998, 2005), Piper et al. (1997)

Earthquake -post-glacial

Increased sedimentation and Earthquake

Maslin et al. (1998, 2005), Piper et al. (1997)

Slope steepening and increased sedimentation
135

Increased sedimentation and changing sea-level

Weaver and Rothwell (1987)

180

26

Increased sedimentation and changing sea-level

Masson et al. (1998)

158
3

2000

Volcanic

5

4

1500

Volcanic

4

2

125

10000

11500

2

400

10300

13000

2

Slide

Debris Flow

14500

2

Slide

Debris Flow

15000

70

40

Debris Flow

15000

Popenoe et al. (1991), Paull et al. (1996),
Hornbach et al. (2007)

64

4

Turbidite

Lebreiro et al. (1997)

North Norwegian Continental Margin

Western Mediterranean

4

Debris Flow

Gas Hydrate, Salt Daipir intrusion and Earthquakes

Elmore et al. (1979)

Northeast Faeroe Margin

Amazon Fan

31

1700

Earthquake and sea-level change

Andøya

BIG '95

Amazon Fan

28

3

33

Faeroe Slide

Western Debris Flow

Madeira Abyssal Plain

16800

4

Debrite

Eastern Debris Flow

Canary Island Margin

Slide

17700

57

Madeira Abyssal Plain 'b' Turbidite

33

Turbidite

Holmes et al. (1998), Knutz et al. (2001)

Northwest British Margin

Canary Debris Flow
Blake Ridge
36

Increased sedimentation and Earthquake

Peach Debrite 4

Cape Fear Slide
Horseshoe Abyssal Plain

100

11500 (see
caption note)

H13 Turbidite

4

Rothwell et al. (1998)

18300

Reeder et al. (2000)

Turbidite

Vanneste et al. (2006), Winkelmann and Stein
(2007), Winkelmann et al. (2008)

31

Tectonic steepening, lowered sea-level and seismic
trigger

Maslin et al. (1998), Piper et al. (1997)

Hatteras Abyssal Plain

Tectonically induced shelf collapse during rapid onset of
glaciation

Holmes et al. (1998), Knutz et al. (2001)

Black Shell Turbidite

400

Gas Hydrate destabilisation

Maslin et al. (1998), Piper et al. (1997)

Earthquake

1300

Earthquake

199

2

610

Gas Hydrate destabilisation

500

2

673

3

27125

2

360

1

30000

5

21000

Turbidite

35000

2

22000

Slide

36500

Debrite

33

Debris Flow

43500

Turbidite

81

Debrite

57

Southeast Mediterranean

4

Debris Flow

40

Northern Svalbard Continental
Margin

57

Northwest British Margin

Herodotus Basin Megaturbidite

Amazon Fan

4

Western Mediterranean

Hinlopen/Yermak Megaslide

Northwest British Margin

Peach Debrite 3

Deep Eastern MTD

Amazon Fan

Earthquake, Clathrate release and increased
sedimentation

Peach Debrite 2

Balearic Abyssal Plain
Megaturbidite

Deep Western MTD

Table 2.3: North Atlantic Sector Late Pleistocene - Holocene submarine mass movements. Selectted key references listed. NOTE - 11.5 ka cal BP date for Peach 4 is based on
work conducted in later chapters of this thesis.
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Figure 2.3: Distribution of late Pleistocene and Holocene North Atlantic sector submarine mass
movements. A. Geographical distribution. B. Chronological distribution, with estimated reliability
of date (1 = excellent reliability to 5 = poor reliability). *Madeira Abyssal Plain Turbidite and
Canary Debris Flow shown, but excluded from further analysis due to volcanic origin.
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Figure 2.4: Latitudinal distribution (A) and timing of submarine mass movements compared with
mean global sea level (B) and GISP2 CH4 (C). NOTE - events with a volcanic cause are
excluded from this analysis.
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Figure 2.4.C shows the relationship between mass movements and Greenland ice core
GISP2 CH4. From 45 to 23 ka cal BP mass movements show no clear link with CH4
peaks. Two events: the Amazon Deep Eastern Mass Transport deposit of the Amazon
Fan and the Herodotus Basin Megaturbidite may coincide with CH4 peaks. However, a
further two: the Amazon Deep Western Mass Transport Deposit and the Peach 2
debrite seem to coincide with a CH4 trough. Following Termination 1B there is a cluster
of events associated with the increase of CH4, however, they are not associated with
the Pre-Boreal CH4 peak. Following the Younger Dryas and Termination 1A there is a
second cluster of three events, which coincide with the early Holocene CH4 peak.
These links between continental slope failure and climate are examined in more detail
in section 2.5.
2.5. Discussion of susceptibility factors and triggering mechanisms affecting the
key deposits in the database.
As the main objective of this chapter is to develop a conceptual model of continental
slope failure that may be tested against the Barra Fan and Peach slide, low latitude
events (including Mediterranean, southern European, northwest African and Amazon
Fan) are excluded from the following discussion. Low latitude events are discussed in
detail by Owen et al. (2007).
These deposits have reasonably well constrained dates of emplacement, an estimation
of volume and they are all large scale (> 25 km3). The following section is ordered by
geographical location.
2.5.1. Northwest European margin
2.5.1.1. Hinlopen/Yermak
On the continental margin north of Spitsbergen, the Hinlopen/Yermak megaslide is a
large, multiphase, retrogressive translational slide with a volume estimate of 1250 1350 km3 (Vanneste et al., 2006; Winkelmann et al., 2008). It is situated at the seaward
limit of the Hinlopen trough on the associated trough mouth fan (Vanneste et al., 2006;
Winkelmann and Stein, 2007; Winkelmann et al., 2008). The event is marked by
headwalls up to 1600 m high (Winkelmann et al., 2008) and rafted blocks up to 450 m
high (Vanneste et al., 2006). These extreme headwall heights, mark this event as
something of a unique case.
AMS

14C

analysis of Neogloboquadrina pachyderma date the slide to 30 ka cal BP

(Winkelmann et al., 2008). Winkelmann and Stein (2007) consider triggers and
conclude that the slide was a result of the rapid onset of glaciation, asymmetric ice48/267

loading and forebulge development leading to enhanced tectonics. Gas hydrate
dissociation is considered unlikely as a primary cause owing to the relatively shallow
depth of the modelled hydrate stability zone in relation to the original failure plane;
however, dissociation may have contributed to instability in the upper slope
(Winkelmann and Stein, 2007). Contemporary evidence of methane hydrates on the
Spitsbergen margin (Westbrook et al., 2009) provides some support for a contributory
role for hydrate dissociation.
2.5.1.2. Andøya
In the northeastern Norwegian-Greenland Sea on the Norwegian continental margin
proximal to the Lofoten Basin Andøya is a translational slide (Laberg et al., 2000). The
slide deposits cover 9,700 km2 and the scar area is approximately 3,600 km2 (Laberg
et al., 2000). No precise volume estimates of this slide have been found. However,
taking a conservative estimate of 50 m for the headwall scarp (inferred from Laberg et
al., 2000 pp. 263) a figure of 180 km3 is obtained (Scar area (3600 km2) × headwall
height (0.05 km)). Precise timing of the Andøya slide is not known. 3.5 kHz profiles
indicate that there is little or no overlying sediment and the bathymetry reveals a very
uneven seafloor (Laberg et al., 2000). This implies that the event is recent. At 4 m
depth, in a sediment core from the nearby Andøya Canyon, Neogloboquadrina
pachyderma offer a 14C date of 8,940 ± 150 (corresponding to a calendar date of 10 ka
BP), after which pelagic sedimentation dominates (Laberg et al., 2000). This has been
taken to represent the age of the event as shock from the Andøya slide would have
caused mass movement in the canyon. The event occurred in the early Holocene after
the major part of the deglaciation, shortly after 10 ka cal BP most of the
Fennoscandinavian ice had retreated (Svendsen and Mangerud, 1987). Susceptibility
to mass movement would have been increased by high sedimentation rates during the
deglaciation and slope steepening due to isostasy. Vorren et al. (1998) note that
Andøya is situated on the steepest part of the eastern Norwegian-Greenland sea
continental margin (5 - 18˚). An earthquake, associated with the post-glacial uplift of
Fennoscandinavia, is cited as the most probable trigger due to the events location in
an area of comparatively high seismic risk (Laberg et al., 2000).
2.5.1.3. Trænadjupet
On the continental slope east and northeast of the Vøring plateau in the NorwegianGreenland Sea Trænadjupet is a large translational slide (Laberg and Vorren, 2000).
Slide scar area is approximately 5,000 km2 and the deposits have been estimated at
900 km3, assuming an average thickness of 100 m (Laberg et al., 2002b). Timing of the
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event is based on AMS

14C

dates from two cores taken from within the scar. Sampling

of Neogloboquadrina pachyderma indicates that pelagic sedimentation resumed in the
slide scar from 4 ka

14C

BP (Laberg et al., 2002b). This indicates that the event

occurred immediately prior to this time, post deglaciation during the mid-Holocene
(corresponding to a calendar date of 4 ka BP). From the presence of large blocks and
rafts of sediment Laberg and Vorren (2000) argue that failure occurred along surfaces
of weakness: most likely interglacial, contouritic, muds possessing relatively high water
content and low undrained shear strength. High clay and organic content could lead to
excess pore pressure and methane (Laberg and Vorren, 2000). Through geotechnical
tests Sultan et al. (Sultan et al., 2004) established that the contouritic sediments, in
which the main failure occurred (Laberg et al., 2003), were particularly weak in
undrained conditions appropriate to cohesive failure. Sediment stability would be
reduced along these bedding planes and potential for failure increased. Trænadjupet is
situated in an area of rapid post-glacial Fennoscandinavian uplift and high intraplate
seismicity (Fjeldskaar et al., 2000; Laberg and Vorren, 2000; Laberg et al., 2000).
Martinussenʼs (1961) Andøya sea level curve (see Figure 2.4A and Figure 2.5)
demonstrates that rebound is occurring at time of failure. An earthquake, or succession
of small earthquakes, is cited by Laberg and Vorren (Laberg and Vorren, 2000) as the
most likely trigger mechanism. Deglacial sedimentation and isostatic slope steepening
would have made the slope more susceptible to failure, an earthquake would have
increased the sediment shear stress causing it to fail along the planes of weakness.
2.5.1.4. Storegga
On the Norwegian continental margin south of the Vøring plateau Storegga is a
retrogressive, translational slide (Jansen et al., 1987; Bugge et al., 1988; Evans et al.,
1996; Haflidason et al., 2004; Bryn et al., 2005b; Haflidason et al., 2005). The slide
scar area is 50,000 km2 and the slide volume has been estimated as between 2,400
km3 and 3,200 km3 (Haflidason et al., 2004). It was initially thought that the slide
consisted of three separate events: Storegga I (50 - 30 ka), Storegga II (8 – 5 ka) and
Storegga III (5 ka) (Jansen et al., 1987; see Bugge et al., 1988; Evans et al., 1996).
However, it is now believed that all three events occurred simultaneously (Haflidason et
al., 2004; Haflidason et al., 2005). Tsunami deposits have been observed in lake, bog
and peat sediments in Norway, Faeroe, Shetland and mainland Scotland (Bondevik et
al., 1997; Smith et al., 2004; Bondevik et al., 2005). AMS
provides consistent figures of between 7.0 and 7.3 ka

14C

14C

dating of these deposits

BP (Bondevik et al., 2005) .

Additionally Haflidason et al. (2004) date the slide scar at 7,250 ± 250 AMS

14C

BP.

This corresponds to a calendar age of 8.1 ka BP.
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Initial discussion of triggers focused on the role of earthquakes, with a possible
facilitating role from gas hydrates (see Bugge et al., 1988; Evans et al., 1996). With the
discovery and subsequent development of the Ormen Lange gas field this area has
been subject to intense research. The role of gas hydrates is viewed, at most, as a
secondary process: no sign of clathrates have been found in the areaʼs boreholes
though some BSRs have been identified (Kvalstad et al., 2005; Mienert et al., 2005). A
greater emphasis is placed on the role of glacial sediment loading of the North Sea Fan
and pore fluid migration to, and sediment swelling of contouritic marine clays in the
distal regions of the Storegga slide (see Bryn et al., 2005b; Kvalstad et al., 2005). An
earthquake is widely regarded as the most likely initial trigger. Research on onshore
post-glacial faults indicates a magnitude 7 earthquake approximately every 1.1 ka
(Bungum et al., 2005). The event occurred post deglaciation during a period of massive
rebound (see Figure 2.5) and it is likely that rapid sedimentation and isostatic slope
steepening would have increased susceptibility to failure. This region could also be
subject to enhanced seismicity from a deglacial seismic pulse migrating from the
former forebulge of the Fennoscandian ice sheet (see Fjeldskaar et al., 2000).
In many ways, as noted by Urlaub et al. (2013), analysis of Storegga may be viewed as
a cautionary tale where initial interpretations have been overturned. In this case due to
a massive survey campaign at a cost of many millions of euro. Timing has been
constrained by analysis of 89 core samples (Haflidason et al., 2005) and correlation to
tsunami deposits in peat (Bondevik et al., 2005). Despite this vast analysis there is still
debate surrounding the eventʼs timing relative to the 8.2 ka event (Dawson et al., 2011;
Urlaub et al., 2013) and there is limited direct evidence of cause.
This raises the question as to how likely are we to be able to identify causes of events,
equally as complex as Storegga, with a fraction of the resources?
2.5.1.5. Faeroe slide
Large scale sliding has occurred on the northeast Faeroe margin, south of the
Norwegian basin (Van Weering et al., 1998). No precise volume estimates have been
found for this slide. For the purpose of this thesis a rough calculation of 158 km3 has
been made (0.2625 km [slump scar height] × (60 km [slump scar width] × 10 km [slump
runout])) from the dimensions described by Van Weering et al. (1998). A single AMS
14C

date, 9,850 ± 140, was obtained at the foot of the main slump scar on top of

compacted and deformed sediments (Van Weering et al., 1998). Multiple sliding events
are proposed by Van Weering et al. (1998). The most recent sliding eventʼs early
Holocene date, coupled with Van Weering et al. (1998) proposed cause, suggests that
the events may have occurred within a relatively short time span. For the purpose of
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this chapter (precise volumes not being the most important factor) the entire 158 km3 of
displaced sediment shall be ascribed the 9,850 ± 140

14C

BP (corresponding to a

calendar date of 10.3 ka BP), post deglaciation, date. Van Weering et al. (1998) focus
on a combination of subsidence of the Norwegian basin - leading to slope steepening,
increased glaciogenic sedimentation from the Faeroese margin and increased
sediment supply from contourite currents following the resumption of deep water
circulation. These are factors that would have dramatically increased the slopeʼs
susceptibility to fail.
2.5.1.6. Peach slide (debrites 4, 3 and 2)
Chapters four to six of this thesis focus on the Peach slide. This section presents a
brief review of the published understanding of these events prior to this research.
The Peach slide situated on the northern flank of the Barra Fan, west of Northern
Britain, consists of four major debrite units: debrite 4 (135 km3), debrite 3 (199 km3),
debrite 2 (673 km3) and debrite 1 (823 km3) (Holmes et al., 1998). Age of debrite 1 is
very loosely constrained using seismic stratigraphy and is believed to pre-date shelf
edge glaciation at 0.44 Ma (Holmes et al., 1998). Maslin et al. (2004) employed the
age/depth profile of the Barra Fan constructed by Knutz et al. (2001) to estimate
debrite ages. From this work the following ages were calculated: Debrite 2 at 36.5 ka
cal BP, debrite 3 at 21 ka cal BP and debrite 4 10.5 ka cal BP (Maslin et al., 2004).
Debrite 2 occurred during the build-up of the British ice sheet, when there was
intermittent IRD prior to 30 ka in the Barra Fan (Knutz et al., 2001; Scourse et al.,
2009; Hibbert et al., 2010). Knutz et al. (2001) state that between 21 and 12 ka there
were high rates of fine clastic sedimentation and that the glacial ice extended to the
outer shelf until 16 – 17 ka. Debrite 3 occurred just after the British ice sheet LGM
(Scourse et al., 2009) during a period of lowered sea-level and high sedimentation that
would have increased the slopeʼs susceptibility to failure. Debrite 4 occurred after the
deglaciation in a period when isostatic seismicity would have been high. Holmes et al.
(1998) cite earthquakes, based on a historical database, as the most likely trigger of
the mass movement.
In a region with such a complex morphology, oceanography and sedimentology this
seems a somewhat simplistic view. Subsequent chapters of this thesis refine the age of
Peach 4 to between 11 and 12 ka cal BP, susceptibility factors and possible triggers are
discussed in greater detail in chapter six.
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2.5.2. Canadian Arctic
2.5.2.1. Canadian abyssal plain turbidites 1, 2, 3a, 3b and 4
Grantz et al. (1996) show a turbidite sequence in the Canadian abyssal plain (Arctic
ocean), these turbidites originated on, or from the front of, the Mackenzie delta. Volume
has been estimated by multiplying the thickness of the turbidite units by the area of the
abyssal plain (200 km × 400 km = 80,000 km2). This is believed to be valid due to the
distal positioning of the core in relation to the turbidite source area. Volume estimates
for turbidites 1, 2, 3a, 3b and 4 are 80 km3, 80 km3, 240 km3, 160 km3 and 80 km3
respectively. Grantz et al. (1996) present an age profile of the turbidite sequence based
on AMS 14C dating of Neogloboquadrina pachyderma. It is limited by low sedimentation
rates and some bioturbation; however, this profile can be used to date the turbidites
with relative accuracy. Emplacement dates for turbidites 1, 2, 3a, 3b and 4 as
interpreted from the age profile in Grantz et al. (1996) are 1.3, 2.4, 3.1, 6.0 and 8.2 ka
cal BP respectively. Earthquakes are cited as the most likely trigger of the turbidites, a
statement supported by a zone of active seismicity existing beneath the Mackenzie
delta and the upper Mackenzie cone (Grantz et al., 1996). During the Holocene
(particularly during the early Holocene) the Mackenzie delta would have been
subjected to isostatic forces influencing slope steepness and seisimicity. The
deglaciation would have deposited large amounts of sediment increasing the likelihood
of overburdening and susceptibility to failure.
2.5.3. Northeast American margin
The northeast American continental margin shows an interesting change of geological
processes from north to south. Glaciers reached the shelf-edge on the Nova Scotian
margin, on the New England margin rivers transported glacial sediments to shelf-edge
deltas and south from the middle Atlantic margin there is little glacial influence (Twichell
et al., 2009).
2.5.3.1. Grand Banks turbidite
The Grand Banks turbidite is situated in the Sohm abyssal plain off the northeastern
American continental margin. The Laurentian Fan, on the upper continental slope, off
St.Pierre Bank, has been identified as the source area (Piper and Asku, 1987; Piper et
al., 1999a). Piper and Asku (1987) estimated the total volume of the event as 184 km3.
The event broke transatlantic communications cables; this gives us an accurate date of
18th of November 1929 AD, and ties it to a tsunami on the same date (Piper and Asku,
1987; Piper et al., 1999a). The trigger mechanism for the event was a magnitude 7.2
earthquake, which led to widespread slumping of the top 20 – 25 m of sediment and
53/267

generated the turbidity current (Piper et al., 1999a). Piper and Asku (1987) identified
coarse grained sediment, deposited during the deglaciation, in the turbidite deposit.
Increased sedimentation, via the Lawrence River during the Holocene may also have
increased the continental slopeʼs susceptibility to failure.
2.5.3.2. Baltimore canyon slide complex
This slide complex is just south of Baltimore canyon on the eastern United Statesʼ
continental margin (Embley, 1980). It covers an area of 4,000 km2 and affects the top
50 to 100 m of sediment (Embley, 1980; Embley, 1982). Assuming a depth of 50 m
volume can be estimated, crudely, as 200 km3. Two sediment cores with AMS

14C

dates have been acquired from the head of the slide complex. Two dates of 10,080 and
7,285

14C

BP were obtained from clays above the deformed sediment (Embley, 1980).

A sample of the slide deposit matrix at the top of the flow yields a AMS

14C

date of

11,820 ± 340 BP (Embley, 1980), indicating that mass movement occurred after this
time. The slide complex may have developed over a substantial period of time in a
series of discreet events. For the purpose of this paper the mean age of the overlying
sediment, 8,683

14C

BP (corresponding to a calendar date of 9.4 ka BP), will be taken

to represent the age of the slide complex, a date which is post deglaciation. Trigger
mechanisms are discussed by Embley (1982), roles played by earthquakes, gas
hydrates and undercutting are all proposed. Occurring after the deglaciation rapid
sedimentation would have increased the slopeʼs failure susceptibility through potential
overburdening and increased pore pressure.
2.5.3.3. Black Shell turbidite
The Black Shell turbidite is situated in the Hatteras abyssal plain, off the southeastern
United Statesʼ continental margin (Elmore et al., 1979). The volume is at least 100 km3
(Elmore et al., 1979). Coarse shell material within the deposit has been dated using
AMS

14C.

The youngest age from this sample was 15,855 ± 260

14C

BP (Elmore et al.,

1979). This is the maximum age of the event and for the purpose of this paper this date
will be taken to represent the age of the event, placing it just after the LGM. Elmore et
al. (1979) suggest that the coalesced deltas of the Susquehanna, Potomac and Neuse
rivers failed, initiating a turbidity current. Deglaciation would have increased
sedimentation on the deltas and increased failure susceptibility. Elmore et al. (1979)
discuss slope oversteepening, which is the factor increasing the susceptibility of the
slope to failure, with either a tectonic event or a spring flood acting as the final trigger.
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2.5.3.4. Cape Fear slide
The Cape Fear landslide is situated on the continental margin of the southeastern
United States, off Cape Fear, North Carolina (Popenoe et al., 1991; Schmuck and
Paull, 1993; Hornbach et al., 2007). The headwall scarp is over 50 km long and 120 m
high, the deposits extend 400 km downslope (Popenoe et al., 1991). Popenoe et al.
(1991) give dimensions for the upper 70 km of the slide, an approximate volume of 300
km3 can be calculated for this portion. Extrapolated for the entire 400 km length this
yields a volume of 1,700 km3. Hornbach et al. (2007) suggest that at least five separate
slide events have occurred during the past 30 ka cal BP, so it is likely that a number of
events contribute to the 1700 km3 value.
Samples taken from above an unconformity at 0.5 to 2.0 m depth within the slide scar
yielded ages from 9.0 to 14.5 AMS

14C

ka BP (Paull et al., 1996). If one assumes that

pelagic sedimentation resumed just after the event, and that the unconformity
represents the top of the slide deposit, then the oldest AMS

14C

date is the same age

as the youngest episode of the Cape Fear slide. Corresponding to a calendar date of
16.8 ka BP, placing the event just after the LGM. A number of likely contributing factors
are discussed by Popenoe et al. (1991) including: decomposition of gas hydrate, salt
diapir intrusion and earthquakes. Hornbach et al. (2007) interpret a normal fault and
suggest that displacement along this led to upward migration of salt and slope
steepening.
The slide deposit is in an area rich in gas hydrates, the combination of the salt diapirs
acting as free gas traps and the event occurring during a period of lower sea levels
may have weakened the sediments sufficiently for an earthquake to trigger the slide.
Recent work (Phrampus and Hornbach, 2012) investigating changes to the Gulf
Stream suggests that warming temperatures are destabilising hydrates in the region. A
similar process could have occurred in the post-glacial ocean.
2.6. Discussion of timing of mass movements relative to changes in sea level
and climate.
The sea level curve shown in Figure 2.4.B is derived from Barbados and Pacific data
(see McGuire et al., 1997 and references cited therein). It is more appropriate to use
this curve with reference to lower latitude events. This is because high latitude regions
may have been glaciated and their relative sea level is a function of both isostatic and
eustatic factors. The Fennoscandian mass movement events are compared with local
relative sea level to demonstrate this.
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Figure 2.5: Comparison of local sea level curves (solid) with mean global sea level (dashed).
Norwegian event timing also shown. A. Martinussenʼs (1961) Andøya curve (~72ºN). B.
Svendsen and Mangerudʼs (1987) Frøya curve (~66ºN. Global mean sea level from McGuire et
al. (1997) and references cited therein.

Figures 2.5.A and B show local relative sea level curves for the last 14.5 ka at Andøya
and Frøya, on the west coast of Norway. Figure 2.6 shows the approximated rate of
Isostatic movement (rebound or depression), calculated by subtracting the rate of
global sea level change (from McGuire et al., 1997) from the rate of local sea level
change (from Martinussen, 1961; Svendsen and Mangerud, 1987), at these locations.
At Andøya (see Martinussen, 1961) there is a rise in sea level until ~10 ka cal BP,
between 10 and 5 ka cal BP local sea level falls and from 5 ka cal BP a slight rise in
sea level occurs as the eustatic rise dominates the local sea level. This pattern is
explained by the isostatic curve in figure 2.6. At ~11 ka cal BP Isostatic change appears
to be very low, possibly a result of the Younger Dryas re-glaciation. The rate increases
to ~7 m ka-1 at 10 ka cal BP. Isostatic uplift peaks in the period 8 – 9 ka cal BP at ~21
m ka-1, a result of rapid rebound shortly after the final deglaciation. At 7 – 8 ka cal BP
there is a reduction in the rate of rebound, though it remains at ~13 m ka-1. Between 6
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and 7 ka cal BP the rate increases slightly, to ~15 m ka-1, after which the rate
decreases steadily until 3 ka cal BP when it reaches late Holocene values of ~1 m ka-1.
At Frøya (see Svendsen and Mangerud, 1987) sea level rises steadily until 11 ka cal
BP, the rate of rise then increases until shortly after 10 ka cal BP. There then follows a
period of declining sea level until ~7.5 ka cal BP, from which point there is a slow rise in
sea levels to the present. Figure 2.6 shows a decline in the rate of isostatic rise from
12.5 ka cal BP. Between 11.5 and 9.5 ka cal BP this decline becomes a pronounced
negative spike (to -19 m ka-1). It is suspected that this is a false value, resulting in an
age offset between the local and global sea level data displayed. From 9.5 ka cal BP
the figure is more reliable. The peak rate of uplift occurs between 8 and 9 ka cal BP at
~22 m ka-1, by 7 ka cal BP this has reduced to ~10 m ka-1. From 4 ka cal BP rates of
uplift are relatively constant at the low late Holocene levels.
The Andøya slide, at 10 ka cal BP, occurs during the Fennoscandian ice sheetʼs final
stage of retreat (Svendsen and Mangerud, 1987; Bungum et al., 2005). As Figure 2.6
demonstrates, this is a period of increasing isostatic uplift. This fact gives backing to
Laberg et al.ʼs (2000) view that the Andøya slide was most likely caused by an isostatic
induced earthquake. During periods of ice retreat sedimentation rates tend to be much
higher due to melt-water discharge, ice-rafting and ice-streams (see Dowdeswell and
Elverhøi, 2002). This sedimentation could lead to overburdening and pore fluid
migration (Dugan and Flemings, 2000; Biscontin et al., 2004; Strout and Tjelta, 2005).
Bungum et al. (2005) argue that a pulse of increased seismicity followed immediately
from the deglaciation (from 10 ka cal BP), most likely with Mw (moment magnitude) 7+
earthquakes. Situated offshore Norway, on the boundary between the ice sheet and the
forebulge region, during the deglaciation and the early Holocene the area would be
subject to high rates of crustal stresses and increased seismic activity (Fjeldskaar et
al., 2000; Muir-Wood, 2000). It seems likely that, occurring at this time in this location,
the Andøya mass movement was caused by the continental slopes being overloaded
by sediment during the deglaciation and the triggering of this unstable mass by an
isostatic earthquake in a period of, post-deglaciation, heightened seismic activity.
Faulting of the continental margin due to continental rebound is also a possible cause
(Andøya is situated on the steepest section of the Norwegian-Greenland sea margin
with current angles between 5˚ and 18˚ (Vorren et al., 1998)). However, a fall in local
relative sea level coupled with a rise in sea water temperature of 5 ˚C (Birks and Koç,
2002) would have made free gas release from hydrates more probable and it is
possible that they played a role.
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Figure 2.6: Approximation of isostatic change of sea level at Frøya (solid) and Andøya (dashed)
for the past 12.5ka. West Norwegian margin mass movements also shown. Isostatic change
derived from Martinussen (1961), Svendsen and Mangerud (1987) and McGuire et al. (1997).
Value shown is the amount of change for the preceding ka.

This isostatic data, combined with the research conducted on the Ormen Lange field,
presents an even stronger argument for an earthquake or some form of crustal
warping, related faulting, triggering Storegga. The failure occurred at 8.1 ka cal BP
(Haflidason et al., 2004; Haflidason et al., 2005), Figure 2.6 demonstrates that this is
immediately after the period with the greatest rate of uplift (>20 m ka-1), at this time
uplift is still >10 m ka-1 at Frøya, close to the Storegga slide scar. The eventʼs
occurrence would seem to be related to post-glacial environmental change: rapid
sedimentation on the North Sea Fan associated with the disintegration of the
Fennoscandinavian ice sheet, resulted in pore fluid migration north to the Storegga
region, an increase in seismic activity, isostatic induced slope steepening (Bryn et al.,
2005a). Any role of clathrate destabilisation, through warming ocean temperatures, is a
secondary factor.
Trænadjupet occurs, after the local eustatic rise resumes, at 4 ka cal BP. Isostatic
rebound was still taking place, as noted by Laberg and Vorren (2000) but, as shown in
Figure 2.6, at a reduced rate. This event is possibly an example of a slope made
susceptible to failure during the deglacial environment and then triggered several ka
later. It has been argued, based on studies of onshore faults and historical records (see
Bungum et al., 2005), that the recurrence time of a Mw 7 earthquake on the Norwegian
margin is currently approximately 1.1 ka. If such an event occurred in close proximity to
the slide area it is quite probable that it would have triggered the event if the slopes
were already loaded with unstable sediments. Whilst there is no direct evidence of
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seismicity occurring offshore Norway during the deglaciation and early Holocene, work
by Mörner et al. (2000) and Bungum et al. (2005) document suspected Mw 8
earthquakes in the scandinavian region, as well as several other Mw 7 and Mw 8 events
occurring in the deglaciation and Holocene, indicating that during this period
Fennoscandia was seismically active.
Providing an exception to the deglacial focus, the Hinlopen/Yermack megaslide (on the
north Spitsbergen margin) has been dated at 30 ka cal BP during the onset of the LGM
(Winkelmann et al., 2008). Winkelmann and Stein (2007) propose that the slide was a
consequence of the rapid onset of glaciation, including asymmetrical ice-loading and
rapid drawdown of water. This case study demonstrates the potential destabilising
effects of glacial onset.
When predicting future mass movements on the deglaciating margins of Greenland
and Antarctica it is inappropriate to do so with reference to global sea level. Figure 2.5
and Figure 2.6 demonstrate very clearly the need to consider local factors such as
relative sea level and local sedimentation patterns.

Figure 2.7: Low latitude, non-glaciated margin mass movements and mean global sea level
curve (from McGuire et al., 1997) for the past 45 ka.

At lower latitude, non-glaciated, margins the McGuire et al. (1997) sea level curve
(derived from Barbados coral (Fairbanks, 1989) and Pacific core data (Shackleton,
1987)) is appropriate. Figure 2.7 shows mass movements associated with such
margins, mass movements from the northeastern American margin have been omitted
because of the influence of the Laurentian ice sheet. Three events are associated with
the deglaciation between 15 and 11.5 ka cal BP. Four events occur at regular intervals
between 22 and 43.5 ka cal BP. The other event occurs either at, or just after, the LGM.
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Due to the large volume of work conducted on them and their relatively robust age
constraint (see Figure 2.3), the Amazon Fan events provide a good case study of the
low latitude situation (see Maslin and Mikkelsen, 1997; Piper et al., 1997; Maslin et al.,
1998; Maslin and Burns, 2000; Maslin et al., 2005). The western and eastern debris
flows occurred during the deglaciation (Maslin et al., 1998; 2005). Deglaciation of the
Andes and increased continental wetness caused a massive increase in Amazon
sediment discharge (Maslin et al., 1998; Maslin and Burns, 2000; Maslin et al., 2005)
(Maslin et al., 1998; Maslin and Burns, 2000; 2005). The rising sea level shifted the
deposition centre towards the upper continental slope and the Amazon fan, possibly
causing overburdening and failure (Maslin et al., 1998; 2005). The deep events
occurred earlier during periods of rapidly falling sea level (15 - 25 m ka-1). This lower
sea level would have increased the susceptibility of the slope to failure. Destabilisation
of gas hydrates and dissociation of clathrates is the trigger proposed by Maslin et al.
(1998; 2005).
2.7. Latitude effects upon susceptibility factors and triggers - a conceptual
model of high latitude continental slope failure
Different causal factors operate at different latitudes. These are driven by the
movement of water between the ocean basins and the continental ice sheets; and the
associated changes in susceptibility and triggering mechanisms that this causes.
These different feedbacks are illustrated in Figure 2.8.
2.7.1. High latitude glaciated margins
During the glaciation (Figure 2.8.A) high latitude regions experience an increase in icemass. This influences sediment deposition (shift from pelagic to glaciogenic), eustatic
sea level (falling), isostatics (depression of continental crust due to ice-mass),
seismicity (reduced incidence of earthquakes due to weighting of the continental shelf)
and ocean temperatures (cooling). In turn these factors influence the trigger
mechanisms. In this instance gas hydrates are destabilised by the falling eustasy but
stabilised by the falling ocean temperature. The combined effects of isostasy and
eustasy influence local sea level, which affects gas hydrates, sediment deposition and
erosion. Stochastic factors (such as non-isostatic earthquakes) may trigger slope
failures at any time.
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Figure 2.8: Flow diagram demonstrating climate change driven mass movement cause variation
during glacial (A.) and deglacial (B.) periods. Processes illustrated for low and high latitudes.
Red lines indicate destabilising, green indicate stabilising and blue indicate potentially
stabilising or destabilising factors.

During the deglaciation (Figure 2.8.B) high latitude regions experience the collapse of
the continental ice-mass. This influences sediment deposition (huge, rapid increase in
glaciogenic followed by a return to pelagic (see Dowdeswell and Elverhøi, 2002)),
eustatic sea level (rising), isostatics (rebound of depressed continental crust), seismics
(pulse of high seismicity in the forebulge region (Fjeldskaar et al., 2000; Muir-Wood,
2000; Bungum et al., 2005)) and an increase in ocean temperatures (~5°C in the
Eastern Norwegian sea during the Holocene transition (Birks and Koç, 2002)). The rate
of isostatic uplift experienced on some of these margins means that depth of water
(and hence pressure) does not increase at the same rate as seawater temperature.
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This increases the likelihood of destabilised gas hydrates, however, with a time lag due
to diffusive heat flow through sediments (Yamano et al., 1982).
The timing of these deglacial driven processes is region dependent: as different ice
sheets melted at different times. For example, Knutz et al. (2002) place the British Ice
sheet LGM between 31 and 21 ka cal BP, with a first stable onshore position dated
between 17.9 and 15.5 ka cal BP (Everest et al., 2006). Evidence from the Vøring
margin provides a 19 ka cal BP date for the Fennoscandian ice sheet LGM, with
decreasing ice influence by 18 ka cal BP and an onshore position prior to 14.5 ka cal
BP (Dahlgren and Vorren, 2003). Meltwater outflow into the Gulf of Mexico is dated at
15.7 ka cal BP (Broecker et al. (1988)

14C

dates Fairbanks et al. (2005) calibration),

providing a different age for the Laurentian ice sheet deglaciation.
Rapid sedimentation, release of isostatic forces, an upsurge of seismicity and gas
release from hydrates increase stresses operating on the continental margins. High
latitude margins are relatively stable during the glaciation and relatively unstable during
deglaciation. Supporting this view, Lee (2009) suggests that mass movements on the
northeast American margin are less likely, by a factor of 1.7 to 3.5, to occur during the
present interglacial than they were during the last glacial. Urlaub et al.ʼs (2013) study
demonstrate no statistically significant relationship between submarine mass
movements and climate change, however, they do suggest that mass movements are
most frequent after the LGM. In high latitudes during deglaciation local relative sea
level will bare little resemblance to mean global relative sea level (see Figure 2.5) and,
therefore, the timing of processes influencing slope stability may change from region to
region.
2.7.2. Low latitude non-glaciated margins
During the glaciation (see Figure 2.8.A) low latitude regions experience a fall in ocean
temperature and relative sea level: influencing sediment deposition (change of
deposition centre, see Maslin et al. (1998; 2005)). Trigger mechanisms are also
influenced. Gas hydrates are destabilised by falling sea level but stabilised by cooling
temperatures, although temperatures are not reduced to the same degree as in the
higher latitudes. A difference in sea surface temperatures of 1.2°C between the glacial
and Holocene is reconstructed by Billups and Spero (1996) for the western equatorial
Atlantic Ocean. The gas hydrate stability zone will be reduced during glacial periods in
low latitudes. Change in sediment deposition can lead to overburdening through
increasing pore pressures (Dugan and Flemings, 2000; Biscontin et al., 2004; Strout
and Tjelta, 2005).
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During the deglaciation (see Figure 2.8.B) low latitude regions experience a eustatic
rise in relative global sea levels due to the melting of the high latitude ice-mass,
sediment deposition will increase due to melting of glaciers in mountains (e.g. Andes
and Himalaya) and increased continental wetness (see Maslin et al., 1998; Maslin and
Burns, 2000). Gas hydrates will be destabilised by increasing ocean temperatures but
stabilised by rising eustatic sea level. Sediment failure is likely to occur due to
sediment overburdening resulting from increased rates of sedimentation and shifting
deposition centres. Low latitude continental margin slopes will be more susceptible to
failures triggered by earthquakes during deglacial periods due to the rapid build up of
sediment resulting from the return of interglacial conditions.
2.8. Chapter summary
This chapter demonstrates that Late Pleistocene North Atlantic submarine mass
movements have been influenced by climatic change through a combination of
isostatic and sedimentary processes associated with the oscillating relative sea level.
Certain slopes are predisposed to failure because of their sedimentary structure and
geological history.
A latitudinal zoning exists in the causes of submarine mass movements through the
past 45 ka. In the high latitudes predominantly during deglaciations, through increased
sedimentation, increased ocean temperatures and the release of isostatic energy:
increasing the susceptibility of slopes to failure due to isostatic/seismic triggers. In the
low latitudes lowered sea relative levels during the glacial increase the probability of
failure due to clathrate destabilisation and free gas release (Nisbet, 1990; Haq, 1998;
Kennett, 2003) and during the deglacial increased sedimentation and changes in
deposition centres increase the likelihood of failure due to overburdening of the
sedimentary column (Maslin et al., 1998; 2005). Deglacial submarine mass movements
are associated with the early Holocene methane peak.
Climate driven environmental change (with associated changes in local and global
relative sea level, sedimentation and isostatic seismicity) is likely to initiate submarine
mass movement in the same way as it has in the past. Glacial retreat in Antarctica (see
Cook et al., 2005) and Greenland (see Howat et al., 2005; Velicogna and Wahr, 2006)
will increase the likelihood of sedimentary failure and mass movements (with their
associated impacts of tsunamis and CH4 release) occurring in these locations.
2.8.1. Implications for the Barra Fan and Peach debrites
Section 2.5.1.6 outlined the published understanding of susceptibility factors and
trigger mechanisms of the Peach debrites prior to this thesis. The chapters that follow
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investigate the northwest British continental margin, focusing on the Barra Fan and
Peach slide in more detail. In particular, as already demonstrated important for
Storegga (Bryn et al., 2005b) and Trænadjupet (Laberg and Vorren, 2000), the role of
glaciogenic and contouritic sedimentation will be examined.
As such chapter three provides an overview of the geologic and oceanographic context
of the Rockall Trough and Barra Fan.
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3. Geologic and oceanographic development of the Barra Fan and northwest
British continental margin
3.1. Introduction to chapter
This chapter provides a geologic and oceanographic framework for the region and the
Barra Fan study site based on a review of previous research. This provides a context
(including oceanographic, sedimentological and cryospheric influences) within which to
discuss submarine mass movement on the Barra Fan; and also provides the
foundations for the application of chapter twoʼs conceptual model of slope failure to this
region in later chapters.
The main question that this chapter seeks to answer is: how has the margin evolved
over geological time to provide the current setting? This question may not have a
succinct answer, but knowledge of these factors will be essential when discussing the
sedimentary processes operating on the margin in later chapters of this thesis.
3.2. Development of the northwest British continental margin
The Cenozoic evolution of the northwest British continental margin has been a function
of igneous, tectonic and epeirogenic activity; and subsequent impact on oceanographic
and sedimentary processes.
3.2.1. Palaeocene igneous activity
The northeast Atlantic was formed by the separation of Greenland and Europe by
tectonic rifting at approximately 55 Ma (Storey et al., 2007; Anell et al., 2009). This
coincided with intense activity of the North Atlantic Igneous Province (NAIP), which
included large scale eruptions in Baffin Island, East and West Greenland, Faeroes,
British Isles and the seaward dipping reflectors to the rifted margin (Carter et al., 1979;
Kent and Fitton, 2000; Storey et al., 2007; Anell et al., 2009). The bulk of Cenozoic
volcanism in the British Isles occurred between 61 and 59 Ma, though late-stage dyke
emplacement continued till ~58 Ma (Kent and Fitton, 2000). It is during this period that
the seamounts of the Rockall Trough (Rosemary Bank, Anton Dohrn and Hebrides
Terrace; see figure 3.2) were formed. Age constraints for the offshore intrusions are not
so well defined as for onshore (Kent and Fitton, 2000; Anell et al., 2009); however, the
Hebrides Terrace intrusion is believed to have been formed prior to 60 Ma (Omran
(1990), cited in Stoker et al., 1993).
3.2.2. Post-rift tectonic margin evolution
Following the Palaeocene rifting of the northeast Atlantic the northwest European
margin, and adjacent deep-water basins, have undergone a structural evolution
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encompassing uplift and subsidence during different periods (Japsen and Chalmers,
2000; Stoker et al., 2002; Dahlgren et al., 2005; Praeg et al., 2005; Stoker et al.,
2005a; Anell et al., 2009; Stoker et al., 2010).
A variety of methodologies (including geomorphological analysis, seismic stratigraphic
interpretation, Vitrinite reflectance and Apatite fission track analysis (AFTA)) have been
used to reconstruct Cenozoic uplift and subsidence of the northwest European margin
(see Japsen and Chalmers, 2000; Praeg et al., 2005; Anell et al., 2009). Praeg et al.
(2005) identify three major periods of relative uplift of the northwest European
continental margin during the Cenozoic: late-Palaeocene to early-Eocene margin uplift
(~60 - 50 Ma); Eocene offshore subsidence (~35 - 25 Ma); and early-Pliocene to
present margin and shelf uplift (4 ± 0.5 Ma to present). With some discrepancy, the
timings of these uplift episodes are supported by work by Anell et al. (2009) and Stoker
et al. (2010).
The late-Palaeocene to early-Eocene episode is believed to have involved primary
upwelling, from the Palaeo-Iceland-plume, with associated underplating of the
lithosphere with less dense magma (Saunders et al., 2007; Anell et al., 2009).
Saunders et al. (2007) present evidence supporting uplift of the British Isles occurring
between 56.5 and 54 Ma during this episode.
The Eocene is marked by subsidence of the offshore basins and the deepening of the
Faeroe Conduit, the Fram Strait and subsidence of the Greenland-Scotland Ridge
(Stoker et al., 2002; Praeg et al., 2005; Stoker et al., 2005a; Stoker et al., 2010). These
bathymetric changes resulted in an early-Miocene southern gateway for thermohaline
circulation and allowed the strengthening of bottom current circulation in the Rockall
Trough (Praeg et al., 2005; Stoker et al., 2005a; Stoker et al., 2010).
The most recent uplift episode, late-Pliocene to present, is associated with the
development of prograding shelf-front wedges (including the Barra Fan), the age of
which pre-date the onset of northern hemispheric glaciation by ~1 Ma (Stoker et al.,
2002; Dahlgren et al., 2005; Praeg et al., 2005; Stoker et al., 2005b; Stoker et al.,
2010). Intriguingly, the timing of this uplift episode is approximately coeval with the
proposed shoaling of the Panama seaway to within 100 m of sea-level (4.6 Ma); an
event that is proposed to have intensified North Atlantic thermohaline circulation and
increased moisture supply to the high northern latitudes (Haug and Tiedemann, 1998;
Bartoli et al., 2005). It is likely that increased precipitation, combined with uplift, would
have resulted in the continental and shelf denudation required to initiate growth of
shelf-front wedges.
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There is some disagreement concerning the cause of uplift with one school favouring
the role of upper mantle convection (e.g. Japsen and Chalmers, 2000; Kent and Fitton,
2000; Saunders et al., 2007) and another that of plate boundary reorganisation (e.g.
Stoker et al., 2005b; Stoker et al., 2010). It seems probable that both processes may
have played roles during the Cenozoic, however, mantle convection associated with
the Iceland-plume seems likely to have been confined to the late-Palaeocene uplift
episode (Stoker et al., 2010). Equally, Praeg et al. (2005) note that plate reorganisation
may be driven by mantle convection, as such periods of enhanced mantle upwelling
may coincide with periods of plate reorganisation.
3.2.3. Sedimentation process response to margin evolution
The tectonic changes associated with the Cenozoic evolution of the northwest
European margin had a profound effect on shelf-margin and deep-water sedimentation
on the British continental margin and in the Rockall Trough.
Five key regional unconformities are identified in the Rockall Trough (and northwest
European margin more generally): late-Eocene, base Neogene, intra-Miocene, intraPliocene (or base Upper Neogene) and intra-Pleistocene (or Glacial) (Stoker et al.,
2002; Dahlgren et al., 2005; Laberg et al., 2005; Praeg et al., 2005; Stoker et al.,
2005b). These unconformities bound sediment units that reflect particular sedimentary
regimes and often represent erosional surfaces indicating a change in regime.
There is some evidence supporting bottom current activity (likely sourced from Tethyan
Outflow Water) and associated contouritic sedimentation from the late-Eocene or earlyOligocene (Laberg et al., 2005; Stoker et al., 2005b). However, a significant expansion
of bottom current activity and associated contourite sedimentation is not observed in
the Rockall Trough until after the intra-Miocene unconformity ~15 Ma (Laberg et al.,
2005). This unconformity is the stratigraphic signature of an erosive event believed to
have been the consequence of increased bottom current vigour following the
deepening of the Faeroe conduit during a tectonic inversion that changed the geometry
of the Wyville-Thomson Ridge Complex (Stoker et al., 2002; Stoker et al., 2005b). The
regional extent of the unconformity, north and south of the Greenland-Scotland Ridge,
supports this view (Laberg et al., 2005). Contourite sedimentation dominates the
successions of the northwest European margin from the intra-Miocene to intra-Pliocene
unconformities, reflected in the characteristics of the RPb (Rockall and Porcupine
Basins), FSN-2a (Faeroe-Shetland area) and Kai (North Sea Fan, Møre and Vøring
Margins) formations (Bryn et al., 2005b; Stoker et al., 2005b).
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Figure 3.1: Contemporary North Atlantic overview. Contours indicate 1000 m intervals, thick
black lines indicate oceanographically significant bathymetric features, major basins are
indicated. Approximate location of figure 3.4 shown by inset box A.

Dated at 4 ± 0.5 Ma, the intra-Pliocene unconformity marks the commencement of
increased downslope sediment transport and forms the base of the large European
shelf-front wedges (Stoker et al., 2002; Dahlgren et al., 2005; Stoker et al., 2005b).
This unconformity has been linked to an erosive event driven by uplift of the continent
and shelf as well as bottom current activity (Stoker et al., 2002). Accounting for this
most recent uplift episode, Praeg et al. (2005) propose a epeirogenic tilting hypothesis.
This view is supported by Japsen and Chalmers (2000) who propose a domal uplift and
subsidence model; and by Stoker et al. (2005b) who note that the 4 Ma age of the
unconformity is compatible with timing of late Neogene plate reorganisations in the
Atlantic and Pacific.
Growth of shelf-front wedges, including the Barra Fan, pre-dated northern hemispheric
glaciation by ~1 Ma (Stoker et al., 2002; Dahlgren et al., 2005; Praeg et al., 2005;
Stoker et al., 2005b) and initiation of growth appears to have been a consequence of
increased continental denudation via uplift and increased runoff due to increased
moisture following the shoaling of the Panama seaway at 4.6 Ma (Haug and
Tiedemann, 1998). The glaciogenic component of the shelf-front wedges was
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deposited post 2.5 Ma and the bulk of this post 0.44 Ma (Stoker et al., 1994; Dahlgren
et al., 2005). The earliest ice-rafted debris in the Rockall Trough has been dated to
2.48 Ma (Stoker, 1995), however, the intra-Pleistocene (or Glacial) unconformity is
dated to 0.44 Ma on the Hebrides slope: marking the onset of Pleistocene shelf-wide
glaciation (Stoker et al., 1994).
3.3. Barra Fan during the Pleistocene and Holocene
Shown in Figure 3.2, the Barra Fan is situated on the northwest British continental
margin. A prograding slope front fan, it is located on the continental slope between the
Hebrides Shelf and the Rockall Trough (Stoker, 1995; Armishaw et al., 1998; Stoker,
1998). At the shelfbreak water depth varies between 150 m and 200 m, towards the toe
of the fan it is in excess of 2000 m (Stoker, 1995).
To the north of the Barra Fan is the Hebrides slope and the extremely steep (up to 26º)
Giekie escarpment. To the south are the Hebrides Terrace Seamount (HTS) and the
Donegal Fan. The Barra and Donegal Fans are frequently referred to as a single fan
complex (Armishaw et al., 1998). Taken as such the Barra-Donegal fan complex covers
6,300 km2 and has a thickness of ~650 m (Armishaw et al., 1998; Holmes et al., 1998).
As this thesis is concerned with sedimentation affecting the northern, Barra, sector of
the complex the name Barra Fan shall be used throughout. The main regional faults
are shown in Figure 3.2.B, these are all pre-Tertiary (Stoker et al., 1993). The region
experiences a low level of seismic activity at the present time (HSE, 2002), though it is
anticipated that this level increases during deglacial periods and for some millennia
after (Bungum et al., 2005; Bungum et al., 2010).
Though the Sula Sgeir Fan (see Figure 3.2.A), the Rona and Foula wedges situated
further to the north, are major glaciogenic deposits (Stoker, 1995; Stoker et al., 2009)
the Barra Fan is the largest deposit of glaciogenic sediment on the western British
continental margin (Armishaw et al., 1998). It is also the most southerly of the
glaciogenic prograding fans (features also referred to as Trough Mouth Fans) on the
western European continental margin (Dahlgren et al., 2005; O'Reilly et al., 2007).
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Figure 3.2: Overview of northwest British continental shelf and adjacent Rockall Trough. A.
Glacial features, light blue shows maximum ice sheet extents and thick grey lines approximate
major ice-stream locations (from Bradwell et al., 2008). B. Main regional faults (from Stoker et
al. (1993)), tick indicates downthrow side, for thrust faults barb is on upthrow side. Contour
intervals 50 m between 0 and 250 m water depth; and 250 m for depths greater than 250 m.

70/267

The base of the Barra Fan is defined by the intra-Pliocene unconformity and linked to
continental uplift (see Section 3.1.3 and Stoker et al., 2002; Dahlgren et al., 2005;
Stoker et al., 2005b). Ice rafted debris (IRD) evidence from the Rockall Plateau
indicates that the margin has accumulated glacially derived sediment since ~2.48 Ma
(Stoker, 1995). Though widespread glaciation of the Hebrides Shelf did not occur until
the mid-Pleistocene, when there was a major change in the inner margin sedimentation
style. According to Stoker (1998) grounded ice sheets have reached the shelf edge at
least twice in the last 0.5 Ma. Evidence from Tertiary basalt IRD supports a Hebrides
shelf-grounded ice sheet during the Wolstonian glaciation, between 173 and 128 ka
(Hibbert et al., 2010). The slope front glaciogenic (post 0.44 Ma) deposits are termed
the Upper Macleod sequence and consist of mid- to late-Pleistocene muds. These
overlie the pre-glacial shallow marine sands of the Pliocene to early- to midPleistocene Lower Macleod sequence (Stoker et al., 1993; Stoker, 1995). The
uppermost unit on the Barra Fan is the Gwaelo Sequence, which overlies glacial debris
flows (Stoker et al., 1993).
3.3.1. Relationships between the Barra Fan and the British ice sheet during the late
Pleistocene (Devensian)
The British ice sheet (BIS) is the Barra Fanʼs primary sediment source, and so glacial
and deglacial periods represent key intervals with regards to fan sediment
accumulation. Therefore, when considering slope stability on the fan it is necessary to
consider the extent of ice-cover as well as timings, and nature, of advance and retreat
of the BIS.
Globally, in terms of relative sea level, the last glacial maximum (LGM) is believed to
have occurred over a period of 6 - 7 ka sometime prior to 21 ka cal BP (Peltier and
Fairbanks, 2007). The precise timing and extent of the BIS’s LGM is subject to debate,
though there is consensus in the first shelf edge ice-grounding occurring between 0.5 0.4 Ma (Stoker et al., 1994). Extensive evidence supports this view, including moraines
(Selby, 1989; Stoker et al., 1994; Dunlop et al., 2010) and large scale lineations
(Graham et al., 2007).

Major growth of the BIS is thought to have occurred, after

Heinrich event 4, from 38 ka cal BP (Peters et al., 2008; Scourse et al., 2009). A
detailed study by Clark et al. (2012), presents the period 27 - 26 ka cal BP as that of
maximum ice extent, or the British LGM. Figure 3.2.A, shows the shelf-edge
northwestern extent of the BIS as mapped by recent work (Bradwell et al., 2008; Clark
et al., 2012).
The relative stability of the BIS within the Devensian (the period in which the BIS was
last present) is hotly debated. Conflicting views are expressed by Hall et al. (2003) and
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Bowen et al. (2002), with the former also considering a much more extensive LGM BIS
likely.
Marine data, based on core samples from the Rockall Trough and its environs, are
broadly consistent. British ice sheet lithic deposition is limited prior to Heinrich event 4
(Peters et al., 2008; Hibbert et al., 2010), at approximately 38 ka (Hemming, 2004). An
increase in BIS IRD between 28 and 30 ka until 20 - 18 ka is noted by a number of
studies (Knutz et al., 2002; Knutz et al., 2007; Peck et al., 2007; Scourse et al., 2009;
Hibbert et al., 2010; Hall et al., 2011), reflecting a probable shelf-edge advance and
subsequent collapse. Evidence of a number of meltwater pulses within this period is
presented by Knutz et al. (2007), Peck et al. (2007; 2008) and Hibbert et al. (2010)
demonstrating the existence of localised, ice sheet disintegration. Heinrich-type events
that would also be associated with rapid sediment deposition.
The Barra Fan itself consists primarily of sediments sourced from either western
Scotland or northwest Ireland (Knutz et al., 2001; Bradwell et al., 2008; Peters et al.,
2008; Howe et al., 2012). The Hebrides Shelf is incised by a number of deep trough
features (i.e. North, Central and South Stanton Deeps and the Malin Deep, see James
(1992)), believed to be eroded by palaeo-ice-streams (Stoker et al., 1994; Armishaw et
al., 1998; Bradwell et al., 2008; Scourse et al., 2009; Dunlop et al., 2010). Recent work
by Howe et al. (2012) provides evidence of a Hebrides ice-stream that flowed
southwards through the Little Minch. Figure 3.2 presents 50 m contour intervals on the
continental shelf, indicating deeps that may have been eroded by moving ice, the
generalised interpreted ice-stream locations from Bradwell et al. (2008) are also
shown. These features act as conduits for sediment transported from the continent,
onto the fan and into the Rockall Trough and their location demonstrates the primary
inputs toward the south of the fan complex, focused on the Donegal Fan area.
3.3.1.1. Chronology of the LGM and deglaciation at the Barra Fan
Ice rafted debris evidence in the North east Atlantic supports maximum glaciation
occurring at approximately 27 to 24 ka cal BP (Peck et al., 2007; Hibbert et al., 2010;
Hall et al., 2011), corresponding well with data from the Barra Fan: which places the
period of maximum ice advance at between 31 and 21 ka cal BP (Knutz et al., 2002).
The age of the deglaciation, calculated from decline in IRD concentrations, is estimated
at 18.4 - 17.2 ka cal BP (Peck et al., 2007) and 19 - 16 ka cal BP (Knutz et al., 2007).
These ages correspond well with terrestrial data: evidence from cosmogenic

10Be

dating of moraines in northwestern Scotland provide an age of 17.9 to 15.5 ka cal BP
for the first stable onshore position of the BIS (Everest et al., 2006). A stable onshore
ice sheet does not preclude the possibility of an active shelf-edge ice-stream, Scourse
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et al. (2009) suggest that iceberg calving took place on the Barra Fan shelf-edge
during the Younger Dryas.
Based on sea surface temperatures, reconstructed from planktonic foraminiferal
assemblages, Kroon et al. (2000) place the Bølling period slightly after 14.6 ka cal BP,
the Younger Dryas slightly after 13.5 ka cal BP and state that the Holocene was fully
established by 10.9 ka cal BP (Kroon et al. (2000) AMS

14C

dates converted using

Fairbanks et al. (2005) radiocarbon calibration).
3.3.1.2. Local sea level and isostatic rebound
As discussed for the Norwegian margin, in section 2.6, because of the presence of a
local ice sheet, during the late-glacial and early Holocene changes to local sea level on
the west coast of Scotland would have been significantly different to the mean global
sea level. Several studies have investigated raised shorelines on the Scottish mainland
and the Hebrides (Jordan et al., 2010; Smith et al., 2012). However, these terrestrial
studies are confined to the Holocene.
Lambeck (1995) presents a modeled sea level curve, for a location to the south of St
Kilda (based on the model presented by Lambeck (1993)) that extends to 22 ka cal BP.
This model is based on relatively conservative ice sheet parameters (not extensive
expansion onto the Hebrides Shelf and 400 m thick ice on the Hebrides) and a rebound
component based on lithospheric thickness and mantle viscosity. The mean of
Lambeckʼs (1995) modeled data is presented in Figure 3.3.A. The data is supported by
palaeoenvironmental core data presented by Peacock et al. (1992) and is similar to
other reconstructions from the region (Jordan et al., 2010).
Modeled local sea level data should be regarded as a generalised view. Local ice sheet
and lithospheric variation will result in different magnitudes and velocities of crustal
adjustment (see Lambeck, 1993). As such the data presented in Figure 3.3 should be
regarded as an approximate view.
Considering the above caveat, it is possible to estimate the isostatic component of the
local sea level by subtracting the eustatic (global sea level) component, shown in
Figure 3.3.B. As noted by Lambeck (1995) and observed in palaeoenvironmental data
by Peacock et al. (1992) the lack of a local response to the rapid eustatic sea level rise
between 17 and 14 ka cal BP is significant. This may be explained by a substantial
isostatic uplift event west of the Hebrides at this time, estimated data in Figure 3.3.B
shows rates of 10.25 m ka-1. The significant negative isostatic event shown at 13 ka
may result from generalisation in the local model or a significant crustal depression
caused by expanding ice-mass. As the timing is prior to the Younger Dryas (as
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modeled by Lambeck (1993)) generalisation appears the more likely. The positive
rebound episodes shown during the Holocene are broadly in agreement with shoreline
observations in the region (Jordan et al., 2010; Smith et al., 2012).

Figure 3.3: Local sea level and estimated isostatic rebound for the Hebrides Shelf. A. Local sea
level (solid line, from Lambeck, 1995) compared against global sea level (dashed line, from
McGuire et al., 1997 and references cited therein). B. Rate of isostatic change, value shown is
the amount of change for the preceding ka.
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3.3.2. Oceanographic setting of the Rockall Trough and Barra Fan

Figure 3.4: Contemporary oceanographic setting of the Rockall Trough and Barra Fan, contours
indicate 500 m intervals. A. Shows major bathymetric features: AD - Anton Dohrn Seamount, BF
- Barra Fan, DF - Donegal Fan, FC - Faeroe Conduit, GB - George Bligh Bank, HTS - Hebrides
Terrace Seamount, LB - Lousy Bank, RB - Rosemary Bank. B. Upper water mass circulation
(from Holliday et al., 2000; New and Smythe-Wright, 2001). C. Intermediate water mass
circulation, dashed lines indicate inferred flow (from Johnson et al., 2010; Ullgren and White,
2010). D. Deep water mass circulation (from New and Smythe-Wright, 2001).

As Figure 3.4.A shows, the Rockall Trough is located west of the British and Irish
continental margin, bounded by Rockall Bank in the west and the Wyville-Thomson
Ridge in the north. Water depth increases from 1200 m in the north to 4500 m in the
south, where the trough borders the Porcupine Abyssal Plain (Øvrebø et al., 2006).
Water masses in the Rockall Trough display an anti-clockwise cyclonic gyre, with many
eddies around banks and seamounts (Holliday et al., 2000), a function of the Corriolis
Effect acting within a semi-enclosed, northern hemispheric basin.
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3.3.2.1. Contemporary circulation
Situated in the northeast Atlantic the Rockall Trough, in a generalised view, is located
within Atlantic Meridional Overturning system, with warm, saline water travelling
northwards from the Caribbean and Gulf of Mexico, as the North Atlantic Current, and
sinking in the Nordic Seas, before returning south as North Atlantic Deep Water
(NADW) (Holliday et al., 2000; McManus et al., 2004). However, looking at the Rockall
Trough on a local level the picture is more complicated and operates at a number of
different bathymetric levels. Figure 3.4 outlines the present understanding of
contemporary circulation in the Rockall Trough for upper (3.4.B), intermediate (3.4.C)
and deep (3.4.D) water masses.
The majority of water masses that enter the Rockall Trough do so from the south. In
the upper layers (see Figure 3.4.B) East North Atlantic Water (ENAW) is the major
current, transported polewards with the Shelf Edge Current (SEC), contributing an
average of 3.0 Sv of the mean upper water northerly flow of 3.7 Sv (Holliday et al.,
2000; Øvrebø et al., 2006). The SEC typically displays flow speeds of 15 - 30 cm s-1
and is associated with the upper 400 - 500 m of the water column (New and SmytheWright, 2001; Johnson et al., 2010). Supporting this, Armishaw et al. (1998) document
scour features, on the upper slopes of the Barra Fan, indicative of velocities of between
12 and 25 cm s-1. The Rockall Trough Current separates from the main SEC flow and
flows to the west of Anton Dohrn, before rejoining the main flow passing over the
Wyville-Thomson Ridge into the Nordic Seas (New and Smythe-Wright, 2001).
The situation for intermediate water masses is shown in Figure 3.4.C. The presence or
absence of Mediterranean Water (MW) in the Rockall Trough, has been subject to
considerable debate. However, recent work by Johnson et al. (2010) and Øvrebø et al.
(2006) appears to show this water mass to be absent north of 52° - 54°N. Ullgren and
White (2010) identify the MW salinity maxima at 1000 m depth and evidence for its
presence to 53°N, at Porcupine Bank. The key intermediate water mass entering from
the south is the cold and relatively fresh Labrador Sea Water (LSW), which flows via
the Charlie Gibbs Fracture Zone (see Figure 3.1) and occupies depths between
approximately 1100 and 2200 m (New and Smythe-Wright, 2001; Johnson et al., 2010;
Ullgren and White, 2010). The depth of LSW varies, with Johnson et al. (2010)
mapping the mass between 1100 and 1800 m water depth east of Anton Dohrn, but
New and Smythe-Wright (2001) describing LSW as present between 1700 and 2200 m
in a cyclonic gyre following the 2500 m contour. Wyville-Thomson Overflow Water
(WTOW) enters from the north of the Rockall Trough, is present at 600 - 1200 m depth
and can be traced to at least 55°N (Johnson et al., 2010).
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Figure 3.5: Contemporary water masses bathing the Barra Fan, lower, middle and upper fan
divisions from Armishaw et al. (2000), water mass divisions from New and Smythe-Wright
(2001) and Johnson et al. (2010). A degree of mixing is likely to occur at all boundaries.

Figure 3.4.D shows circulation patterns for deep water masses within the Rockall
Trough. The deepest water mass present in the Rockall Trough, though not shown in
Figure 3.4, is Antarctic Bottom Water (AABW), which may extend to 56°N (New and
Smythe-Wright, 2001; Johnson et al., 2010). The dense Norwegian Sea Deep Water
(NSDW) enters the Rockall Trough via the Faeroe conduit (section 3.2.2) and over the
Wyville-Thomson Ridge (New and Smythe-Wright, 2001). As a consequence of mixing
with surrounding water masses a salinity maximum is formed at 2300 - 2500 m water
depth, this is associated with North East Atlantic Deep Water (NEADW) (Øvrebø et al.,
2006). As with upper and intermediate water masses, deep water masses in the
Rockall Trough display a cyclonic gyre and frequent eddies. High current speeds may
be associated with these water masses, Dickson and McCave (1986) record velocities
of up to 29 cm s-1 at 2500 m water depth in the southern Rockall Trough.
3.3.2.2. Circulation patterns during glacial periods
Driven by temperature and salinity gradients, it has been argued that freshening of the
North Atlantic during deglaciations leads to a weakening of thermohaline circulation
(Bond et al., 1993). In the North Atlantic, glacials are also associated with a reduction
in deep convection and overflows from the Nordic Seas (McManus et al., 2004; LynchStieglitz et al., 2007). Decreased deep ocean ventilation has also been observed at the
onset of the Younger Dryas (Thornalley et al., 2010).
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However, ocean circulation may not simply have been more sluggish. Work by Negre
et al. (2010) using an Atlantic

231Pa/230Th

gradient points to reversed deep water flow

during the LGM, with a southern sourced water mass flowing northward at a rate half
the average of the southern flowing Holocene NADW. This change in flow direction
would result in a switching of the contemporary Rockall Troughʼs anti-clockwise gyre to
clockwise; a change that would have profound effects on deep water drift
sedimentation.
Analysis of the sortable silt fraction in the Rockall Trough by McCave et al. (1995)
indicates vigorous intermediate water circulation during the last glacial, but more
sluggish bottom water circulation. Further sedimentological evidence, supports the
view of reduced bottom current flow in the Rockall Trough during glacials and stadials.
Øvrebø et al. (2006), Knutz et al. (2002) and Armishaw et al. (2000) document a
predominance of sandy contourite deposits (indicative of high current flow speeds)
during the Holocene and of muddy contourites (indicative of low current flow speeds)
during the glacial period.
The consequence of these variations in circulation patterns and vigour, with regards to
sedimentation on the Barra Fan, is that there will be distinct differences between glacial
and interglacial periods with regards to the permeability and water content of the
sediments. The finer grained, clay rich, glacial layers acting as barriers to fluid
migration from contourite sediments deposited during inter-stadials (see Section
2.2.2.1).
3.3.3. Sedimentary processes on the Barra Fan
Sedimentation off northwest Britain in general, and on the Barra Fan in particular, is
governed by a combination of down-slope and across-slope mechanisms. The downslope component is driven by the delivery of terrigenous material from the continent to
the ocean basin, via glaciogenic and mass movement processes (Howe, 1995; Holmes
et al., 1998; Armishaw et al., 2000; Knutz et al., 2001; Knutz et al., 2002). Across-slope
sedimentary processes are driven by ocean circulation and often manifest as
contourite deposits (Knutz et al., 2002; Øvrebø et al., 2006). The characteristics of
these deposits are defined by the flow speed of the water they are deposited in. High
current speeds, where fine particles remain in suspension, result in sandy or gravel-lag
contourites and lower speeds allow more muddy deposits to form (Faugères and Stow,
1993).
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3.3.3.1. Across-slope sedimentation
As stated in section 3.2.3 there is evidence supporting vigorous bottom current activity
in the Rockall Trough since the intra-Miocene unconformity, at approximately 15 Ma.
These large scale currents resulted in the formation of the Feni Ridge, a large
sediment drift in the south of the Rockall Trough (Stoker, 1998; Laberg et al., 2005), as
well as smaller drifts on the Barra Fan itself. A number of studies have shown evidence
(both geological and geophysical) of widespread contourite sedimentation on the Barra
Fan (Howe, 1996; Armishaw et al., 1998; Armishaw, 1999; Armishaw et al., 2000;
Knutz et al., 2001; Knutz et al., 2002). For example, the Barra Fan Drift, which consists
of sediment waves, the crest-to-crest length of which is ~3 km and the height of which
are 15 - 30 m (Howe, 1996; Knutz et al., 2002). Bottom currents on the Barra Fan
follow seabed topography and this drift is forming in the lee of an old slope failure lobe,
potentially associated with reduced current velocity (Howe, 1996; Knutz et al., 2002). In
deeper water, on the fan, sediment waves are aligned parallel to along-slope bottom
currents that are interpreted to have formed them (Armishaw et al., 1998).
As the characteristics of contourites are defined by the water masses that deposit
them, a change in circulation will lead to a change in lithology. In the case of the Barra
Fan, this means that the sediment lithology changes with water depth, reflecting the
different water masses that bathe the fan at different depths (see Figures 3.5 and 3.6).
This is perhaps illustrated most clearly by the mudline location, representing the
boundary between sandy contourites (zone of current erosion) and clay rich sediments
(zone of deposition), at 1500 m (Armishaw, 1999). As circulation patterns also change
with time, particularly during glacial to interglacial transitions (see section 3.2.1.2), so
too will the sedimentation that results from this circulation. Hence, circulation changes
may be an additional reason why there is a marked difference between glacial and
interglacial sedimentation on the Barra Fan (see Armishaw et al., 2000; Knutz et al.,
2002).
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Figure 3.6: Overview of sedimentary processes on the Barra Fan. Shaded grey areas represent
Peach Debrites 1 to 4 (from Holmes et al., 1998), blue arrows indicate interpreted bottom
current flow paths (from Knutz et al., 2002), black arrows represent approximate locations of
palaeo-ice-streams.

3.3.3.2. Down-slope sedimentation
A further reason why there is a difference between glacial and interglacial
sedimentation is change in sediment supply: with glacial (and deglacial) periods
marked by a large increase in terrigenous sedimentation (Armishaw, 1999; Armishaw
et al., 2000; Knutz et al., 2001; Knutz et al., 2002). This terrigenous sediment is
transported to the shelf break via ice-streams originating in western Scotland and
northern Ireland (Bradwell et al., 2008; Dunlop et al., 2010; Howe et al., 2012).
Morainal ridges are visible adjacent to the continental shelf break, providing evidence
of glaciogenic sedimentation as the ice retreated (Selby, 1989).
This terrigenous input contributed towards extremely rapid rates of sedimentation,
especially during the last deglacial. For this period, Knutz et al. (2001) calculate
sedimentation rates of up to 2 m ka-1 on the northwestern margin of the fan, whereas
Kroon et al. (1997; 2000) record rates of >1 m ka-1 towards the centre of the fan. Rapid
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deposition on the steep upper slopes of the Barra Fan resulted in unstable sediments
that were transported downslope as debris flows or turbidites (see chapter 2 for a
discussion of mass movement processes) to the gentler slopes of the middle and lower
fan (Armishaw, 1999; Armishaw et al., 2000).
A number of down-slope transport mechanisms are known to operate on the Barra
Fan. Sandy turbidites have been identified in numerous core samples from the region
(Howe, 1996; Kroon et al., 1997; Knutz et al., 2001; Knutz et al., 2002). However,
Armishaw et al. (2000) find no evidence of turbidite deposits: they propose that their
relatively short core samples failed to reach sufficient depth to sample such material.
Glaciogenic debris lobes are present on the fan, with lobate terminations often
coinciding with the gradient change associated with the upper- to mid-slope boundary
(Armishaw et al., 1998; Armishaw, 1999). North of the fan, the continental slope is
steep and incised with canyons and gullies that are proposed to have acted as
conduits for sandy debris flows and turbidites to reach the lower slopes of the fan
(Armishaw et al., 1998; Holmes et al., 1998; Armishaw, 1999). The Peach slide, is
located in an embayment to the north of the fan (see Figure 3.5; Holmes et al., 1998).
As Figure 3.6 shows, and as originally presented by Holmes et al. (1998), the Peach
slide has developed during the Pleistocene and consists of four major debrite units:
debrite 1 (823 km3), debrite 2 (673 km3), debrite 3 (199 km3) and debrite 4 (135 km3).
The complex covers an area of ~1600 km2 and is associated with steep scarp margins
and debris blocks, flows and lobes (Armishaw et al., 1998; Armishaw, 1999). Using an
age/depth profile of the Barra Fan (constructed by Knutz et al., 2001) Maslin et al.
(2004) determined the age of the three most recent debrites: 2, 3 and 4 as 36.5, 21
and 10.5 ka cal BP respectively.
However, it is felt that this age estimate is relatively imprecise and this thesis aims to
improve the precision by use of geochemical and sedimentological analysis of samples
located in the slide headwall area.
There may not be a clear distinction between hemipelagite deposition and downslope
transport. Armishaw et al. (2000) interpret a glaciomarine dumpstone facies, clay-rich
material with pebble clasts: they speculate that the unit may result from rapid dumping
of sediment (potentially from an overturning ice-berg) and that the deposition may
involve a degree of downslope transport. Similarly, Howe (1996) interprets a
hemiturbidite unit, which he states shares some of the characteristics of both
hemipelagic and turbiditic sediments. As Armishaw et al. (2000) argue, in their
proposed model of fan sedimentation, it seems that processes do not operate in
isolation but as an interaction. Indeed, a combination of down-slope and across-slope
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processes may be involved in the development of sediment waves associated with the
Barra Fan Drift (Howe, 1996; Knutz et al., 2002).
3.4. Chapter summary: differences between sedimentation in glacial and
interglacial periods
As previously discussed in this chapter, there are marked differences in the Barra Fanʼs
oceanographic and sedimentary regimes during glacial and interglacial intervals. In
turn, these differences manifest themselves via changes in sedimentology.
In the contemporary ocean circulation (see Figures 3.4 and 3.5), the upper slopes are
exposed to the relatively high velocity SEC and sediments dominated by sandy
contourites (Armishaw et al., 2000; Knutz et al., 2002; Øvrebø et al., 2006). Deposition
of finer sediment occurs when there is a reduction in current velocity, for instance in the
lee of escarpments (Knutz et al., 2002) due to turbulence caused by bathymetry
(Øvrebø et al., 2006).
The glacial Rockall Trough was subject to different circulation and much greater
terrigenous sediment input. Whereas bottom current circulation may have been
reduced in vigour (McManus et al., 2004; Lynch-Stieglitz et al., 2007; Thornalley et al.,
2010), or even reversed (Negre et al., 2010), there is evidence of an active
intermediate water mass regime (McCave et al., 1995). As such, across-slope
sedimentation processes are likely to have been significant, even though the downslope (both glaciogenic and mass transport) component would have dominated during
these intervals (Howe, 1996; Armishaw et al., 2000; Knutz et al., 2001; Knutz et al.,
2002). The deglacial period was marked by extremely high sedimentation rates,
caused by terrigenous inputs from the disintegrating BIS (Kroon et al., 1997; Kroon et
al., 2000; Knutz et al., 2001). Larger scale down-slope transport processes such as via
debris flows, slumps and landslides have been inferred to have occurred in this period
(Armishaw et al., 1998; Holmes et al., 1998; Armishaw et al., 2000).
Chapter four will now analyse the regional morphology and acoustic facies: with the
objective of improving the understanding of sedimentological processes operating in
the study area.
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4. Surface and shallow-subsurface morphology of the Peach slide region of the
Barra Fan
4.1. Introduction to chapter
4.1.1. Objectives
The principal objective of this chapter is to map the surface and shallow-subsurface
morphology of the Barra Fan and Peach slide. An improved understanding of this
morphology will, in conjunction with the oceanographic and geologic framework
presented in chapter three, inform analysis in chapter five and further discussion in
chapter six.
This chapter asks a number of questions. First, what seismic units present in the
shallow sub-surface of the Barra Fan? Second, can these units be defined in terms of
sedimentary process? Third, what evidence of submarine mass movement is present in
the region?
This chapter also tackles some of the specific objectives outlined in section 1.3; namely
mapping the different acoustic facies associated with submarine mass movements and
making full use of GIS software to improve interpretation and analysis of the Barra Fan
environment.
4.1.2. Previous geophysical studies
The major published geophysical studies of the Barra Fan are those of Armishaw
(1999), Armishaw et al. (1998, indeed this reference is presented as a chapter in
Armishaw, 1999) and Holmes et al. (1998). Additional, less extensive, geophysical
investigations are undertaken by Howe (1996) and Knutz et al. (2002). Selby (1989)
presents an investigation of the Hebrides margin. In addition to these published studies
UCL (Wild, 1985) and BP Exploration (Cook, 1989) produced unpublished reports
documenting slope failure in the region.
Armishaw (1999) interprets surface morphology and maps seismic echo character
using MBE (multibeam bathymetric echosounder), SSS (sidescan sonar) and SBP
(sub-bottom profiler) data. Holmes et al. (1998), present a description of the Peach
debrite complex using a combination of MBE, SSS and SBP data to locate the mass
movement events.
This study focuses on the surface and shallow-subsurface geology and provides more
detail than previous work by extracting more information from the available data. This is
primarily achieved through the use of computer software developments that have
occurred during the intervening decade. Firstly, scanned images of seismic profiles are
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converted into SEGY data files (using a methodology similar to that of Miles et al.,
2007) and then interpreted using seismic processing software. Secondly, GIS software
is used to analyse datasets (such as MBE, SSS and interpreted SBP) both
independently and jointly.
In practical terms, this means that where Armishaw (1999) mapped echo character
types, this thesis presents a shallow-seismic stratigraphy within which it is possible to
consider facies associations, similar to those presented by Jenner et al. (2007) on the
Nova Scotian margin. With regards to MBE data, whereas Armishaw (1999) and
Holmes et al. (1998) used these data to identify scars and debris lobes, this thesis
analyses these data for slope angle, and correlates bathymetric changes directly with
the sub-surface interpretation (using a similar methodology to Leat et al., 2010). This
process allows more detailed interpretation in this chapter and discussion of sediment
transport mechanics in chapter six.

Datum parameters WGS 84
Spheroid

WGS 84

Semi-Major Axis

6 378 137.000 m

Semi Minor Axis

6 356 752.314 m

Flattening

1/298.257223563
Projection parameters UTM zone 29N

Projection

Universal Transverse Mercator

Zone

29 North

Latitude of Origin

0°

Longitude of Origin / Central Meridian

9° West

Scale Factor on Central Meridian

0.9996

False Easting

500 000

False Northing

0

Unit

International Metres

Table 4.1: WGS 84 datum parameters and UTM Zone 29N projection parameters.

4.1.3. Geophysical data from the Peach region of the Barra Fan
A number of geophysical surveys have been performed on the Barra Fan, notably BGS
regional surveys, AFEN (Atlantic Frontiers Environmental Network) tranches 19-22 and
the LOIS SES (Land-Ocean Interaction Study Shelf Edge Study) survey.
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These surveys have provided an archive of sub-bottom profiler, sidescan sonar and
multibeam bathymetric data that are used in this thesis.
4.2. Methods
4.2.1. GIS construction and geodetic system
GIS analysis for this thesis was performed using ESRI ArcGIS 10.1.
All horizontal data are referenced to the WGS ʼ84 datum and grid coordinates are
referenced to UTM Zone 29N. This zone is suitable for use between 6º W and 12º W.
Table 4.1 outlines the projection parameters of UTM Zone 29N, this projection uses
metres as the horizontal unit (as opposed to degrees of latitude or longitude). Using
metres for x, y and z dimensions makes a number of analytical tasks, such as
measuring distance, area and volume; and calculating gradients much more
straightforward.
4.2.2. Multibeam bathymetry
The primary bathymetric data source used by this thesis is the LOIS SES 3”
bathymetric grid (BODC, 1999).
The original dataset is a grid of tide corrected bathymetric depths spaced at 3”
longitude by 3” latitude between 56° N and 57° N; and 9° 25ʼ W and 8° 55ʼ W. The data
were collected between 02/03/1995 and 22/03/1995, poor weather conditions resulted
in a number of gaps in the data (BODC, 1999).
BODC ASCII data were converted into ESRI ASCII format and converted to raster data
within ArcGIS. LOIS SES 3” geographical grid corresponds to a grid resolution of 92 m
north to south and 51 m east to west between 56° N and 57° N in UTM grid
coordinates.
Detailed analysis of bathymetry (including gradients) is based solely on the LOIS SES
dataset. In order to aid regional interpretation (as well as to provide a seabed reference
for sub-surface interpretation), gaps in LOIS SES data have been infilled with the
SRTM30 bathymetric data (see Becker et al., 2009). The method employed to infill
these gaps is outlined in section 4.2.2.1.
SRTM30 bathymetry is based on gravimetric data that are calibrated using vessel
soundings (Becker et al., 2009) and appears to be higher quality than the GEBCO 08
grid in the Barra Fan locality. The SRTM30 grid has a 30” spacing, corresponding to a
grid resolution of 920 m north to south and 510 m east to west in the Barra Fan study
area. The data are lower resolution and less reliable than the LOIS SES bathymetry
and as such are used to provide regional context, not for interpretation.
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4.2.2.1. Combining bathymetric datasets

Figure 4.1: Bathymetry conversion workflow.

Figure 4.1 outlines the methodology used to combine the SRTM30 and LOIS SES
bathymetry datasets. LOIS and SRTM30 datasets were converted to xyz points and
merged, with the LOIS SES data extents erased from the SRTM30 dataset. Natural
neighbour interpolation was used to grid the data to 15” resolution. The natural
neighbour interpolation technique calculates output raster weights based on areas and
has been demonstrated to be effective with bathymetric data (see Merwade et al.,
2006; Coleman et al., 2011).
86/267

Once regridded the 15” bathymetry was mosaicked with the original LOIS SES 3”
dataset, the higher resolution data having primacy on overlapping pixels. This method
interpolates the SRTM30 data values to the more reliable LOIS SES multibeam
bathymetry values at the boundary of the two datasets. The resultant bathymetry is
more reliable than the SRTM30 data and has less severe discrepancies between
datasets.
4.2.3. Sidescan sonar
TOBI sidescan sonar data were acquired from the AFEN CD-ROM (see AFEN, 1998).
AFEN tranches 19-22 are in the location of the Barra Fan. The TOBI survey was
performed on the R.V. Colonel Templer between 12/06/1998 and 14/06/1998 (AFEN,
1998; Masson and Jacobs, 1998). PDF format charted data, gridded at 6 m, were
converted to TIFF files and then Geo-referenced in ArcGIS using the charted positional
annotation as reference points.

Figure 4.2: Overview of BGS and NOC seismic data analysed in this thesis. Contours
are every 250 m from SRTM30 data.
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4.2.4. Sub-bottom profiles
This thesis analyses high frequency pinger data, not sparker or airgun. This is because
of the focus on processes within the upper sedimentary column. Analysis of deeper
records would add to the study and is recommended for future work (see chapter
seven).
4.2.4.1. Data analysed
Line name

Latitude
Start (D.D)

Longitude
Start (D.D)

Latitude
End (D.D)

Longitude
End (D.D)

Record
Type

BGS_1985_6_1

57.0494

-9.9629

56.3884

-9.9647

3.5 kHz Pinger

73.67

BGS_1985_6_12

57.0751

-9.7452

56.3516

-9.7484

3.5 kHz Pinger

80.60

BGS_1985_6_13

56.3107

-9.5310

57.0497

-9.5333

3.5 kHz Pinger

82.31

BGS_1985_6_14

56.8997

-10.1093

56.9019

-7.9874

3.5 kHz Pinger

129.30

BGS_1985_6_15

56.799

-7.9307

56.8006

-10.0261

3.5 kHz Pinger

128.05

BGS_1985_6_16

56.7016

-10.0999

56.7000

-7.9455

3.5 kHz Pinger

132.02

BGS_1985_6_17

56.5792

-7.9047

56.5813

-10.4180

3.5 kHz Pinger

154.53

BGS_1985_6_18

56.4992

-10.1167

56.5000

-7.9532

3.5 kHz Pinger

133.27

BGS_1985_6_22

57.0686

-9.3250

56.3016

-9.3311

3.5 kHz Pinger

85.45

BGS_1985_6_23

56.3251

-9.1282

57.0838

-9.1303

3.5 kHz Pinger

84.53

BGS_1985_6_27

56.308

-8.9748

56.9973

-9.9920

3.5 kHz Pinger

107.90

BGS_1985_6_28

57.0109

-9.9947

56.4416

-9.9982

3.5 kHz Pinger

63.42

BGS_1985_6_2

56.98079

-10.02902

56.9858

-9.0274

3.5 kHz Pinger

60.91

BGS_1985_7_1

56.4992

-8.9988

56.7580

-9.2568

Deep Towed
Boomer

32.92

Length of BGS records:

Length
(km)

1348.9

NOC_AFEN_49

56.9509

-9.2792

56.6723

-9.2413

3.5 kHz Pinger

38.64

NOC_AFEN_50

56.6679

-9.3249

56.9398

-9.3249

3.5 kHz Pinger

30.27

NOC_AFEN_51

56.9488

-9.4037

56.6558

-9.4077

3.5 kHz Pinger

32.63

NOC_AFEN_52

56.6623

-9.4907

57.0432

-9.4907

3.5 kHz Pinger

42.40

NOC_AFEN_53

57.0582

-9.4646

57.1116

-9.2860

3.5 kHz Pinger

12.35

NOC_AFEN_54

57.0836

-9.2692

56.9883

-9.5583

3.5 kHz Pinger

20.50

NOC_AFEN_55

56.9700

-9.5747

56.7800

-9.8181

3.5 kHz Pinger

31.81

Length of NOC records:

208.6

Total Length of records analysed:

1557.5

Table 4.2: Overview of acoustic data analysed in this thesis.
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As Figure 4.2 shows, the BGS regional survey lines are generally spaced at 10 km
intervals. This thesis analyses six east to west lines and five north to south orientated
lines. BGS 1985 6 27 and BGS 1985 7 1 are run southeast to northwest. The NOC
AFEN survey lines tend to bisect the space between the BGS survey lines, giving a
greater density of survey lines in the Peach region of the Barra Fan.
As Table 4.2 shows, the sub-bottom data interpreted is high frequency. As such they
are suitable for relatively high resolution (potentially < 1 m), shallow (upper 50 m of
sedimentary column) investigations into the sedimentary facies of the Barra Fan.
Deep towed Boomer line BGS 1985 7-1 provides high quality data, but is not analysed
(though it was cross-referenced to aid interpretation). This is for two reasons: first, the
towed nature of the data provided difficulty in ascertaining the correct position; second,
the track is very similar to pinger line BGS 1985 6-27.
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4.2.4.2. Conversion of paper seismic records into digital seismic files

Figure 4.3: Flowchart demonstrating the process used to convert paper seismic records into
digital seismic data files.

Figure 4.3 outlines the process by which BGS and NOC paper seismic records were
converted into seismic data files using Chesapeake Technologyʼs ImageToSEGY™
application. This conversion allows the seismic data to be interpreted digitally and
analysed alongside other digital data (bathymetry and sidescan sonar) in a GIS
environment. Export of interpretation, to xyz data, is also much less time consuming
and more precise than manual interpretation of paper records. However, accuracy is
only as good as the seismic records and navigation data used to create the seismic
data files.
ImageToSEGY performs the conversion based on start and end navigation (to the left
and right of the TIFF file) and top and bottom time (to the top and bottom of the TIFF
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file) of the scanned image and then interpolating these specified data to the intervening
pixels. Illustrating this, a screen grab from ImageToSEGY is shown in Figure 4.4.
There are two potentially significant sources of error in the conversion process. First,
the navigation data is itself subject to error. Second, interpolating between fixes
assumes a straight line course, constant vessel speed over ground and ping rate.
This thesis now considers potential navigation error from interpolation and then
performs position checks on prominent bathymetric features.

Figure 4.4: Annotated screen grab from the ImageToSEGY application. Data example shown is
NOC AFEN 3.5 kHz pinger.

4.2.4.3. Navigation sources for sub-bottom profile data
BGS data, acquired in 1985 on the RRS Charles Darwin, was part of the initial phase
of GPS roll-out and would have used a Trimble 4000 receiver, there could have been
periods of an hour or more with no satellite coverage (Pers Comm Knight, 2012).
Navigational fixes, expressed in geographical coordinates, at 10 minute intervals were
obtained from BGS in XLS format.
NOC AFEN data was acquired in 1998 on the RV Colonel Templer, using a Racal
Skyfix DGPS logging at 30 s intervals (Masson and Jacobs, 1998). Such a system is
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accurate to the order of 1 m. Unfortunately this navigation data was not available for
the conversion of scanned paper records to digital seismic files.
In order to provide navigation, positions were extracted from a PDF chart of the
vesselʼs track, supplied by NOC. Thirty minute intervals were marked on the chart and
positions extracted for these locations using the ruler tool in Adobe Acrobat. Distances
measured in mm to two decimal places on the pdf and converted to decimal degrees
(507.661 mm per degree latitude and 278.299 mm per degree longitude). Measuring to
two decimal places provides a conversion precision of 0.129”, or approximately 4 m.
The actual accuracy will be less than this, however, the major error associated with this
navigation will due to interpolation between fixes.
Once prepared navigation fixes were inserted onto the equivalent marked fixes visible
on TIFF scans in ImageToSEGY (see Figure 4.4).
4.2.4.4. Potential error due to interpolation
When interpolating navigation between fixes, ImageToSEGY calculates the heading
and distance between fixes, divides the distance by the intervening number of pixels
and adds the resultant value incrementally per pixel until the next navigation fix is
reached. This method assumes a constant heading, ping rate and speed over ground
(SOG). These assumptions are not always correct and there is a potential error
associated with increased distance from a fix (as Figure 4.5 demonstrates).
As the sole navigation used in the conversion process are the fix locations, heading is
assumed to be constant between these points. However, as Figure 4.5 illustrates, in all
probability, this will not be the case with slight changes in heading occurring as the
vessel is steered to remain on course. These changes in heading will also lead to an
across track positional error, as the vessel veers off the designed survey line. No
information is available to take this into account. However, as the data were collected
during summer in an area that is not subject to strong tidal currents it is assumed that
the across track error is minimal.
Firing rates for BGS pinger data analysed were between 0.5 s in shallow water and 2 s
in deep water. However, firing rates are altered to avoid the pinger pulse inferring with
data (i.e. producing a thick band of noise at 0.5 s, 1.0 s, 1.5 s TWTT and so on). In
practical terms this means that a change in bathymetry in the order of 350 m will
require a change in firing rate of approximately 0.1 s in order to move the interference
away from the sweep. When this happens it alters the number of pings between fixes,
more for increased firing rates and less for reduced firing rates: leading to error in
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horizontal interpolation. This thesis does not attempt to correct for changes in firing rate
for the following reasons.
i. BGS navigation fixes are every 10 minutes, and will correct for any firing rate
induced error after a relatively short distance.
ii. There is no information on NOC firing rate changes, so it would be impossible to
correct this data.
iii. Changes are on steep ground where signal penetration and, therefore, interpretation
will be minimal.
iv. To do so would be extremely time consuming.

Figure 4.5: Potential error associated with navigation interpolation. A. Plan view of vessel track,
with fixes and interpolated track. B. Potential positional error associated with interpolation
between fixes (see Table 4.5 for calculated potential error based on acoustic data analysed in
this thesis).

In order to estimate the potential error associated with interpolated navigation, this
thesis examines distance and time between fixes and calculates variation in vessel
SOG during a survey line. These calculations are presented in Appendix B.
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Analysis of distance between fixes for BGS and NOC data reveals that BGS data has a
mean distance of 1520.5 m between fixes. Therefore, it follows that over the course of
the survey lines, the mean furthest distance of ping to fix (i.e. the interpolation midpoint) is 760.3 m. For NOC data the values are 2331.9 m and 1165.9 m respectively
(see Table B.1).
Using distance and time between fixes (600 s for BGS data and 1800 s for NOC data)
it is possible to calculate vessel SOG (shown in Table B.2). Minimum, mean and
maximum SOG are calculated based on the shortest, mean and longest distance
between fixes on the survey lines. This calculation shows that BGS survey lines were
generally run at a faster speed (2.05 - 2.92 m s-1) than the NOC survey lines (0.99 1.54 m s-1). A difference that is explained by considering that the NOC AFEN lines were
run whilst towing a TOBI system over steep terrain.
An attempt is made to provide an estimate of the potential for along track positional
error due to navigation interpolation. Table B.3 presents calculations of potential errors
(expressed in distance) resulting from the difference between maximum and minimum
SOG during a survey line (which varies between 0.85 m s-1 and 0.10 m s-1, shown in
Table B.2) at the mid-point between navigation fixes.
It is unlikely that the full range of SOG would occur between neighbouring fixes, as
such the value used as the best estimate of potential error is that calculated by
subtracting the potential error resulting from minimum SOG from that resulting from
maximum SOG and dividing the result by two (see column six, Table B.3). Mean values
are 130.61 m for BGS data and 250.88 m for NOC data. There is significant variation,
with the potential error for BGS data ranging between 66.54 m and 366.22 m; and
NOC data between 34.17 m and 531.53 m.
These values represent the potential for error: the greater the distance between fixes,
with the greater variation in SOG, the greater the potential for error.
However, it may be more useful to estimate error by cross referencing the different
geophysical data types and measuring the positional difference of prominent features.
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4.2.4.5. Positional error assessment from geophysical data
Figures 4.6 and 4.7 show comparisons between LOIS SES multibeam bathymetry,
AFEN sidescan sonar and BGS and NOC sub-bottom profile data. A summary of the
results is shown in Table 4.3.
Data Type

Easting

Northing

Positional
differences - data
type

Difference
(m)

Positional check
based on ridge
crest at 1180 m
below mean sea
level.

NOC AFEN 49
3.5 kHz Pinger

485284.8

6306520.4

Pinger - Bathymetry

23.7

LOIS SES
bathymetry

485285.2

6306544.1

Pinger - Sidescan
Sonar

50.0

See Figure 4.6.

AFEN SSS

485278.0

6306570.4

Bathymetry Sidescan Sonar

26.3

Comment:

A broad crest of ~90 m length visible in pinger data. Timestamp for pinger position
is 18:15:33.

Positional check
based on slide
scarp at 635 m
below mean sea
level.

BGS 1985 6 27
3.5 kHz Pinger

492306.9

6274107.5

LOIS SES
bathymetry

492304.9

6274067.6

See Figure 4.7

AFEN SSS

Beyond extents of data

Comment:

Slope break occurs over ~50 m in pinger data. Timestamp for pinger position is
09:30:27.

Pinger - Bathymetry

39.9

Table 4.3: Positional check summary. Positions are WGS 84 UTM zone 29N.

Figure 4.6 shows excellent agreement between all three data types, with differences
not exceeding 50 m despite the bathymetric depth of 1180 m. On bathymetric data, the
crest of the ridge is located within 25 m of the pinger position (i.e. well within the 3”
resolution of the bathymetric data). It is difficult to make a precise comparison with the
AFEN sidescan sonar, as the data is noisy and the crest of the ridge is not so
pronounced, however, the feature aligns to resolution of the data. It is particularly
encouraging to note that the pinger timestamp for this point is 18:15:33, the point
furthest from navigation fixes and potentially subject to the greatest interpolation error.
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Figure 4.6: Positional accuracy check for bathymetry (A), sidescan sonar (B) and NOC AFEN
vessel pinger data (C). Blue line indicates location of line NOC AFEN 49. Dashed red line
indicating alignment of spur between the three data types.
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Figure 4.7: Positional accuracy check for bathymetry (A) and BGS pinger data (B). Blue line
indicates location of line BGS 1985 6 27, solid red lines other BGS survey lines. Dashed red
line indicating alignment of base of scarp between the two data types. Note - AFEN sidescan
data does not cover this area.

Figure 4.7 presents a comparison of LOIS SES bathymetry and BGS pinger line 1985
6 27 at the location of the southern margin of the Peach slide scarp. Measured from
the slope break, the distance between pinger and bathymetry positions is 39.9 m. This
distance is less than the resolution of the LOIS SES. This pinger position is located 27
s from a navigation fix and, therefore, provides a reasonable assessment of the
maximum accuracy of the data.
4.2.4.6. Lateral and vertical data resolution
Generally, the lateral resolution of sub-bottom acoustic data is determined by the firing
rate and Fresnel zone. Acoustic data analysed in this thesis have firing rates of
between 2 and 0.5 pings per second, as section 4.2.4.4 shows: SOG varied between 1
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and 3 m s-1. Based on these values, ping rates varied between one ping per 6 m and
one ping per 0.5 m travelled over ground.
The Fresnel zone may be defined as the area of constructive reflection accumulation
surrounding the ray theory reflection point (Lindsey, 1989). That is to say the area from
which waves are reflected back to the acoustic signal receiver. Based on the equations
presented by Sheriff (1980), the Fresnel zone diameter from a 3.5 kHz pinger at the
seabed (assuming 1500 m s-1 acoustic velocity through water) would be 29.3 m and
41.4 m at 1000 m and 2000 m water depth respectively. This means that for acoustic
data analysed in this thesis, lateral resolution is limited by the Fresnel zone. The
Fresnel zone increases with depth and velocity, as such it is more of a concern for
reflectors deeper in the sedimentary column (Widess, 1982; Lindsey, 1989).
Vertical data resolution may be considered in two ways: the resolution of the raw data
and the resolution of the scanned paper record.
BGS and NOC pinger data analysed in this thesis were both acquired using a 3.5 kHz
system. Using the Rayleigh criterion, theoretical resolution of acoustic data is λ/4
(where λ = wavelength) (O'Brien and Lerche, 1988). Using an assumed acoustic
velocity of 1650 m s-1 (as employed by Holmes et al., 1998) it is possible to calculate
the sediment thickness that equates to λ/4 as follows:

Sediment acoustic velocity (m s-1 )
Acoustic wave frequency (Hz)
1650
λ=
3500
λ = 0.47m

λ=

λ / 4 = 0.118 m
Equation 4.1: Wavelength and theoretical resolution of pinger data.

Practical data resolution is dependent on the signal to noise ratio, the form and
duration of the incident wavelet and the reflector distribution (Widess, 1973; 1982).
When reflectors are located in close proximity (in relation to the acoustic wavelength)
higher acoustic impedance contrasts cause reverberation in the sub-bottom record,
which reduces the vertical resolution. Dense, coarser sediments will have this effect:
reducing the resolution to 0.5 m or more. However, finer, softer sediments such as silts
will have very little reverberation and display a greater resolution, closer to the 0.12 m
theoretical limit.
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It is possible to calculate the resolution of the scanned paper records by comparing
their sweep length (Two Way Travel Time (TWTT)) with the number of vertical pixels.
Record
source

Width of
paper
record (cm)

Sweep
length
(ms)

Number of
pixels in
sweep

TWTT per
pixel (ms)

Thickness of sediment
per pixel (m), assuming
acoustic velocity of
1525 m s-1

BGS

48.8

250 - 500

5800

0.04 - 0.09

0.05 - 0.12

NOC AFEN

21.6

1000

2550

0.39

0.51

Table 4.4: Data resolution of scanned pinger records.

As Table 4.4 demonstrates, owing to the shorter sweep lengths and greater number of
pixels, BGS pinger scanned records have a greater resolution than the NOC records.
This is not due to lower quality acquisition, in fact NOC AFEN data recorded 4980
samples per second (Masson and Jacobs, 1998), but due to the conversion from paper
record. Whereas NOC records have 3 pixels per m, BGS has up to 20 pixels per m. In
practical terms this means that it proves very difficult to interpret NOC pinger data at
less than 1 m resolution, whereas when the acoustic properties of the sediments allow,
it is possible to interpret BGS data at sub 0.5 m resolution.
As well as interpolating horizontally, ImageToSEGY also interpolates vertically:
assigning each pixel a TWTT value. It is possible to introduce error at this stage by
inaccurate cropping (commonly a result of slight warping of the paper record during the
scanning process). However, the interpolation is accurate: measured distance between
paper record scale lines (digitised during the conversion process) show errors of <0.5%
as compared to the digital scale lines within Seismic+™ (i.e. 50 ms scale lines from
paper records measured at 49.8 ms in Seismic+).
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4.3. Surface geology data analysis and results
4.3.1. LOIS SES and SRTM30 bathymetry
4.3.1.1. Bathymetric overview
As Figure 4.8 shows, in the study area the Hebrides Shelf margin is located between 9º
and 9º 30ʼ W. To the east the Hebrides Shelf displays depths of less than 200 m, with
the Stanton and Malin Deeps the areas of greatest depth. Between these areas, the
Stanton Banks reach to within 50 m below mean sea level.

Figure 4.8: Bathymetry overview of Barra Fan and neighbouring regions. Dashed box shows
extents of Figure 4.11. HTS: Hebrides Terrace Seamount, NSD: North Stanton Deep, CSD:
Central Stanton Deep, SSD: South Stanton Deep, MD: Malin Deep. Bathymetric contours at 25
m intervals for the shallowest 200m and at 100 m intervals below.

100/267

Figure 4.9: Artefact in SRTM30 data. A. Combined SRTM30 and LOIS SES bathymetry. B.
Interpolated bathymetry from BGS seismic fixes. C. Difference between SRTM30 and LOIS
dataset and BGS seismic fix dataset. Note - extreme values at the perimeter of panel C are due
to interpolation over steep slopes on the Hebrides Terrace Seamount and continental margin.
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To the west of the continental margin is the Rockall Trough, which achieves depths of
2000 m below sea level within 50 km of the Hebrides Shelf. Depths of > 4000 m are
achieved further south in the Rockall Trough, as documented in chapter three. Situated
around 56º 30ʼ N 10º 15ʼ W, the Hebrides Terrace seamount is a major bathymetric
high located 50 km from the shelf break. As Figure 4.8 shows, this feature rises from
1700 m to 1010 m below mean sea level on the eastern flank and from 2000 m on the
western flank. This feature is a large igneous intrusion (see chapter three and Stoker et
al., 1993), with a diameter of some 20 km at its summit.
Widely spaced contours between the Hebrides Terrace Seamount and the continental
margin indicate the central location of the sedimentary fan, which engulfs the
seamount, with the Barra Fan to the north and the Donegal Fan to the south (see
chapter three).
An embayment is apparent at the northern limits of the Barra Fan, with a negative relief
of some 400 m relative to mounded sedimentary fan build-up to the west. This
mounded build-up, that is present in both SRTM30 and GEBCO ʼ08 datasets, is an
artefact. Figure 4.9 shows an interpolated bathymetry (panel B), based on single beam
echosounder values at BGS seismic fix locations, that is subtracted from the combined
LOIS SES and SRTM30 data (panel A). The resultant values are shown in panel C.
The interpolated bathymetry shown in panel B is based on tide corrected depth values
at each navigational fix from the BGS 1985 data (see Table 4.2). As such, the input
points are fairly widely spaced, with survey lines run at 10 km spacing, although there
are numerous crossings and a diagonal line running across the apparent high (see
Figure 4.2). The data were interpolated using Natural Neighbour and gridded to 60”
resolution.
Overall there is good agreement between the interpolated BGS fix bathymetry and the
combined LOIS SES and SRTM30 data. Due to a scarcity of data points, the
interpolated BGS fix bathymetry is less reliable at its margins. As such, the large
discrepancy in the southwest of Figure 4.9 panel C, on the steep slopes of the
Hebrides Terrace seamount is easily explained. Similarly, differences of 200 m at the
north and south on the continental margin may be explained by interpolation over steep
slopes. However, the large >400 m (and two smaller >100 m) difference located on the
north of the Barra Fan appears to be due to incorrect SRTM30 bathymetry data as this
area is crossed by five BGS survey lines, none of which show the feature.
This artefact has been communicated to GEBCO, who have confirmed that the original
GEBCO ʼ08 dataset appears to contain erroneous data (Pers Comm Weatherall, 2012)
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and that the next update will include this finding. This artefact is removed
(arithmetically, using the values displayed in Figure 4.9.C) from the bathymetry
discussed in the remainder of this thesis.
Figure 4.10 shows more detailed imagery of the LOIS SES bathymetry between 56º N
and 57º N, this dataset covers the continental slope in this location.

Figure 4.10: LOIS SES bathymetry. A. 57º 5ʼ N to 56º 25ʼ N. B. 56º 20ʼ N to 56º 0ʼ N. Contours
at 50 m intervals.

The main features apparent in the dataset are: gullies in the north; a landslide scar
between these gullies and the smooth surfaced sediment fan to the south; and in the
far south of the data set: broad, deep gullies.
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4.3.1.2. Slope gradients

Figure 4.11: Gradients calculated from LOIS SES bathymetry. A. 57º 5ʼ N to 56º 25ʼ N. B. 56º
20ʼ N to 56º 0ʼ N.

Gradients, calculated in ArcGIS using the LOIS SES bathymetry, display values
ranging from close to 0 to 25.6º. Regionally, the steepest gradients are located in the
north of the LOIS SES bathymetry, where extensive areas display angles >10º. Steep
slopes are also observed over extensive areas in the south of the dataset, with angles
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>7.5º common. The gentlest slopes are located on the lower slope in the central fan
area, where they are generally <2º.
Locally the steepest slope angles are associated with the side walls of gullies and
landslide scarps. In the northern gullied area angles reach 20º, whereas on the
landslide scarp slopes they are commonly between 10º and 17º. The steepest slopes,
of almost 26º, are associated with a complex landslide or gully feature in the far south
of the LOIS SES bathymetry.
Figure 4.11.A also reveals a number of hummocky, undulations within the lower slopes
of the slide amphitheatre. Further linearly distributed narrow bands of undulating slope
angles appear visible perpendicular to the slope, on the lower slopes of the fan. If real,
these features may be associated with downslope sediment transport. However, in
some cases they may be caused by artefacts within the data. These features are
discussed further in chapter six.
4.3.1.3. Landslide scar
The LOIS SES bathymetry provides complete coverage for the large landslide scar
within depths less than 1100 m below mean sea level. This covers the portion of the
scar within the upper continental slope, which is envisaged to be a good proportion of
the zone of evacuation.

Figure 4.12: Map of landslide scar. Numbered lines indicate cross-sections displayed in Figure
4.13. Contours at 25 m intervals.

As Figure 4.12 shows, the scar extends eastward, cutting back into the Hebrides Shelf
creating an embayment within the continental margin. A smaller scar is visible upslope
from the main slide scar and a number of lobes extend within the main scar. The scar
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area, at depths shallower that 1100 m below mean sea level is 210 km2. In this upper
region the maximum width of the evacuated area is 17.8 km.
Figure 4.13 displays bathymetric profiles for the numbered lines in Figure 4.12. Profiles
1 to 3 demonstrate the transition from steep upper slopes (angles commonly 11º) to
gentler angles on the middle (3º) and lower (<2º) slopes. Relief is considerable: profile
6 shows scarp heights of 73 m and 46 m in the north and south respectively; and
section 5 shows relief of 40 m within the landslide scar, associated with mounded
deposits.
Slope angles associated with the scarp slopes are between 6º and 9º in the south and
between 10º and 17º in the north (see Figure 4.11). The southern scarps in particular
are often associated with moats, as shown in Figure 4.13 profile 5. There is no obvious
join between the southern and northern scarps; an area of some 131 km2 between the
900 m contour in the south (56º 38ʼ 52” N 9º 11ʼ 19” W) and the 650 m contour in the
north (56º 42ʼ 58” N 9º 3ʼ 3” W) is obscured by downslope deposits from the upper
slope.
These flows appear to originate from three upper scars, which reach the 200 m
contour. The largest, and most pronounced, of these is the southernmost, which has an
area of 36 km2 and maximum scarp height of 80 m. This feature is 3.3 km wide and
displays an evacuation zone of 3.5 km length and a depositional lobe of some 5 km
length, with 20 m to 30 m elevation.
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Figure 4.13: Profiles across landslide scar marked in Figure 4.12. Downslope sections
displayed west to east and across slope sections north to south.
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4.3.1.4. Gullies
The continental margin in the far north and south of the study area is incised by
numerous gullies. Figure 4.14 shows bathymetry from areas of gullies in the north and
south of the LOIS SES dataset, bathymetric sections from these areas are displayed in
Figure 4.15. Data coverage is less extensive in the south, with the lower limit close to
the 1100 m contour, compared with below the 1500 m contour in the north.

Figure 4.14: Map of gullies in north (A) and south (B) of LOIS SES bathymetry. Numbered lines
indicate cross-sections displayed in Figure 4.15. Contours at 25 m intervals.

The morphology of the northern gullies is displayed in Figures 4.14.A and 4.15.A. They
originate at depths of 300 m and extend to beyond the LOIS SES data limit; although in
much less pronounced form. Figure 4.15 profile 2 is crossed by 12 individual gullies,
which appear to coalesce to seven major features further downslope in profile 3. These
gullies are steep sided and V-shaped, they display a maximum incision of 150 m,
although 50 m is a more common value. Figure 4.15 profile 3 is crossed by seven
individual gullies, which are generally less pronounced with less steeply angled walls
and reduced incision.
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Figure 4.15: Profiles through gullied areas indicated in Figure 4.14. Downslope profiles
displayed west to east and across slope sections north to south.
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The convex lower slope and reduced number of individual gullies reflects the
confluence of these at depths below 1100 m below mean sea level. A large bowl
shaped depression is crossed by Figure 4.15 profile 2 at 12 km along section, it is
clearly visible in Figure 4.14.A. Three feeder channels enter this feature from the upper
slope, the LOIS SES data does not show their upper sections. So close to the shelf
break, it is tempting to infer that these feeder channels originate at or near to the
Hebrides Shelf.
Figures 4.14.B and 4.15.B display the morphology of the southern gullies. They
originate at depths of 300 m and extend to beyond the LOIS SES data limit, although in
much less pronounced form. In this location the LOIS SES data only extends to the
1100 m contour, as such much of the lower slope is not visible. The pronounced mound
feature visible in Figure 4.15 profile 4 appears to be a buttress eroded from the
surrounding material.
Figure 4.15 profiles 5 and 6 demonstrate that six upper slope gullies coalesce to form
three gullies further downslope. These gullies are very steep sided and U-shaped.
Maximum incision is 100 m, with 50 m a more commonly observed value. Confluence
of gullies appears to occur from depths of 1000 m. The southern gullies are appreciably
wider than those in the north and have steeper walls (angles up to 25.6º), which act to
leave freestanding buttresses between neighbouring channels (see Figure 4.14.B).
These gullies are discussed briefly in chapter six.
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4.3.2. AFEN TOBI sidescan sonar
4.3.2.1. Sidescan sonar overview

Figure 4.16: Raw AFEN TOBI sidescan sonar data. Track parallel striping is an artefact.

Sidescan data presented in in Figure 4.16 are the unprocessed data provided on the
AFEN CD-ROM (AFEN, 1998). A number of artefacts are present in the data and these
limit the degree of interpretation that is possible. A limited interpretation is presented in
Figure 4.17, however, the interpretation is combined with bathymetry and sub-surface
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results for the interpretation presented in section 4.5. Major features such as landslide
scarps and debris deposits are clearly visible within the sidescan data: extending the
seabed interpretation beyond the limits of the LOIS SES dataset.

Figure 4.17: Major features interpreted from AFEN TOBI sidescan sonar. Interpretation was
completed with the aid of bathymetric and sub-bottom profiler data.
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4.4. Sub-surface geology data analysis and results
4.4.1. Sub-surface geology overview
This thesis interprets seven different acoustic facies from BGS and NOC pinger
records, building on previous interpretations from Howe (1996), Armishaw et al. (1998),
Armishaw (1999) and Knutz et al. (2002) on the Barra Fan. Work by Tripsanas et al.
(2007; 2008) on the Nova Scotia margin informs the criteria used to differentiate debris
flow facies. Table 4.5 presents an overview of this interpretation.
Acoustic record interpretation is based on the reflectivity of the seabed and subseabed. Relative size of reflected amplitudes is dependent on the differences in
acoustic impedance of the material on either side of the interface, where acoustic
impedance is calculated by multiplying a unitʼs P-wave velocity by its density (Gadallah
and Fisher, 2009). The reflection co-efficient, and therefore the magnitude and polarity
of the reflector, is the ratio of the reflected ray to the incident ray (Gadallah and Fisher,
2009). As outlined by Piper et al. (1999b), facies are interpreted on the basis of:
presence or absence of reflection; relative amplitude of reflection; reflector geometry;
and the relative amplitude of backscatter in the absence of reflectors.
This interpretation is concerned solely with the uppermost sedimentary column as
imaged by the high resolution, low penetration, pinger records (with cross reference to
one deep-towed boomer record). Surface sediments will be influenced by deep
processes. This deeper geology may be investigated using longer wavelength, higher
amplitude, acoustic (such pulses more commonly referred to as seismic) sources such
as sparker or airgun. However, in the study area, these data sources are limited in
amount and quality (the paper BGS paper records are very compressed and do not
lend themselves to the SEGY conversion process) and were not analysed. Some
details of the deeper geology of the Barra Fan are shown by James and Hitchen (1992)
and Holmes et al. (1998).
Acoustic facies interpreted here may be considered components of the Gwaelo and
Macleod sequences, interpreted in BGS Peach Quaternary chart (James, 1992) and
discussed by Howe (1996).
Appendix C presents the sub-surface interpretation log.
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Facies

Characteristics visible in
acoustic record

Interpretation

Evidential support

Ia

Uppermost unit - Lowamplitude and transparent

Muddy contourite

Ib

Uppermost unit - Highamplitude

Sandy contourite

Sampled by BGS core samples
and interpreted by Armishaw
(1999), Armishaw et al. (2000),
Kroon et al. (1997; 2000) and
Knutz et al. (2002).

IIa

Parallel reflectors draping
underlying units

Hemipelagic
sedimentation, consisting
of varying contributions
from hemipelagic,
contouritic, glaciogenic
and turbiditic sources

IIb

Unit of parallel reflectors
underlaying chaotic or highamplitude facies

Hemipelagic
sedimentation, separate
facies to simplify analysis.

III

High-amplitude unit

Unit consisting of coarser
sediments, which may be
sandy contourite or
turbidite when ponded

Coarser material provides
higher amplitude returns and
literature (Howe, 1996; Knutz et
al., 2002) supports presence of
contourites and turbidites.

IVa

Chaotic, semi-transparent
unit with hyperbolae;
displaying mounded
morphology at upper
boundary

High viscosity cohesive
debris flow

Chaotic, semi-transparent to
transparent facies indicative of
debris flow deposits (numerous
studies, including Canals et al.,
2004; Tripsanas et al., 2007).

IVb

Chaotic, semi-transparent
unit displaying flat to concave
upper boundary

Low viscosity cohesive
debris flow

IVc

Prominent reflector within
chaotic, semi-transparent unit

Indicating multistage
event

Higher viscosity results in
deposits displaying positive
relief, low viscosity materials act
more like liquids and infill
resulting in zero or negative
relief (Tripsanas et al., 2007).

V

High-amplitude, irregular,
hyperbolic return

Hard debris

Indication of rugged terrain,
noted by numerous studies,
including Armishaw et al. (1998),
since Damuth et al. (1983).

VIa

Acoustic blanking within
sedimentary column - diffuse

Diffuse fluid escape

Documented on Sula Sgeir Fan
by Baltzer et al. (1998).

VIb

Acoustic blanking within
sedimentary column associated fault

Fluid escape associated
with polygonal fault

As documented in the FaroeShetland Channel (Bulat and
Long, 2001) and Norwegian
Margin (Reiche et al., 2011).

VII

Marked reflector
displacement or highamplitude vertical reflections
below depression

Fault

Diameter of Fresnel zone (see
Lindsey, 1989) may obscure
detail in deep water and faults
are visible as high-amplitude,
linear, near-vertical features.

Corresponds to the Gwaleo
sequence (Stoker et al., 1993).
Lack of ground truthing prevents
differentiation of sources, which
Howe (1996), Kroon et al.
(2000) and Knutz et al. (2002)
demonstrates are mixed.
FIIb represents interpretation of
Upper Macleod sequence.

Table 4.5: Overview of interpreted acoustic facies.
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4.4.2. Identifying characteristics and interpreted origin of acoustic facies
4.4.2.1. Acoustic facies I - Uppermost sedimentary unit
Acoustic facies I is interpreted where the uppermost unit in the sedimentary column
clearly drapes the underlying units and has a clear basal reflector that differentiates it
from the units below. This prominent reflector indicates a change in acoustic
impedance and sedimentation process. As shown in Figure 4.18, this unit may overlie
acoustic facies II, which it is differentiated from by a lack of laminations.

Figure 4.18: Example of muddy contourite, facies Ia; and hemipelagic sediments, facies II from
BGS pinger record 1985 6-16. Approximately 25 times vertical exaggeration.

Acoustic facies I is generally <4 ms TWTT thick and not always present. When there is
no clear acoustic difference between the uppermost unit and underlying drape (as
shown in Figure 4.21) FI is not interpreted. This unit may display low (largely
transparent) or high amplitudes. As such this thesis interprets acoustic facies Ia and Ib
(as shown in Figure 4.19), low and high amplitudes respectively.
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Ground truthing of this unit is attempted via the published core sample records from the
region. Armishaw et al. (2000) present 24 core logs from the Barra Fan and Peach
slide that document a thin (< 0.5 m) uppermost sandy contourite unit, which overlies
muddier sediments (contouritic, hemipelagic or glaciogenic). At the northern edge of
the Barra Fan, Howe (1996) shows seven core logs that indicate the presence of a 0.1
- 0.4 m thick, poorly sorted, foraminiferal rich sand layer overlying muddier sediments
(hemipelagic and hemiturbidite). Knutz et al. (2002) describe piston core MD95-2006,
recovered from 2130 m water depth at the northwest margin of the Barra Fan; they
describe a silty-muddy contourite unit, ~1.5 m thick, overlying a 4 m thick sequence of
hemipelagic muds grading into muddy contourites. The prominent reflector that defines
the unitʼs base may indicate a period of increased current velocity, resulting in sediment
winnowing and development of lag deposits, or deposition of coarse sediments via
turbidity currents.
On the basis of the sediment core interpretations described above acoustic FIa and FIb
are interpreted as muddy and sandy contourites respectively. The distinction between
these two facies sub-types is not always clear on the acoustic record, reflecting the
likely presence of more varied lithology including the muddy sand, and sandy mud
indicated on the BGS Peach Sea Bed Sediments chart (James and Wright, 1990).
In some locations the facies thickens and in these instances consideration was given
as to whether the facies could indicate debrite deposition. Characteristic wavy
reflectors are not visible within the unit, though in a muddy contourite the low internal
reflection co-efficient (see section 4..4.1, Gadallah and Fisher (2009)) results in an
acoustically transparent facies (Rebesco and Stow, 2001; Stow and Faugères, 2008).
A lack of ponding and pinch out (characteristics associated with debris flows (Amy et
al., 2005; Iverson et al., 2010)) would also appear to support the contourite
interpretation.
Outlined in chapter three, the Barra Fan is bathed by a number of different bottom
currents and scour and drift features are apparent in both the bathymetric and acoustic
data. These are discussed in more detail in chapter six.
Table 4.6 presents the evidence for and against different interpretations of FI.
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Hemipelagite

Debrite

Contourite

The uppermost unit generally
occurs as a drape.

Transparent acoustic facies
can be indicative of debrite
facies (Piper et al., 1999b;
Tripsanas et al., 2007).

Strong evidence of across slope
current (e.g. erosional and
depositional moats and drifts visible
in acoustic and bathymetric data).

Sediment core analysis shows
a high terrigeneous content.

Thickness varies, possibly
indicating locations of
thicker accumulation via
mass transport.

Asymmetry of upper unit is visible at
times (see Figures 4.28 and 4.32).

Evidence for:

Transparent unit is typical of muddy
contourite deposited under a low
energy regime (Stow and Faugères,
2008).
Previous studies in the region
(Howe, 1996; Armishaw, 1999;
Armishaw et al., 2000; Knutz et al.,
2002) document contourite in the
upper units.
Evidence against:
In some instances there is a
clear asymmetry.

Ponding and pinch-out is
not apparent in the acoustic
data.

Asymmetry is not always apparent.

Erosional features, indicative
of bottom current action, are
noted on the Barra Fan and
on the margins of the slide
scar.

There are no hyperbolae
visible in the unit.

Wavy reflectors are not visible in the
acoustic data.

There is no internal
structure visible in the unit.
Regional core samples do
not provide evidence of
mass movement facies in
the uppermost section of
the sedimentary column.

Table 4.6: Evidence for and against different interpretations of acoustic facies I.

This thesis concludes that the most probable interpretation is that of contourite.
However, as discussed by Armishaw et al. (2000), the sedimentation process is likely
to be mixed, with downslope and across slope sources acting in tandem. It is
considered likely that FI will consist of sediments derived from a number of sources
(hemipelagic, glaciogenic and resuspended eroded material) and transport
mechanisms, which are modified by slope parallel currents. This multi-process view
reflects the hemiturbidite interpretation by Howe (1996).
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4.4.2.2. Acoustic facies II - Parallel reflectors draping underlying units

Figure 4.19: Example of sandy contourite, facies Ib, from BGS pinger record 1985 6-27.
Uppermost reflectors are truncated indicating possible current scour. Sediment deformation is
apparent in deeper units, where acoustic facies II, IVa and VII are interpreted. Approximately 17
times vertical exaggeration.

This facies is present in the upper sedimentary column, is of relatively low acoustic
amplitude and drapes underlying units with parallel reflectors. Where present, this
facies is generally between 10 and 50 ms TWTT thick, though thickness is generally
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~25 ms TWTT. Displaying a draped morphology this unit is probably hemipelagic in
origin.
Generally underlying acoustic FI, ground truthing of FII is rare due to the low number of
core samples >2.5 m length. Piston core MD95-2006, presented by Knutz et al. (2002),
penetrates a unit that is equivalent to FII. Knutz et al.ʻs (2002) Seismic unit IA is a
stratified drape and consists of glacimarine clays merging upwards into contourites
(tied seismic and core interpretation from Knutz et al. (2002) is presented and
discussed further in chapter six). Further north, on the Hebrides slope, Stoker et al.
(Stoker et al., 1994) present a seismic stratigraphy interpreted with borehole 88/7.7A.
According to Stoker et al. (1994), the upper 20 m of the sedimentary column is
dominated by sedimentation during the Devensian.
Borehole 88/7.7A is located several hundred kilometres further north on the continental
margin from the Barra Fan and will be subject to different sedimentation rates and
patterns. However, it does provide useful insight due to the similarity of the seismic
record shown by Stoker et al. (1994) to the pinger records from the Barra Fan;
suggesting that acoustic facies II may consist of sediments deposited during the last
glacial transition, in other words the Gwaelo sequence (see Stoker et al., 1993). This is
consistent with the chronology presented by Knutz et al. (2002).
At times acoustic FII displays a higher amplitude lower unit below a lower amplitude
upper unit. This may reflect the change from glaciogenic to contouritic sedimentation
demonstrated by Knutz et al. (2002). Where a further occurrence of parallel reflectors
is apparent below another facies this is interpreted as FIIb. If FIIa corresponds to the
Gwaelo sequence, it seems likely that FIIb the topmost part of the Upper Macleod
sequence.
Interpreting this unit as hemipelagic, this thesis acknowledges it will consist of a
mixture of glaciogenic, contouritic, hemipelagic and turbiditic sediments (as
documented by Howe (1996), Knutz et al. (2002) and Armishaw et al. (2000)).
However, a lack of data (extent and resolution) and ground truthing renders a more
detailed interpretation impossible.
4.4.2.3. Acoustic facies III - High amplitude unit
A high amplitude unit acoustic facies III is interpreted to consist of coarser sediments.
An example from the upper sedimentary column is shown in Figure 4.20.
On the Barra Fan coarser sediments are most likely deposited via sandy contourites or
turbidites. It is extremely difficult to distinguish between these two types without ground
truthing via core samples, therefore, this thesis does not generally attempt to do this.
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Figure 4.20: Example of low viscosity debris flow deposit, facies IVb, from BGS pinger record
1985 6-14. Acoustic facies I, II and III are also interpreted. Vertical exaggeration times 13.

It is possible to differentiate turbidites and contourites via morphology (see Faugères et
al., 1999), with turbidites often ponded and contourites developing into drifts. To the
north of the Barra Fan, where Howe (1996) and Knutz et al. (2002) have identified the
Barra Fan drift (see section 3.2.3.1) it is possible to identify contourite drift deposits.
Equally, chapter six shall attempt to use the seabed morphology to inform interpretation
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with a view to identifying sedimentation process. However, with an acoustic line
spacing of commonly 10 km the data resolution is not normally sufficient to distinguish
between these two sediment types.
4.4.2.4. Acoustic facies IV - Chaotic semi-transparent

Figure 4.21: Example of high viscosity debris flow deposit, facies IVa; with prominent internal
unit, facies IVc, from BGS pinger record 1985 6-13. Acoustic facies II and VIa are also
interpreted. Approximately 8 times vertical exaggeration.

Acoustic facies IV, which is divided into three sub-facies, consists of chaotic semitransparent facies; of which examples are shown in Figures 4.19, 4.20 and 4.21.
Thickness of this facies varies from 1 - 2 ms TWTT to 50 ms TWTT or more. Often this
facies extends beyond the limit of the pinger recordʼs acoustic penetration. Morphology
of the facies varies from ponded with slightly concave upper boundaries (see Figure
4.20) to mounded forms with convex upper boundaries (See Figure 4.21). From the
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basis of the acoustic characteristics this unit is interpreted as being a debris flow
deposit.
No existing core samples penetrate this facies, therefore ground truthing is not
possible. However, referral to the mass transport facies literature allows more precise
interpretation.
Numerous continental margin studies have demonstrated that chaotic, semitransparent to transparent, acoustic facies are indicative of debris flow deposits (see
Piper et al., 1999b; Laberg et al., 2002b; Canals et al., 2004). From interpreting
acoustic characteristics of these facies in more detail it is possible to further refine the
debris flow interpretation.
For example, mass transport deposits on the Nova Scotian margin have been
investigated in great detail using acoustic data and core samples (Jenner et al., 2007;
Tripsanas et al., 2007; Tripsanas et al., 2008). Using sediment core analysis it is
possible to identify a large number of mass transport lithofacies, which may be used to
inform the geophysical classification of debris flow deposits. Tripsanas et al. (2007)
differentiate between low and high viscosity cohesive debris flows; which they
distinguish on the acoustic record with low viscosity flows displaying flat to concave
upper surfaces and high viscosity flows exhibiting slightly convex upper surfaces and
hyperbolae.
Based on the acoustic characteristics observed in the Barra Fan data, and insights
from the acoustic facies literature, this thesis interprets three sub-classes of chaotic
semi-transparent facies. Acoustic facies IVa and IVb are interpreted as high viscosity
cohesive debris flows and low viscosity cohesive debris flows respectively, they are
differentiated on the basis of upper surface morphology (convex to concave) and
presence of hyperbolae. A further acoustic facies, IVc, is interpreted to identify
prominent internal reflectors within the debris flow units.
4.4.2.5. Acoustic facies V - High amplitude hyperbolic
Acoustic facies V displays high amplitude, irregular hyperbolic returns. The facies is
observed on the seabed (as shown in Figure 4.22) as well as within the sedimentary
column. Presence of this facies normally prevents any further acoustic penetration.
The presence of irregular hyperbolic reflectors in the acoustic record is generally an
indication of blocks within the sediment or rugged terrain (Damuth, 1978; Damuth et
al., 1983). These blocks may consist of individual boulders or rafted sediment blocks
(Tripsanas et al., 2007). Investigating the morphology of the Barra Fan, Armishaw et al.
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Figure 4.22: Example of hard debris deposits, facies V, from BGS pinger record 1985 6-27. The
record displays some disruption from sideswipe as well as possible water column noise.
Approximately 22 times vertical exaggeration.

(1998) interpret irregular hyperbolic returns as slump or slide masses. In the setting of
the Barra Fan, where sediments are commonly dominated by clays, this interpretation
is sensible as rugged terrain is likely to result from mass movement, either via erosion
or deposition.
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This thesis interprets these irregular hyperbolic returns as acoustic facies V, hard
debris. This is different from Armishaw et al. (1998), and acknowledges the variety of
downslope processes (from translation slides to debris avalanches) that can result in
the deposition of debris and the creation of rugged terrain.
4.4.2.6. Acoustic facies VI - Acoustic blanking within sedimentary column

Figure 4.23: Example of diffuse acoustic blanking from BGS pinger record 1985 6-14.
Approximately 12 times vertical exaggeration.
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Acoustic blanking within the sedimentary column (as opposed to vertical blanking down
the entire acoustic record, which is commonly caused by air in the water column
effecting the transducer or hydrophone) is caused by by two primary reasons: high
amplitude reflection units (potentially rock, salt intrusion, coarse sediments or free gas)
resulting in reduced signal strength below them in the sedimentary column; and fluid
reducing the reflectivity of host sediments.

Figure 4.24: Example of acoustic blanking associated with faulting from BGS pinger record
1985 6-13. Approximately 9 times vertical exaggeration.

Acoustic facies VI is interpreted from the pinger record where acoustic blanking is
interpreted to have been caused by fluid in the sedimentary column. Pore fluid
explusion and upward fluid migration is linked to sediment overpressurisation (Paull et
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al., 2008) and has previously been observed on the northwest British continental
margin (Selby, 1989; Baltzer et al., 1998); as well as further north on the northwest
European margin (Bryn et al., 2005b; Reiche et al., 2011). Fluid migration may occur
diffusely in the sedimentary column or it may be channeled by faults (see Gay et al.,
2007; Reiche et al., 2011; Talukder, 2012).
As such, this thesis interprets acoustic facies VIa (see Figure 4.23) as diffuse fluid
expulsion; and acoustic facies VIb (see Figure 4.24) as fluid expulsion associated with
faulting. The relationship between fluid expulsion and faulting on the Barra Fan is
discussed in more detail in section 4.4.5.3 and chapter six.
4.4.2.7. Acoustic facies VII - Marked reflector displacement or high-amplitude vertical
reflections below depression
Acoustic facies VII is interpreted where high-amplitude reflectors are aligned nearvertical in the sedimentary column (as shown in Figures 4.19, 4.21, 4.23 and 4.24).
A combination of deep water and the Fresnel zone diameter (see Lindsey, 1989)
results in a relatively large ping footprint, and therefore reduced lateral resolution.
Reduced lateral resolution means that faults with relatively low throw are unlikely to
appear as clear displacements on pinger records. However, they may show a vertical
signature and seabed morphology may indicate their presence.
These features are observed as linear, vertically aligned zones of high reflectivity below
seabed depressions. These features are interpreted as shallow faults, which may
originate from a number of mechanisms, including: soil creep resulting in extensional
faulting and tear faults (see Yang and Davies, 2013); and dewatering of clays resulting
in polygonal faulting as observed in the Faeroe-Shetland Channel (Bulat and Long,
2001) and offshore Norway (Bryn et al., 2005b).
Sediment deformation caused during downslope transport may also lead to faulting
between blocks of sediment as well as at the side and headwalls of slides and slumps.
4.4.3. Importing sub-surface interpretation in a GIS environment
Sub-surface interpretation was performed in Seismic+ from autumn 2012 to early 2013
and subsequently imported into ArcGIS for more detailed analysis.
Within Seismic+ the seabed was tracked and each interpreted facies was assigned an
interpretation type, which was placed manually on the top of the basal reflector at
regular intervals. At times, with some facies, the basal reflector extended beyond the
limit of acoustic signal penetration. Data quality was variable and exerted an influence
over the detail of interpretation possible. Table 4.7 provides a data quality summary.
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Line name

Quality
statement

Comment regarding interpretation

NOC_AFEN_49

Good

Data quality is high, but low data resolution compared to BGS
pinger lines reduces amount of interpretation possible.

NOC_AFEN_50

Good

NOC_AFEN_51

Good

NOC_AFEN_52

Good

NOC_AFEN_53

Good

NOC_AFEN_54

Good

NOC_AFEN_55

Good

BGS_1985_6_1

Very poor

Compressed nature of the printed record meant no interpretation
was possible

BGS_1985_6_12

Very good

Data quality is high detailed interpretation possible.

BGS_1985_6_13

Good

Data quality is generally high and detailed interpretation possible.
Some areas of reduced data quality.

BGS_1985_6_14

Mixed

Varying data quality.

BGS_1985_6_15

Mixed

Data quality generally poor in deep water, however, sub-surface
features visible and quality improves as water depth reduces.

BGS_1985_6_16

Good

Data quality is generally high and detailed interpretation possible.
Some areas of reduced data quality.

BGS_1985_6_17

Poor to mixed

Data quality generally poor in deep water, however, sub-surface
features visible and quality improves as water depth reduces.

BGS_1985_6_18

Mixed to good

BGS_1985_6_22

Mixed

Quality generally very poor in the north, but improves in the south.

BGS_1985_6_23

Good

Data quality is generally high and detailed interpretation possible.
Some areas of reduced data quality.

BGS_1985_6_27

Good

BGS_1985_6_28

Poor

Some interference apparent, weak return signal. Interpretation
possible with reference to crossing lines.

BGS_1985_6_2

Mixed to good

Some interference and noise apparent, but detailed interpretation
possible at times.

In some circumstances crossing BGS pinger line allows more
detailed interpretation due to cross-referencing.

Table 4.7: Summary of pinger line data quality.

Exported interpretation from Seismic+ consisted of a CSV file containing UTM grid
position, depth below seabed (ms TWTT) and the survey line name. This interpretation
was then formatted in a spreadsheet for import into ArcGIS.
4.4.3.1. Assumed seismic velocity
A vital consideration when converting interpreted depths from ms TWTT into metres is
the velocity at which the seismic wave propagates through the sub-surface. Velocity is
primarily dependent on material density, with denser materials having a faster velocity
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than less dense. For example crustal material may have velocities in excess of 7000 m
s-1 (Holbrook et al., 1994), whereas shallow muds have velocities between 1650 and
1500 m s-1 (Knutz et al., 2002; Nordfjord et al., 2009) dependent on water content.
Between these extremes a range of velocities are encountered.
In a previous study of the Peach slide Holmes et al. (1998) employ an assumed
velocity of 1650 m s-1. For the deeper, denser sediments associated with the earlier
phases of the Peach slide this velocity may be appropriate. However, as this thesis is
concerned with the shallow subsurface morphology of the Barra Fan a uniform velocity
of 1525 m s-1 is assumed. This is based on the measured velocity of units in core
sample MD95-2006 and presented by Knutz et al. (2002).
It is acknowledged that some error will result in estimating thicknesses of all interpreted
facies from a single velocity. For example, it is envisaged that FIVa will have a greater
velocity than FIVb and FIIa. However, as interpretation is within the uppermost 70 ms
TWTT of the sedimentary column the resultant error is likely to be low. For example a
difference in velocity of 150 m s-1 over 70 or 30 ms TWTT is associated with metre
depth differences of 5 and 2 m respectively. Equally errors would also be generated by
assuming different velocities without strong supporting evidence.
4.4.3.2. Interpretation import method
Interpretation for the base of each acoustic facies was exported from Seismic+ in CSV
format, imported to ArcGIS and converted to a point shapefile. Raster surfaces were
created for each acoustic facies using inverse distance weighting (IDW) interpolation.
For horizons, surfaces were created based on a 25 m grid and a 100 m fixed search
radius (reflecting the possible distance between interpreted nodes). Fluid, debris and
fault interpretation was gridded to 10 m resolution using a 25 m fixed search radius
(reflecting the isolated nature of these facies).
Creation of surfaces is associated with a degree of smoothing and associated loss of
detail. However, as the IDW interpolation is based on a search zone with a fixed radius
of 100 m and the calculated value of the resultant raster is strongly weighted in favour
of interpretation at the centre, it is felt that loss of detail should be minimal.
Pinger survey polyline shapefiles were converted to point a shapefile with nodes
spaced every 10 m along the lines (resulting in more than 150,000 nodes). Bathymetric
depths and depth below seabed of interpreted facies were extracted to these nodes
using ArcGIS Spatial Analyst.
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4.4.3.3. Sub-surface data analysis method
Converting interpretation into raster surfaces and extracting this information to evenly
spaced points allows calculation of unit thicknesses and analysis of the distribution of
different facies (and associated grouped facies) throughout the study area.
Python logic functions were used to calculate thickness of different interpreted facies.
These functions are simple. However, in order to ensure accurate calculation,
thickness fields were calculated based on each observed sequence of units, with null
values returned when sequences did not fulfill statement criteria. Equation 4.2 provides
an example of a logic function used.
def Reclass(FIA, FIB, FIIA, FIIB, FIII, FIVA, FIVB, FIVC):
if FIIA == 0:
return 0
elif FIIA > 0 and FIIA < min(FIA, FIB, FIIB, FIII, FIVA, FIVB, FIVC):
return FIIA
elif FIIA > max(FIA, FIB, FIIB, FIII, FIVA, FIVB, FIVC):
return FIIA - max(FIA, FIB, FIIB, FIII, FIVA, FIVB, FIVC)
elif FIIA > max(FIA, FIB) and FIIA < min(FIIB, FIII, FIVA, FIVB, FIVC):
return FIIA - max(FIA, FIB)
else:
return 999
Equation 4.2: Python logic function example.

At each node maximum interpreted depth was compared to total interpreted thickness
to ensure accurate calculation.
Thicknesses were also calculated for draping units (FIa, FIb, FIIa, FIIb) and contourite
units (FIa, FIb). Due to the difficulty of determining whether FIII is associated with
turbidite or contourite sedimentation in these calculations FIII was treated as neutral.
When it was encountered within a draping sequence it is considered a draping facies.
However, when located directly above mass movement facies it is considered a mass
movement facies.
Once thicknesses were calculated analysis was performed on the data to determine
lateral and vertical variability. Facies present at seabed were mapped to inform the
seabed classification. Mass movement facies were mapped at different stratigraphic
levels, determined by their position in relation to contourite and hemipelagite facies.
Additionally, thicknesses of contourite facies were analysed in relation to bathymetric
depth and geographical location.
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4.4.4. Occurrence of interpreted facies

Facies

Maximum
interpreted
depth (m)

Thickness (m)

Comment regarding occurrence

Max

Mean

Mode

Ia

13.5

13.5

3.4

3.0

Widespread throughout the north of the study area,
where it is commonly the uppermost sedimentary
unit. Absent on large parts of the southern Barra Fan
and from steepest slopes or where debris is located
at the seabed.

Ib

10.3

10.3

2.1

1.1

Interpreted infrequently and generally found in
shallower waters toward the shelf break. May form
part of a lensed drift type deposit.

IIa

43.9

43.6

13.1

9.6

Interpreted over a large portion of the study area,
although it is not observed on steep slopes and
where debris and debris flows occur at or near the
surface. At times, interpreted depth is limited by
acoustic penetration.

IIb

58.1

42.6

19.8

25.3

Interpreted infrequently and in shallow water where
slopes are gentle: excellent data quality is required to
identify the unit. The lowermost reflector visible has
been interpreted as basal for interpretation purposes.

III

24.6

16.6

3.3

1.7

Most commonly encountered to the north of the study
area, least common on the central Barra Fan.

IVa

57.4

46.1

11.4

5.4

Observed throughout the study area and occurs
throughout the imaged sedimentary column. The
facies may be found near or at the seabed, other
times it is located below FI and FIIa.

IVb

37.9

25.5

5.7

6.1

Observed over a large area on the southern Barra
Fan, within the upper slopes of the landslide scar and
sporadically in the north of the study area.

IVc

39.5

34.2

6.2

4.5

Occurs sporadically within larger instances of FIVa.

V

66.7

NA

NA

NA

Throughout the study area, shallow occurrences most
common downslope from landslide scars in the
centre and south of the study area. Deeper
occurrences tend to be associated with FIVa.

VI

42.9

NA

NA

NA

Widespread occurrence, except on steep slopes and
in areas of landsliding. Interpretation may be
prevented in some locations by reduced data quality.

VII

40.2

NA

NA

NA

Interpreted sporadically throughout the study area.
Most common in sediments deformed by downslope
movement and when associated with fluid release.

Table 4.8: Summary of interpreted acoustic facies results. Depths and thicknesses calculated
using an assumed acoustic velocity of 1525 m s-1 through sediments.
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An overview of occurrence of interpreted facies is presented in Table 4.8. Interpretation
is influenced by quality of data, as outlined in Table 4.7. Highest quality of data allows
the most detailed interpretation, with many horizons and deep penetration. Reduced
data quality, for example caused by increased seastate or direction of travel (in relation
to slope), leads to less detailed interpretation. Additionally, such conditions as dense,
harder, sediments and steeper slopes lead to reduced signal penetration below the
seabed.
Appendix D presents detailed facies plots, showing thickness and depth below seabed.
The following section outlines the major findings of the interpretation.
4.4.4.1. Facies I: occurrence, thickness and characteristics
When present FI is the uppermost unit in the sedimentary column. Attempts have been
made to distinguish between muddy contourites (FIa) and sandy contourites (FIb) on
the basis of reflective amplitude. On this basis FIa is much more common than FIb, the
latter generally found in shallower waters. However, this distinction is problematic as
apparent changes in facies amplitude may be caused by instrumental factors such as
signal gain and general data quality. Additionally, data resolution suffers in deeper
water: a factor that may explain the different acoustic characteristics observed at
different depths.
There is a clear division between the north and south of the study area, with the facies
common in the north and rare in the south. Where this facies is not present at seabed
the absence may be explained for a number of reasons: data quality may not allow
interpretation; FIIa or FIII may be interpreted as present with no clear upper contourite
unit visible (though possibly present); FV (blocky debris) or FIV (debris flows) may be
present at the seabed. The absence of this facies on the south of the Barra Fan in
primarily due to the absence of a clear distinction from FIIa.
Table 4.8 shows that mean thickness of FIa and FIb are 3.4 m and 2.1 m respectively.
Modal thickness is less, with values of 3.0 m observed for FIa and 1.1 m for FIb.
4.4.4.2. Facies II: occurrence, thickness and characteristics
Facies IIa is interpreted over large areas within the study area. However, it is
interpreted as absent on steep slopes and where debris and debris flows occur at or
near the surface, such as within landslide scars in the south and centre of the study
area. At times, interpreted depth is limited by acoustic penetration. Maximum observed
depth is 43.9 m, though the unit is more commonly 10 - 13 m thick.
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This facies is often overlain by FI, providing a total draping sediment thickness of the
sum of FI and FIIa. This is described in more detail in section 4.4.5. At times FIIa
appears subject to internal deformation and faulting: these observations are discussed
in chapter six.
When FIIa is underlain by chaotic facies, with stratified facies observed below the
chaotic, the deeper stratified units are interpreted as FIIb. Facies IIb is interpreted over
relatively small areas and in shallow water where slopes are gentle, perhaps reflecting
the requirement of excellent data quality to identify this unit.
4.4.4.3. Facies III: occurrence, thickness and characteristics
Facies III is most commonly encountered in the centre and north of the study area, it is
least common in the south on the Barra Fan proper. Thickness is generally 3 m or less
and it is observed most often within 5 m of the seabed. However, the facies is
occasionally observed at depths of > 20 m below seabed and in these instances it is
associated with FIV and FV.
The distinction between FIII and FIb is not always clear. It is likely that some instance
of FIII are sandy contourite, however, FIb is only interpreted when a contouritic
morphology is apparent (see Faugères et al. (1999)).
4.4.4.4. Facies IV: occurrence, thickness and characteristics
Facies IV is observed throughout the study area and at a variety of depths within the
sedimentary column. The base of this facies is interpreted to a maximum depth of 57.4
m below seabed and a maximum thickness of 46.1 m is observed. This facies is
divided into IVa (high viscosity), IVb (low viscosity) and IVc (internal structure). Of
these, the most commonly observed is FIVa. Facies IVb is less widespread, although
there are notable occurrences in the south of the study area and within the upper
slopes of the Barra Fan. Facies IVc is observed with instances of FIVa.
As Table 4.8 shows, these sub-facies have markedly different thicknesses with means
of 11.4 m, 5.7 m and 6.2 m for FIVa, FIVb and FIVc respectively. Comparison of modal
and mean thickness demonstrates the distinction between FIVa and FIVb. Mean
thickness of IVa is significantly greater than the mode, whereas FIVb has similar
values. This reflects the occasional extremely thick, mounded, occurrences of FIVa (up
to 46.1 m), which have the effect of increasing the mean relative to the mode. Facies
IVb has a maximum thickness of 25.5 m (where ponded) and is rarely greater than 10
m thick, reflecting the thinner deposition due to its less viscous nature.
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Maximum interpreted depths of FIV tend to occur toward the south of the study area on
the slopes of the Barra Fan. Within the Peach slide scar interpreted depths are often <
20 m (see Appendix D). This may reflect harder substrate reducing signal penetration
within the landslide scar.
On the fan the largest observed instances of FIVa occur below FIIa. Individual
instances of this facies are interpreted across slope for distances of > 10 km and
downslope for distances of 25 km. A large area of FIVb is also observed on the
southern slopes of the Barra Fan, where it is exposed on the seabed at times. Debris
flow morphologies are discussed in more detail in section 4.6 and chapter six.
4.4.4.5. Facies V: occurrence and characteristics
This facies is found throughout the study area, at observed depths ranging from
seabed to 56.9 m below seabed. Shallow occurrences are most common downslope
from the landslide scars in the south and centre of the study area (although surficial
occurrences are also found on the eastern flank of the Hebrides Terrace seamount),
deeper occurrences tend to be associated with FIVa.
4.4.4.6. Facies VI: occurrence and characteristics
Facies VI is observed over large regions within the study area. The main exception to
this is within the landslide scar, which has relatively few instances. Elsewhere, this
facies is generally found within FIIa, at times where it overlays FIV.
An attempt has been made to distinguish between diffuse fluid expulsion, FVIa, and
fluid expulsion focused along faults (FVIb). Facies FVII (faults) are also commonly
associated with Facies VI, though their identification is complicated by data resolution.
The significance of this association is discussed in more detail in chapter six.
4.4.4.7. Facies VII: occurrence and characteristics
Facies VII, faulting, is interpreted at a number of instances within the study area. As
outlined in section 4.4.2.6 identification of faults is not easy using the available
available data from surface deployed sources. As such, fault displacement is not often
visible in the data. However, at times seabed depression and vertically aligned high
amplitude signals provide possible evidence of faulting.
Association of faults with fluid is briefly described in section 4.4.5.3 and interpreted
causes are discussed in more detail in chapter six.
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4.4.5. Overview of sub-surface geology results
4.4.5.1. Facies present at seabed

Figure 4.25: Acoustic facies present at seabed.

As Figure 4.25 demonstrates a variety of acoustic facies are interpreted as being
present at the seabed from the pinger data, though FI and FIIa are most common.
Facies III occurs in isolated patches, particularly on the upper slopes of the Barra Fan
and in deeper water north of 56º 45ʼ N. There are occurrences of FIV distributed
throughout the study area, with FIVb most common on the slopes of the Barra Fan.
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Facies V is occasionally present at the seabed, most commonly toward the western
extents of the study area.
4.4.5.2. Thickness of draping sediments
By distinguishing between those facies that drape underlying units and those that do
not it is possible to measure the thickness of sediment that overlies acoustic facies
associated with deposition via mass movement processes. As such, Figure 4.26
presents the total thickness of sequences of draping acoustic facies (FIa, FIb, FIIa,
FIIb) where they are present at the seabed.

Figure 4.26: Thickness of draping sediment facies (FIa, FIb, FIIa, FIIb), where acoustic facies
are interpreted.

Due to the large distances between pinger lines the data is presented as point
thickness rather than as an isopach, as interpolation would remove the more detailed
135/267

variation. The plotted thickness displays only continuous draping sequence thickness.
For instance, where FIV rests between FIa and FIIa the plotted value is that of FIa. As
outlined in section 4.4.3.3, analysis treats FIII as neutral.
Where thicknesses are low this is either a result of an absence of interpretation below
the upper unit or the presence of a mass movement associated facies below the upper
unit. In the former case this is probably the result of denser sediments limiting signal
penetration, potentially a result of a mass movement process not identifiable in the
acoustic record. Maximum thicknesses exceed 50 m, in this cases the total thickness
will exceed the pinger signal penetration.
The general pattern visible in Figure 4.26 is that of thicker sequences towards the
centre of the Barra Fan and thinner sequences in the far south and central north of the
study area.
4.4.5.3. Distribution of fluid and faults
Acoustic facies VI, fluid within the sedimentary column, is interpreted over a significant
proportion of the study area, notably within draping sequences on the slopes of the
Barra Fan. Lack of interpretation on west to east orientated lines, and some north to
south lines (notably BGS 1985 6-22), is believed to be due to insufficient data quality
(see Appendix C) as opposed to an absence of fluid.
As shown in Figure 4.27 fluid is largely absent from within the landslide area, with the
exception of slumped hemipelagic sediments: where fluid release is observed. Fluid is
often associated with faulting. In the case of slumped hemipelagic sedimentation it
seems likely that downslope transport may act to fault and deform sediments,
compacting them and forcing fluid from pore spaces. In the case of non-deformed
sediments, as found on a large proportion of the Barra Fan alternate explanations are
required. These are discussed further in chapter six.
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Figure 4.27: Location of fluid and faults interpreted from pinger data.

4.4.5.4. Sections across the study area
Figure 4.28 and 4.29 are interpreted sections, orientated north to south and west to
east respectively, included to provide an overview of variation of acoustic facies within
the sedimentary column.
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Figure 4.28: North to south orientated interpreted section from BGS pinger line 1985 6-12.
Thickness of sediments based on an assumed acoustic velocity of 1525 m s-1.
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Shown in Figure 4.28, pinger line BGS 1985 6-12, runs north to south on 9º 45ʼ W. In
the far north of the line the sedimentary column is characterised by FIIa, with FVI.
These facies rapidly give way to FIV, with FV located near the surface. Between KP
(Kilometre Post: distance along survey line in km) 7 (57º 0ʼ 40” N) and KP 20 (56º 53ʼ
46” N) facies FIIa is present and is observed to 17 m below seabed, there are some
instances of FVI. Facies V is occasionally present.
From KP 20 to KP 35 (56º 45ʼ 46” N and indicated on the Figure) FV is present at the
seabed and FIII is common. Facies IV and FIIa, which is subject to faulting (FVII) are
also observed. Facies Ia is interpreted to drape the more chaotic and deformed facies
to a thickness of 2 - 3 m.
Between KP 35 and KP 60 (56º 32ʼ 2” N) the seabed shoals some 300 m. In this
location FIIa is the most common seabed facies and is up to 20 m thick and commonly
hosts FVI. Facies IV, with FV interpreted at the base, often underlies FIIa. Some
instances of FVII are interpreted.
South of KP 60 there is a thick draping sequence apparent, which commonly achieves
thicknesses of 20 m. Facies III and FVI are also interpreted within this sequence and
FV and FIV are situated below the draping sequence. In the far south of BGS 1985
6-12 FIVa is located near the surface.
Figure 4.29 shows an interpreted section of pinger line BGS 1985 6-16, orientated west
to east on 56º 42ʼN, from the Rockall Trough to the Hebrides Shelf. In the far west of
the line, prior to KP 10 (9º 56ʼ 4” W) FIIa is interpreted to depths of 10 m below seabed,
overlying some instances of FV. Between KP 10 and KP 22 (9º 44ʼ 9” W) FV and FIV
are present below a draping unit consisting of FIIa. Facies VII is apparent at either end
of this section. From KP 22 to KP 37 (9º 29ʼ 25” W) a hemipelagic draping sequence of
FIIa, containing FVI, of some 20 m thickness overlies FIV.
Between KP 37 and KP 55 (9º 11ʼ 53” W) there is generally little acoustic penetration.
Some FIIa is observed in the far west of this section, overlain by FIa. These instances
of FIIa are subject to occurrences of FVII, otherwise the seabed facies are dominated
by FV and FIV. From KP 55 to KP 65 (9º 2ʼ 21” W) a well layered sequence, consisting
of FIa, FIII, FIV and FV, up to 24 m thick is apparent. Immediately east of KP 65 an
apparent slump block is observed, bordered by FVII at the base of the slope.
From KP 65 to KP 69 (8º 58ʼ 42” W) the steep slopes of the continental slope are
observed, leading to the Hebrides Shelf beyond. It was not possible to interpret
acoustic facies on the slope.
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Figure 4.29: West to east orientated interpreted section from BGS pinger line 1985 6-16.
Thickness of sediments based on an assumed acoustic velocity of 1525 m s-1.
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4.5. Overview of margin morphology
4.5.1. Surface Morphology
On the basis of seabed morphology, as interpreted from LOIS SES bathymetry, AFEN
sidescan sonar and Pinger data, the study area between 57º N and 56º N may be
subdivided into four categories (shown in Figure 4.30):

Figure 4.30: Seabed morphology interpreted from LOIS SES bathymetry, AFEN sidescan sonar
and Pinger data supplied by BGS and NOC. Beyond the shelf break areas of uninterpreted
seabed are expected to consist of hemipelagic or contouritic sediments.
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i. A section of the continental margin dominated by steep slopes and gullies north of
56º 45ʼ N.
ii. The large landslide, affecting an area of approximately 1300 km2, which borders the
steeply gullied area to the south and west. This area is characterised by debris and
high viscosity debris flow facies, which are at times situated below a contourite unit.
This slope failure is demarcated by the scarps shown in Figure 4.30 (also visible on
bathymetry presented in Figure 4.10 and the interpreted section shown in Figure
4.28).
iii. To the south of this area the morphology is smooth and of gentler gradient,
indicating a part of the upper and middle Barra Fan. Low viscosity debris flows are
exposed on the seabed in this area.
iv. South again, to 56º N slopes steepen and are incised by a number of gullies and
landslides.
In the south of the study area the LOIS bathymetry extends only 15 km past the shelf
break, however, from looking at the SRTM 30 data it appears that some large canyons
or surficial slope failures are present further downslope on the Donegal Fan.
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4.5.2. Sub-surface morphology
4.5.2.1. Contourite (Facies I) thickness
On the basis of pinger data, widespread evidence of active bottom currents and with
ground truthing from the regionʼs core analyses (Howe, 1996; Armishaw et al., 2000;
Knutz et al., 2002) this thesis has interpreted a contourite unit (Facies I) in the upper
sedimentary column.

Figure 4.31: Contourite deposition in relation to surface morphology.

Figure 4.31 presents interpreted FI thicknesses in comparison to surface morphology.
Facies I is largely absent from the southern slopes of the Barra Fan. As outlined in
section 4.4.4.1, this is due to there being no clear distinction between this facies and
FIIa. This lack of distinction signifies the absence of a sediment body, of significant
thickness to appear in the acoustic record, deposited under different conditions to
those that constitute FIIa.
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Conversely, to the north of the Barra Fan FI is observed frequently and achieves
significant thicknesses, particularly within the landslide scar. However, as
demonstrated by Figure 4.31, there is variation with some areas having deposits > 10
m thick (see Figure 4.32) and other areas < 2 m thick or absent.

Figure 4.32: Pinger data example of contourites within the Peach slide scar. See Figure 4.31 for
location.

Particularly within the landslide scar, consideration was given to whether a low
viscosity cohesive or uncohesive debris flow interpretation was more appropriate
(outlined in Table 4.6). However, the interpreted unit lacks characteristics associated
with debris flows (see Amy et al., 2005; Iverson et al., 2010). For example, as Figure
4.32 demonstrates, ponding and pinch out or steep lateral margins are not apparent.
Conversely, asymmetry of FI deposits in Figure 4.28 is similar to that described by
Dorn and Werner (1993) for deposits on the Faeroe-Iceland Ridge; and the thinning of
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the FI unit adjacent to the landslide scarp in Figure 4.32 bares marked similarity to
erosional scour documented in the Sicily Channel by Marani et al. (1993). Additionally
(shown in Figure 4.32), the interpreted FI facies, consisting of small scale drifts
overlying a generally uniform drape, is strikingly different from the mounded debris flow
facies (FIVa) below. This seabed morphology implies that sediments were deposited
under the influence of bottom currents and as such are contourites (Stow et al., 2008).
It is recognised that sedimentation processes are often complex and that, as
recognised by Armishaw et al. (2000) and Knutz et al. (2002), the Barra Fan is subject
to downslope and across slope transport mechanisms. As such it is highly probable
that sediments, interpreted as FI, within the slide scar originate from a number of
sources and have been transported via a combination of processes. Along slope
current driven sedimentation is discussed further in chapter six.
4.5.2.2. Occurrence of mass movement facies
Mass movement facies (FIVa, FIVb, FIVc and FV) are observed at varying depths
within the stratigraphic column and in different geographical locations.
Figure 4.33.A displays the occurrence of mass movement facies that are exposed on
the seabed. These include debris flows, blocky debris and slumped hemipelagic
material. Debris flows observed at the seabed on the Barra Fan appear to pond in
bathymetric depressions and often display a concave upper boundary, as such they are
interpreted as low viscosity (FIVb). The debris flows located within the landslide scars
in the south and central north of the study display greater relief, more hyperbolae and
are interpreted as high viscosity (FIVa). A smaller area of debris and debris flows is
observed on the east flank of the Hebrides Terrace seamount.
Mass movement facies underlying the surface contourite unit are shown in Figure
4.33.B. These consist of debris flows and blocky debris and are located in two main
areas. First, in the centre and north of the study area, associated with the landslide
area. Second, in the south of the study area, associated with and downslope from, the
area of gullies and landslides.
Those debris and debris flow facies that underlie the hemipelagic unit are shown in
Figure 4.33.C. These features move downslope from the upper slopes of the Barra
Fan. They are absent from the upper slopes of the landslide area, but present on the
lower slopes. Denser material will reduce pinger penetration and interpretation of these
deeper units, from pinger data, within the landslide area will be impossible.
Mass movement facies occurrence is discussed in relation to chronology and
sedimentology in chapter six
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A.

B.

C.

Figure 4.33: Distribution of mass movement associated facies. At
seabed (A), below contourite (B) and below hemipelagite (C).
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4.6. Chapter summary
This chapter has combined data spanning the paper and digital ages of marine
geological exploration, and mapped the surface and shallow-subsurface geology of the
British continental margin between 56º N and 57º N. Doing so in a GIS environment
has allowed a much more detailed analysis of the region than has been achieved prior
to this work.
A number of regions displaying distinct sedimentology have been identified. These
include: an area of gullies in the north of the study area; a large landslide, containing
slumped sediments at its southern margin and exposed debris in the west; the gently
sloping Barra Fan, containing low viscosity cohesive debris flows on the surface and
large buried debris flows; and a further area of wide, deeply cut gullies to the south of
the study area.
A contourite unit is apparent in the north of the study area, as supported by ground
truthing via the regionʼs sediment cores (Howe, 1996; Kroon et al., 1997; Armishaw et
al., 2000; Knutz et al., 2002). However, there is also regional heterogeneity with
sedimentation patterns varying geographically and within the sedimentary column.
The presence of expelled fluid throughout the Barra Fan and its absence from the
majority of the landslide area is noteworthy. Interpreted fluid is often associated with
faulting: potentially signaling a role for excess pore pressure in the formation of faults
and possibly slope failure.
The ideas and interpretation presented in this chapter are discussed alongside the
regional context and a chronological framework in chapter six. Chapter five will focus
the investigation on the regionʼs mass movements through analysis of BGS gravity
core 56/-10/239 and will attempt to improve the understanding of the chronology of
slope failures in the area.
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5. Sedimentology and geochemistry of 56/-10/239, a gravity core sample from
the headwall area of the Peach slope failure
5.1. Introduction to chapter
5.1.1. Objectives
The key question in this chapter is: when did the Peach 4 debrite occur? As such, the
primary objectives of the chapter are to select a sediment core from the Peach slope
failure that contains failed material and to date this failure using AMS

14C

dating. When

accomplished this will allow discussion of sediment failure in relation to the regionʼs
climatic and oceanographic context in chapter six.
Differentiation of down-slope and across-slope derived sediment is notoriously difficult
(Stow, 1979). As such this chapter also attempts to provide information that can be
used to develop methodologies to differentiate between contourite and turbidite
sediments in chapter six. Some data presented in this chapter were published by Owen
et al. (2010), however, that which follows is a more extensive, updated analysis and
interpretation.
5.1.2. Previous sediment core studies from the region
The principal sediment core studies that have been undertaken in the Barra Fan and
Peach slide region are those of Kroon et al. (1997; 2000), Armishaw et al. (2000) and
Knutz et al. (2001; 2002). These studies have been concerned with the North Atlantic
palaeoenvironment, via: investigations of ocean circulation and temperature;
sedimentation on the Barra Fan; and British ice sheet variation.
One of the key aspects of this study, which differentiates it from previous work in the
region, is that it 14C dates material that overlies a mass movement deposit within a core
sample. As such, this is the first study to provide a minimum age for the Peach 4
debrite.
5.2. Methods
5.2.1. Sediment core selection and sub-sampling
Logs of sediment cores acquired by the BGS were examined, alongside paper pinger
records, at Murchison House, Edinburgh during September 2006. Cores were visually
examined when: the log described facies indicative of mass movement (for example:
slumped, sandy layer, chaotic); and/or BGS pinger records demonstrated sediments
overlying failed material to be potentially less thick than the core sample length.
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Table 5.1 provides details of the core samples that were inspected visually and Figure
5.1 displays the core locations with respect to the landslide scarp slope mapped in
chapter four. This mapping was undertaken after core selection, which was based on
more basic analysis of pinger records.
Core ID

Year
collected

Latitude
(D.D)

Longitude
(D.D)

Water
depth
(m)

Core
sample
length
(m)

Result of inspection

56/-10/35

1985

56.7792

-9.2215

1140

6.00

Quick visual inspection

56/-10/36

1985

56.7095

-9.3275

1290

5.46

Core already sampled down entire length

56/-10/37

1985

56.7877

-9.3733

1406

4.30

Quick visual inspection

56/-10/38

1985

56.9143

-9.3378

1452

1.63

Quick visual inspection

56/-10/40

1985

56.9902

-9.5443

1662

2.40

Quick visual inspection

56/-10/41

1985

56.9100

-9.5183

1663

2.15

Quick visual inspection

56/-10/42

1985

56.8007

-9.5028

1590

2.20

Core already sampled

56/-10/43

1985

56.7047

-9.5342

1514

1.94

Logged but not sampled

56/-10/51

1985

56.7018

-9.6742

1652

2.01

Quick visual inspection

56/-10/52

1985

56.8008

-9.7543

1850

2.00

Logged but not sampled

56/-10/162

1992

56.9997

-9.7492

1961

2.58

Quick visual inspection

56/-10/163

1992

56.8525

-9.9687

2003

2.54

Samples unavailable - taken by the
Defense Research Agency (DRA).

56/-10/164

1992

56.8503

-9.7352

1850

3.61

56/-10/175

1995

56.6265

-9.0282

331

2.13

Sample fell out of core barrel - logged by
virtue that it was a duplicate of a core that
was taken by the DRA. Unfortunate as BGS
log contains reference to slumped material

56/-10/219

1996

56.6662

-9.1663

932

2.45

Logged but not sampled

56/-10/236

1996

56.7842

-9.0832

680

2.63

Logged but not sampled

56/-10/239

1996

56.7822

-9.1698

1030

2.50

Selected for sub-sampling due to suspected
slumped material in lowermost 0.5 m

Table 5.1: Sediment cores inspected visually during September 2006.

Visual inspection determined that gravity core 56/-10/239 was most likely to achieve
the study objectives, as it appeared to contain slumped material towards the core base.
As Table 5.1 shows this core was acquired at 56.7822 N 9.1698 W in 1030 m water
during 1996. The core was then sub-sampled.
Initial sub-sampling was performed at 2 cm intervals for the uppermost 2 m, with
continuous 2 cm samples between 0.92 m - 0.98 m, 1.92 m - 1.98 m and 2.07 m - 2.13
m. Intervals of 2 cm were selected due to fears of low carbonate content (as noted by
previous work, see Knutz et al. (2007)). Further sub-samples at 1 cm intervals, were
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obtained during April 2008 for the lower most 0.5 m. Sub-samples were subsequently
split for different analytical processes.

Figure 5.1: Locations of BGS sediment cores that were visually inspected prior to selection of
BGS 56/-10/239 (red star) for sub-sampling. Landslide scarp slope from geophysical
investigation in chapter four shown for reference.

5.2.2. Sediment analysis
Prior to analysis sub-samples were freeze-dried and ~4 g of dried sediment was
retained for XRF analysis.
5.2.2.1. Particle size analysis
Particle size analysis was performed without prior removal of carbonate content by acid
leaching. This is consistent with the methodology of Howe (1996) and Armishaw
(1999). Sediments are anticipated to be carbonate poor and there is potential for
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detrital limestone from Donegal within analysed sediments (Evans et al., 1983), which
acid leaching would remove from the analysis.
Freeze-dried sub-samples were weighed and then wet-sieved, using deionised water,
through apertures of 1000, 500, 250, 125 and 63 µm before analysis of <63 µm
diameter fraction by SediGraph 5120. Sediments from the wet sieved >250 µm fraction
were subsequently dry sieved up to the maximum particle diameter.
Fractions >63 µm were dried over the course of several days in a drying cupboard at ~
40 ºC. Once fully dry samples were weighed and masses recorded. Mass of fractions
were weighed and mass <63 µm fraction was calculated by subtracting the >63 µm
fraction from total sub-sample dry weight.
Grain size

Size classification (as output from
GRADISTAT - see Blott and Pye
(2001))

Analytical technique
used

Medium gravel

Dry sieve

Logarithmic
(Phi)

Geometric
size range

Geometric
unit

-3

16 - 8

mm

-2

8-4

Fine gravel

-1

4-2

Very fine gravel

0

2-1

Very coarse sand

1

1 - 0.5

Coarse sand

2

500 - 250

3

250 - 125

Fine sand

4

125 - 63

Very fine sand

5

63 - 32

Very coarse silt

6

32 - 16

Coarse silt

7

16 - 8

Medium silt

8

8-4

Fine silt

9

4-2

Very fine silt

10

2-1

Clay

µm

Dry sieve after wet sieve

Medium sand
Wet sieve

Sedigraph

Table 5.2: Particle size classification and analytical method.

Sub 63 µm fractions were covered and allowed to settle for four days, after which time
excess water was pipetted away. Remaining sediment solution was split to 1 g - 2 g
fractions in order to create a solution concentration of <3 % for SediGraph analysis
(Coakley and Syvitski, 1991).
The SediGraph calculates particle size, based on the sedimentation principle and
Stokesʼ Law. The law states that the terminal settling velocity of spherical particles is
proportional to the square of the particle diameter: which means that coarse particles
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settle more quickly than fine (Goossens, 2008). A collimated beam of X-ray is projected
into an internal reservoir filled with sediment sample in liquid suspension (Webb, 2004).
By monitoring, through X-ray attenuation, the rate at which particles settle and are
removed from the monitored volume, an accurate measure of the cumulative sediment
size distribution can be obtained (Jones et al., 1988; Coakley and Syvitski, 1991). As
the method is based on Stokes' Law, the particle size obtained is the Equivalent
Spherical Sedimentation Diameter (ESSD), also known as the Stokesian Diameter
(Coakley and Syvitski, 1991).
Sedigraph samples were prepared and analysed during September and October 2008.
Particle density was assumed to be that of silica, at 2.32 g cm-3. A total of 358 analyses
were performed, with up to eight repeats of each sub-sample. No sub-sample was
analysed less than three times.
The GRADISTAT program (Blott and Pye, 2001) was used to calculate mean grain
size, sorting, skewness and kurtosis.
5.2.2.2. Bulk sediment XRF geochemistry
The basis of XRF analysis is that secondary x-rays emitted by a sample, when
stimulated by irradiation with appropriate primary photons, are characteristic of the
source element (Boyle, 2000).
The sediment was finely ground using a pestle and mortar, placed in the appropriate
containers (plastic with a tightly stretched polypropylene film base) and weighed.
Analysis was performed under Helium gas flush on the UCL Geography department
Spectro x-lab 2000 XRF analyser between late 2007 and May 2008, a minimum of two
control samples were analysed in each batch (For further details of XRF analysis under
Helium gas flush see Wien et al. (2007)). Standard deviation of repeat samples was
low and full information is presented in Appendix E.
Major element proportions are expressed as percentages and trace element
proportions are expressed as µg g-1. Concentrations were calculated for the following
elements: Na, Mg, Al, Si, P, S, Cl, K,'Ca, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se,
Br, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Ce, Hf, Ta, W, Hg, Tl, Pb,
Bi, Th and U.
5.2.2.3. Total organic carbon
Total organic carbon (TOC) analysis was performed on sediment samples previously
used for XRF analysis.
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Approximately 2 g of dried sediment was weighed and soaked in 50 ml 5%
hydrochloric acid (HCL) overnight in order to remove inorganic carbon (CaCO3). As it is
necessary to return the residue to a neutral pH, sediment and HCL residue is decanted
into centrifuge containers with deionised water and centrifuged at 2000 rpm for eight
minutes. The supernatant is removed and the contents agitated. This process was
repeated at least four times. Finally the pH is tested using litmus paper: a level
between 5 and 7 is regarded as acceptable. Excess supernatant was removed and the
tubes placed in a drying cupboard until dry.
Total organic carbon analysis was performed on the inorganic carbon free residue
sample using the UCL Wolfson LECO C/S analyser on the 16th of October and the
18th of November 2009. Approximately 0.25 g of sample is placed in a crucible and
covered with a small quantity of accelerant (iron filings). The sample is then combusted
via exposure to microwaves (see dry combustion technique outlined by Schumacher
(2002)) and the percentage of carbon and sulphur calculated. Every twentieth sample a
standard is analysed in order to determine instrument drift.
Percentage TOC is calculated for the entire sediment core sub-sample by multiplying
the percentage of carbon as recorded by the LECO C/S analyser by the proportion of
the inorganic carbon free residue of the whole sub-sample expressed as percent. For
example when HCL soaking removes 28% of initial sample mass, leaving a residue
representing 72% of the original sample and LECO C/S analyser calculates carbon
content at 50% this represents TOC content of 36% (0.5 [LECO carbon] × 0.72 [residue
percentage of original sample] = 0.36).
5.2.3. Stable isotope geochemistry
5.2.3.1. Fundamentals of foraminiferal δ18O and δ13C in palaeoceanographic studies
Foramininfera are single celled marine organisms that secrete CaCO3 shells (tests),
both planktonic and benthic species may be used to analyse the isotopic composition
of oxygen and carbon.
Oxygen has three naturally occurring isotopes:

16O, 17O

and

18O. 16O

is the most

abundant, representing 99.76% of the total,18O 0.20% and the least abundant

17O

contributing the remainder (Rohling and Cooke, 1999). Fractionation of oxygen during
the hydrological cycle, on the principle that

16O

evaporates more readily and that

precipitates more readily, means that the ratio of

18O

to

16O

18O

(δ18O) is an extremely

useful proxy in environmental and climate reconstruction.
The fractionation of oxygen, during the secretion of CaCO3 from aqueous solution, is
temperature dependent (Urey, 1947). This concept led to the calculation of palaeo153/267

temperatures from the δ18O of carbonate (Urey et al., 1951) and foraminifera (Emiliani,
1955). However, from analysing benthic foraminifera Shackleton (1967) demonstrated
that foraminiferal δ18O was largely determined by the global ice-volume. Further work
revealed the roles played by salinity (Duplessy et al., 1991) and carbonate ion
concentration (Spero et al., 1997).
Hence, the δ18O of seawater is a function of global ice volume, temperature and
salinity (Emiliani, 1955; Shackleton, 1967; Shackleton, 1987; Duplessy et al., 1991).
Organisms which secrete carbonate shells, such as foraminifera, may be used to
reconstruct seawater δ18O, as the δ18O of carbonate shells is a function of seawater
δ18O, temperature and salinity (Shackleton, 1967; Duplessy et al., 1993) as well as
species specific vital effects and carbonate ion concentration (Spero and Lea, 1996;
Spero et al., 1997).
This ratio is expressed as deviation from a standard in per mille (‰), in the case of
carbonates, VPDB (Vienna-belemnite shell). Equation 5.1 shows the standard
calculation.
Carbon also has three naturally occurring isotopes:

12C, 13C

and

14C.

Of these

contributes approximately 98.9% of the total carbon compared to

13C,

12C

which

contributes about 1.1% (Rohling and Cooke, 1999). Both these isotopes are stable,
whereas

14C

is radioactive and constitutes a negligible proportion of the global carbon

reservoir.
The ratio of 13C to 12C (δ13C) is determined by the the carbon cycle and fractionation of
carbon, primarily during photosynthesis (Jasper et al., 1994; Hayes et al., 1999).
During photosynthesis planktonic foraminifera use
depletes surface water

12C

12CO
2

preferentially over

13CO ,
2

this

and is reflected in planktonic foraminiferal tests that record

surface water δ13C (Curry et al., 1988) with effects from respired CO2 and symbionts
(Spero et al., 1991).
δ18O or δ13C = 1000 × Isotopic ratio sample - Isotopic ratio standard
Isotopic ratio standard

Equation 5.1: Calculating δ18O and δ13C V-PDB

When the planktonic foraminifera die and sink beyond the thermocline the organic
carbon is remineralised, resulting in reduced deep water δ13C that is recorded by the
δ13C of benthic foraminiferal tests, with effects from microhabitat and early diagenesis
of organic matter (Loubere et al., 1995; Gehlen et al., 1999). The interaction of organic
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and inorganic carbon, and planktonic and benthic dwelling species means that
foraminiferal δ13C may be used for a variety of studies, including: surface water ∑CO2
(Spero, 1992), ocean productivity (Bertrand et al., 1996), deep water circulation (Oppo
et al., 1995; Matsumoto and Lynch-Stieglitz, 1999) and estimates of gas hydrate
release (Norris and Röhl, 1999; Dunkley Jones et al., 2010; Panieri et al., 2012).
Isotopic signal preservation is an important consideration as the δ18O and δ13C values
of foraminiferal tests may be altered post-deposition via dissolution and diagenesis
(Marshall, 1992; Mitchell et al., 1997). Of these factors, the carbonate compensation
depth (CCD), below which carbonate dissolution exceeds carbonate supply, is amongst
the most noteworthy. Controlled by hydrostatic pressure, temperature and carbonate
ion concentration (Farrell and Prell, 1989; Archer, 1996) it is of huge importance to
CaCO3 preservation in the deep ocean. Contemporary North Atlantic CCD is calculated
to be >4000 m (Archer, 1996).
Stable isotope analysis is performed on CaCO3 tests from planktonic foraminiferal
species Globigerina bulloides and Neogloboquadrina pachyderma (sinistral).
5.2.3.2. Characteristics of Globigerina bulloides
Globigerina bulloides is a surface dwelling sub-polar to temperate foraminifera and
calcifies in the uppermost 60 m of the water column (Schiebel et al., 1997). It has been
demonstrated that this species exhibits a progressive increase in δ18O of up to 0.8‰
with test development, which may be due migration within the water column and the
recommended size fraction is 270 to 320 μm (Spero and Lea, 1996). G. bulloides δ18O
has been shown to decrease with increasing CO32- (Spero et al., 1997). Equation 5.2
shows equilibrium calibrations for G. bulloides from Spero and Lea (1996), where x is
the mean test size for chamber number.
δ18Oequilibrium = 1.21 - 0.0016x
δ13C∑CO₂ = 0.000012x2 - 0.011x + 3.97

Equation 5.2: Cold condition δ18O and δ13C equilibrium calibrations for Globigerina bulloides
(Spero and Lea, 1996)

5.2.3.3. Characteristics of Neogloboquadrina pachyderma (sinistral)
Neogloboquadrina pachyderma (sinistral) is a sub-surface foraminifera that is common
in polar and sub-polar water masses (Kohfeld et al., 1996). Calcification depths have
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been observed in the upper 200 m of the water column (Kohfeld et al., 1996; Bauch et
al., 1997). N. pachyderma (s.) δ13C displays an offset of -1‰ in comparison to
equilibrium calcite and displays δ18O values consistent with water column values found
between 80 m and 120 m (Kohfeld et al., 1996). Peck et al. (2008) use a mean
calcification depth of 150 m.
5.2.3.4. Planktonic foraminiferal δ18O and δ13C methodology
Foraminifera were picked between March 2008 and February 2009. Individuals were
picked from the 250 μm to 500 μm fraction, however, when scarce N. pachyderma (s.)
was also picked from the 250 μm to 125 μm fraction. Attempts were made to pick 30
individuals of each species per sample in order to achieve a CaCO3 sample mass of
400 μg.
Foraminiferal CaCO3 samples were analysed for δ18O and δ13C using the UCL BEIF
gas bench facility between the 16th and 17th of February 2009.
5.2.4. Foraminiferal AMS 14C dating
5.2.4.1. Overview of marine 14C dating
As outlined in section 5.2.3.1, of the three naturally occurring isotopes of carbon, 14C is
radioactive. Once an organism dies it ceases to acquire any new carbon, therefore, if
the ratio of carbon isotopes in nature is assumed to be constant and if the half-life of
14C

is known it is possible to calculate the age of a sample by the isotopic ratio.

Conventional

14C

however, AMS
individual

14C

dating methods measure the amount of β- emissions from a particle,

14C

has allowed the accurate

14C

dates from much smaller samples as

particles are counted (Stafford et al., 1991). Radiocarbon decays with a

half-life of 5730 ± 40 (Godwin, 1962) years. However, due to older

14C

dates being

calculated from a previously calculated value of 5568 years (Libby, 1955) this is the
agreed constant for radiocarbon dating (Mook, 1986).
Radiocarbon is produced by reaction between

14N

and cosmic ray neutrons in the

atmosphere (Lingenfelter, 1963), the rate of production is not constant. For instance
14C
14C

production has been correlated with sunspot activity (Stuiver, 1961) and the ratio of
to

12C

has declined due to variation in the carbon cycle, for example via a

degassing of

14C

depleted CO2 during the last glacial transition (Edwards et al., 1993;

Kitagawa and van der Plicht, 1998; Beck et al., 2001). Therefore, to allow comparison
with other chronologies

14C

ages need to be calibrated. Such calibrations are

performed using tree rings, varved sediments, speleothems and corals (Stuiver et al.,
1998; Hughen et al., 2000; Hughen et al., 2004; Fairbanks et al., 2005).
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As

14C

is produced in the atmosphere, marine

14C

dates are subject to a reservoir

effect, where samples are depleted relative to the contemporaneous atmosphere
(Ascough et al., 2007). This effect varies geographically and temporally and is most
pronounced in the deep ocean, where low levels of water mixing mean that 14C decays
without replenishment. Present day North Atlantic surface water is calculated to have a
reservoir effect of 400 years, whereas polar waters exhibit a reservoir effect of 800 1200 years (Bard et al., 1994; Austin et al., 1995; Ascough et al., 2005). Reflecting this
regional variation, movement of the polar front is anticipated to influence the North
Atlantic reservoir effect during glacial to interglacial transitions (Bard, 1988).
From reference to the Vedde ash layer (the age of which is constrained via terrestrial
AMS

14C

dating), Austin et al. (1995) demonstrate a shift in reservoir age of British

North Atlantic waters from the present day value of 400 years, to 700 years during the
Younger Dryas. Previous studies investigating shallow sediments on the Barra Fan
have used reservoir corrections of 400 years (Kroon et al., 2000; Knutz et al., 2001).
5.2.4.2. Planktonic foraminiferal AMS 14C dating methodology
Funding was awarded for five foraminiferal CaCO3 AMS

14C

dates under NERC

allocation number 1441.1009, as outlined in Table 5.3. Insufficient CaCO3 content
meant that the samples below 2 m depth could not be submitted.
Sample number

Sample depth
(cm)

Foraminiferal species

Comment

SUERC-28178

16 - 18

N. pachyderma (s.)

Analysed April 2010

SUERC-28179

156 - 158

G. bulloides

Analysed April 2010

SUERC-28180

196 - 198

N. pachyderma (s.)

Analysed April 2010

207 - 213

N. pachyderma (s.)

Unable to submit sample due to
insufficient CaCO3 content

240 - 250

N. pachyderma (s.)

194 - 198

N. pachyderma (s.)

SUERC-30290

Analysed July 2010, after query
regarding validity of SUERC-28180

Table 5.3: Overview of foraminiferal CaCO3 AMS 14C dates awarded under NERC allocation
number 1441.1009

The three submitted samples were analysed at the NERC radiocarbon facility at East
Kilbride during April 2010. Following a query by NERC staff that sample SUERC-28180
contained 4 mg C as opposed to the recommended 5 mg C a new sample was
submitted and analysed during July 2010.
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5.3. Results
Appendix E presents a selection of data in tabular form, all XRF data is included in
digital form on the accompanying DVD.
5.3.1. Visual log

Figure 5.2: A. Visual log of CS 56/-10/239, made prior to sampling. B. Photograph core section
C3 (2.0 - 2.5 m) demonstrating deformed clays and sandy matrix.

The core log displayed in Figure 5.2.A is similar to the log presented by Armishaw
(1999) and the shipboard log. Figure 5.2.B presents a photo-mosaic of core section C,
2.00 m - 2.52 m, which was taken prior to sampling of this core section during April
2008. Photographs were taken of core sections A and B (uppermost 2.00 m) prior to
sampling in September 2006, however, the image quality is not sufficient to aid
interpretation.
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Sediments from base of core, at 2.52 m, to 2.03 m consist of dense clay clasts, often
deformed, within a sandy matrix (see Figure 5.2.B). Nearing the top of this section shell
fragments are common. Between 2.03 m and 2.00 m a layer of coarse and shell
fragments erodes into the underlying clays.
From 2.00 m to 1.58 m layers of silty clay and sandy clay alternate, they are capped by
a 10 cm thick sandy clay unit between 1.58 m and 1.48 m. A succession of sandy
layers, shell fragments and silt is observed between 1.48 m and 1.13 m. Above these
there is a layer of silty clay from 1.13 m to 1.01 m. After a 1 cm thick layer of fine sand
silty sediments are observed to 0.16 m, with a sandy clast between 0.50 m and 0.60 m.
Above 0.16 m sandy clay is observed with a pebble.
5.3.2. Sediment analysis
5.3.2.1. Particle size analysis
Table E.1 presents percentage geometric particle size data for CS 56/-10/239. Figure
5.3 displays sand, silt and clay percentages for the core sample.

Figure 5.3: Percentages of sand, silt and clay with 56/-10/239.
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On the basis of sand, silt and clay composition shown in Figure 5.3, CS 56/-10/239 can
be broadly divided into six units.
i. From base of core, at 2.50 m, to 2.03 m a unit of mud to sandy gravelly mud that
contains up to 65.3% clay, though with oscillating sand values that reach 26.2%.
ii. From 2.03 m to 2.00 m there is a pronounced layer of slightly gravelly muddy sand.
The sub-sample at 2.00 m - 2.01 m contains the maximum sand content in the core
of 82.2%.
iii. Between 2.00 m and 1.58 m a unit of sandy mud displays a decline in the proportion
of sand and an increase in silt; which is the dominant particle fraction between 1.68
and 1.82 m.
iv. Two upwards fining sequences, from slightly gravelly sandy mud to mud, are
apparent between 1.53 m and 0.97 m. An initial increase in sand at 1.53 m is
followed by increased proportions of silt and clay, which reaches 48.8% at between
1.34 m and 1.32 m. A further increase in sand occurs at 1.25 m, followed by an
upwards fining sequence to 0.97 m.
v. Between 0.97 m - 0.16 m there is a sandy mud sequence dominated by clays and
silts, though with occasional elevated sand values (for instance 23.9% at 0.49 m).
vi. From 0.14 m a unit of muddy sand is apparent, sand reaching a maximum value of
64.0% at the topmost sub-sample.
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Figure 5.4: Particle size parameters for 56/-10/239, displaying logarithmic values from Folk and
Ward (1957) method. A. Mean grain size, B. Sorting, C. Skewness and D. Kurtosis.

Figure 5.4 displays particle size parameters, as calculated using the Folk and Ward
(1957) logarithmic method within the GRADISTAT program (Blott and Pye, 2001).
Below 2.00 m mean grain size oscillates between 8.0 ϕ and 6.5 ϕ, at 2.00 m there is a
large increase to 2.8 ϕ, followed by an immediate return to finer particles. Between
2.00 and 1.50 m there is a stepped increase from 7.0 ϕ to 5.5 ϕ, followed by a stepped
fining to 7.6 ϕ at 1.13 m. From this depth mean grain size is relatively constant around
7.2 ϕ until 0.16 m when there is a coarsening to 4 ϕ at top of core.
Sorting (σl) refers to the spread of particle sizes around the average, with lower values
indicated a greater degree of sorting. Core sediments are either poorly or very poorly
sorted. However, there are pronounced oscillations in σl between 2.50 and 2.00 m.
Additionally, the coarse sand layer between 2.03 m and 2.00 m is very poorly sorted,
followed by a 0.10 m thick sequence of less very poorly sorted sediments. Between
161/267

1.90 m and 1.44 m σl is relatively constant around 2.7. Between 1.44 m and 1.03 m
there is a stepped succession of less sorted to more sorted sediments up core. A
minimum value of 1.63 σl is observed at 1.13 m. From 1.03 m to 0.16 m values are
relatively constant at approximately 2.7 σl, though there is some cyclicity. Above 0.16 m
sediments become less sorted.
Skewness, or symmetry of spread to one side of the average, shows that the
subsamples are generally negatively skewed, with a longer tail of fine particles. From
2.03 m to 2.00m, 1.58 m to 1.50m and 0.14 to 0.00 m subsamples are positively
skewed, reflecting the input of coarser particles at these depths.
Kurtosis refers to the peakedness of the distribution, with greater values signifying a
dominance of a particular size fraction. Subsamples generally display a flat distribution,
classified as either platykurtic or very platykurtic. However, there are occasional
increases in kurtosis, associated with coarser sediments, and the sand layer between
2.03 m and 2.00 m is classified as very leptokurtic.
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5.3.2.2. Bulk sediment XRF geochemistry
Bulk sediment content for calcium and silica are displayed in Figure 5.5; potassium,
iron, nickel and copper in Figure 5.6. Complete XRF results are included digitally in
Appendix E, on the accompanying DVD.

Figure 5.5: Bulk sediment XRF results for: Calcium (A.), Chlorine (B.), Strontium (C.)
expressed as percent and Silica (D.) expressed as μg g-1.

Calcium displays low concentrations for much of the core, before a large increase from
0.16 m to core top. Silica is the most abundant element observed within the samples,
however, concentrations decline with increasing calcium in the uppermost section of
the core.
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Figure 5.6: Bulk sediment XRF results for: Potassium (A.) and Iron (B.) expressed as percent;
Nickel (C.) and Copper (D.) expressed as μg g-1

The metals plotted in Figure 5.6, show high concentrations from base of core to 2.00
m. Concentrations are generally reduced between 2.00 m and 1.40 m before an
increase to greater concentrations (though less than those below 2.00 m), with some
oscillations between 1.40 m and 0.16 m. Metal concentrations decline dramatically
above 0.16 m.
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Figure 5.7: Bulk sediment XRF results for: Sulphur (A.) expressed as percent and Arsenic (B.)
expressed as μg g-1

Concentrations of sulphur, displayed in Figure 5.7.A, show a marked increase at 2.00
m to maximum values of 0.27% at 1.37 m decreasing to negligible values at 1.05 m,
after which concentrations remain low, with the occasional increase, till core top.
There is a pronounced increase in arsenic concentrations between 1.45 m and 1.09 m,
with a maximum concentration of 40 μg g-1 at 1.21 m. Occasional elevated
concentrations are observed below 2.00 m. Elevated arsenic concentrations appear to
be associated with the shallow half of elevated sulphur concentrations.
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Figure 5.8: Bulk sediment XRF results for: Chlorine (A.) expressed as percent and Bromine (B.)
expressed as μg g-1. C. Presents the ratio of Chlorine to Bromine.

Chlorine concentrations increase slightly from 0.7% at base of core to approximately
1.0% at 2.00 m. Between 2.00 m to 1.03 m values are generally low. There is then a
marked, stepped increase in concentration from the minimum core value of 0.65% at
1.05 m to a maximum value of 1.49% at core top.
Bromine shows an increasing trend from base of core to top. Above 1.00 m and below
2.00 m the two elements appear to co-vary. However, as Figure 5.8.C. shows, chlorine
concentrations are reduced (with the exception of one outlying data point) relative to
bromine between 2.00 m and 1.00 m.
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5.3.2.3. Total organic carbon

Figure 5.9: Sulphur (A.) and total organic carbon (B.) expressed as percentage of bulk sample
calculated from combustion.

Sulphur concentration, calculated via sample combustion is displayed in Figure 5.9.A.
With the exception of two outlying data points at 1.95 m and 0.81 m depth the data
shows good agreement with XRF derived sulphur concentrations. Figure 5.9.B.
presents TOC content. The sediments display low concentrations of TOC with almost
all samples <0.5%. Marked decreases occur at 2.03 m to 2.00 m and 1.66 m to 1.38 m.
5.3.3. Isotope geochemistry
Table E.3 shows δ18O for planktonic foraminifera N. pachyderma (s.) and G. bulloides,
Figure 5.10 presents the data graphically. All values are expressed as deviation from VPDB.
The foraminifera N. pachyderma (s.) and G. bulloides were not present throughout CS
56/-10/239. N. pachyderma (s.) was absent between 1.82 m to 1.40 m and 0.14 m to
core top. G. bulloides was absent, or extremely scarce, between base of core to 1.94
m and 1.18 m to 0.72 m.
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5.3.3.1. Foraminiferal δ18O

Figure 5.10: δ18O values for planktonic foraminifera N. pachyderma (s.) and G. bulloides.
Dashed line represents instrumental error as recorded on the BEIF gas bench.

N. pachyderma display heavier δ18O values than G. bulloides, as is anticipated from
the speciesʼ greater calcification depth. For both species, δ18O values decrease
upwards through the core. In the case of N. pachyderma, from ~4.0‰ to ~3.0‰ and
from ~3.5‰ to ~1‰ in the case of G. bulloides. Though there is an apparent increase
of 0.5‰ in both speciesʼ δ18O between 1.38 m and 1.00 m. Minimum values are
observed at 0.21 m, above which point δ18O values become isotopically heavier.
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5.3.3.2. Foraminiferal δ13C

Figure 5.11: δ13C values for planktonic foraminifera N. pachyderma (s.) and G. bulloides.
Dashed line represents instrumental error as recorded on the BEIF gas bench.

N. pachyderma (s.) and G. bulloides display different trends in δ13C upwards through
CS 56/-10/239. N. pachyderma (s.) shows an oscillating increase in δ13C from -0.7‰ at
base of core to 0.2‰ at 0.16 m.
G. bulloides δ13C shows more variability. Isolated values of -1.0‰ at base of core
decrease to values of -1.5‰ at 1.41 m, though this shift is marked by a data gaps and
oscillations of 0.5‰ at 1.50 m depth. When G. bulloides returns at 0.72 m δ13C values
oscillate about -0.4‰ with variance of up to 0.5‰.
The two speciesʼ δ13C records display asynchrony through the core sample, with two
clear cycles of increasing to decreasing N. pachyderma δ13C mirrored by decreasing to
increasing G. bulloides δ13C from 0.72 m.
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5.3.3.3. Foraminiferal AMS 14C dating
Sample
number

Sample
depth
(cm)

Foraminiferal
species

14C

Enrichment
(% Modern
± σ)

Conventional ±
radiocarbon
age (years
BP ± σ)

Carbon
content
(% by
weight)

δ13C VPDB
± 0.1 ‰

SUERC-28178

16 - 18

N. pachyderma (s.)

25.12 ± 0.13

11098

41

10.7

insufficient
material

SUERC-28179

156 - 158

G. bulloides

20.10 ± 0.11

12889

43

8.6

insufficient
material

SUERC-28180

196 - 198

N. pachyderma (s.)

26.43 ± 0.14

10688

44

10.5

insufficient
material

SUERC-30290

194 - 198

N. pachyderma (s.)

25.01 ± 0.13

11134

41

12

-0.4

Table 5.4: Foraminiferal CaCO3 AMS 14C results

Table 5.4 displays AMS 14C dates from foraminiferal calcite as returned from the NERC
radiocarbon laboratory. As, poleward of 40° N, the marine reservoir effect undergoes
significant changes related to variation in thermohaline circulation and the position of
the polar front (Bard, 1988) conversion to calendar years is not a simple matter.
Therefore, this is only attempted following a detailed discussion of the problem in
chapter six. Discussion of core lithology in this chapter is based on uncorrected AMS
14C

dates.
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5.4. Discussion of gravity core sample BGS CS 56/-10/239 sedimentology and
geochemistry
5.4.1. Comment on sulphur, arsenic and chlorine concentrations
Figure 5.8.A shows bulk sediment chlorine concentration, as calculated via XRF.
Broadly speaking the record may be divided into three sections: base of core to 1.94
m; 1.94 m to 1.00 m; and 1.00 m to core top. Of these three sections the lowermost
may be characterised by increasing and then decreasing concentrations, the mid by a
concentration of 0.1% reduced from the section below and reduced by >0.2% from
above, where the upmost section shows a stepped increase in chlorine concentrations
to 1.4%.
The reduced chlorine concentrations between 1.94 m and 1.00 m appear to be
inversely related to increased sulphur concentrations at the same location (Figure
5.7.A), which increases from negligible levels to 0.25%. Arsenic concentrations
increase, between 1.50 m and 1.00 m (Figure 5.7.B).
As dissolved ions (such as Cl!) are excluded during hydrate formation (Ussler and
Paull, 1995), pore water chloride concentrations are used as an indicator of gas
hydrates, with pore water freshening an indication of dissociation (Colwell et al., 2004;
Muramatsu et al., 2007). However, it would also be anticipated that bromine
concentrations would vary with chlorine, as the two halogens covary (Worden, 1996).
As Figure 5.8 shows, the chlorine to bromine ratio declines where chlorine
concentrations are reduced. Above 1.00 m depth chlorine and bromine covary,
suggesting that a process occurs below 1.00 m, which preferentially reduces
concentrations of, the more reactive, chlorine.
It is hypothesised that elevated sulphur and arsenic concentrations are associated with
pyrite formation, via anoxic sulphate reducing bacteria (Berner, 1978; Berner and
Raiswell, 1983). In marine sediments, arsenic is generally an indicator of pyrite
(Rothwell et al., 2006), which has been shown to be enriched with arsenic up to 10%
weight (Blanchard et al., 2007). Further supporting this is the peak in clay percentage
(Figure 5.3) at the same point as arsenic concentration: as arsenic enrichment of pyrite
generally occurs in colloidal sized particles (Cook and Chryssoulis, 1990).
This same peak in clay concentration could create low-permeability layer facilitating the
creation of anoxic conditions below and explaining the change in chlorine
concentrations: which may undergo reaction during the methanogenic process.
Bromine concentrations are not reduced as it is less reactive.
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5.4.2. Unit lithology of gravity core sample BGS CS 56/-10/239
5.4.2.1. Base of core to 2.03 m
As shown in Figure 5.2.B, this unit is dominated by deformed clays, at times within a
sandy matrix. Lithology appears similar to the folded mud and mud-clast conglomerate
facies described by Jenner et al. (2007) on the Nova Scotia margin, ascribed to sliding
or cohesive debris flow deposits. Selby (1989) and Armishaw (1999) suggest that rapid
deposition from overturning icebergs could result in chaotic clay deposits, citing
Pickering et al.ʼs (1989) description of dropstone facies, based on ODP (Ocean Drilling
Program) site 645. However, the facies described by Srivastava et al. (1987) from
Baffin Bay appear appreciably different, lacking folding and deformed clay clasts, to
those visible in gravity core sample 56/-10/239.
High terrigenous metal content, as indicated by XRF results, signifies a terrestrial
sediment source. N. pachyderma (s.) δ18O values demonstrate large variation, but
reach 4.5‰ VPDB, indicative of full glacial conditions (Knutz et al., 2007). These
values are 0.5‰ heavier than equivalent δ18O values acquired from nearby core
sample 56/-10/36, which extends back to 14.6 ka cal BP, by Kroon et al. (1997). G.
bulloides are scarce or absent.
On the basis of this evidence the unit is classified as a cohesive debris flow, or slide,
deposit consisting of glacial sediments.
5.4.2.2. 2.03 m to 2.00 m
The coarse sand layer is a striking feature of the core sample and is identifiable in all
datasets. Containing large shell fragments, this unit appears to erode into the
underlying clays and is very poorly sorted.
The unit is classified as a turbidite.
It is also possible that the units between base of core and 2.00 m consist of one large
mud intraclast within a coarse sandy matrix (sampled between 2.03 and 2.00 m) of a
debris flow. Without more core samples and sub-bottom data it is impossible to
determine for certain which interpretation is correct, but this does not affect the central
work presented in this thesis.
5.4.2.3. 2.00 m to 1.58 m
Alternating layers of sandy clay and silty clay; silt is the dominate particle size fraction
between 1.82 m and 1.62 m. XRF data show a significant reduction in metal
concentration and mean grain size increases to top of unit. N. Pachyderma (s.) is
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absent or scarce above 1.84 m, as opposed to G. bulloides, which becomes more
abundant and displays δ18O values of 3.4‰ - 2.5‰ VPDB, indicative of the glacial
transition (Peck et al., 2008).
The unit contains two AMS

14C

dated samples, which yield dates of 10,688 ± 44

BP between 1.98 m to 1.96 m; and 11,134 ± 41

14C

14C

BP between 1.98 m and 1.94 m.

The sample that includes the shallowest material yields the oldest date. There are a
number of possible explanations for this.
Bioturbation can lead to under- and over-estimation of ages, as Figure 2.2
demonstrates. If a sample overlies a carbonate poor unit, as in this case, there will be
unequal mixing of carbonate leading to incorporation of younger material and an age
that is too young. However, as the two samples have a very similar depth range this is
thought unlikely to cause the 450 14C year age difference observed.
A second option is that older sediment is emplaced above younger material by
downslope transport; in this case, as there is no visual sign of the event, probably a
turbidite.
Consideration was also given to whether these differences could have been caused by
reworking via bottom currents. It is well documented that silts are transported in this
manner (McCave et al., 1995) and the transport of foraminifera has been documented,
particularly due to storm action in shallow water (Hohenegger and Yordanova, 2001).
The key parameters effecting the ease of entraining foraminifera into transport are the
testʼs degree of projection above the seabed, coupled with relatively low weight
(Kontrovitz et al., 1978). N. pachyderma have relatively small tests that have been
shown to be relatively dense, particularly when <250 μm diameter (Oehmig, 1993).
In this study the foraminifera picked for analysis were well preserved and showed no
sign of abrasion or staining. Additionally, their glacial transition δ18O values are
consistent with the 14C ages. Therefore, it is considered unlikely that foraminifera in this
unit are reworked by bottom currents.
These dates occur during the late glacial

14C

plateau (Kitagawa and van der Plicht,

1998; Beck et al., 2001), during a period when the marine reservoir effect may have
changed (Austin et al., 1995), as such it is difficult to justify treating them as being
significantly different. Therefore, this thesis considers the mean of the two

14C

dates

(10,911 14C BP) as the age of the base of this lithological unit.
The unit is classified as turbidites grading upwards into contourites, as the sortable silt
fraction coarsens, possibly associated with the Younger Dryas to Preboreal transition.
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5.4.2.4. 1.58 m to 1.00 m
Particle size data shows this unit to consist of a succession of upwards fining
sequences and alternation between less sorted (coarser grained) and more sorted
(finer grained) sediments. XRF data show an increase in metal concentrations and N.
pachyderma (s.) return above 1.38 m. Planktonic foraminiferal δ18O values decline.
An AMS

14C

date between 1.58 m and 1.56 m yields an age of 12,889 ± 44

14C

BP,

some 2000 years older than underlying dated material.
This unit is classified as a turbidite, on the basis upwards fining sequences and the
stratigraphic discontinuity. A lack of other visible mass movement morphologies make
more coherent mass movement processes less likely. Additionally, the likely anoxic
conditions discussed in section 5.4.1 provide further support to a turbidite interpretation
as rapid deposition of fine particles via turbidity current could result in sedimentary
anoxia (Raiswell et al., 2008).
The sand layer visible in the core log (Figure 5.2.A), between 1.01 m and 1.00 m was
not sampled. However, in conjunction with the striking changes observed in N.
pachyderma (s.) δ18O (which decreases by 0.5‰ VPDB), chlorine, sulphur and the
large increase in, more sorted, clay this layer is interpreted as the boundary between
turbidite and unit above.
5.4.2.5. 1.00 m to 0.16 m
This unit is characterised by silty sediments of relatively consistent sorting and particle
size. Sediment metal content is relatively high and there is a slight decrease in N.
pachyderma (s.) δ18O, G. bulloides is present from 0.70 m to top of unit.
An AMS

14C

date between 0.18 m and 0.16 m yields an age of 11,098 ± 41

14C

BP at

the top of unit.
This unit is interpreted as muddy contourite, however, the stratigraphic discontinuity,
between 1.94 m and 1.58 m, indicates that the whole section has undergone
downslope transport.
5.4.2.6. 0.16 m to core top
The uppermost unit in the core consists of sandy clay with reduced terrestrial input and
increased CaCO3, as indicated by the XRF data. As there is a large increase in CaCO3
detritus particle size data may be less reliable for this unit.
N. pachyderma (s.) are absent from this unit and G. bulloides displays an increase in
δ18O of 0.3‰ VPDB.
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This unit is classified as a sandy contourite, increased abundance of foraminiferal
species and a decline in terrigenous input may signify a transition to Pre-Boreal or
Holocene conditions, however this is not reflected in the δ18O values, which are
heavier. This may be due to increased salinity resulting from reduced freshwater ice
input. The presence of a rounded pebble indicates potential dropstone or downslope
input and the complicated nature of sedimentation in the region.
Figure 5.12 presents the lithological interpretation of CS 56/-10/239.

Figure 5.12: Lithology and sedimentology of CS 56/-10/239.
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5.5. Chapter summary
Sedimentological, geochemical and isotopic analysis have demonstrated that CS
56/-10/239 samples material from a mass movement deposit.
Foraminiferal δ18O values indicate that material below 2.00 m is of glacial age and the
lithofacies appears to be that of a debris flow deposit. A further unit, located above an
age reversal, appears to be turbiditic. Sediments between 2.00 m and 1.00m appear to
have undergone diagenetic modification, probably via methanogenic pyrite formation.
The stratigraphy of the core is complicated, with a number of discontinuities that
indicate a debris flow or slide mass, consisting of glacial material, prior to 10,911

14C

BP and a further failure, containing material dated at 12,889 ± 43 14C BP, after 11,098 ±
41 14C BP.
Foraminifera are not thought to have been reworked by bottom currents, due to a lack
of abrasion and the consistency of δ18O and 14C dates.
Chapter six will discuss the sedimentology of the region in relation to process and
chronology.
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6. Morphology and timing of sedimentary processes on the northwest British
continental margin
6.1. Introduction to chapter
This chapter presents a discussion of the ideas, data and interpretations presented in
the preceding chapters. Specifically, the surface and sub-surface morphologies
identified in chapter four are tied to a chronological framework on the basis of AMS

14C

dates: from gravity core 56/-10/239 presented in chapter five of this thesis; and other
local chronologies available in the literature.
This allows the discussion of sedimentary processes and mass movement to be
broadened. Specific local factors such as the state of the BIS, intensity of slope-parallel
currents and the Barra Fanʼs sedimentation regime are discussed in relation to timing
of submarine mass movement.
Through this approach, and to enable discussion, the chapter attempts to clarify the
chronological framework for the processes operating on the Barra Fan. Within this a
number of specific unknowns are addressed. These include: the study areaʼs

14C

marine reservoir effect (and how this varies with time); the chronology of the acoustic
facies interpreted in chapter four; and when the key periods of sedimentation and mass
movement occurred. Finally, with a chronological framework established, the chapter
examines the morphology and asks what it can tell us regarding the processes
involved in submarine mass movement on the northwest British continental margin.
With regards to mass movement, the chapter considers the geologic and
oceanographic setting outlined in chapter three alongside the conceptual model of
slope failure presented in chapter two and identifies the likely susceptibility factors and
trigger mechanisms operating on the Barra Fan. However, as they are separate from
the main focus of this thesis, the gullies described in section 4.3.1 are now briefly
discussed.
6.2. Gully formation
These features consist of two distinct forms, V-shaped in the north and U-shaped in the
south. Combined with the pinger data and mass movement facies interpretation
presented in section 4.4.4 (and appendix D) it appears that the southern gullies are
subject to greater erosion than those in the north.
This thesis does not seek to identify the formation mechanisms, however it seems
probable that the two gully populations are formed by different processes. Kenyon
(1987) suggests that greater flow velocity may be responsible for cutting V-shaped
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gullies, differentiating these from U-shaped gullies and “Bottleneck Slides”. There are
also possible roles for glacial meltwater and slope failure in the formation of the Ushaped southern gullies (see Noormets et al., 2009). Potentially identifying a role for
periglacial outwash from the retreating Barra Fan Ice Stream (Scourse et al., 2009),
which, from the locations of the Malin and Stanton Deeps (see Figure 4.8 and Figure
6.2), appears to have been close to these southern gullies. These two gully populations
may provide a useful dataset for future analysis.
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Source

Austin et
al. (2011)

Cao et
al.
(2007)

Bondevik
et al.
(2006)

Austin
et al.
(1995)

Björck et
al. (2003)

Hall et al.
(2011)

Franke
et al.
(2008)

Location

St Kilda
Basin
(NE
Atlantic)

Orphans
Knoll
(NW
Atlantic)

Norwegian
west coast

Barra
Fan
(NE
Atlantic)

Norwegian
Sea GRIP
comparison

Rosemary
Bank, North
Rockall
Trough GISP 2
comparison

Modeled
North
Atlantic*

Stadial/
Interstadial

Calendar
age (BP
from)
9000

Holocene

9500
10000

Grey
indicates
absence
of
estimate

450

10500
Pre-Boreal

11000
11500

Younger
Dryas

Bølling
Allerød

450 - 350
400

12000

600

12500

1000

13000

750

13500

770

14000

820

14500

550

270 ±
20 ?

590 ±
130

600

700
1000 ± 250

380 ±
140

400 - 300

15000
16000
17000
18000

1352

19000

1012

20000

1044

21000

1111

22000

1449

23000

1276

Marine

24000

1182

isotope

25000

Late Glacial
- Marine
Isotope
Stage 2

stage 2

26000

550

1685

27000
28000

1761

29000
30000

1631

Table 6.1: North Atlantic 14C marine reservoir effects during the Late Glacial and Holocene
transition. *Modeled North Atlantic data from Franke et al. (2008) assume 30% reduction in
meridional overturning circulation at 21 ka cal BP and Holocene value is present day.
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6.3. Chronology of sedimentation
Timing of sedimentation processes on the northwest British continental margin is
determined via correlation between dated sediment samples and the sub-surface
acoustic interpretation presented in chapter four.
6.3.1. Accounting for the marine 14C reservoir effect
There is a large degree of uncertainty concerning temporal variation of the marine
reservoir effect at the Barra Fan. Table 6.1 outlines the present understanding of the
late-glacial to Holocene variations in the North Atlantic marine 14C reservoir effect.
The data presented consist of comparison between marine AMS

14C

dates and

terrestrial carbon (Bondevik et al., 2006), corals (Cao et al., 2007), tephra (Austin et al.,
1995), Greenland ice-cores (Waelbroeck et al., 2001; Björck et al., 2003; Hall et al.,
2011). Austin et al. (2011) use a combination of tephra and ice-core correlation.
Modeled data, which assumes a 30% reduction in North Atlantic meridional
overturning, is shown for the LGM (Franke et al., 2008). Reservoir ages produced from
records comparing directly to ice-cores result in greater values due to increased
uncertainty in ice age-depth models.

Figure 6.1: Estimating the marine reservoir effect in the Rockall Trough during MIS 3, from
Fugloyarbanki tephra layer in MD95-2006. MD95-2006 AMS 14C dates from Austin et al. (2012),
calibrated using IntCal09 (Bronk Ramsey, 2009), NGRIP age of tephra from Davies et al.
(2008).

In addition to these published data it is possible to estimate the marine reservoir effect
in the Northeast Atlantic, during the early stages of marine isotope stage 2, from the
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Fugloyarbanki tephra layer. Austin et al. (2012) demonstrate that MD95-2006 samples
this layer at 19.30 m. This layer has been dated at 26,690 cal BP in the NGRIP icecore by Davies et al. (2008). As the tephra layer in MD95-2006 is situated between two
planktonic foraminiferal AMS

14C

dates one can interpolate linearly between these,

assuming that there is a constant sedimentation rate and that the reservoir effect is
unchanged during the sampled time period. This exercise has been performed and a
reservoir correction of between 900 and 1000 years (error is not calculated though it is
assumed to be in the order of ± 500) is required to calibrate the marine tephra layer to
the NGRIP record. Figure 6.1 provides an overview of this estimate. The exercise was
performed using the Fairbanks et al. (2005) and IntCal09 (Bronk Ramsey, 2009)
calibration curves with no appreciable difference.
Time period
(calendar
years)

Time
period
(name)

Reservoir
correction

Corresponding
uncorrected
14C period

Evidential support

10,000 to
present

Holocene

450

9318 to present

General agreement among records and reflects
pre-bomb values (Bard et al., 1994).

11,499 to
10,000

PreBoreal

400

10400 to 9319

Agreement between Austin et al. (2011) and
Bondevik et al. (2006).

12,999 to
11,500

Younger
Dryas

700

11795 to 10401

Based on Vedde Ash layer located in CS 56 -10
36 (Austin et al., 1995) and all other records
support elevated values.

14,999 to
13,000

BøllingAllerød

500

13109 to 11796

Disagreement among records, have opted for a
mid-way point between Bondevik et al. (2006) and
Austin et al. (2011). Reduced correction compared
to adjacent periods is logical due to probable
enhanced thermohaline circulation.

20,999 to
15,000

Late
Glacial MIS 2

550

18084 to 13110

High degree of uncertainty due to lack of data.
This value is chosen due to modeled value from
Franke et al. (2008).

28,500 to
21,000

Glacial MIS 2

950

24710 to 18085

High degree of uncertainty due to lack of data.
This value is chosen due to apparent 950 year
offset of Fugloyarbanki tephra layer in MD95-2006
(see Figure 6.1; Davies et al., 2008; Austin et al.,
2012)

Table 6.2: Summary of 14C marine reservoir corrections used. Radiocarbon period is reservoir
corrected calendar age equivalent from IntCal09 calibration curve (Bronk Ramsey, 2009).

This approach is crude and subject to error from the marine and ice data. It does,
however, provide a value consistent with increased reservoir effect due to southerly
migration of the polar front (Bard, 1988; Bard et al., 1994), reduced North Atlantic
meridional overturning (Hughen et al., 2000) and with pre-bomb Arctic data (Bard et al.,
1994). The value is roughly half of that demonstrated in the Rosemary Bank - GISP2
comparison performed by Hall et al. (2011). There may be two explanations for this:
first, Rosemary bank is situated further north and could be subject to more polar
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conditions. Second, as an ice-core comparison the Hall et al. (2011) study may overestimate the age difference. Due to the Barra Fan location the Fugloyarbanki derived
correction is used.
On the basis of the present understanding of the Glacial to Holocene

14C

marine

reservoir effect, and of the presence of the Fugloyarbanki tephra layer in MD95-2006,
this thesis uses different corrections for distinct time periods. Table 6.2 outlines the
marine reservoir corrections used.
Uncertainty regarding the reliability of reservoir corrections increases with age,
especially for periods that pre-date the Younger Dryas.

Figure 6.2: Location of core samples that are used to provide a regional chronology in relation
to slide scarp slope, probable ice stream locations (dashed black arrows), major thermohaline
current circulation (thick solid black arrows) and inferred local variation in slope parallel currents
(thin solid black arrows). HTS: Hebrides Terrace seamount, BF: Barra Fan, NSD: North Stanton
Deep, CSD: Central Stanton Deep, SSD: South Stanton Deep, MD: Malin Deep.
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6.3.2. Regional stratigraphic framework and chronologies
Core sample

Depth
(m)

Material

Age
(Uncorrected
14C BP)

Reservoir
correction

Age (calendar
years BP - IntCal09)

56/-10/239

0.170

N. pachyderma (s.)

11098 ± 41

700

12300 ± 214

56/-10/239

1.570

G. bulloides

12889 ± 43

500

14513 ± 413

56/-10/239

1.960

N. pachyderma (s.)

11134 ± 41

700

12323 ± 206

56/-10/239

1.970

N. pachyderma (s.)

10688 ± 44

700

11482 ± 219

56/-10/239

1.96 and 1.97 combined

10711 ± 43

700

11919 ± 160

56/-10/36

0.725

G. bulloides

10040 ± 80

400

10976 ± 230

56/-10/36

0.755

N. pachyderma (s.)

10585 ± 85

700

11438 ± 265

56/-10/36

1.245

Vedde Ash

10939

700

11953 ± 116

56/-10/36

2.780

1 Thol. 2 Ash

11293

700

12585 ± 44

56/-10/36

3.550

G. bulloides

12055 ± 100

500

13445 ± 230

56/-10/36

4.315

G. bulloides

13020 ± 115

500

14643 ± 492

MD95-2006

0.500

G. bulloides

2799 ± 44

450

2434 ± 249

MD95-2006

1.645

G. bulloides

10270 ± 44

400

11298 ± 92

MD95-2006

2.600

1 Thol 2 Ash

11293

700

12585 ± 44

MD95-2006

3.230

G. bulloides

11960 ± 120

500

13356 ± 248

MD95-2006

7.600

N. pachyderma (s.)

15260 ± 140

550

17999 ± 514

MD95-2006

11.755

N. pachyderma (s.)

17390 ± 190

550

19951 ± 466

MD95-2006

13.200

N. pachyderma (s.)

18060 ± 130

550

20866 ± 464

MD95-2006

14.110

N. pachyderma (s.)

18680 ±130

950

21018 ± 474

MD95-2006

15.915

N. pachyderma (s.)

20390 ± 150

950

23138 ± 533

MD95-2006

19.145

N. pachyderma (s.)

22720 ± 130

950

26216 ± 519

MD95-2006

19.900

N. pachyderma (s.)

24710 ± 280

950

28642 ± 666

MD95-2006

20.105

G. bulloides

24571 ± 185

950

28402 ± 503

MD95-2006

20.205

N. pachyderma (s.)

24710 ± 280

950

28642 ± 666

Table 6.3: Calibration of radiocarbon chronology to calendar years BP. Radiocarbon dates for
core sample 56/-10/36 from Kroon et al. (1997) and MD95-2006 from Knutz et al. (2001),
Wilson and Austin (2002) and Austin et al. (2012).

Table 6.3 shows calculated calendar ages of marine reservoir corrected AMS 14C dates
from three core samples located at, or near, the Barra Fan study site (locations shown
in Figure 6.2). These are piston core MD95-2006 (with published work presented by
Kroon et al. (2000); Knutz et al. (2001; 2002); Wilson and Austin (2002); and Austin et
al. (2012)), vibrocore 56/-10/36 (analysed by Kroon et al. (1997; 2000) and gravity core
56/-10/239 (analysed in chapter five of this thesis).
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6.3.2.1. MD95-2006
Interpretation of piston core MD95-2006, and tied seismic interpretation, by Knutz et al.
(2002) is extremely useful to this thesis and assists in producing a more accurate
chronological framework.

Figure 6.3: Linking Interpretation from Knutz et al. (2002) to this study. A. Overview of data
shown in Figure 6.4. B. Explanation of instrument layback.

It was not possible to incorporate the towed boomer record into the sub-surface
interpretation presented in chapter four of this this thesis as the boomer layback from
vessel (as outlined in Figure 6.3.B) varies by up to 600 m. However, via comparison to
the associated pinger line it is possible to tie the interpretation from Knutz et al. (2002)
into the interpretation presented in this thesis (see Figure 6.4).
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Figure 6.4: Linking Knutz et al.ʼs (2002) interpretation of MD95-2006 and BGS seismic data to
work completed in this thesis. A. Towed boomer line 1992 2-9, with MD95-2006. B. Pinger line
1992 2-9 with crossing of BGS 1985 6-2. A.1 shows MD95-2006 interpretation linked to boomer
record. B.1 shows detail of intersection of 1992 2-9 and 1985 6-2.

The locations of profiles A and B shown in Figure 6.4 are marked in Figure 6.3.A.
Figure 6.4.A shows the location of MD95-2006 in relation to deep towed boomer record
1992 2-9. Interpretation of the upper section of the core is shown alongside the boomer
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record in Figure 6.4.A.1. As is clear from the figure, the core is located prior to the start
of navigation fixes. Also, from measuring the distance between distinctive seabed
features imaged on the pinger and towed boomer record (using the same navigation
for each) it is clear that the boomer layback varies between approximately 2100 m and
1500 m. It was, therefore, not possible to incorporate this data into the sub-bottom
interpretation presented in chapter four.
However, from comparison with the pinger line (Figure 6.4.B) associated with the deep
towed boomer, the interpretation from Knutz et al. (2002) may be linked to the subbottom interpretation performed in this thesis at the crossing location of 1985 6-2
(details of the intersection are shown in Figure 6.4.B.1). From this figure it is clear that
Knutz et al.ʼs (2002) upper contourite unit and seismic unit I-A are equivalent to
acoustic facies I and IIa interpreted in this thesis.
As shown in Figure 6.2 piston core MD95-2006 is located on the lower slopes of the
Barra Fan. Containing a sediment sequence that spans 60 ka (Wilson and Austin,
2002) the core is a valuable archive of the Barra Fanʼs oceanographic,
sedimentological and glacial history.
The chronology established for this core (Knutz et al., 2001, 2002; Wilson and Austin,
2002; Austin et al., 2012) may, therefore, be used to constrain the ages of acoustic
facies Ia and IIa interpreted in this thesis. A detailed chronology of MD95-2006 is
presented in Figure 6.5.
Of immediate use to this PhD project is the correlation of the coreʼs lithological units to
deep-towed boomer records by Knutz et al. (2002) and shown in Figure 6.4. Work on
the core by Knutz et al. (2002) and Wilson and Austin (2002) constrains the age of the
Peach 3 event to between 21.02 and 20.87 ka cal BP and the development of
contourite sediments to after 11.3 ka cal BP.
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Figure 6.5: Radiocarbon chronology, lithology and tied acoustic interpretation for piston core
MD95-2006. Uncorrected 14C dates from Knutz et al. (2001) and Austin et al. (2012); lithology
and acoustic interpretation from Knutz et al. (2002).
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6.3.2.2. BGS 56/-10/36
Acquired on 25/11/1985, the location of vibrocore 56/-10/36 was fixed using the Decca
radio beacon system at 05:52 AM (during night conditions). Situated 100 km west of
Barra, the system could have been subject to a nautical mile of error.

Figure 6.6: Location and acoustic facies of vibrocore 56/-10/36. A. Location map showing
profiles and core. B. Pinger line 1985 6-16. C. Pinger line 1985 6-22.
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As shown in Figure 6.6.A this core is located within the area bounded by the prominent
landslide scarp. During early stages of this PhD project (see Owen et al., 2010) it was
thought that this core provided a minimum age for the emplacement of Peach 4.
However, on analysing the data more closely it seems that the core does not match the
nearby seismic data (shown in Figure 6.6). This could be due to the distance between
the core position and seismic lines (200 m and 600 m) or navigational inaccuracies
associated with Decca system, which could be up to 1 nautical mile as the nearest
Decca station was 100 km distant, on Barra (BODC, 2011).
It seems more likely that the core samples sediments that have undergone more
limited movement, perhaps equivalent to the lateral spreading observed at Storegga
(Kvalstad et al., 2005) and Trænadjupet (Laberg and Vorren, 2000), or more gradual
down-slope creep. These different failure morphologies are discussed in section 6.4.
On this basis it seems that the core does not constrain the age of Peach 4.

Figure 6.7: Radiocarbon chronology and lithology from vibrocore 56/-10/36 (Kroon et al., 1997).

This core has been used to constrain the timing of the Bølling-Allerød from 14.6 ka cal
BP, Younger Dryas from 13.5 ka cal BP and the Holocene from 10.9 ka cal BP (Kroon
et al. (2000) AMS 14C dates and interpretation, calibrated in Table 6.3 of this thesis).
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6.3.2.3. BGS 56/-10/239
The location of this core sample, in relation to bathymetry and seabed interpretation, is
shown in Figure 6.8. Chapter five of this thesis presents a detailed analysis of this core
sample.

Figure 6.8: Location of BGS 56/-10/239. A. Bathymetry and shaded relief. B. Interpretation of
mass movement features, as shown in chapter four.
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The key findings with regards to morphology and timing of sedimentation on the
northwest British continental margin are:
i. The presence of mass movement deposits, consisting of glacial age material (on the
basis of full glacial foraminiferal δ18O values) below 2.0 m and deposited prior to
11.9 ka cal BP.
ii. An age reversal observed at 1.57 m within the core, demonstrating an additional
mass movement emplacement.

Figure 6.9: Radiocarbon chronology and lithology from gravity core BGS 56/-10/239.

This core sample is not crossed by a sub-bottom survey line, however, it is situated
downslope from a major landslide scarp slope and an interpreted debris flow (see
Figure 4.30 and Figure 6.8). The discontinuity between units III and IV (see Figure 6.9)
demonstrates the impossible task of distinguishing between contourite and turbidite
sediments on the acoustic record without ground truthing.
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6.3.3. Age of interpreted acoustic facies
From the chronologies presented in this section it is possible to provide estimates for
the ages of draping acoustic facies interpreted in chapter four.
6.3.3.1. Acoustic facies I
As outlined in chapter four, this unit is interpreted as contouritic sedimentation and
where present it represents the uppermost unit in the sedimentary column (except
when overlain by mass movement facies). The unit may contain sediments from a
variety of sources. Deposition of the unit is governed by the intensity of slope parallel
currents, which operate in a cyclonic gyre within the Rockall Trough (see chapter
three).
It is generally accepted that, following the deglaciation, increased vigour of North
Atlantic meridional overturning lead to increased intensity of slope parallel currents in
the region (Armishaw, 1999; Knutz et al., 2002; Øvrebø et al., 2006). In combination
with reduced ice sheet proximity, the change in oceanographic regime lead to a shift
from glaciogenic to contouritic sedimentation.
Water column heterogeneity may lead to some variation in the overall pattern. For
example, intermediate water masses may have been vigorous during glacial conditions
(McCave et al., 1995) and deeper water masses more sluggish (McManus et al., 2004;
Lynch-Stieglitz et al., 2007; Thornalley et al., 2010).
However, on the whole, enhanced contourite sedimentation is associated with the
transition into inter-glacial conditions and this is supported by sediment cores from the
region. Hibbert et al. (2010) identify a light coloured unit with high CaCO3
concentrations in the top 2.8 m of core sample MD04-2822 at 2344 m water depth on
the distal Barra Fan. The base of the unit is not dated, though it rests between 10.4 and
13.9 ka cal BP (Hibbert et al., 2010). At 2130 m water depth, Knutz et al. (2002) identify
a silty, muddy contourite in the upper 1.5 m of core sample MD95-2006 (Figure 6.5);
the base of which is dated at 11.3 ka cal BP (Wilson and Austin, 2002). Closer to the
shelf edge, at 1320 m water depth, Kroon et al. (2000) date the base of a thin
contourite unit in core sample 56/-10/36 at 11.4 ka cal BP (Figure 6.7).
The age reversal identified in core sample 56/-10/239 demonstrates that some
instances of downslope mass movement are likely to be present in the interpreted
contourite facies. This does not affect the interpreted base of unit age, however, such
units may affect thickness.
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The evidence cited above indicates an age of approximately 11.4 ka cal BP for the
onset of post-glacial contourite deposition on the Barra Fan and, hence, for the base of
acoustic facies I.
6.3.3.2. Acoustic facies II
This unit is interpreted as hemipelagic, though consisting of mixed glaciogenic,
contouritic, hemipelagic sediments (see chapter four). The unit drapes underlying
debris flows and is probably equivalent to the Gwaelo sequence interpreted by Stoker
et al. (1993). The lowermost part of FIIa is often characterised by high amplitude
reflectors, perhaps reflecting the increased glaciogenic influence identified by Knutz et
al. (2002).
From comparison with deep-towed boomer data presented by Knutz et al. (2002) it
seems likely that FIIa is equivalent to seismic unit I-A (see Figure 6.3). This unit rests
above material dated at 19.95 ka cal BP (Wilson and Austin (2002) AMS
converted to calendar years in this thesis) and the lowermost AMS

14C

14C

date

date in this unit

yields a calendar age of 18 ka cal BP.
Using the argument that FIIa is equivalent to Knutz et al.ʼs (2002) seismic unit I-A and
the Gwaelo sequence interpreted by Stoker et al. (1993), it can be dated as younger
than 19.95 ka cal BP. Therefore, the unit consists of sediments deposited during the
deglacial transition (including intervals of ice advance and retreat, as outlined in
chapter three) prior to deposition of contourite sediments during the Pre-Boreal and
Holocene.
6.3.3.3. Mass movement facies
The age of these facies (FIV and FV) may be determined based on their stratigraphic
position relative to draping facies. As shown in Figure 6.10, the mass movement facies
interpreted in chapter four are associated with a number of different seismostratigraphic positions.
The oldest of those visible occur prior to the deposition of FIIa, which drapes the mass
movement deposits. Debris flow facies are rarely observed within the stratified FIIa
unit, though areas of higher amplitude reflection may indicate some coarser grained
turbidite deposition. Extensive debris flows are observed immediately above FIIa, some
of which are capped by FI. Other instances of mass movement facies are observed on
the seabed (see Figure 4.25 and Figure 4.33.A).
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Figure 6.10: Stratigraphic position of debris flow facies. A. Exposed on seabed, B. Below
contourite, C. Below hemipelagite. Location shown on map inset.
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Caution must be used when bracketing the age of mass movement deposits via the
adjacent hemipelagic or contouritic units. Hiatuses in the sedimentary column are
possible and Knutz et al. (2002) note erosion of seabed sediments by bottom currents.
The predominance of sandy contourite facies in recent sediments on the Barra Fan
(Armishaw, 1999; Armishaw et al., 2000) and measured current velocities of 29 cm s-1
at 2500 m water depth within the Rockall Trough (Dickson and McCave, 1986) indicate
the potential for erosion. Therefore, the presence of a mass movement unit on the
seabed does not necessarily indicate recent emplacement. However, presence below a
unit does signify emplacement prior to that of the overlying unit.
From the pinger data analysed in chapter four, the dating of foraminifera overlying a
debris flow in chapter five and analysis of other local chronologies this thesis identifies
two periods of mass movement on the Barra Fan (see Figure 6.11 for a stratigraphic
overview).
The earliest pre-dates the deposition of FIIa and may be estimated to have been
emplaced between 21 and 20 ka cal BP. This period includes the Peach 3 event, dated
between 21.02 and 20.87 ka cal BP based on ground truthing of acoustic interpretation
and AMS

14C

dates from Knutz et al. (2002) and Wilson and Austin (2002). This period

corresponds to full-glacial conditions and may occur during a period of partial BIS
retreat following Heinrich event 2.
Due to the effects of current scour, which may result in the scarcity of FI in the south of
the study area, this thesis makes no significant distinction between mass movement
facies observed on the seabed and those which underlie contourites.
The second period of mass movement identified is at the termination, or during the final
stages, of deposition of FIIa; prior to the development of contouritic sediments during
the Pre-Boreal and Holocene. Dating of planktonic foraminifera in gravity core
56/-10/239, above debris flow deposits in chapter five of this thesis, yields an age of
circa 11.9 ka cal BP. This pre-dates the age of the base of contourite units in nearby
cores (see section 6.2.3.1) by approximately 500 years, though the similarity of these
ages provides greater certainty to the age estimate.
A calendar age between 12 and 11 ka cal BP places the most recent stage of
significant slope failure on the Barra Fan towards the end of the Younger Dryas stadial.
The main sediment failures observed on the central Barra Fan are buried below a thick,
undisturbed, hemipelagic unit and occurred shortly after the maximum advance of the
BIS (Scourse et al., 2009). Figure 6.11 provides an overview of the basis for this
chronology.
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Figure 6.11: Chronology of units within the study site. See Table 6.3 for details of calendar age calculations and text for discussion of acoustic facies age.

6.4. Margin morphology
As outlined in chapter four, between 56° N and 57° N, the northwest British continental
margin is characterised by: areas of steep gullies; the large Peach landslide scar; and
the gently angled, smooth, Barra Fan. Previous studies have emphasised the
importance of across- and down-slope mechanisms in shaping the margin (Howe,
1996; Holmes et al., 1998; Armishaw, 1999; Armishaw et al., 2000; Knutz et al., 2002).
This thesis now examines these processes, resultant seabed (and sub-seabed)
features and considers how they may interact.
6.4.1. Slope parallel current features
Chapter three provided an overview of contemporary and glacial circulation within the
Rockall Trough and on the Barra Fan. The key point to note, with regards to seabedcurrent interaction, is the operation of a cyclonic gyre with different water masses
present throughout the water column (see Figures 3.4 and 3.5). Current velocity may
range from 25 cm s-1 at base of slope to 37 cm s-1 at the shelf break (Dickson and
McCave, 1986), though velocity will either accelerate or decelerate due to focusing or
turbulence shedding as a consequence of terrain (Øvrebø et al., 2006).
It has been demonstrated that current velocities of 25 cm s-1 are sufficient to resuspend
fine silts (Stabholz et al., 2013). Changes in velocity will have a major impact on
whether the current acts to erode or deposit sediments, both in absolute and relative
(i.e. particle size dependence) terms.
Figure 6.12 provides an example of current reworked sediments from approximately
500 m water depth on the upper Barra Fan. As chapter three demonstrates, in the
contemporary circulation, sediments at such depths are bathed by East North Atlantic
Water (see Figure 3.5), which circulates at velocities in excess of 30 cm s-1 (Dickson
and McCave, 1986; New and Smythe-Wright, 2001). Work by Armishaw (1999) and
Knutz et al. (2002) demonstrates the presence of current related bedforms and the
pinger data examples shown in Figures 6.12 and 6.13 support this. Key features in
Figure 6.12 are the truncated reflectors on southern aspects of bathymetric highs and
the development of drifts in the lee. Sharp crested ridges are visible between fixes 8
and 10, possibly indicating active dunes. Figure 6.13 shows a further example of
current erosion on ridge crests and development of drift deposits within troughs. This
latter example demonstrates a disagreement between this thesis and the work of
Armishaw (1999) who interprets these upper sediments as debris flow and turbidite
units.
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Figure 6.12: Example of current scour and deposition from Pinger line BGS 1985 6-23. Note
that the prevailing current flows south to north. Surface sediments, which may have undergone
some downslope transport, have been reworked by the north flowing current.

This thesis presents an alternate interpretation for two reasons. First, the large
numbers of sediment cores taken from the area have not identified debris flows in the
uppermost sediments (see for example Armishaw et al., 2000). Second, the
morphology of the unit is consistent with current deposition and scour.
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The current direction and velocity is consistent with the erosion of the upper unit (an
indication of current controlled sedimentation (Faugères and Stow, 1993)) on southern
aspects and aggradation on north facing aspects visible in Figures 6.12 and 6.13 (and
the interpreted section in Figure 4.28). Debris flows and turbidites would be expected
to form ponded deposits, whereas the characteristics displayed in Figure 6.13 are
progradational, displaying a morphology similar to the confined drifts characterised by
Faugères et al. (1999). This thesis does interpret debris flows below these upper units.
During glacial periods the circulation is anticipated to be more sluggish (Bond et al.,
1993; McManus et al., 2004; Thornalley et al., 2010). However, slope parallel currents
were still significant, with vigorous intermediate currents noted by McCave et al. (1995).
As such it may be anticipated that the role of such currents is subtly different during
glacials.
If velocity is reduced currents may be expected to be less erosive, but they will still
perform an important sediment transport role. The major sediment source of the Barra
Fan during glacial periods was the Barra Fan ice stream (Scourse et al., 2009), which
eroded the deeps visible on the Hebrides Shelf (see Figure 6.2). From these features it
appears that the major input of ice would have been toward the southern sector
(Donegal) of the Barra Fan. As noted by Hesse et al. (2004), and discussed in chapter
two, fine grained sediments may loft off meltwater plumes and disperse in the water
column. In a location with a northward flowing slope current, such as the Barra Fan, it
would be anticipated that the finer sediments would be deposited further north than
coarser grained material.
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Figure 6.13: Upper landslide scar showing slumped sediments with contourite drift formation.
Approximately 17 times vertical exaggeration.
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6.4.1.1. Influence of the Peach slide scar on current velocity and sediment deposition
Erosion of surficial sediments within the Peach slide area was noted by Knutz et al.
(2002) and this thesis has documented thick contourite units. These contrasting
observations may be explained by two reasons. First, the erosion noted by Knutz et al.
(2002) occurs at approximately 2000 m water depth, compared to sediment
accumulation documented in this thesis at nearer 1000 m water depth (see chapter
four). As shown by the review of ocean circulation in chapter three, these depths are
bathed by different water masses, which may well have different velocities. The second
reason is that velocity will vary locally due to eddies and turbulent flow.
Bottom current flow is governed by the principles of fluid dynamics. Interaction with
bathymetric features and other water masses will lead to turbulence and eddies (see
Alendal et al., 2005 for overview of turbulence within the Storegga slide scar). As
considered by Bradshaw (1971), ʻturbulence can be thought of as a tangle of vortex
lines or partly rolled vortex sheets, stretched in a preferred direction by the mean flowʼ.
Eddies are produced by vorticity and drag on the flow margins and may result in
significant variation in flow velocity.
Øvrebø et al. (2006) explain increased rates of deposition on the Porcupine slope by
reference to turbulence shedding, caused by bathymetric depressions, leading to
reduced current velocity. Conversely, Howe (1995) suggests that, when traversing
steep slopes, reduced bottom drag may increase current velocity. As such, it is
anticipated that the complex morphology of the Peach slide will exert an equally
complex influence on bottom current flow.
It is expected that the Peach slide scar will act to channel flow, causing acceleration on
steeper slopes, and eddies where the flow interacts with the margins causing
deceleration. In eddy locations finer grained sediments may be deposited. Thicker
deposits are also anticipated to form in the lee of slide margins, sheltered from the
main across slope current. Indeed, these locations may preferentially accumulate finer
sediments transported from the main area of sediment input to the south.
Recent work from the Plata del Mar Canyon, on the Argentine Basin margin, provides
further support to this hypothesis. This canyon is in a similar oceanographic setting to
the Peach slide, with a northward flowing across slope current strongly influencing
sedimentation (Preu et al., 2013; Voigt et al., 2013). Voigt et al. (2013) argue that the
large increase in sedimentation rates to the north of the canyon is due to reduced
current velocity and, therefore, carrying capacity of Antarctic Intermediate water due to
lower velocity: a consequence of hydrodynamic interaction with the canyon.
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During glacial periods this may be particularly significant at water depths of 1000 m to
2000 m due to the vigorous intermediate water regime (McCave et al., 1995). Figure
4.31 shows the observed increased contourite thickness within the Peach slide scar,
compared to the south facing aspects of the Barra Fan: evidence that supports
preferential deposition within the slide scar.
6.4.2. Mass movement features
Geophysical interpretation in chapter four of this thesis has allowed the identification of
a number of different features that are indicative of downslope mass movement. The
large volume and high quality of work conducted on the Norwegian margin, in particular
the Storegga (Haflidason et al., 2004; Bryn et al., 2005a; Haflidason et al., 2005;
Kvalstad et al., 2005) and Trænadjupet (Laberg and Vorren, 2000; Laberg et al.,
2002a; Laberg et al., 2002b) slides, provides a useful comparison. However, proximity
to oil and gas developments provided vastly increased resources and data quality for
the Norwegian studies; as such data is not always directly comparable.
Consideration was also given to mass movement events on the northeast US
continental margin (Hornbach et al., 2007; Chaytor et al., 2009; Locat et al., 2009;
Twichell et al., 2009). However, with the exception of Nova Scotia (Jenner et al., 2007),
ice sheets did not reach the shelf edge on this margin (Twichell et al., 2009). On the
northeast American margin, the bulk of submarine mass movements occur in zones
where rivers transported glacial sediments to shelf-edge deltas (McMaster and Ashraf,
1973), or in zones of little or no glacial influence (Chaytor et al., 2009; Lee, 2009;
Twichell et al., 2009). Therefore, comparison with the Norwegian events, associated
with shelf-edge ice, trough mouth fans (Dahlgren et al., 2005) and along slope currents
(Bryn et al., 2005b) seems more appropriate.
6.4.2.1. Features identified
A range of morphologies are associated with submarine mass movements, the
processes that initiate them and their downslope evolution (Coleman and Prior, 1988;
Hampton et al., 1996; Canals et al., 2004). Several of these are interpreted to occur on
the northwest British continental margin and Barra Fan.
Shallow faults are interpreted throughout the study area (see further discussion of
faults in section 6.4.3) though obvious vertical displacement is not common. In part this
may be due to data resolution issues (outlined in section 4.4), however, it may also
reflect the presence of tension fractures and lateral spreading as documented at
Storegga (Haflidason et al., 2004; Bryn et al., 2005a) and Trænadjupet (Laberg and
Vorren, 2000). The area of slumped sediments, a pinger data example of which is
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shown between fixes 33 to 35 in Figure 6.13, situated between two different scarp
slopes may reflect a similar morphology to the Storneset region of the Storegga slide
(Kvalstad et al., 2005).
Intact blocks are also visible. Some, such as those shown in Figure 6.14, have
undergone limited downslope movement and may indicate extensional faulting
following the removal of the toe of the slope, in a mechanism similar to that proposed
for retrogressive sliding at Storegga (Kvalstad et al., 2005). The undulating, slopeparallel gradient variation visible within the landslide scar and presented in Figures 4.11
and 6.14.D appear to be related to this mechanism.
Other blocks appear to have been transported as rafts within a debris flow matrix and
have potentially travelled tens of kilometres (see Figure 6.15) in a mechanism similar to
that observed at Trænadjupet (Laberg and Vorren, 2000), Storegga (Haflidason et al.,
2004) and the Brunei slide (Gee et al., 2007).
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Figure 6.14: Example of extensional faulting at the slideʼs northern margin. A. Pinger data
example. B. Interpreted sub-surface geology. C. Bathymetry. D. Gradient as calculated from
bathymetry.
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Debris flows are widespread throughout the study area, an attempt is made to
distinguish between high and low viscosity cohesive debris flows using the
methodology outlined by Tripsanas et al. (2007). The results (presented individually in
Appendix D) demonstrate a dominance of high viscosity flows. However, low viscosity
flows are observed in shallow sediments on the Barra Fan. Possibly reflecting failure of
unconsolidated clays with high water content.

Figure 6.15: Middle slope landslide scar, showing blocky debris overlain by a thin contourite
unit. Approximately 18 times vertical exaggeration.
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Hyperbolic acoustic returns, exposed on the seabed and buried within debris flows,
suggest the presence of blocky debris. This supports a mechanism of break-up of
larger blocks, creating a blocky debris flow of the type observed on the Norwegian
(Laberg and Vorren, 2000; Haflidason et al., 2004) and Nova Scotian (Jenner et al.,
2007; Tripsanas et al., 2007) margins.
6.4.2.2. Variation within landslide scar morphology
Holmes et al. (1998) identify four separate phases of sediment failure associated with
the Peach slide since the mid-Pleistocene. The data presented in this thesis shows a
clear distinction between Peach 3 and Peach 4, although data coverage of the events
is not complete. It is clear that the landslide scar morphology, visible in the geophysical
data analysed in chapter four, reflects multiple slope failures.
Truncated reflectors in the prominent landslide scar visible in Figure 6.13 are draped by
the hemipelagic FIIa, implying failure prior to 20 ka cal BP. Faulting and loss of internal
stratification suggest that hemipelagic sediments downslope from the older scar have
also undergone some form of failure (as discussed in section 6.4.2.1). Additionally,
within the landslide scar, numerous debris flows and blocky debris occur at or near the
seabed and are believed to have been emplaced between 12 and 11 ka cal BP.
Comparison of the across-slope sections through the area of slope failure shown in
Figures 6.13 and 6.15 demonstrates that the furthest downslope section (Figure 6.15 at
approximately 1900 m water depth) lacks the in situ deformed blocks but appears to
show rafted blocks within a debris flow matrix. Any overlying contourite unit is thin and
probably relates to Pre-Boreal and Holocene deposition.
The inference from these data is that following excavation of the landslide scar by the
Peach 3 event between 20 and 21 ka cal BP, subsequent deglacial sedimentation
draped the slide scar (as evidenced by draping of truncated reflectors in Figure 6.13).
This deglacial sediment failed, via a retrogressive mechanism which left partially failed
blocks in situ towards the head of the scar, between 12 and 11 ka cal BP.
6.4.3. Fluid release and fault structures
As discussed in chapter four, fluid is commonly observed within the hemipelagic
sediments that drape the Barra Fan (see Figure 4.27). Fluid is also observed within
slumped hemipelagic sediments and may be associated with faulting.
In the unfailed sediments of the Barra Fan two separate mechanisms of fluid release
may occur. The most common seems to occur as a result of sediment compaction via
deposition, as has been noted further north on the northwest British continental margin
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(Selby, 1989; Strachan and Evans, 1991; Baltzer et al., 1998). As outlined in section
2.2, loading of a saturated soil results in increased pore fluid pressure and subsequent
expulsion of fluid and compaction of sediments. In such cases faults may act as
conduits for fluid migration (Gay et al., 2007; Paull et al., 2008), with seepage force
potentially eroding sediments (Orange and Breen, 1992).
Fault development may be gravity driven (see Yang and Davies, 2013) and facilitated
via development of excess pore pressure beneath the layer that is subject to
downslope creep. Though polygonal faults may develop via de-watering and have been
observed in the Faeroe-Shetland channel (Bulat and Long, 2001). The example shown
in Figure 4.24 appears to demonstrate some of the characteristics of polygonal faulting
(Bulat and Long, 2001; Gay and Berndt, 2007). However, bathymetric data does not
allow detailed examination of the seabed morphology and the faults could simply be
focusing the fluid flow (Gay et al., 2007).
6.5. Late-Pleistocene sedimentation processes on the Barra Fan
6.5.1. Proposed failure mechanism
This thesis now considers the evidence from the Barra Fan and analysis from other
regions to propose a possible failure mechanism. Lack of data make comparisons
difficult and further research is required to verify the processes that initiated sediment
failure in the Peach slide (see chapter seven for proposed future research).
As discussed in section 6.4.2, the setting and morphology of the Barra Fan, and the
Peach slide, is more similar to the Norwegian margin than to the northeast American
margin. This similarity results from the presence of shelf-edge ice (Laberg and Vorren,
2000; Dahlgren and Vorren, 2003; Bryn et al., 2005a), trough mouth fans (and the
location of submarine mass movement in relation to the fans; Dahlgren et al., 2005)
and a northward flowing across-slope current (Dahlgren and Vorren, 2003; Bryn et al.,
2005b). The tectonic setting on the northwest European rifted margin is also similar
(see chapter three; Praeg et al., 2005; Anell et al., 2009).
Before discussing the failure mechanism of the Peach slide, this thesis summarises the
processes that have been proposed for Trænadjupet and Storegga. Trænadjupet is
located on the mid-Norwegian continental margin at approximately 68° N, on the slope,
at the termination of a glacially eroded trough (Laberg and Vorren, 2000; Laberg et al.,
2002a; Laberg et al., 2002b). On the basis of seismic and sidescan sonar data, it is
argued that failure of blocks occurred on planes of weakness, caused by interglacial
sediments (inferred, by analogy to Holocene sediments, to have high water content)
being compacted by rapidly deposited, low permeability glacial sediments producing
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excess pore pressure (Laberg and Vorren, 2000; Laberg et al., 2002b). The recent
large failure has been dated at 4 ka cal BP (see Laberg et al., 2002b; details in section
2.5.1.3 of this thesis), well after the retreat of shelf-edge ice. Interestingly, when
comparing to the Peach slide, this failure was preceded by an event that occurred near
to the LGM (Laberg et al., 2002b). Also, seismic evidence demonstrates that the
Trænadjupet slide scar is accumulating contourite deposits during the Holocene
(Laberg et al., 2002a).
Storegga has been subject to huge volumes of research due to its location in a large
gas field (see Bryn et al., 2005a; Solheim et al., 2005 for overview of journal special
issues). As outlined in section 2.5.1.4 of this thesis the slide is located at the north of
the North Sea Fan and is dated to approximately 8.1 ka cal BP (Bondevik et al., 1997;
Haflidason et al., 2005). As with Trænadjupet, emphasis is placed on the cyclicity of
sedimentation between glacial and interglacial periods (Berg et al., 2005). However,
the key difference proposed for Storegga is the role of lateral pressure transfer. During
the Weichselian the Storegga region is calculated to have received 100 m of new
sediment, compared to the North Sea Fanʼs 500 m (Berg et al., 2005). It is proposed
that this differential loading created high excess pore pressure in the Kai and Brygge
Formations, which transferred laterally into the toe region of the Storegga slide due to
the impermeability of the overlying sediments (Kvalstad et al., 2005). Since the failure
up to 25 m of sediment has been deposited in the scar (Berg et al., 2005), this is
argued to be the result of contourite deposition due to reduced current velocity
(Solheim et al., 2005).
The setting of the Barra Fan and Peach slide (see chapter three) is markedly similar to
the Trænadjupet and Storegga locations on the Norwegian margins. The most recent
event is post-glacial and is preceded by a glacial failure, as at Trænadjupet (Laberg et
al., 2002b). Features identified within the Peach slide in this thesis bear similarities to
those observed within the Storegga and Trænadjupet slides. Outlined in section 6.4.2,
the mass movement features documented (rafted blocks, faults with little vertical
displacement, extensional faulting) appear to support the movement of material along
bedding planes. Evidence of fluid release, presented in Figure 4.27 and discussed in
section 6.4.3, provides a mechanism to produce excess pore pressure below low
permeability glacial sediments. Chapter four of this thesis documented preferential
accumulation of sediments (interpreted as muddy contourites) within the upper Peach
slide scar, in a mechanism similar to that proposed at Trænadjupet (Laberg et al.,
2002a) and Storegga (Bryn et al., 2005b; Solheim et al., 2005).
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As with the Norwegian slides (Laberg et al., 2002b; Haflidason et al., 2004; Berg et al.,
2005; Bryn et al., 2005a; Bryn et al., 2005b; Solheim et al., 2005) this thesis suggests
that a key factor in slope failure on the northwest British continental margin is the
interaction between sediments deposited via slope-parallel currents and those
deposited via glaciogenic processes. Located to the north of the Barra Fan, away from
the area of main sediment input in the south (see chapter three), it is possible that
some lateral transfer of excess pore pressure (as proposed at Storegga by Kvalstad et
al., 2005) may occur. However, this is a subject for further research as there is no
supporting evidence at present.
There is evidence of a vigorous northward flowing across slope current (see Figure
6.12, Figure 6.13; and discussion of oceanographic setting in chapter three), which
appears to facilitate the deposition of sediments between 800 m and 1600 m below sea
level within the Peach slide scar (see Figure 4.31). Larger lithic particles are deposited
preferentially due to their greater mass and settling velocity (Goossens, 2008). Owing
to the distance north of the main area of sediment input to the fan (see chapters three
and four) it is argued that the Peach slide will preferentially accumulate finer
sediments, deposited as the across-slope current reduces velocity to due bathymetric
interaction (in a mechanism similar to that proposed by Solheim et al. (2005) at
Storegga and by Voigt et al. (2013) for the Plata del Mar canyon). This should magnify
the glacial to inter-glacial sedimentation cyclicity, as clays would be expected to
dominate during glacial periods (deposited from iceberg rainout or turbidity currents via
across-slope current transport) and silts during interglacial (resuspended and
transported from the central Barra Fan via the action of the vigorous across-slope
current). As such, the Peach slide region should be extremely efficient at producing
excess pore pressure.
This excess pore pressure produced by compression of porous, contourite units by
rapidly deposited, low-permeability glaciogenic sediments would lead to reduced shear
strength and increased water content below the low-permeability unit. Strachan and
Evans (1991) and Baltzer et al. (1998) document liquefaction failures on the northwest
British continental margin, such failures may occur via excess pore pressure (and by
inference water content) pushing clays beyond their plastic or liquid limit (see section
2.2). This would result in a weakened sedimentary column that could fail due to
sedimentary loading or because of seismic shaking from a relatively low magnitude
earthquake.
Further research (sedimentological and geophysical) is required to verify this
mechanism and chapter seven presents ideas for future work.
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6.5.2. A chronology of sedimentation and failure
Shown by palaeoceanographic studies, during interglacial periods an active bottom
current regime favours the development of contourite units on the Barra Fan
(Armishaw, 1999; Armishaw et al., 2000; Knutz et al., 2001; Knutz et al., 2002). These
sediments have a high porosity and water content (see section 2.2.1). During the
transition to glacial conditions the Barra Fanʼs current regime becomes less vigorous
and there is a greater input of terrigenous sediments via glaciogenic sedimentation
(Knutz et al., 2002; Lynch-Stieglitz et al., 2007). Rich in clays, these sediments tend to
have lower permeability than the underlying contourite units.
Suggested for both Trænadjupet (Laberg et al., 2002a) and Storegga (Haflidason et al.,
2004; Bryn et al., 2005a; Solheim et al., 2005), it seems that the Peach slide scar also
accumulates contourite deposits. Indeed the scar seems to act as a sediment trap, with
the steep seabed morphology causing turbulence shedding and reduced current
velocity (Øvrebø et al., 2006; Voigt et al., 2013). As discussed in section 6.5.1, during
interglacial periods this will lead to accumulation of silts and during glacial periods a
preferential deposition of clays. Consequentially, the process of excess pore pressure
development between inter-glacial and glacial sediments will be amplified.
Outlined in section 3.3, the BIS is thought to have reached the shelf edge between 30
and 25 ka cal BP (Bradwell et al., 2008) and its first stable onshore position in
northwest Scotland has been dated between 15.5 and 17.9 ka cal BP (Everest et al.,
2006). Between these periods the Barra Fan was subject to rapid rates of sediment
deposition during a period of glacimarine sedimentation, with rates in excess of 1 m
ka-1 observed in piston core MD95-2006 on the distal fan (Knutz et al., 2002). As
shown by the interpretation of acoustic facies IIa (see Figure 6.12) in this thesis
sedimentation rates would have been greater nearer the shelf break.
As shown by sub-bottom interpretation tied to AMS

14C

dates (see Figure 6.4, Figure

6.11 and Knutz et al. (2002); Wilson and Austin (2002)) Peach 3 occurred circa 21 ka
cal BP, following the period of rapid glacimarine sedimentation associated with shelfedge glaciation and Heinrich event 2 (Hemming, 2004). Glacial debris flows on the
central Barra Fan also occurred during this period and may be coeval with Peach 3 (or
indeed part of the same event). Additional AMS

14C

dates presented by Wilson and

Austin (2002) demonstrate that between 23.14 and 20.87 ka cal BP sedimentation
rates in the distal Barra Fan were in excess of 1.1 m ka-1. Rapid sedimentation, of
greater magnitude nearer the ice-front, on the upper and middle fan would have a
strong destabilising influence on the continental slope. As has been argued on the
Norwegian margin, in the examples of Storegga (Bryn et al., 2005a) and Trænadjupet
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(Laberg et al., 2002b; see also section 2.4), and explained mechanically in section 2.2,
such rapid deposition of low permeability sediments would lead to development of
excess pore pressure and reduced sediment shear strength. The occurrence of Peach
3 immediately after the period of greatest sedimentation rates, combined with the
evidence of fluid expulsion documented in this thesis, supports the operation of a
mechanism similar to that on the Norwegian margin occurring on the northwest British
continental margin (see Figure 6.16).

Figure 6.16: Schematic of sedimentation driven slope failure on the Barra Fan. Refer to text for
detailed discussion and evidential support.
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Different events are expected to display slight differences, for example the role of
lateral fluid migration at Storegga (Kvalstad et al., 2005). However, the underlying role
of porosity and permeability contrast between glacial and inter-glacial periods remains;
as does the potential delay in excess pore pressure peak due to fluid dissipation rates
(Biscontin et al., 2004).
The marine record supports a return to contourite sedimentation immediately after
20.87 ka cal BP (Knutz et al., 2002), however, a return to glacimarine sedimentation
follows. Further south, on the flank of Porcupine Seabight, Peck et al. (2007) observe
the last significant BIS input at 16.8 ka cal BP, coeval with Heinrich event 1. Kroon et
al. (2000) suggest that the Bølling interstadial was fully established by 14.7 ka cal BP,
with the Younger Dryas between 13 and 11.5 ka cal BP.
The glacial transition was marked by periods of reinvigorated North Atlantic meridional
circulation (Thornalley et al., 2010), which would have been associated with increased
bottom current vigour and associated sedimentation (Armishaw, 1999; Armishaw et al.,
2000; Knutz et al., 2002), as well as colder episodes associated with glacimarine
sedimentation (Kroon et al., 2000; Knutz et al., 2001). Through the Pre-Boreal and into
the Holocene contouritic sediments dominate the Barra Fan (Armishaw, 1999;
Armishaw et al., 2000).
AMS

14C

dating of foraminifera in gravity core 56/-10/239 during this PhD project

provides a date of 11.9 ka cal BP for sediments that overlie a debris flow consisting of
glacial age material. As shown in Figure 4.33, a contourite unit (the base of which is
dated at 11.3 ka cal BP; see Figure 6.10 and Figure 6.11) appears to drape the majority
of debris flow facies in the Peach slide area. This observation, combined with the age
of foraminifera overlying the debris flow deposit in gravity core 56/-10/239, suggests
that the Peach 4 event occurred between 12 and 11 ka cal BP, during the Younger
Dryas Pre-Boreal transition.
The occurrence of some mass movement facies exposed on the seabed could indicate
an additional, more recent, failure (supported by the age reversal at 1.57 m in gravity
core 56/-10/239), however, this could also indicate the presence of current scour as
documented by Knutz et al. (2002).
Table 6.4 provides an executive summary of the Peach debrite ages. This thesis has
focused on the most recent events, Peach 4 and Peach 3. Details are also given of the
earlier phases of the Peach slide; it should be noted that these are very loosely
constrained and more geophysical and sediment core data is required to accurately
understand the eventsʼ age and inter-relations (i.e. how many events actually are
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there?). Even the more recent phases of the Peach slide are associated with a
considerable degree of uncertainty (see Figure 2.3 and Table 6.4) and as such this
thesis recommends that future research looks to improve their age constraint (see
chapter seven).
Event

Age

Basis and uncertainty

References

Peach 4

11 - 12 ka cal BP

Sediments overlying debris flow deposit in core
sample 56/-10/239 dated at 11.9 ± 0.16 ka cal
BP. Base of contourite unit, that overlies debrite,

This thesis

dated at 11.4 ka cal BP.
Core sample 56/-10/239 is subject to an age
reversal and does not represent continual
sedimentation. A hiatus could be present
between deglacial and contouritic sedimentation.
Analysis of additional core samples that overlie
and penetrate the event is needed is improve
certainty.
Peach 3

21 ka cal BP

Sediments that onlap the event dated at 20.87 ±
0.46 ka cal BP, sediments that dip below the
event are dated at 21.02 ± 0.47 ka cal BP (Knutz
et al. (2002) seismic interpretation and 14C dates;
Wilson and Austin (2002) 14C dates; calendar
year calibration performed in this thesis).

Knutz et al. (2002);
Wilson and Austin
(2002); Maslin et al.
(2004); this thesis

The primary uncertainty stems from the use of a
single core and the potential complexity of the
event. In conjunction with seismic data, core
sample MD95-2006 brackets one lobe of the
Peach 3 event; does it occur in single or multiple
stages?
Peach 2

36.5 ka cal BP

Seismic-stratigraphic correlation based on agedepth model produced by Knutz et al. (2001;
2002). Error bars are unknown, but are

Maslin et al. (2004)

potentially several thousand years.
This event is not sampled and the potential
uncertainty is high (see Figure 2.3).
Peach 1

Early to midPleistocene,
Prior to 0.44 Ma

Interpreted, from seismic data, to contain earlyPleistocene sediments and to pre-date shelfedge glaciation.

Holmes et al.
(1998)

This event is not sampled and age constraint is
extremely loose.

Table 6.4: Executive summary of Peach debrite ages, supporting evidence and associated
uncertainty.

Peach 4ʼs timing and location, within a previously excavated slide scar, coupled with its
small size in comparison to the previous debrites (Holmes et al., 1998) supports a
hypothesis of failure occurring due to excess pore pressure developing in contourite
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sediments below the final deglacial deposition (see Figure 6.11). Perhaps pushed to
instability by a final burdening from rapid sedimentation associated with the Younger
Dryas: vibrocore 56/-10/36 demonstrates that rates exceeded 2.0 m ka-1 during this
interval (Kroon et al., 1997).
Repeat slope failures within landslide scars are observed in numerous locations, for
example: the Storegga and Trænadjupet slides on the Norwegian margin (Evans et al.,
1996; Laberg et al., 2002b); the Afen slide in the Faeroe-Shetland channel (Wilson et
al., 2004); and the Peach slide on the Barra Fan (Holmes et al., 1998 and this study).
A mechanism of contourite infill, as proposed by Bryn et al. (2005a) for Storegga,
Laberg et al. (2002b) for Trænadjupet and for the Peach slide by this thesis, provides a
theoretical model for the occurrence of these repeat slope failures.
Camps et al. (2009) map the present day gas hydrate stability zone at depths crossed
by the upper slopes of the Barra Fan. During the glacial-Holocene transition this zone
would have migrated, potentially affecting sediment stability. However, at present there
is no evidence to suggest a role for gas hydrate dissociation in triggering the most
recent Peach slide.
The most recent episode of slope failure is not confined to the Peach slide. The
presence of debris flows, exposed on the seabed, on the central Barra Fan (see Figure
4.30 and Figure 4.33) may provide evidential support for a seismic trigger; as such an
event would effect a large area. As part of the northeast Atlantic rifted margin (see
chapter three), it is anticipated that late-Pleistocene seismicity on the northwest British
continental margin is governed by factors similar to those in operation on the
Norwegian margin. Here Mesozoic faults are reactivated by loading from sediment fans
and isostatic adjustment (Bungum et al., 2005; Bungum et al., 2010). It is conceivable
that an earthquake, during the deglacial transition, may have acted as a trigger to
initiate failure of sediments already weakened via development of excess pore
pressure.
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7. Summary and Conclusions
7.1. Summary of major findings
Two distinct phases of mass movement are identified on the Barra Fan during the latePleistocene. The first, which includes the Peach 3 event, between 21 and 20 ka cal BP,
shortly after the maximum advance of the BIS (Knutz et al., 2007; Scourse et al., 2009)
and Heinrich event 2 (Hemming, 2004). A second phase of mass movement is
constrained between 12 and 11 ka cal BP, via AMS

14C

dating of planktonic

foraminifera in gravity core 56/-10/239 and the onset of contouritic sedimentation
following ice-retreat, at the end of the Younger Dryas stadial. The Peach 4 event is
associated with this more recent phase of mass movement. Table 6.4 provides an
executive summary of the different Peach debrite ages and their associated
uncertainty.
A review of occurrence of submarine mass movements conducted in chapter two of
this thesis suggested that high-latitude, glaciated margins, would be most likely to
experience mass movement during deglacial periods. The reasons for this being that
the collapse of the continental ice-mass would initiate rapid sedimentation and postglacial seismicity. The northwest British continental margin case study supports this
hypothesis.
A major finding of this thesis, documented in chapter four and discussed in chapter six,
is that sediments are preferentially accumulating within the Peach slide scar. These
sediments are interpreted as muddy contourites on the basis of seabed morphology,
unit asymmetry, acoustic facies, the oceanographic setting and previous studies in the
region (see Table 4.6. for overview of evidence).
Discussed in section 6.5.1, it is proposed that during periods of ice-retreat the rapid
deposition of clay-rich, low-permeability sediments on top of contourite sediments, with
a high pore water content, led to development of excess pore pressure. This resulted in
reduced sediment shear strength, as outlined in chapter two, and increased the slopeʼs
susceptibility to failure.
It is difficult to find evidence for trigger mechanisms. However, based on the timing of
Peach 4, an earthquake associated with post-glacial seismicity is possible. Peach 3
may have been initiated by a different trigger mechanism with gas hydrate dissociation
more likely due to the lowered eustatic sea-level (Peltier and Fairbanks, 2007).
However, there is no direct evidence supporting gas-hydrate release.
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Despite a lack of data on the northwest British margin, there are similarities between
the morphologies of the Peach slide and the Holocene Norwegian slides. In particular,
Storegga (Haflidason et al., 2004; Bryn et al., 2005a; Kvalstad et al., 2005) and
Trænadjupet (Laberg and Vorren, 2000; Laberg et al., 2002b) contain similar features,
which suggests that the events may have involved similar processes. The role of
contourites being a prime example (Laberg et al., 2002a; Haflidason et al., 2004; Bryn
et al., 2005a; Bryn et al., 2005b), where landslide scars

exert a complex effect on

bottom current flow and may accumulate contourite deposits due to effect of turbulence
on current velocity (Øvrebø et al., 2006). The role of pre-existing scars as sediment
traps may be analogous to the role that mountain couloirs play in accumulating snow
and increasing the likelihood of snow avalanches (Guy and Birkeland, 2013).
Chapter one suggested that the Peach slide provided a useful analogy to mass
movement events that could be initiated by ongoing deglaciation in Greenland and
Antarctica. This observation holds true. Combined with observed gas hydrate
dissociation on the Svalbard margin (Westbrook et al., 2009) and accelerating iceretreat in Greenland and the Antarctic (Howat et al., 2005; Velicogna and Wahr, 2006;
Sasgen et al., 2012) this thesis concludes that the risk of large-scale slope failures, and
associated tsunamis, occurring in the Polar regions is high; although failure may occur
a considerable period after deglaciation. Down current flanks of trough mouth fans
should be considered particularly vulnerable to failure.
7.2. Fulfillment of thesis objectives
Specific objectives of the Barra Fan site study were outlined in section 1.3. These are
now considered alongside the methodologies employed.
i. Paper BGS and NOC pinger records were converted to SEGY (and subsequently
COD) format and analysed using seismic interpretation software (Seismic+). The
conversion of these records was successful and the navigational accuracy was
assessed as being within the resolution of multibeam echosounder data (see
section 4.2). However, the process was extremely time consuming with the
conversion of some 1500 km of data taking several months.
ii. The conversion process and analysis using seismic interpretation software has
allowed more detailed interpretation than was previously possible. In particular, use
of a GIS environment has allowed interpretation alongside MBE and sidescan sonar
data. Use of two datasets in tandem gives greater interpretative power. This is
exemplified by Figure 6.9, which compares pinger data to gradient and bathymetry
and provides evidence supporting the occurrence of retrogressive failure.
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iii. Chapter four of this thesis succeeded in mapping the different acoustic facies
associated with submarine mass movement and further analysis in chapter six has
led to reconstruction of failure and transport mechanisms. As discussed in chapter
six, similarities between the Peach slide and Norwegian continental margin slope
failures are striking.
iv. Analysis of geophysical and sediment core data in chapters four, five and six has
constrained two periods of slope failure on the Barra Fan during the latePleistocene. The first of these occurs between 21 and 20 ka cal BP, and the second
between 12 and 11 ka cal BP.
v. It is argued that the principal factor governing the occurrence of mass movement on
the northwest British continental margin is excess pore pressure generated by rapid
deposition of low-permeability glaciogenic clays. Discussed in chapters two and six,
sedimentary loading generates excess pore pressure more efficiently where
contouritic sediments are present below the glaciogenic sediments. This process
increases the susceptibility of the continental slope to failure and a post-glacial
seismic event may act as a trigger.
7.3. Thesis limitations and future work
As this PhD project and thesis reaches its conclusion several limitations and potential
areas of future work present themselves.
7.3.1. Use of methodologies outlined in this thesis
Acquisition of marine geophysical data in deep water is a costly affair. As vessel day
rates are routinely in excess of £10,000 and survey sites remote, the cost of
geophysical surveys can easily reach sums of several hundreds of thousand pounds.
This project was not blessed with such a budget and attempted to achieve the
maximum possible from previously acquired data.
Conversion of high quality paper sub-bottom profile records into SEGY format has
allowed a more detailed interpretation than was previously possible. In large part due
to the analysis undertaken within a GIS environment: allowing direct comparison with
other datasets.
This methodology is well suited to reanalysis of high quality data, acquired either
during the pre-digital age or recorded on media that are now incompatible. Assuming
that navigational data is accurate (and updates frequent), converted paper records can
provide a valuable and extremely cost-effective insight into the sub-surface
morphology.
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It is suggested that where data is available, such analyses, though laborious, would
improve the efficiency of forthcoming surveys making these more cost-effective: an
important consideration in these times of severe budgetary constraints. In addition,
these older records may provide valuable time series evidence of seabed processes
over periods of decades, or ʻbeforeʼ data relating to discrete events.
7.3.2. Further studies on the Barra Fan and in the Rockall Trough
Detailed in chapter three, the Barra Fan and Rockall Trough is a fascinating region with
a complicated history of glaciation and ocean circulation. A more detailed
understanding of the regionʼs palaeoceanographic and glacial setting could provide key
insights into mediation of global climate by thermohaline circulation (Bond et al., 1993;
McManus et al., 2004; Lynch-Stieglitz et al., 2007) as well as these processesʼ direct
control over submarine mass movements. Lack of data, which necessitated a degree
of interpolation and extrapolation, has made a more complete understanding
impossible at this juncture.
7.3.2.1. Glacial circulation within the Rockall Trough
Contemporary circulation within the Rockall Trough is fairly well constrained (Holliday
et al., 2000; New and Smythe-Wright, 2001; Øvrebø et al., 2006; Johnson et al., 2010),
however, understanding of the glacial circulation is limited to suggested sluggish deepwater and surface circulation and vigorous intermediate waters (McCave et al., 1995;
Thornalley et al., 2010). As Figure 3.5 shows, the Barra Fan is bathed by a number of
water masses and these may respond differently to environmental changes associated
with the glacial to inter-glacial transition.
This observation has important implications for mass movement on the Barra Fan.
Knutz et al. (2002) observe erosion by bottom currents towards the toe of the fan and
this thesis has proposed a mechanism for accumulation of contourite sediments within
the Peach slide scar. Such processes may migrate depending on the relative vigour of
water masses at different depths within the Rockall Trough.
Without improved understanding of these circulation conditions, thorough
understanding of erosion or deposition by ocean currents during glacial periods is
impossible.
One method by which this understanding could be achieved is through analysis of long
sediments cores located at strategic depths (and positioned relative to bathymetric
features that may produce turbulence) in one or more shallow to deep transects down
the unfailed sediments of the Barra Fan. Analysis of benthic foraminifera could provide
tell-tale water mass markers (such as salinity for Mediterranean Overflow water) and
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sortable silt analysis would provide information on current velocity (McCave et al.,
1995; Thornalley et al., 2010).
7.3.2.2. Mass movement process and morphology
The latter stages of this thesis has made frequent comparison between the Peach slide
and Storegga and Trænadjupet on the Norwegian margin. From the available data it
seems that similar processes govern the occurrence of each of these mass movement
events. However, the lack of data on the Barra Fan and Peach slide is equally
noteworthy. Analysis in this thesis was performed on a small volume of geophysical
data and only one sediment core appears to penetrate mass movement facies, for
comparison 89 sediment cores are analysed in the age constraint of Storegga
(Haflidason et al., 2005).
Discussed in chapter six, age constraint of Peach 4 (and the earlier phases of the
Peach slide) is uncertain. As such it is strongly recommended that future analysis
focuses on acquiring and dating multiple core samples from the slide headwall area
and the Rockall Trough, where they may sample distal turbidites.
In order to gain a full understanding on the processes governing the occurrence of
mass movement on the Barra Fan, and the potential hazard that these events pose,
complete data coverage is required. Whilst it is unrealistic to expect data of as high
quality as that funded by the, multi-billion Euro, Ormen Lange development at
Storegga; strategic use of two months vessel time could achieve full multibeam
coverage of the area affected by slope failure, extensive sub-bottom profiles and long
core samples from the area.
A suggested programme would involve two campaigns, informed by the data presented
in this thesis, one year apart. The first to complete multibeam coverage and acquire
deep-towed sub-bottom profile data (potentially a combined chirp and sidescan towfish operated alongside a sparker). This data would then be analysed in the months
that follow to inform the location of vibrocores or piston cores to be acquired during the
second campaign. Cores that could be used to improve mass movement age
constraint, ground truth geophysical interpretation and analyse sediment lithofacies.
7.3.2.3. Comparison with the Donegal Fan
If mass movement on the Barra-Donegal Fan complex is governed by along-slope
deposition then logic dictates that the north and south of the fan will display different
characteristics due to the effects of sediment supply and transport. More detailed
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analysis of the Donegal sector of the Barra-Donegal Fan complex could add valuable
insights into the region.
7.3.2.4. Assessing hazard potential of the Peach slide
Chapter two outlined the potential impacts of submarine mass movements and, in
areas away from sub-sea infrastructure, chief among them are tsunami generation and
release of methane. Lack of data and resources prevented this thesis analysing the
potential hazards associated with the Peach slide.
Tsunamigenic potential requires more detailed understanding of the failure morphology,
as demonstrated by the analysis of Storegga. Here it is argued that the collapse of a
Saalian fan (comprising a thicker sediment sequence) within the slide area generated
the energy required to produce the observed tsunami (Bryn et al., 2005a). Therefore,
before estimating the tsunamigenic potential of Peach new data acquisition, as outlined
in section 7.3.2.2, is required.
Direct evidence linking methane release from submarine mass movements would
provide strong support to Kennett et al.ʼs (2003) clathrate gun hypothesis. Though
expansion of global wetlands is accepted to have played a major role in the late-glacial
increase in atmospheric methane concentrations (Brook et al., 2000; Schaefer et al.,
2006; Whiticar and Schaefer, 2007), there remains the potential for an important role
for methane released via gas hydrate dissociation and submarine mass movements.
For instance, Maslin et al. (2010) demonstrate a potential relationship between the
timing of late-Pleistocene submarine mass movements and GISP2 δD-CH4.
Age model uncertainty and the relatively long period required to turn firn to ice means
that it is very difficult to correlate atmospheric methane directly to submarine mass
movement. One method that can be used to test methane release from submarine
mass movement is δ13C analysis of benthic foraminifera in locations near to submarine
mass movement deposits (as demonstrated by Panieri et al. (2012) with the Ana
landslide). This analysis could be performed on existing core samples from the region.
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Appendix A - Database of North Atlantic sector submarine
mass movements*

The database is included digitally on the accompanying DVD.
File path: \Appendix A\mass_movement_database.xls
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Appendix B - Estimation of potential error associated with
interpolated navigation during conversion of seismic paper
records to digital seismic files*
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Line Name

Number
of interfix
lengths

Minimum
distance
between
fixes (m)

Maximu
m
distance
between
fixes (m)

Mean
distanc
e
betwee
n fixes
(m)

Maximu
m
distance
from
shot to
fix (m)

Mean
furthest
distance of
shot to fix
(m)

BGS_1985_6_1

47

1403.9

1670.1

1567.4

835.1

783.7

BGS_1985_6_2

48

316.0

1780.9

1269.0

890.4

634.5

BGS_1985_6_12

49

1470.4

1806.3

1644.9

903.2

822.5

BGS_1985_6_13

51

1135.6

1903.6

1614.0

951.8

807.0

BGS_1985_6_14

84

1400.9

1730.4

1539.3

865.2

769.7

BGS_1985_6_15

83

1284.8

1706.7

1542.7

853.4

771.4

BGS_1985_6_16

82

1433.4

1751.3

1610.0

875.6

805.0

BGS_1985_6_17

106

1253.5

1670.8

1457.8

835.4

728.9

BGS_1985_6_18

75

1446.7

2154.7

1777.0

1077.4

888.5

BGS_1985_6_22

52

1380.3

1843.0

1643.2

921.5

821.6

BGS_1985_6_23

55

1341.9

1758.6

1537.0

879.3

768.5

BGS_1985_6_27

89

898.8

1473.7

1212.3

736.9

606.2

BGS_1985_6_28

44

1158.0

1682.5

1441.3

841.3

720.6

BGS_1985_7_1

23

1277.9

1583.9

1431.3

791.9

715.6

Mean of BGS data:

1228.7

1751.2

1520.5

875.6

760.3

NOC_AFEN_49

18

843.1

2805.0

2146.8

1402.5

1073.4

NOC_AFEN_50

12

1614.0

3740.2

2522.2

1870.1

1261.1

NOC_AFEN_51

14

2092.7

2504.5

2330.9

1252.3

1165.5

NOC_AFEN_52

18

2048.3

2560.2

2355.6

1280.1

1177.8

NOC_AFEN_53

5

2406.6

2543.3

2470.0

1271.7

1235.0

NOC_AFEN_54

10

1383.3

2520.9

2050.5

1260.4

1025.2

NOC_AFEN_55

13

2044.4

2782.9

2447.2

1391.5

1223.6

1776.1

2779.6

2331.9

1389.8

1165.9

Mean of NOC data:

Table A.1: Distance between BGS and NOC seismic fixes.
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Vessel SOG, calculated between navigational
fixes during survey line

Differences in SOG during survey
line

Line Name

Vessel
SOG mean
(m s-1)

Vessel
SOG max
(m s-1)

Vessel
SOG min (m
s-1)

Max SOG
- Mean
SOG (m
s-1)

Mean SOG
- Min SOG
(m s-1)

Max SOG Min SOG
(m s-1)

BGS_1985_6_1

2.61

2.78

2.34

0.17

0.27

0.44

BGS_1985_6_2

2.74

3.01

2.45

0.27

0.29

0.56

BGS_1985_6_12

2.69

3.17

1.89

0.48

0.80

1.28

BGS_1985_6_13

2.57

2.88

2.33

0.32

0.23

0.55

BGS_1985_6_14

2.57

2.84

2.14

0.27

0.43

0.70

BGS_1985_6_15

2.68

2.92

2.39

0.24

0.29

0.53

BGS_1985_6_16

2.43

2.78

2.09

0.35

0.34

0.70

BGS_1985_6_17

2.96

3.59

2.41

0.63

0.55

1.18

BGS_1985_6_18

2.74

3.07

2.30

0.33

0.44

0.77

BGS_1985_6_22

2.56

2.93

2.24

0.37

0.33

0.69

BGS_1985_6_23

2.02

2.46

1.50

0.44

0.52

0.96

BGS_1985_6_27

2.40

2.8

1.93

0.40

0.47

0.87

BGS_1985_6_28

2.12

2.97

0.53

0.85

1.59

2.44

BGS_1985_7_1

2.39

2.64

2.13

0.25

0.26

0.51

Mean of BGS

2.53

2.92

2.05

0.38

0.49

0.87

NOC_AFEN_49

1.19

1.56

0.47

0.37

0.72

1.09

NOC_AFEN_50

1.40

2.08

0.90

0.68

0.50

1.18

NOC_AFEN_51

1.29

1.39

1.16

0.10

0.13

0.23

NOC_AFEN_52

1.31

1.42

1.14

0.11

0.17

0.28

NOC_AFEN_53

1.37

1.41

1.34

0.04

0.04

0.08

NOC_AFEN_54

1.14

1.40

0.77

0.26

0.37

0.63

NOC_AFEN_55

1.36

1.55

1.14

0.19

0.22

0.41

Mean of NOC

1.30

1.54

0.99

0.25

0.31

0.56

data:

data:

Table A.2: Vessel speed over ground and differences between maximum, minimum and mean
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Line Name

Midpoint
between
fixes (s)

Max Min
error (m)

Max Mean
error (m)

Mean Min error
(m)

Max - Min error
2
(m)

BGS_1985_6_1

300

133.08

51.36

81.71

66.54

BGS_1985_6_2

300

167.98

80.70

87.28

83.99

BGS_1985_6_12

300

384.00

144.8

239.2

192.00

BGS_1985_6_13

300

164.73

95.52

69.21

82.37

BGS_1985_6_14

300

210.94

81.99

128.95

105.47

BGS_1985_6_15

300

158.94

70.66

88.28

79.47

BGS_1985_6_16

300

208.62

106.50

102.13

104.31

BGS_1985_6_17

300

354.02

188.88

165.15

177.01

BGS_1985_6_18

300

231.34

99.88

131.47

115.67

BGS_1985_6_22

300

208.39

110.82

97.56

104.19

BGS_1985_6_23

300

287.48

130.71

156.76

143.74

BGS_1985_6_27

300

262.23

120.62

141.6

131.11

BGS_1985_6_28

300

732.44

255.92

476.52

366.22

BGS_1985_7_1

300

152.99

76.31

76.68

76.49

261.23

115.33

145.89

130.61

Mean of BGS data:

NOC_AFEN_49

900

980.96

329.11

651.86

490.48

NOC_AFEN_50

900

1063.07

608.98

454.09

531.53

NOC_AFEN_51

900

205.94

86.81

119.13

102.97

NOC_AFEN_52

900

255.94

102.27

153.67

127.97

NOC_AFEN_53

900

68.34

36.65

31.69

34.17

NOC_AFEN_54

900

568.78

235.18

333.59

284.39

NOC_AFEN_55

900

369.26

167.87

201.39

184.63

501.76

223.84

277.92

250.88

Mean of NOC data:

Table A.3: Potential along track positional error, for BGS and NOC seismic data, from
interpolation not taking changes in speed over ground into account. Differences in speed over
ground taken from Table A.2.
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Appendix C - Sub-bottom interpretation log*

The interpretation log is included digitally on the accompanying DVD.
File path:\Appendix C\Barra_Fan_interp_log.xls
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Appendix D - Acoustic facies interpretation plots*

The Acoustic facies interpretation plots are included digitally on the accompanying
DVD.
File path: \Appendix C\FIA - distribution.png etc....

260/267

Appendix E - Tabular data from CS 56/-10/239*

In addition to the tables on the pages that follow, tabular data is included digitally on
the accompanying DVD.
Particle size analysis - Path: \Appendix E\Particle Size Analysis\
'

Containing individual sub-sample analysis and combined core data

XRF analysis - Path: \Appendix E\XRF.xls
TOC analysis - Path: \Appendix E\TOC.xls
Stable isotope analysis - Path: \Appendix E\isotope.xls
AMS 14C analysis - Path: \Appendix E\14C.xls
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Table E.1: Geometric particle size fractions from CS 56/-10/239, expressed as percent of subsample. Depth value indicates sub-sample mid-point.
Depth (m)

>1000 μm

1000 - 500
μm

500 - 250
μm

250 - 125
μm

125 - 63
μm

63 - 4 μm

<4 μm

0.010

0.319

1.035

9.689

43.536

9.101

22.706

13.294

0.050

0.094

0.645

5.748

36.246

10.356

27.634

19.184

0.090

2.390

0.299

3.730

31.903

10.452

28.715

20.121

0.130

0.063

0.309

4.043

28.537

12.597

31.425

22.963

0.170

1.020

0.036

0.178

3.172

7.930

43.125

43.520

0.210

0.000

0.043

0.365

3.608

7.760

42.278

45.945

0.250

0.000

0.022

0.137

3.185

7.484

43.149

46.023

0.290

0.033

0.025

0.157

2.723

8.168

43.626

45.235

0.330

0.068

0.031

0.236

3.231

8.401

43.706

44.259

0.370

0.000

0.092

0.447

4.157

8.237

40.751

46.316

0.410

0.058

0.063

0.569

4.922

8.972

41.042

44.316

0.450

0.221

0.192

1.025

4.312

5.804

40.925

47.300

0.490

0.010

0.143

1.761

12.179

9.799

36.914

39.185

0.530

0.014

0.101

0.779

4.755

7.622

40.139

46.574

0.570

0.054

0.048

0.149

1.921

5.763

42.407

49.605

0.610

0.061

0.083

0.294

3.494

7.072

41.088

47.847

0.650

0.063

0.109

0.679

4.300

8.600

39.631

46.554

0.690

0.026

0.120

0.360

2.305

5.053

40.985

51.125

0.730

0.119

0.043

0.271

3.312

7.452

42.056

46.628

0.770

0.000

0.085

0.561

5.882

10.976

43.377

39.119

0.810

0.103

0.186

0.581

4.666

9.008

40.699

44.655

0.850

0.154

0.072

0.451

4.149

8.631

41.708

44.682

0.890

0.000

0.142

0.568

4.614

9.139

41.384

44.153

0.930

0.199

0.102

0.879

6.801

10.843

39.195

41.781

0.950

0.046

0.139

1.182

6.491

12.339

38.196

41.560

0.970

0.057

0.132

0.866

4.884

8.511

40.230

45.264

1.010

0.070

0.317

1.237

9.214

3.117

35.549

50.426

1.050

0.206

0.545

1.422

2.482

4.550

38.535

52.054

1.090

0.000

0.017

0.071

1.407

6.069

39.162

53.274

1.130

0.020

0.025

0.087

1.145

5.420

38.926

54.357

1.170

3.949

0.025

0.081

0.608

2.533

36.848

52.007

1.210

0.073

0.042

0.254

5.588

10.074

35.830

48.068

1.250

0.010

0.067

0.521

17.254

13.670

33.119

35.350

1.290

0.007

0.047

0.321

8.702

12.137

37.221

41.557

1.330

0.000

0.034

0.286

3.440

6.000

41.460

48.780

1.370

0.000

0.051

1.518

8.282

8.718

42.782

38.647

1.410

3.469

0.096

0.263

11.027

12.000

35.356

34.320

1.450

0.086

0.093

0.444

13.866

19.636

34.344

31.445

1.490

0.324

0.320

2.505

29.186

14.774

27.679

24.888

1.530

0.454

0.144

1.297

29.274

16.439

27.109

24.829

1.570

0.280

0.297

1.577

25.263

12.763

30.980

28.559

1.610

0.014

0.115

0.709

12.316

13.478

36.402

36.952

1.650

0.361

0.220

4.147

22.222

9.669

32.579

30.440

1.690

0.057

0.036

0.754

9.696

12.325

40.064

37.011

1.730

0.164

0.104

0.523

10.388

12.060

41.821

34.776
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Table E.1 (cont.): Table 5.4: Geometric particle size fractions from CS 56/-10/239, expressed as
percent of sub-sample. Depth value indicates sub-sample mid-point.
Depth (m)

>1000 μm

1000 - 500
μm

500 - 250
μm

250 - 125
μm

125 - 63
μm

63 - 4 μm

<4 μm

1.770

0.096

0.040

0.220

8.833

12.508

42.118

36.090

1.810

0.000

0.013

0.136

10.562

8.989

43.171

37.128

1.850

0.086

0.118

2.727

18.434

8.891

34.455

35.203

1.890

0.115

0.106

2.496

10.531

8.850

37.071

40.716

1.930

0.147

0.109

1.176

6.313

7.389

40.026

44.694

1.950

0.040

0.133

1.046

5.472

7.167

40.283

45.818

1.970

0.048

0.144

0.990

5.043

7.626

39.919

46.182

2.005

8.149

8.607

21.747

31.632

3.933

7.053

10.729

2.025

5.249

5.135

14.053

17.983

4.091

16.822

31.418

2.045

0.870

1.051

1.463

3.627

4.881

29.153

58.084

2.065

2.179

2.425

3.049

6.069

5.327

29.200

49.570

2.080

0.498

1.828

2.360

3.492

4.910

29.868

56.548

2.100

0.191

1.330

1.756

2.616

2.676

27.010

64.231

2.120

0.562

0.747

1.261

2.198

2.198

27.203

65.269

2.155

0.429

0.406

0.914

2.507

5.302

32.284

57.729

2.175

0.572

1.189

8.987

3.762

6.884

31.705

46.329

2.195

0.861

1.377

5.983

1.629

5.324

34.032

49.933

2.215

1.889

2.558

4.731

7.153

5.267

26.902

49.611

2.235

0.366

0.612

4.227

14.217

6.388

26.525

47.298

2.255

0.563

0.549

2.868

9.492

7.581

30.417

47.966

2.275

0.176

0.467

1.562

6.122

6.293

31.985

53.219

2.295

0.135

0.217

1.411

4.810

4.979

28.279

60.033

2.315

0.112

0.224

0.941

2.737

3.808

28.271

63.796

2.335

0.226

0.254

0.872

3.112

3.065

28.678

63.566

2.355

0.372

0.274

1.342

6.520

5.400

25.663

60.057

2.375

0.535

0.262

0.776

3.406

3.325

27.065

64.095

2.395

3.899

0.230

0.977

6.477

5.529

25.722

53.267

2.415

1.735

0.591

1.203

5.207

7.895

28.325

53.310

2.435

4.872

0.161

0.316

2.211

4.929

30.950

51.688

2.455

0.097

0.074

0.325

2.750

10.025

35.909

50.724

2.475

0.052

0.063

0.220

1.034

2.585

38.672

57.321

2.495

0.035

0.114

0.323

1.522

6.443

33.528

57.999
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Table E.2: Total organic carbon and Sulphur for CS 56/-10/239 calculated via combustion in
LECO analyser, expressed as percent of whole sample and of non-carbonate sample. Depth
values indicate sub-sample mid-point.
Depth (m)

Carbonate
%

Non-Carbonate
%

TOC (% of
- inorganic
C)

TOC (% of
whole
sample)

S (% of
inorganic
C)

S (% of
whole
sample)

0.010

28.590

71.410

0.496

0.354

0.008

0.006

0.050

30.817

69.183

0.572

0.396

0.014

0.010

0.090

32.649

67.351

0.503

0.339

0.022

0.015

0.130

31.971

68.029

0.615

0.418

0.036

0.025

0.170

29.860

70.140

0.631

0.442

0.080

0.056

0.210

25.156

74.844

0.603

0.451

0.119

0.089

0.250

27.865

72.135

0.613

0.442

0.129

0.093

0.290

24.380

75.620

0.559

0.422

0.071

0.054

0.330

23.490

76.510

0.533

0.408

0.175

0.134

0.370

23.168

76.832

0.556

0.427

0.104

0.080

0.410

22.714

77.286

0.485

0.375

0.015

0.012

0.450

23.378

76.622

0.552

0.423

0.151

0.116

0.490

23.077

76.923

0.551

0.423

0.066

0.051

0.530

33.565

66.435

0.768

0.510

0.209

0.139

0.570

24.295

75.705

0.668

0.506

0.200

0.151

0.610

24.967

75.033

0.559

0.419

0.025

0.019

0.650

33.783

66.217

0.607

0.402

0.051

0.034

0.690

31.721

68.279

0.565

0.386

0.191

0.131

0.730

10.490

89.510

0.572

0.512

0.118

0.106

0.770

17.450

82.550

0.462

0.382

0.044

0.037

0.810

32.502

67.498

0.580

0.392

0.912

0.616

0.850

22.938

77.062

0.521

0.402

0.129

0.099

0.890

23.348

76.652

0.531

0.407

0.080

0.062

0.930

21.491

78.509

0.485

0.381

0.105

0.083

0.950

22.587

77.413

0.517

0.400

0.064

0.050

0.970

22.615

77.385

0.571

0.441

0.039

0.031

1.010

24.878

75.122

0.606

0.455

0.018

0.014

1.050

25.458

74.542

0.566

0.422

0.051

0.038

1.090

19.241

80.759

0.580

0.468

0.073

0.059

1.130

26.667

73.333

0.557

0.409

0.057

0.042

1.170

27.639

72.361

0.604

0.437

0.022

0.016

1.210

22.778

77.222

0.503

0.388

0.109

0.084

1.250

15.402

84.598

0.476

0.402

0.224

0.189

1.290

23.339

76.661

0.578

0.443

0.349

0.267

1.330

24.247

75.753

0.642

0.486

0.150

0.113

1.370

21.849

78.151

0.546

0.427

0.273

0.213

1.410

22.321

77.679

0.496

0.386

0.094

0.073

1.450

61.608

38.392

0.715

0.274

0.284

0.109

1.490

19.687

80.313

0.399

0.321

0.171

0.137

1.530

19.199

80.801

0.376

0.303

0.166

0.134
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Table E.2 (cont.): Total organic carbon and Sulphur for CS 56 -10 239 calculated via combustion
in LECO analyser, expressed as percent of whole sample and of non-carbonate sample. Depth
values indicate sub-sample mid-point.
Depth (m)

Carbonate
%

Non-Carbonate
%

TOC (% of inorganic
C)

TOC (% of
whole
sample)

S (% of
inorganic
C)

S (% of
whole
sample)

1.570

21.212

78.788

0.467

0.368

0.159

0.125

1.610

22.644

77.356

0.515

0.398

0.210

0.162

1.650

19.966

80.034

0.446

0.357

0.276

0.221

1.690

23.426

76.574

0.557

0.427

0.222

0.170

1.730

23.205

76.795

0.528

0.406

0.240

0.185

1.770

22.085

77.915

0.547

0.426

0.172

0.134

1.810

22.118

77.882

0.513

0.400

0.216

0.169

1.850

20.819

79.181

0.482

0.382

0.117

0.093

1.890

20.128

79.872

0.447

0.357

0.080

0.064

1.930

24.471

75.529

0.551

0.416

0.283

0.213

1.950

23.031

76.969

0.580

0.446

0.840

0.647

1.970

23.109

76.891

0.564

0.433

0.166

0.128

2.005

19.173

80.827

0.324

0.262

0.134

0.108

2.025

19.873

80.127

0.389

0.312

0.097

0.078

2.045

22.462

77.538

0.542

0.420

0.062

0.048

2.065

24.198

75.802

0.590

0.447

0.026

0.020

2.080

24.679

75.321

0.594

0.447

0.068

0.051

2.100

25.458

74.542

0.657

0.490

0.036

0.026

2.120

23.652

76.348

0.622

0.475

0.118

0.090

2.155

24.631

75.369

0.615

0.463

0.034

0.026

2.175

22.028

77.972

0.588

0.459

0.090

0.070

2.195

-

-

-

-

-

-

2.215

20.608

79.392

0.463

0.368

0.090

0.071

2.235

20.603

79.397

0.465

0.369

0.047

0.037

2.255

21.908

78.092

0.527

0.411

0.023

0.018

2.275

-

-

-

-

-

-

2.295

22.380

77.620

0.524

0.406

0.031

0.024

2.315

25.912

74.088

0.617

0.457

0.024

0.018

2.335

22.805

77.195

0.569

0.439

0.043

0.033

2.355

21.332

78.668

0.539

0.424

0.056

0.044

2.375

22.789

77.211

0.588

0.454

0.056

0.043

2.395

22.099

77.901

0.563

0.439

0.046

0.036

2.415

24.481

75.519

0.514

0.388

0.001

0.001

2.435

22.992

77.008

0.559

0.430

0.003

0.002

2.455

20.288

79.712

0.480

0.383

0.076

0.061

2.475

24.170

75.830

0.563

0.427

0.028

0.021

2.495

24.800

75.200

0.592

0.445

0.024

0.018
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Table E.3: Planktonic foraminiferal δ18O and δ13C, expressed as deviation per mille from VPDB,
for CS 56/-10/239. NP: N. pachyderma (s.) and GB: G. bulloides. Depth refers to mid point of
core sub-sample, error refers to gas bench error.
NP δ18O

Depth
(m)

NP δ18O
Error

NP δ13C

NP δ13C
Error

GB δ18O

GB δ18O
Error

GB δ13C

GB δ13C
Error

0.010

-

-

-

-

1.44989

0.18

-0.34158

0.08

0.050

-

-

-

-

1.41745

0.18

-0.24658

0.08

0.090

-

-

-

-

1.41321

0.18

-0.00694

0.08

0.130

-

-

-

-

1.1793

0.18

-0.23074

0.08

0.170

2.9905

0.05

0.17838

0.02

1.13977

0.18

-0.24456

0.08

0.210

2.88376

0.05

0.13074

0.02

0.9439

0.05

-0.52675

0.02

0.250

2.99028

0.05

0.29192

0.02

1.13969

0.05

-0.02822

0.02

0.290

2.98952

0.05

0.14769

0.02

1.30684

0.05

-0.65811

0.02

0.330

2.82153

0.05

0.11446

0.02

1.22894

0.05

-0.19277

0.02

0.370

2.88699

0.05

-0.1018

0.02

1.01999

0.05

-0.50111

0.02

0.410

2.94789

0.05

0.15288

0.02

0.87366

0.05

-0.65659

0.02

0.450

3.06737

0.05

0.09866

0.02

1.09861

0.05

-0.50978

0.02

0.490

2.83516

0.18

0.32438

0.08

1.13596

0.05

-0.33085

0.02

0.530

3.10152

0.18

-0.03083

0.08

1.09059

0.05

-0.48169

0.02

0.570

3.12735

0.18

0.0735

0.08

1.49218

0.05

-0.69048

0.02

0.610

3.17698

0.18

0.13586

0.08

1.04527

0.05

-0.7099

0.02

0.650

3.13211

0.18

0.22123

0.08

1.00425

0.05

-0.57803

0.02

0.690

3.21197

0.18

0.18306

0.08

1.04818

0.05

-0.3061

0.02

0.730

3.14856

0.18

0.16485

0.08

-

-

-

-

0.770

2.96636

0.18

0.01452

0.08

-

-

-

-

0.810

3.1823

0.18

-0.01515

0.08

-

-

-

-

0.850

3.22518

0.18

-0.09769

0.08

-

-

-

-

0.890

3.12986

0.18

0.05134

0.08

-

-

-

-

0.930

3.20789

0.18

0.05513

0.08

-

-

-

-

0.950

3.17767

0.18

-0.02981

0.08

-

-

-

-

0.970

3.19584

0.18

-0.02711

0.08

-

-

-

-

1.010

3.66873

0.18

0.00185

0.08

-

-

-

-

1.050

3.58733

0.18

-0.20986

0.08

-

-

-

-

1.090

3.7455

0.18

-0.13543

0.08

-

-

-

-

1.130

3.71875

0.18

-0.06319

0.08

-

-

-

-

1.170

3.83622

0.18

-0.11969

0.08

-

-

-

-

1.210

3.58267

0.18

-0.13751

0.08

2.64418

0.05

-1.1425

0.02

1.250

3.63221

0.18

0.03019

0.08

2.40526

0.05

-1.32056

0.02

1.290

3.49113

0.18

-0.19366

0.08

2.65509

0.05

-1.23938

0.02

1.330

3.58814

0.18

-0.22536

0.08

2.54052

0.05

-1.15922

0.02

1.370

3.27963

0.18

-0.26134

0.08

2.25171

0.05

-0.92337

0.02

1.410

-

-

-

-

2.41868

0.05

-1.48037

0.02

1.450

-

-

-

-

1.82775

0.05

-1.45464

0.02

1.490

-

-

-

-

2.34332

0.08

-1.30576

0.02

1.490

-

-

-

-

2.17813

0.05

-1.33758

0.02

1.53

-

-

-

-

2.32591

0.05

-1.22217

0.02

1.57

-

-

-

-

2.22626

0.05

-0.99886

0.02
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Table E.3 (cont.): Planktonic foraminiferal δ18O and δ13C, expressed as deviation per mille from
VPDB, for CS 56/-10/239. NP: N. pachyderma (s.) and GB: G. bulloides. Depth refers to mid
point of core sub-sample, error refers to gas bench error.
NP δ18O

Depth
(m)

NP δ18O
Error

NP δ13C

NP δ13C
Error

GB δ18O

GB δ18O
Error

GB δ13C

GB δ13C
Error

1.610

-

-

-

-

2.50192

0.05

-0.93344

0.02

1.650

-

-

-

-

2.20482

0.05

-1.32848

0.02

1.690

-

-

-

-

1.99164

0.05

-1.32068

0.02

1.730

-

-

-

-

2.38448

0.05

-1.14108

0.02

1.770

-

-

-

-

2.13052

0.05

-1.2813

0.02

1.810

-

-

-

-

2.23574

0.05

-1.10198

0.02

1.850

3.14287

0.18

-0.29814

0.08

2.47729

0.05

-1.05444

0.02

1.890

3.06664

0.18

-0.33384

0.08

1.99565

0.05

-1.22584

0.02

1.930

3.24777

0.18

-0.22914

0.08

2.19449

0.05

-1.26291

0.02

1.950

3.42879

0.18

-0.15046

0.08

-

-

-

-

1.970

3.18647

0.18

-0.25754

0.08

-

-

-

-

2.005

3.72237

0.18

-0.06468

0.08

-

-

-

-

2.025

3.55497

0.18

-0.25147

0.08

-

-

-

-

2.045

3.59133

0.18

-0.28874

0.08

-

-

-

-

2.065

3.32542

0.18

-0.33345

0.08

-

-

-

-

2.100

2.84437

0.08

-0.57216

0.02

-

-

-

-

2.120

2.871

0.08

-0.54838

0.02

-

-

-

-

2.175

3.62343

0.18

-0.30944

0.08

1.7327

0.18

-0.6455

0.08

2.215

3.81075

0.18

-0.19414

0.08

-

-

-

-

2.255

3.33239

0.08

-0.3517

0.02

-

-

-

-

2.295

3.46975

0.08

-0.41263

0.02

-

-

-

-

2.315

3.78219

0.08

-0.49432

0.02

-

-

-

-

2.355

3.51936

0.08

-0.3954

0.02

-

-

-

-

2.375

4.34576

0.08

-0.58669

0.02

2.67627

0.08

-0.96645

0.02

2.435

4.36106

0.08

-0.69917

0.02

-

-

-

-

2.475

3.75101

0.08

-0.56502

0.02

-

-

-

-

2.495

3.76596

0.08

-0.57266

0.02

3.39072

0.05

-0.90094

0.02
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