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Abstract

Glacitectonics are found in all known glacial landscapes, but complex relationships exist at
many scales between structures, landforms and processes. The deformation mechanisms
forming glacitectonic complexes mainly occur at oscillating dynamic glacier margins. Un-
derstanding these processes offers insight of ice sheet dynamics through the influence of
advance/retreat phases on sediment supply and deformation. However, understanding of
the factors controlling sedimentation and deformation at former ice sheet margins is lim-
ited.

A unique high-resolution seismic dataset, acquired for a large-scale windfarm development
project is used to address the lack of understanding of the evolution of the Dogger Bank,
the dynamics of the British-Irish Ice Sheet (BIIS) in the southern North Sea and poten-
tial interactions with the Fennoscandian Ice Sheet (FIS). This seismic dataset is used to
characterise, describe and interpret detailed evidence of glacitectonic deformation in the
Dogger Bank region.

Traditional 2D interpretation of the high-resolution seismic data is compiled using a new
’domain’ approach to offer insight into regional-scale glacitectonics. This data is integrated
through a dense seismic survey network to generate a palaeo- land- surface map and a 3D
model of deformation kinematics for the Dogger Bank region. This study identifies a large
moraine complex with wide-spread deformation up to a depth of approximately 40m below
the present day sea-level, representing a Late Weichselian steady-state, oscillating ice sheet,
with an active ice retreat from the north (FIS). This steady-state phase is followed by a
significant readvance event by the BIIS from the West, where deep deformation (up to
200m below the present-day sea level) at the western side of the Dogger Bank reflects a
phase of a unstable ice advance.



iii

Samenvatting

In alle bekende glaciale landschappen zijn glacitektonische structuren aanwezig. Daarbin-
nen bestaan complexe relaties tussen structuren, landvormen en processen. De defor-
matiemechanismen die verantwoordelijk zijn voor de vorming van glacitektonische com-
plexen komen voornamelijk voor in dynamische gebieden rondom de fluctuerende rand van
een ijskap of gletsjer. Door het begrijpen van deze processen kunnen de inzichten in de dy-
namica van deze ijskappen en de invloed van de cyclus van ijsuitbreiding en terugtrekking
op de sedimentatie en deformatie verbeterd worden.

Voor de ontwikkeling van een grootschalig windmolenpark op de Doggersbank is een nieuwe
dataset van hoge kwaliteit en resolutie ingewonnen. De analyse van deze seismische profie-
len uit deze dataset heeft tot nieuwe inzichten geleid over de glaciale evolutie van de No-
ordzee, de fluctuaties van voornamelijk de Britse ijskap en de eventuele interactie tussen
de Britse en Scandinavische ijskappen gedurende de laatste ijstijd.

In dit project zijn drie verschillende methoden gebruikt die inzicht geven in de regionale
glacitektoniek. Traditionele 2D interpretatie (met behulp van een voor dit project on-
twikkelde classificatiemethode), in combinatie met kaarten van seimische strata en 3D
analyses laten de verschillende glacitektonische structuren zien die vervolgens zijn gebruikt
voor het reconstrueren van de richtingen en dynamica van deze ijskappen. De aanwezigheid
van de glacitektonische structuren tot een diepte van 40m onder de huidige zeebodem over
de gehele Doggersbank en de aanwezigheid van meerdere grootschalige morenes laat zien,
dat het ijs gedurende de laatste ijstijd ten minste tot en met de Doggersbank moet zijn
gekomen. Een tweede latere fase van ijsuitbreiding vanuit het westen heeft geresulteerd in
opschuivingen (thrust faults) tot een diepte van 160m in het westen van de Doggersbank.
Op basis van een gedetaileerde analyse van de glacitektonische structuren wordt gecon-
cludeerd dat de verschillen tussen deze twee verschillende fases zijn veroorzaakt door een
verschil in ijsdynamica. Hierin is de eerste grootschalige fase van deformatie te relateren
aan een actieve terugtrekking van het ijs, met meerdere korte pulsen van uitbreiding, ter-
wijl de tweede uitbreiding in het westen van de Doggersbank waarschijnlijk is veroorzaakt
door een onstabiele en korte ijsuitbreiding van de Britse ijskap.
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Introduction

1.1 Preface

The marginal areas of glaciers and ice sheets are critical locations in the understanding of

glacial systems. Knowledge about ice-marginal structures and landforms is imperative for

ice sheet reconstruction. However, ice-marginal environments are considered to be some of

the most complex geomorphic systems (Benn and Evans, 2010). The sedimentary architec-

ture of these environments reflects processes associated with running and standing water,

periglacial processes with melting and refreezing, and glacial processes which include glaci-

tectonic deformation. This may lead to a complex sedimentary architecture which makes

ice-marginal environments often challenging to characterise. Their investigation is limited

by available sediment exposures, and the lack of spatial information regarding sediment

architecture. This can significantly restrict the collection of high-resolution data which

is needed to develop interpretations of processes and dynamics in these complex, highly

dynamic and rapidly-changing environments. Such issues are even more significant when

considering former ice-marginal environments, such as these formed at the margins of the

Last Glacial Maximum (LGM) ice sheets in North America and Europe, where more than

half of the former ice margins are located in areas of modern-day shelf-seas. At such

locations, sedimentary analysis is only possible using geophysical surveys and boreholes.

Information about the architecture of sediments is constrained by technology and spa-

tial resolution of seismic data. Recently these technologies and the resolution of seismic

surveys have improved significantly, which allows for improved reconstruction of the de-

positional and deformation history of these former ice margins.

The Dogger Bank is located in the centre of the North Sea Basin (see Figure 1.1). Under-

standing of the sediment architecture and glacitectonic processes in this area is essential
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Figure 1.1: Location of the Dogger Bank within the North Sea Basin.

to improve the current level of understanding about the large-scale glacial evolution of

this area as well as its role as a possible limit of the British-Irish Ice Sheet and interplay

of the Fennoscandian Ice Sheet (FIS). The location of the Dogger Bank in the centre of

a large sedimentary basin makes it a prime location for this, as most studies describing

glacitectonic structures are located at the margins of this basin (such as East England

or Denmark). On a larger scale, reconstruction of the BIIS in the North Sea may feed

into the regional understanding of these ice sheet limits and provides the best example of

what might happen at the West Antarctic Ice Sheet (WAIS) during the present time of

ongoing global warming (Oppenheimer, 1998; Bamber et al., 2009). This project might

therefore also feed into large-scale reconstruction projects such as BRITICE-CHRONO

(Clark et al., 2004a; Evans et al., 2005). This study provides a new and detailed model

of ice margins in the Dogger Bank area which may be used as a link between identified
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onshore ice streams and their offshore limits.

The Dogger Bank as a landform has formerly been suggested to be a large glacitectonic

complex (Cotterill and Long, 2011; Dove, 2012). However, understanding of the interplay

between sedimentation and deformation in this area is still limited, as well as the mech-

anisms that may have produced this is still unknown. Therefore it is difficult to predict

processes and sedimentary architecture of the present day subsurface structures. The main

purpose of this research project is therefore;

Investigate the 3D architecture and structure of a tectonised glacigenic sedimentary

sequence in the Dogger Bank area of the southern North Sea.

A primarily geophysical approach will be used to achieve this goal, using a large dataset

of high-resolution seismic lines made available by the Round 3 wind farm development

consortium Forewind. The Chapter 2 will highlight the knowledge gaps and subsequently

outline the aims and objectives of this project at the start of Chapter 4.

1.2 Project background

Forewind is a consortium established in 2008 for the development of a large offshore wind

farm on the Dogger Bank, in the southern North Sea. The Forewind consortium is a co-

operation between four international energy companies, SSE (UK), RWE (UK), Statkraft

(Norway) and Statoil (Norway). The British Geological Survey’s (BGS) involvement in

this project is to provide the geological information needed for the construction of the wind

turbine foundations. The dataset provided by Forewind consists of approximately 3800

km2 of high-resolution multi-beam seismic surveys, with 100m inline and 500m crossline

spacing (more details about the project and dataset in Chapter 4). This has led to the

recognition of the geological complexity of the Dogger Bank area which has great implica-

tions for the engineering aspect of the Forewind project, as the stability of the sediments

had been highly overestimated. Better understanding of the sedimentary architecture and

deformation is therefore needed to be able to assess the stability of the sediments. The

unexpected complexity of the Dogger Bank has sparked interest from both academic and

applied engineering points of view and has resulted in the initiation of a number of PhD

projects. The different projects all use the same dataset, although for different purposes
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and within different disciplines. This means that whilst the focus of this PhD project is

academic, there are very clear applications to industry. The results of this and the other

PhD projects will be integrated by the working groups convened by Forewind, demon-

strating the reality of the cross-over between academic science and industry. The use of

industrial data means, however, that the data has been provided pre-processed (with very

little metadata) and is limited in its sample design. As well, the dataset is protected by

a commercial confidence, and possible publications all need to be approved by Forewind.

However, the benefits for this specific PhD research project are that the high-quality data,

knowledge and expertise of both academics and industry are integrated into the project.

1.3 Rationale and scope

The primary purpose of this research project is to investigate the processes of glacitectonic

deformation and the dynamics of push moraine formation. In ice-marginal environments,

the complex interplay between sedimentation and glacier-induced deformation determines

the sediment structures and architecture. The deformation and mechanisms forming glaci-

tectonic complexes typically occur at oscillating dynamic ice sheet margins. Understanding

these processes provides an important proxy for ice sheet dynamics through the influence of

advance/retreat phases on sediment supply and deformation. The unique offshore seismic

dataset of the Dogger Bank is used to address the lack of understanding of the evolution

of this area and subsequent evolution of the BIIS in the southern North Sea and interplay

with the FIS.

The combination of detailed seismic interpretation, sedimentary and structural analysis is

proposed to establish a relative chronology for both the tectonostratigraphy of the main

sedimentary unit and development of the large-scale glacitectonic deformation structures

identified within the seismic profiles. This will provide a glacitectonic and depositional

framework from which to model the spatial and temporal changes of the BIIS and FIS

in the Dogger Bank area during the Mid to Late Quaternary. The results of this thesis

will also improve the understanding of the relationships between, and factors controlling

sedimentation and deformation at former ice sheet margins.

The Forewind dataset is a new source that is used for the expansion of knowledge of the

glacial evolution of the Dogger Bank, but there is still a need for a method to analyse
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this data. Until recently, large-scale analysis was mainly a manual process. The basic

chronology and history of the North Sea is mainly based on work from Veenstra, Jefferey,

Laban, Cameron etc. and is usually a compilation of work that presents one (seismic)

profile per study. Data acquisition and quality has been highly improved due to techno-

logical developments in recent years, so that it is now possible to have so much data and

this allows for analyses that were not possible before (such as very large-scale analysis or

(pseudo) 3D reconstructions of structures). However, because there is so much data and

material available, there is a need for structural methods to analyse this data.

This thesis focusses on three main aims, that are formulated as research questions (see

Chapter 4.1.1 for clarification of these research questions and proposed methods and ob-

jectives):

• What is the (glacitectonic) evolution of the Dogger Bank area?

• How can deformation structures recognised on high-resolution seismic profiles be

used for reconstruction of past glacial environments?

• How can large amounts of seismic profiles be systematically compiled and analysed

for the interpretation of glacially deformed sediments?

All interpretations within this thesis are based on the Forewind data set. Where possible,

the structural interpretations are linked to lithological as well as geological interpretations

of other reports and papers. These reports are often Technical Reports from Forewind

(available for this project, and upon request by Forewind) and BGS (technical) reports

(available for this project, and upon request from British Geological Survey). Some of the

interpretations are also linked to results written by other people from the same team at

BGS that worked with the Forewind data. These papers include Cotterill et al. (2017a,b);

Phillips et al. (2018) and are written all in cooperation with the same team. The inter-

pretations in this thesis are all original and my own work, they are only linked to parts of

these papers in the interpretations.

1.4 Thesis structure

This thesis starts with a short chapter about the significance of glacitectonics in ice sheet

reconstruction (Chapter 2). This includes an overview of research that has been done at
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the Dogger Bank study area, as well as in glacitectonic processes and landforms. Chapter 4

provides an overview of the dataset and the methods that are used to describe and interpret

the seismic dataset. It starts with a short section on data acquisition and processing.

Thereafter, the basics of glacitectonic deformation structures are explained as well as how

these are described in the seismic data. The chapter ends with a short introduction in

the domain method, which provides a spatial overview for the glacitectonic deformation

structures. Chapter 5 provides a detailed overview of this ’Domain Approach’ and how

it is applied on the 2D seismic lines. It describes this method and identifies the main

deformation structures present in the Dogger Bank area. The second part of Chapter 5 also

includes how the descriptions of de deformation structures may be used in a larger context

and their spatial relations. Chapter 6 describes two cross sections through the largest

landform system in the Dogger Bank area. These two cross sections are analysed in detail

to gain insight into the processes and kinematics that are responsible for the deformation

of the sediments. The cross sections are then used to reconstruct the first phase of the

deformation sequence in the Dogger Bank. The second part of Chapter 6 describes the

second phase of the deformation sequence. The final part of this chapter provides a relation

between the two phases of deformation and how these may be used in the reconstruction of

past glacial processes and environments. The last chapter (Chapter 7) provides a synthesis

of the thesis in the order to answer the research questions. The first section will therefore

discuss how large amounts of seismic profiles can be systematically compiled and analysed

for the interpretation of glacially deformed sediments. The second section shows how

deformation structures recognised on high-resolution seismic profiles can be used for the

reconstruction of past glacial environments. It presents a seismostratigraphic as well as

tectonostratigraph sequence that has been build up based on the structures as identified in

the domain approach. The third section presents a glacial evolution model for the spatial

and temporal changes in the deformation and sedimentation associated with the Dogger

Bank ice sheet margin during the Weichselian.
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The significance of glacitectonics in ice sheet reconstruction

2.1 Introduction

Early suggestions about the origin of the Dogger Bank vary from layer-cake laminated

stratigraphy (e.g. Balson and Cameron, 1985; Balson and Jeffery, 1991; Cameron et al.,

1992), proglacial lake sediments (e.g. Diesing et al., 2009) and it being one large (thrust

block) moraine system (e.g. Stride, 1959; Laban, 1995; Carr, 2004; Roberts and Hart,

2005; Phillips et al., 2008). However, no regionally consistent evidence has been found

indicating the presence of glacitectonic or other structures within the Dogger Bank. Even

though the Dogger Bank area has been analysed within regional strategic mapping projects

from both the British Geological Survey (BGS) and the Dutch Geological Survey (TNO,

previously known as RGD), no consistent interpretation of the upper part of the Quater-

nary stratigraphy has been described (Lott and Innes Lumsden, 1986; Jeffery et al., 1989,

1990; Jeffery and Cook, 1991).

To better understand the significance of the Dogger Bank in the relationships between

and evolution of the British-Irish Ice Sheet (BIIS) and Fennoscandian Ice Sheet (FIS),

it is clear that a greater understanding of (glacitectonic) structures in the Dogger Bank

area is needed. Glacitectonism, defined as ”glacially induced structural deformation of

bedrock and/or drift masses as a direct result of glacier-ice movement or loading” (Aber

et al., 1989), is often found in complex ice-marginal depositional environments. The dif-

ferent deformation structures and their architecture may be characteristic or diagnostic of

a specific environment or process (Evans, 2003). However, these environments are often

complex and challenging to describe. This chapter outlines the key elements in glaci-

tectonic literature, to provide a background in the different deformation structures and

sediment architecture which have been identified within this project.

7
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This chapter starts with an overview of the basic processes which are responsible for the

development of the main glacitectonic structures. This includes the basic morphology of

folds (Section 2.2.2) as well as faults and thrusts (Section 2.2.3). Furthermore, it includes

the stress and strain (Section 2.2.4) factors that are responsible for glacitectonic structures.

The second part of the chapter provides an overview of large-scale glacitectonic landforms

(Section 2.2) and how these may be related to different glacial behaviours. The third

section discusses how glacitectonic structures can be used to reconstruct the process behind

the structures. It also provides an overview of different experimental models (Section

2.4.1) that aid in the understanding of past glacial landscapes, by using the glacitectonic

landforms and processes. The last part of the this chapter shows a short overview of

how glacitectonics are used in interpreting past glacial landscapes, which will be further

discussed in the Chapter 3.

2.2 From process to structure

Glacitectonic deformation caused by glacier forces results in structures that can be de-

scribed and explained by similar processes and forces as described in structural geology

text books (e.g. Twiss and Moores, 1992; Park, 1997), despite being of different scales

and materials (Slater, 1926; Banham, 1977; Croot, 1987; Aber et al., 1989; Pedersen, 2000;

Andersen et al., 2005; Aber and Ber, 2007; Phillips et al., 2008).

Major disturbance by glaciers is reflected in deformation of sediments, which typically

results in shortening structures such as folding and thrusting (Aber et al., 1989; van der

Wateren, 1995; Phillips et al., 2002). However, some areas of extensional deformation oc-

cur in for example subglacial settings. Figure 2.1 shows a simplified diagram of the glacial

processes reflected in different styles of deformation, which are dependent on distance from

the ice margin (Croot, 1987). Different studies have tried to describe and model this spatial

variation of deformation styles in relation to their depositional setting and potentially to

glacial processes (e.g. van der Wateren, 1995; Bennett, 2001; Williams et al., 2001; Bakker,

2004; Pedersen, 2005; Roberts et al., 2009). This will be further discussed in Chapter 2.4.1.

Different processes and environmental conditions (such as available water, sediment, slope

and elevation of the subsurface) result in the formation of different glacitectonic structures
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Figure 2.1: Schematic section through a glacial deformed ridge showing the different inter-
nal deformation structures related to the position of the ice. Directly under-
neath the ice, deformation structures are related to extensional stresses, while
in front of the ice the structures are related to compressional stresses (Croot,
1987).

and landforms. Detailed description of the structures and their directionality can therefore

be used as kinematic indicators for the reconstruction of palaeo ice-dynamics (e.g. van der

Wateren, 1995; Eyles and Boyce, 1998; Phillips et al., 2012).

2.2.1 Deformation complexity in glacitectonic environments

Since the recent expansion of the subglacial process-form paradigm (Murray, 1997) it has

been recognised that deformation processes are critical in understanding the dynamics

of ice sheets and glaciers. Glacitectonic processes are the driving processes behind the

formation of glacitectonic landforms and occur mostly sub-marginally or in front of the

glaciers and ice sheets. In these different depositional environments, change in stresses

may result in different styles of deformation. For example, the stress field in subglacial en-

vironments is typically dominated by vertical compression and lateral extension, while in

proglacial settings the structures are mainly dominated by lateral compression (Aber et al.,

1989). The different stress fields in combination with other environmental conditions may

result in different styles of deformation which include both brittle and ductile deformation.

Deformation leads to failure when the material loses its cohesion (Park, 1997). When a

fracture develops this type of material behaviour is called brittle deformation, and includes

structures such as faults, imbrications, joints, fractures and slickensides (see Figure 2.2C

and D). When deformation leads to a permanent strain (change in shape and/or size)
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caused by internal creep or flow of material in a plastic or fluid manner, without marked

discontinuities, this is called ductile deformation (Park, 1997; Twiss and Moores, 1992).

Ductile deformation structures include folds, intrusions and diapirs (see Figure 2.2A and

B). More details about the description of individual structures are discussed in the follow-

ing sections (Section 2.2.2 and 2.2.3).

Figure 2.2: Examples of ductile deformation (A and B) and brittle deformation (C and
D) in North Norfolk (Fleming et al., 2013).

The nature of deformation (brittle vs. ductile) is dependent on the strength and prop-

erties of the material, as well as the local conditions such as stress regime, temperature

and pressure. Small variations in stress field and local conditions may result in differ-

ent styles of deformation within the same sediment sequences or strata (Aber and Ber,

2007). In glacial environments both ductile and brittle deformation structures may de-

velop as a result of glacitectonic deformation. Figure 2.3 shows an overview of some widely

recognised glacitectonic structures, arranged on their nature of deformation and scale of

development. The different structures and landforms described in Figure 2.3 show the

wide range of scales in which glacial deformation can occur (Aber et al., 1989; Klein,
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2002). Depending on the scales of the structures, different approaches are needed. From

the largest landform assemblages at the left side of the figure (e.g. Zelcs and Dreima-

nis, 1997; Bennett et al., 1999; Benn and Clapperton, 2000; Bennett et al., 2000a; Huuse

and Lykke-Andersen, 2000a; Boulton et al., 2001; Larson et al., 2003; W lodarski, 2014)

up to the smallest microscopic fracturing and folding of glacial sediments (e.g. van der

Meer, 1993, 1997; Menzies et al., 2010; Hiemstra, 2013; Menzies and Meer, 2018). Within

the scope of this project, the limits of description are dependent on the resolution of the

seismic dataset. Therefore it is only possible to recognise structures between the two red

dashed lines in Figure 2.3.

Figure 2.3: The development of different glacitectonic structures, showing their horizontal
scale of development on the x-axis and style of deformation on the y-axis (after
Aber et al., 1989). The area between the red dashed lines indicates the types
of structures and their scales within the scope of this project.

Deformation structures formed in a subglacial (palaeo)environment are typically related to

changes in (water) pressure and gravitational shear (Berthelsen, 1979; Boulton et al., 1996;

Hart and Rose, 2001; Phillips et al., 2007; Lee and Phillips, 2008). In a subglacial setting,

pore water pressure is generally high and sediments are often saturated. This results in

the development of (small scale) foliations, water escape features and hydrofracturing,

and mostly ductile shearing, thrusting and boudinage (van der Meer et al., 1999; Phillips

et al., 2002, 2007). Proglacial deformation structures are less influenced by water pressure

and not limited by the amount of accommodation space (Posamentier and Walker, 2006).

Proglacial deformation may include both ductile and brittle deformation (Hambrey et al.,

2009). Dependent on the (local) presence of permafrost and the proglacial pressure field,

large-scale thrusting and folding may develop in a proglacial setting (Kälin, 1971; Hart
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et al., 1990; Evans and England, 1991; Boulton et al., 1999; Phillips et al., 2002; Benedik-

tsson et al., 2008; Phillips and Merritt, 2008; Waller et al., 2012).

2.2.2 Description and recognition of ductile deformation structures

Folds are a common ductile deformation structure and reflect lateral compression (Fossen,

2016). The fold geometry consists of a hinge or axis at the top (also known as crest) and

base (also known as trough) of the fold, with two limbs on either side (Twiss and Moores,

1992; Phillips et al., 2011; Fossen, 2016; Figure 2.4).

Figure 2.4: Diagram showing the different terminology in fold geometry (Fossen, 2016).

Since this study deals with folds on seismic profiles, all folds are described in 2D with the

geometry being partially controlled by the plane of section provided by the seismic profiles.

The geometry of the folds is described using the inter-limb angle and angle of the axial

plane (Figure 2.4 and 2.5). If both limbs of a single structure have the same inter-limb

angle, and therefore the same length, a fold is called symmetrical (Figure 2.5A). Whilst

if the limbs of a structure are of unequal length, the fold is asymmetrical and inclines

towards the shortest limb (Figure 2.5B). The inter-limb angle can provide information

about the amount of shortening of the section, while the attitude of the fold axial plane

is used as a kinematic indicator (Park, 1997; Phillips et al., 2011). An asymmetrical fold

’leans’ towards one side, which is called the vergence of the fold. The direction of ver-

gence coincides with the direction of stress the fold has undergone during formation. The

tightness of the fold (Figure 2.5C) indicates the amount of compression within the section.
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Tight or isoclinal folds have undergone a much higher compression and therefore higher

shortening of the sequence compared to gentle and open folds (Park, 1997).

Figure 2.5: The inter-limb angle of a symmetrical fold (A) and an asymmetrical fold (B)
as well as the classification used to describe the tightness of a fold (C) (after
Park, 1997).

The local difference in layer thickness as well as the change of stress may result in the

formation of parasitic folds (Ramsay and Huber, 1987; Park, 1997; Phillips et al., 2011).

These parasitic folds occur within a larger fold system (see Figure 2.6). These are not

always easy to distinguish if they are perceived as single folds, when the larger system

(of which they are part) is not entirely present or visible in the exposure. However a

combination of multiple parasitic folds can indicate the geometry of the large fold system

by the shape of the folds. ’M’ shaped folds occur near the fold hinge, respectively at the

top and base of a fold system, while ’Z’ and ’S’ shaped folds occur within the limbs of

the system (see Figure 2.6). The changes in geometry of ’S’, ’M’ and ’Z’ shaped parasitic

minor folds can therefore help in the identification of large-scale fold structures (Ramsay

and Huber, 1987; Park, 1997).

2.2.3 Description and recognition of brittle deformation structures

Faults are the main structures formed as a result of brittle deformation. The section below

the fault is called the footwall, whereas the section above is referred to as the hanging
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Figure 2.6: Diagram showing the geometry of parasitic folds within a larger fold system.
The ’Z’ and ’S’ show an asymmetrical shape at the left-limb and right-limb
respectively of the fold. A symmetrical ’M’ shaped parasitic fold is present at
the crest of the fold.

wall. On seismic profiles the presence of faults is denoted by the offset of a single seismic

reflection and/or distinct bands composed of several seismic reflections. Faults can be

classified as normal or reverse faults, based on the relative sense of movement parallel to

the dip direction of the fault plane (Figure 2.7; Twiss and Moores, 1992). Low-angle, gen-

tly dipping (dip less than 45◦) reverse and normal faults are termed thrusts and low-angle

faults (also referred to as lags) respectively (Park, 1997).

Figure 2.7: Difference between a reverse fault (A) and a normal fault (B). When the angle
of dip is less then 45◦, these faults are respectively called thrust and low-angle
faults (after Park, 1997).

The co-appearance of sets of thrust faults is referred to as a thrust system. The base of a

thrust system is usually marked by a semi-horizontal fault, called a basal detachment sur-

face or décollement surface. The detachment surface is generally semi-horizontal, but can
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’shift’ in height, especially around complex systems forming a (footwall) ramp (see Figure

2.8A). The thrust system is then formed by multiple thrusts, cutting upwards into the

hanging wall of the detachment surface (Park, 1997). Where a thrust deforms a sequence

of horizontally bedded sediments it typically forms a ’stepped’ geometry, comprising a se-

ries of horizontal or gently dipping flats linked by more steeply (typically at an angle of 30◦

to 40◦) inclined ramps (Pedersen, 1996; Eyles and Boyce, 1998). Thrusting often results

in the stacking of individual detached sheets, resulting in the formation of an imbricate

zone. Imbricate zones may be bound at the top (roof thrust) and bottom (sole thrust) by

thrusts to form a structure known as a duplex (see Figure 2.8B).

Figure 2.8: Diagram showing the shape of a thrust surface, with the location of ramps and
flats (A); and the structure of a duplex, with imbricate thrust slices which are
contained between a floor thrust and a roof thrust (B) (after Park, 1997).

As the sediments in the hanging wall of the thrust move up the ramp they become folded

and form an anticline. The associated hanging wall anticlines (also called top-folds) of the

thrusts result in the development of thrust sheets (McClay, 1992). Thrust complexes may

develop either forwards, advancing into the foreland and leading to the process known as

piggyback thrusting (Figure 2.9A), or backwards where the later thrusts develop in the

hanging wall of the earlier developed low-angle faults resulting in the development of an

overstep sequence (Figure 2.9B; Park, 1997).

A thrust or composite moraine is a landform formed as a result of ice-marginal to proglacial

thrusting (Aber et al., 1989; Benn and Evans, 2010). Thrust moraines can consist of large

complex deformation structures, with both piggyback and overstep sequences (van der

Wateren, 1995). If one of the two can be identified, this will provide information about

the kinematics and the directionality of development of the thrust moraine system.
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Figure 2.9: Two different thrust complex developing sequences, A) A piggyback thrust
sequence, in which the new thrust develop in the footwall of earlier thrusts, B)
An overstep thrust sequence, in which the new thrusts develop in the hanging
wall of the older thrusts (after Park, 1997).

2.2.4 Deformation related to stress and strain

By definition, deformation includes rotation, translation and strain (or distortion) (Mid-

dleton and Wilcock, 1994). Since the Dogger Bank is situated in the centre of a large

sedimentary basin (see Chapter 3), and therefore expected to mainly consist of (uncon-

solidated) sediments, the main deformation element is expected to be strain. However,

where de-watering processes and permafrost are present, rotation and translation may be-

come more dominant. Strain is the amount of distortion that occurs as a result of stress,

wherein stress is the measure of how hard a material is being pushed or pulled as a result

of external forces (Benn and Evans, 2010). The strain is therefore a result of magnitude

and direction of stress. The stress that is responsible for deformation of the sediments is

the basal shear stress, which can be defined with the following equation:

τ = ρghsin(α)

In which τ is the shear stress, ρ the density of the ice, g the gravity constant (9.81 m/s2),

h the thickness of the ice and α the slope of the glacier surface (Bennett, 2001). This

shows that stress increases with thicker ice as well as a steeper slope of the glacier surface.

Stress may be released by internal deformation of the ice, basal sliding or deformation of
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the subsoil (Bennett, 2001). The stress that is responsible for the deformation of sedi-

ments (strain) can be split into different components. For this study, only three different

components have been taken into account, which are summarised in Figure 2.10: pure

shear, simple shear and longitudinal shear (compressional or extensional deformation).

Figure 2.10: Diagram illustrating the different components of deformation: A) no defor-
mation, B) pure shear, C) simple shear and D) longitudinal shear.

In glacial environments, longitudinal shear is one of the major strain types that can be

identified in the sediments and is expected to differ dependent on the relative position of

the sediments to the ice. Hart et al. (1990) and van der Wateren (1995) present similar,

very simplified models for the distribution of horizontal extensional and compressive strain

in glacier margins (see Figure 2.1). Even though these models provide a basic framework

for the interpretation of ice-marginal deformation, they are too simplistic for the complex-

ity of ice-marginal environments and Figure 2.1 only shows the situation for a wet-based

system. Since the presence of permafrost changes the permeability of the subsurface, this

has a major influence on the pore water pressure as well as the resulting deformation

structures (Boulton et al., 1999). This is not limited to the presence of periglacial per-
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mafrost, but a similar effect is the change in thermal regimes of the glacier bed (Clayton

and Moran, 1982; Waller, 2001; Figure 2.11).

Figure 2.11: Schematic diagram summarizing the main processes and products associated
with ice-marginal glacierpermafrost interactions (Waller et al., 2012).

The different components of stress are pure shear, simple shear and longitudinal shear

(see Figure 2.10). The strain is then the amount of deformation (dutch: vervorming)

of the material as a result of this stress. Most materials can undergo a certain amount

of stress before permanent deformation (Park, 1997). When a critical point has reached

(the yield strength) the material will start to permanently deform, generally in an viscous

manner (ductile deformation). When the amount of stress becomes too high, the material

reaches a point of failure and starts to break (brittle deformation). Figure 2.12 shows one

example of a stress-strain diagram for a certain material. Even though this figure shows

the sequence of deformation, the course of the diagram is different for all kind of materials.

Strain has a direction, magnitude and rate (Twiss and Moores, 1992). However, not all
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Figure 2.12: Simplified diagram of the relation between stress and strain.

three of those components are possible to reconstruct using structural interpretation of

(seismic) profiles.

Strain direction

For the reconstruction of the direction of strain, the direction of maximum displacement

or disruption should be found. For brittle deformation structures this can be determined

by measuring the maximum angle of the fault or displacement of the thrust sheet. For

ductile deformation this is related to the fold axis (see previous section). Within the do-

main approach in this study (see next Chapter), the strain direction is not relevant for

the classification of the domains. However, it is very important for the reconstruction of

the palaeo stress direction, and thus for the reconstruction of ice (flow) directions and

development of the glacitectonic evolution model. In seismic interpretations, the apparent

angle of exposure determines the profile of the structures, so it is important to always take

this into account and correct for it when possible (see Section 2.5.5).

Strain magnitude

The strain magnitude is the total amount of stress that is applied to the sediments and

thus the total deformation that the sediments have undergone. The strain magnitude

(often simply referred to as strain) is thus the cumulative amount of strain that can be
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identified on the (seismic) profiles.

Strain rate

The strain rate is the change of stress during the time of deformation. The relationship

between stress and strain for real materials depends critically on the length of time for

which the stress is applied Park, 1997. This means that materials that undergo low strain

over a very long period of time can have permanent deformation, even though the strain

might be below the yield strength of the material. In contrast, instantaneous high strain

rates can cause elastic deformation, whereas this should normally cause failure of the ma-

terial. It is hard to determine the palaeo strain rate, since the imprint in the sediments

shows only the final results of the total strain. Only rarely, it is possible to find indicators

for changing stresses during deformation (Twiss and Moores, 1992).

However, in sediments, especially in glacial sediments, the strength of the material and

thus the nature of deformation is largely controlled by different factors (such as sediment

composition, pore water pressure, temperature, pressure etc). Therefore this strain rate

is a very unreliable factor to take into account for reconstruction of changes in stress only.

Szuman et al. (2013) show an example of how deformation conditions (brittle and ductile),

pore water content, strain and temperature are related to the nature of deformations

(Figure 2.13). They define four thermo-mechanical facies (A-D) which are distinguished

based on sedimentological analysis of the contacts between till and underlying sediments.

Figure 2.13: Diagram illustrating the relationship between thermo-mechanical facies (as
described in the text), the nature of deformation, pore-water content, strain
and temperature (Szuman et al., 2013).
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Szuman et al. (2013) relate the most brittle deformation structures to subglacial conditions

with a strong coupling between the ice and subglacial sediment, and temperatures below

pressure melting point, that can be representative of cold-based ice (see facies A in Figure

2.13). Increasing temperatures of the conditions at the base of the ice cause more ductile

deformation to develop. In facies B of Szuman et al. (2013) cold-based conditions are ex-

pected, but with some unfrozen available water within warm permafrost (Astakhov et al.,

1996; Waller et al., 2011, 2012), and low strain conditions. At locations in which ductile

deformation structures dominate, high strain rates are expected in a mostly wet-based

ice sheet sole with temperatures above pressure melting point. The differences between

the basal conditions will thus be of major importance in the development of deformation

structures and therefore also in the presence of (glacitectonic) landforms. This will be

further discussed in the next sections.

2.3 Glacitectonic landforms

2.3.1 Introduction

Glacial landforms comprise all landforms that are formed by the presence of a glacier or

ice-sheet. The landforms are usually linked to a wide range of processes, topographic

settings and glacial environments (Bennett, 2001; Benn and Evans, 2010). Both erosional

as well as depositional processes may form different landforms and structures. Landforms

may be classified according to their formation process (glacial or glacifluvial) and rela-

tionship with the position of the ice during formation. These landforms classified on their

depositional environments include subglacial bedforms (e.g. drumlins, flutings and mega-

flutings), ice-marginal moraines (e.g. hill-hole pairs, composite ridges and thrust-block

moraines, cupola hills and mega-block and rafts; see Table 2.1), supraglacial structures

(e.g. medial moraines), proglacial associations (e.g. meltwater depositions or sandrs) as

well as glacilacustrine and glacimarine depositions (e.g. grounding-line fans, (till-)deltas

and ice block deposits) (Benn and Evans, 2010).

At the margins of glaciers and ice sheets different glacitectonic landforms may form. These

ice-marginal processes and moraines can be subdivided into 1) latero-frontal fans and

ramps, 2) dump moraines and ice-marginal aprons, 3) push and squeeze moraines and 4)
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proglacial glacitectonic landforms (Benn and Evans, 2010). The last two of these types

of ice-marginal moraines usually consist of a complex system of moraines rather than a

single feature (Hambrey and Huddart, 1995; Boulton et al., 1999; Bennett et al., 2004a).

Most push moraine complexes result from proglacial and submarginal glacitectonism, in

which the deformation results from a displacement of proglacial materials due to stresses

imposed by glacier ice, and involves ductile or brittle deformation or a combination of

the two (Benediktsson et al., 2008; Benn and Evans, 2010). Many large-scale structures

that can be recognised in seismic data are composite thrusts and glacitectonic rafts (An-

dreassen et al., 2007; Rüther et al., 2013).

Table 2.1: Basic characteristics of constructional glacitectonic landforms arranged in order
of decreasing topographic prominence (Aber et al., 1989).

Landform Height (m) Area (km2)
Primary
Material

Primary Morphology

Large
composite-
ridges

100 - 200 20 - >100 Bedrock
Subparallel ridge and valley
system arcuate in plan

Hill-hole pair 20 - 200 <1 - >100 Variable
ridged hill associated with
source depression

Small
composite-
ridges

20 - <100 1 - >100
Quaternary
strata/drift

Subparallel ridged and val-
ley system arcuate in plan

Cupola-hill 20 - >100 1 - 100 Variable
Smoothed dome to elon-
gated drumlin with till
cover

Megablocks
and rafts

0 - <30 <1 - 100 Bedrock
Often concealed, flat buttes
or irregular hills

Glacitectonic structures specific are generally associated with ice-marginal as well as

proglacial depositional environments. Many different glacitectonic landforms have been

described in the literature (e.g. Aber, 1982; Aber et al., 1989; Hart and Boulton, 1991;

van der Wateren, 1995; Hart and Rose, 2001; Phillips et al., 2010) and are the surface or

morphologic expressions of these subsurface structures (Aber et al., 1989). However, since

glacitectonic landforms are sometimes significantly altered by later (glacial) events, the

morphology of the landforms may then be changed. Knowledge of the subsurface struc-

tures as well as stratigraphy is then necessary to correctly interpret these landforms (Aber

et al., 1989). In the previous section, different structures were already described as well

as their scale of development and style of deformation (see Figure 2.3). Since this project

focusses on glacitectonic structures, this section will only outline the main glacitectonic
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landforms as classificed by Aber et al. (1989) and shown in Table 2.1 and Figure 2.14).

Figure 2.14: Characteristics of the main glacitectonic landforms (Evans and Benn, 2001).

2.3.2 Composite ridges

The most common forms of glacitectonic landform are composite ridges and thrust-block

moraines, with each of these representing the former positions of ice-sheet and glacier

readvances or stillstands (see Figure 2.14A). The term push moraine is used by several

authors (e.g. van der Wateren, 1985) as similar features as composite ridges and thrust-

block moraines. However, as defined by Aber et al. (1989) and Benn and Evans (2010),

push moraines only represent smaller moraines formed by bulldozing or push-from-behind

(see Section 2.4.1) and not the large-scale glacitectonic landforms as described by com-

posite ridges and thrust-moraines (Aber et al., 1989; Evans and England, 1991; Benn and

Evans, 2010). Composite ridges and thrust-block moraines can be arcuate to curvilin-

ear, and are composed of various imbricated, thrust-bound slices of folded and/or faulted
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bedrock and/or consolidated sediment (Aber et al., 1989; Benn and Evans, 2010; Menzies

and Van der Meer, 2017). The forms come in a range of sizes, from features of only a few

metres (formed at an advancing ice margin due to oscillating ice-push; often referred to

as push-moraines), to much larger forms with scales of hundreds of meters to tens of kilo-

metres, containing thick, structurally complex sequences of variably deformed strata as a

result of large-scale glacitectonism (Figure 2.14A). In the horizontal plane the landforms

show as subparallel arcuate ridges, separated by parallel positioned depressions, gener-

ally representing the former ice margin shape. Each of the ridges corresponds to either

a crest of a large-scale fold or the end of a tilted thrust block or sheet. The composition

of smaller thrust-moraines may include subglacial till as well as ice and ice-marginal sed-

iments (van der Wateren, 1985; Bakker, 2004), often unconsolidated Quaternary strata

(Aber et al., 1989). Larger forms often contain large volumes of pre-Quaternary bedrock

(Aber et al., 1989) or proglacially thrust masses of permafrozen block of Quaternary sedi-

ments (Evans and England, 1991). At major ice advance events, composite ridges may be

smaller landforms such as these may be overridden, deformed themselves and made a part

of the subglacial strata (Aber et al., 1989). Because of that, it is more likely that smaller

forms only develop and are preserved due to minor or seasonal readvances of glaciers and

ice sheets which are in overall retreat, explaining why Aber et al. (1989) distinguish be-

tween large and small scale composite ridges as two different landform types (see Table

2.1). Larger landforms of composite ridges are related to the positions of glacier stillstands

or readvances and associated glacitectonics formed in a proglacial or sub-marginal setting

(Benn and Evans, 2010).

2.3.3 Hill-hole pairs

A hill-hole pair is a combination of a hill and a hole. The hill is formed of ice-thrust

material sourced from a similar sized hole (depression) located up to a several kilometers

up-ice (Bluemle and Clayton, 1984; Benn and Evans, 2010). Often, these depressions are

(partly) filled with later sediments and therefore not always visible. On the other hand,

hills may be removed or modified by later (glacial) erosion resulting in glacial depressions

without hills (Benn and Evans, 2010; Menzies and Van der Meer, 2017). The preserved

hills are typically arcuate in form with some internal glacitectonic structures such as folds

and thrusts (Figure 2.14B).
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2.3.4 Cupola hills

Cupola hills are a similar glacitectonic landform but lacking the hill-hole pair relationship

and/or the transverse ridge morphology of composite ridges (see Table 2.1 and Figure

2.14C). They are approximately 1-15km long and between 20-100m high and are dome-

like features, circular to oval in plan form (Bluemle and Clayton, 1984; Benn and Evans,

2010). This morphology suggests that cupola hlls are often overridden by later ice advances

and might represent early stages of drumlin formation (Benn and Evans, 2010). The name

cupola originates from the Danish term kupperbakke, and a good example is present in the

Ristinge Klint in Denmark (Aber et al., 1989; Jakobsen, 1996). The Ristinge Klint cupola

hill has presumably formed within two phases. The formation of the cupola hill itself with

the thrusting of scales (scales are blocks thrust into an imbricated or overlapping position;

Aber et al., 1989) presumably took place near the ice margin during glacier advance,

while later truncation of these scales and overlying till deposition happened during later

ice overriding (Aber et al., 1989). In this first phase of developing the thrusting scales,

some thin permafrost might have locally developed in front of advancing ice lobes near

the end of interstades (Berthelsen, 1975), but whether or not this was sufficient to control

thrusting of floes at Ristinge is unknown. Thrusting within the clay décollement zone was

likely facilitated by increased hydrostatic pressure as a result of glacier-ice loading (Aber

et al., 1989).

2.3.5 Megablocks and rafts

Mega-blocks and rafts are blocks of rock or unconsolidated strata that have been dislocated

as entire blocks from their original location by glacier action (Aber et al., 1989; Burke et al.,

2009; Figure 2.14D). It is often difficult to distinguish these mega-blocks from the original

substrate without clear exposure, since there might be no internal deformation and the

blocks can be up to 30m in height as well as up to several kilometres in cross section

(see Table 2.1). Even though most mega-blocks contain coherent masses of sediment or

bedrock, they might also contain shear zones, faults or may be folded (Aber et al., 1989).

Some blocks may have been dislocated in a frozen state, but even blocks of soft sediment

might have been transported as coherent unfrozen blocks. Hence, traditionally all rafts

were assumed to have been transported by cold-based ice sheets in frozen conditions,

but block failure may also be possible along a basal décollement surface in an unfrozen
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subglacial deforming layer (Benn and Evans, 2010).

2.4 From structure to process

In the previous sections, the basics of glacitectonic processes are described as well as

the different glacitectonic structures and landforms that can be found in (previously)

glaciated areas. This section describes how these structures can then be used to re-

construct palaeoglaciological processes. A short introduction on how experimental and

conceptual models are used is provided below.

2.4.1 A short overview in mechanisms of thrusting

The mechanisms of glacitectonic thrust complexes show close similarities to small-scale

versions of thin-skinned thrust structures as described in mountain building and crustal

shortening in areas of plate tectonic convergence (e.g. Slater, 1926; Croot, 1987; Pedersen,

1987). The processes and mechanisms behind these thrust structures have been studied

by using different physical and numerical modelling techniques (e.g. Storti et al., 1997;

Cobbold et al., 2001; Strayer et al., 2001; Costa and Vendeville, 2002; Andersen, 2004;

Andersen et al., 2005).

The thrusting and development of glacitectonic landforms identified using conceptual or

experimental models can be related to two different mechanisms: ’push-from-behind’ and

’gravity spreading’ (Mulugeta and Koyi, 1987; Tzakas et al., 2002; Andersen et al., 2005).

2.4.2 Push-from-behind

The first model applies a direct push from behind, resulting in strain axes that are nearly

parallel to the movement of the advancing glacier. The deformation is then caused by

lateral compression of the sediment, as a direct result of the forward movement of the

glacier (Chapple, 1978; Davis et al., 1983; Dahlen et al., 1984; Croot, 1987; Aber et al.,

1989).

Both Mulugeta and Koyi (1987) as well as (Tzakas et al., 2002) propose a model that uses

the push-from-behind method to suggest that the large-scale thrust moraine systems can
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be explained by this mechanism. Both assume a strong mechanical coupling at the base,

high yield stress and possible permafrost at the base, to explain a high yield-strength

glacier/sediment mass that moves as a relatively rigid unit (Mulugeta and Koyi, 1987;

Szuman et al., 2013). Figure 2.15 shows the results of this push-from-behind mechanism,

modelled in a sandbox experiment. Figure 2.15A shows the cross section of the sand-

box model with a shortening up to 40%, showing the piggyback stack of imbricate thrust

sheets. In Figure 2.15B the same cross section is shown, including the different deformation

domains that develop during sequential accretion. These different domains each include

a different set of geometries and deformation structures in which for example the most

distal domain (domain A in Figure 2.15B) is characterised mainly by active sole thrust

propagation and ductile set-up of a ramp from the décollement. The domains B and C (in

Figure 2.15B) show a stepwise increase in imbricate spacing with shortening as a result

of progressive thickening and an accreting sediment wedge (Davis et al., 1983; Mulugeta

and Koyi, 1987). The results of these studies show that large-scale glacitectonic thrusting

is primarily controlled by the décollement depth as well as the ice-sheet load (van der

Wateren, 1985; Andersen et al., 2005). Andersen et al. (2005) also show that ’bulldoz-

ing’ by an advancing glacier is the most likely mechanism for developing imbricate push

moraines. However, for large-scale glacitectonic deformation, substrate conditions such as

porewater pressure and varying stress regimes are necessary (Croot, 1987; Andersen, 2004).

2.4.3 Gravity spreading

In the second model, the mechanism of thrusting is explained using a gravity spreading

model, in which the strain axis is arranged radially in front of the advancing glacier.

The deformation is a result of gravitational forces caused by vertical loading and a lateral

pressure gradient associated with the thinning of the glacier towards the ice margin (Elliott,

1976; Aber et al., 1989; van der Wateren, 1985, 1995). In comparison with the push-from-

behind mechanism, the sediment/glacier coupling is weaker, causing the mass to extend in

different directions. The displacements and strains are expected to be radially orientated

because the yield stresses are small compared to the gravitational stresses (Tzakas et al.,

2002). The changing thickness of the ice towards the ice-margin is responsible for the load

on the sediment (Figure 2.16). The weakest layer within the foreland may develop as the

décollement surface once the stress field exceeds the strength of this layer. From this layer,
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Figure 2.15: A) Cross section of sand box model with 40% bulk shortening exposing piggy-
back stack of imbricate sheets. B) Tracing of thrust wedge showing different
deformation regimes (A-C) as well as location of characteristic internal ge-
ometries (0 = single layers at different depths showing different modes of
compression, 1 = ductile thrust in evolving ramp sheath fold, 2 = listric up-
ward imbricate thrust, 3 = slump surface, 4 = small-scale extension faults, 5
= back-kink folds, and 6 = back thrusting) (Mulugeta and Koyi, 1987).

thrust blocks or nappes will develop with increasing stress and associated shortening of

the sediments (van der Wateren, 1995).

Most researchers consider this gravity-spreading as the main mechanism for the formation

of glacitectonic deformation (Rotnicki, 1976; van der Wateren, 1985; Aber et al., 1989;

Bennett, 2001; Benn and Evans, 2010). However, since multiple variables are together re-

sponsible for the stress regime, it is more challenging to construct a simple (sandbox)model

for this mechanism. Numerical models have been used to show how the stresses in the

ice-marginal zone are responsible for the formation of a detachment zone as well as the re-

sulting deformation structures (Rotnicki, 1976; van der Wateren, 1985). Figure 2.16 shows

how the stress system in the ice-marginal zone is dependent on the change of thickness

of the ice. The resulting stresses on the sediments underneath cause the development of

a décollement zone in weak layers in the subsurface (Zd in Figure 2.16). Glacial thrust

sheets develop upwards from underneath the ice edge in a radial direction, up to almost

perpendicular to the the long axis of the ice lobe. Because the (change in) load of the ice
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Figure 2.16: The stress system in the marginal zone under an ice lobe (van der Wateren,
1985).

is the main driver of this mechanism, other ’load structures’ (such as boudins and mud

diapirs) may be present within the deformed sediments (Pedersen, 1987; Sadolin et al.,

1997). However, these features are generally too small to be recognised within large-scale

glacitectonic deformation structures such as within the scope of this project, as well as in

most other (modelling) situations.

However, even though both models (push-from-behind and gravity spreading) show com-

pletely different mechanism that cause similar proglacial thrusts to develop, different opin-

ions thus exist on whether the dominant driving force responsible for ice-marginal thrust-

ing is the glaciostatic force (gravity spreading) or glaciodynamic forces (push-from-behind)

(Andersen et al., 2005). It is therefore also likely that the development of thrust moraines

consists of a combination between both mechanisms as well as other mechanisms (e.g.

compression-from-within, gravity-sliding) and conditions within and in front of the glacier

(e.g. ice-sheet load, pore pressure, substrate rheological properties, depth of décollement

horizon) (Bennett, 2001; Andersen et al., 2005).

2.5 Problems and challenges in interpreting glacitectonic structures

2.5.1 Introduction

There have been many studies on glacitectonic structures and landforms, some focussing

on the small scale processes (e.g. van der Meer, 1993, 1997; Menzies et al., 2010; Hiem-

stra, 2013; Menzies and Meer, 2018) while others on entire landsystem reconstructions

(e.g. Zelcs and Dreimanis, 1997; Bennett et al., 1999; Evans et al., 1999; Benn and Clap-

perton, 2000; Bennett et al., 2000a; Huuse and Lykke-Andersen, 2000a; Boulton et al.,
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2001; Larson et al., 2003; Ó Cofaigh et al., 2010; W lodarski, 2014). The structures are

also often used to reconstruct palaeo ice conditions and processes (e.g. van der Wateren,

1995; Eyles and Boyce, 1998; Phillips et al., 2012). However, there will always be uncer-

tainties as well as challenges within such studies. In this study, different challenges have

been addressed, which will be mentioned at several places throughout the rest of this thesis.

The interpretation of a vast amount of glacitectonic structures has been done using differ-

ent classification methods. A few different methods are described below to outline their

advantages as well as shortcomings. Also, the subsurface conditions during deformation

play a critical role in what kind of structures can develop. However, as described in Section

2.4.1, similar structures can be a result of different environmental conditions and processes.

Nevertheless, by understanding glacitectonic landforms and processes, this will increase

the understanding of glacier dynamic behaviours, particularly at glacier and (former) ice

sheet margins.

2.5.2 Deformation classification methods

One challenge in interpreting glacitectonic deformation is a lack of clear classification

methods. There have been a several studies using different methods of classification, de-

pending on the scale and focus of the study. The most widely used classification of the

glacitectonic landforms and structures are described by Aber et al. (1989). This division is

mainly based on their scale of occurence (see Figure 2.3). Different classification systems

have previously been used in glacitectonically deformed sediments by van der Wateren

(1995), McCarroll and Rijsdijk (2003) and Phillips et al. (2008). However, from these

different classification systems, only McCarroll and Rijsdijk (2003) have tried to actu-

ally classify the individual structures. van der Wateren (1995) and Phillips et al. (2008)

have only divided highly deformed, glacitectonised sequences into a series of domains to

aid in describing and interpreting the deformation history recorded in these sediments.

For example van der Wateren (1995) and Phillips et al. (2008) both focus on a range of

scales, but mainly on the large-scale polyphase deformation history, while McCarroll and

Rijsdijk (2003) focus on the detailed structures within the sediments using a descriptive

baseline. They relate deformation structures with associated stress and strain conditions.

Even though they are not unique to a certain glacial environment, there is a strong link

to the processes occurring at a specific location in relation to the ice and their resulting
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deformation structures. Table 2.2 shows a summary of the styles of deformation defined

by McCarroll and Rijsdijk (2003).

Table 2.2: Relative degree of dominance of macroscopic deformation styles in different
environments (McCarroll and Rijsdijk, 2003).

Deformation style Subglacial Ice-marginal Proglacial

Pure shear Very common Common Absent

Simple shear Dominant Common Rare/Common

Compressional deformation Rare Dominant Rare

Similarly, Szuman et al. (2013) also relates the nature of deformation structures (i.e. brit-

tle or ductile deformation structures) with the conditions during deformation, amount of

strain and pore water content (see Figure 2.13). This is very useful to gain insight in

the basal conditions during the formation of glacitectonic deformation structures, but the

structures and facies do need to be clear enough to fit within one of these facies. Also,

this is mainly used in small scale sedimentological settings.

Both van der Wateren (1995) as well as Pedersen (2014) use a large-scale classification

method for the interpretation of deformation structures. These two methods are very dif-

ferent in their focus. While Pedersen (2014) focusses on distinguishing between major and

minor structures within a thrust complex, van der Wateren (1995) classifies entire struc-

tural styles of deformation (Figure 2.17). The last method has been developed to serve as

a basis for glacitectonic mapping and thus to use the distribution of these structural styles

for large-scale recognition of patterns or sequences (see details in van der Wateren, 1995).

As an example, some suites of styles or sequences (like A-B-C-D-E along a section across

one push moraine) would suggest that the sequence in Figure 2.17 is the most common.

This method then also would suggest that the B-C-D style push moraines have not been

overridden and thus represent a stable or retreating ice-margin (van der Wateren, 1995).

Note that the classification methods from Szuman et al. (2013) as well as van der Wateren

(1995) are based on the genesis of the structures. This means that the structures need

an interpretation before they will fit within one of the classes and are not purely based

on the visible structures. Only Pedersen (2014) and McCarroll and Rijsdijk (2003) uses
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Figure 2.17: Synthesis of glaciteconitc styles based on the Holmströmbreen model. A:
undeformed foreland, B: steeply inclined structures, C: overturned and re-
cumbent structures, D: nappes, E: extensional structures (deformation tills
and other subglacial tills), Ec: compressive structures in E style terrain, Ee:
strong extension (erosion) in E style terrain (van der Wateren, 1995).

a method that can be used for the description of structures without any interpretation

related to the position of the ice or former environmental conditions. The difference

between those two methods is mainly the scale in which they are applicable. McCarroll

and Rijsdijk (2003) uses small scale kinematic indicators that are beyond the scale of the

seismic interpretations of this study. Only Pedersen (2014) describes a method that might

be applicable for large-scale glacitectonic classifications and this method will be described

in more detail in the methods chapter (see Chapter 4).

2.5.3 Definition of glacial environment

Some studies in the previous section show a clear relationship between glacial environment

and styles of deformation. However, one main issue here being the definition of the glacial

environments (i.e. what exactly is the ice-margin). In the study of McCarroll and Rijsdijk

(2003) the structures related to a proglacial environment all include paraglacial processes

related to collapse structures and effects of loss of overburden pressure, glacifluvial and

periglacial processes. The ice-marginal processes are those involving all processes around

as well as directly in front of the glacier. Proglacial thrusting as described by for example

van der Wateren (1995), is thus classified in Table 2.2 into an ice-marginal environment.

In contrast, French (2013) defines the proglacial environment as the processes and con-

ditions present in an ice-marginal location. The transition between the different glacial

environments (subglacial to ice-marginal) is almost always a gradual change, especially

for large-scale studies and those reconstructing past glacial conditions. However, within
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the scope of this study, the subglacial environments has been defined to refer to those

processes acting underneath the main part of the ice sheet, ice-marginal environments are

those underneath the frontal part of the ice, while proglacial purely refers to processes in

front of the ice sheet.

2.5.4 Subsurface conditions

In addition to the location relative to the position of the ice (sub- or proglacial), the

nature of the subsurface may have a large influence on glacitectonic processes. Large-

scale glacitectonic thrusting of bedrock has been described at several locations (Evans

et al., 2008; Knight, 2012; Phillips et al., 2012, 2013, 2018). However, most deformation

structures are described in soft sediments, comprising all sorts of different pre-glacial and

glacial deposits. The difference between fine and coarse grained sediments determines

the availability of water and their susceptibility to permafrost (Harris and Murton, 2005;

Aber and Ber, 2007; French, 2013; Benn and Evans, 2010). Van der Wateren (1995, 2003)

show two different models of ice-pushed ridges in which one (Figure 2.18A) is dominated

by brittle deformation, and the other (Figure 2.18B) by ductile deformation. These two

models are based upon completely different ice conditions and processes during formation

as well as different subsurface material. The brittle deformation model (Figure 2.18A) has

been formed in a coarse grained subsurface (model based upon Dammer Berge moraine in

Germany), while the ductile deformation model (Figure 2.18B) has been formed in a fine

grained subsurface sediments (model based upon Holmströmbreen glacier in Spitsbergen).

However, since most glacial environments consist of a complex matrix of sediments, finer

and coarser grained materials often occur very close to each other (Hambrey et al., 2009;

Waller et al., 2009; Vaughan et al., 2014). Coarser materials (such as sands and gravels)

may be frozen solid, while simultaneously finer materials (such as clays and silts) may not

(Waller et al., 2009). In this way, ductile deformation can form in unfrozen clay/silt sedi-

ments while contemporaneous brittle deformation can develop in sandy/gravel sediments.

Thrust structures can also become much steeper with the presence of permafrost, because

it enhances the internal strength of the sediments (Vaughan et al., 2014).
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Figure 2.18: Model of an ice-pushed ridge composed of (left) coarse grained brittle de-
formed sediments and (right) fine grained ductile deformed sediments. These
models are based upon respectively the Dammer Berge moraine in Germany
and the Holmströmbreen glacier in Spitsbergen (van der Wateren, 1995,
2003).

2.5.5 Other problems and challenges in glacitectonically deformed situations

Even though there are differences between proglacial and subglacial structures and pro-

cesses, it is often challenging to determine the palaeo-environment on morphology and

structures alone. The possibility of glacitectonic disturbance of the subsurface is deter-

mined by various factors. One or multiple of these factors may thus cause challenges in the

interpretation of glacitectonic structures. Benn and Evans (2010) refer to the following

four of these factors being of most important influence on the likelihood of glacitectonic

disturbance:

• The slope of the proglacial area, particularly the presence of reverse slopes at the

glacier margin;

• The presence of weak layers in the substratum, which form potential décollement

planes;

• The nature of the ice-sediment contact in the proglacial area;

• The subglacial and proglacial drainage.

In addition to the complexity of the structures themselves, exposure of the sections strongly

influences the description of the structures. For example, most sections (onshore as well

as on seismic profiles offshore) have an apparent angle of exposure and the plane of the

section relative to the structures may influence the interpretation (see Figure 2.19). Ad-

ditional challenges and factors that we need to take into account in the interpretation of
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(seismic) cross sections will be discussed in more detail in the methodology chapter.

Figure 2.19: Illustration of angle of dip and apparent angle at different angle of a profile
(Bell, 2007).

2.5.6 Significance of glacitectonics in interpreting past glacier dynamics

As described in the previous sections, glacitectonic processes and landforms have been de-

scribed at many different locations and in both present and palaeo environmental settings.

The association of glacitectonic structures and landforms is considered to be potentially

diagnostic of specific ice margin and related environmental settings (Bennett et al., 2004b;

Evans et al., 2008; Høyer et al., 2013; Lee et al., 2013). The combination of studies in ac-

tive and relict glacial landscapes aids our understanding of the advance, retreat, oscillation

and behaviour of (large) ice sheets. It might explain if, and to what extent, the behaviour

of these large ice sheets is dependent or influenced by climate, drainage, substrate or other

factors (Boulton and Caban, 1995; Bennett, 2003; Boulton et al., 2009; Davies et al., 2012;

Knight, 2012; Waller et al., 2012). How different landforms can be integrated into a glacial

evolution model and used for this reconstruction is further described and discussed in the

final chapter of this thesis.
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Assessing paleo-glacier dynamics requires interpreting aspects of the origins of glacial land-

forms. Assemblages of structural features are indicative of and perhaps even diagnostic

of the processes operating in glacial landsystems. For example, landforms can provide

researchers with valuable information regarding the thermal regime at former glacier mar-

gins. Where glacitectonic landforms are present, the glacier margin is commonly thought

to have been frozen to its bed, such that permafrost was present immediately below the

glacier margin (Warbritton, 2019). Clear field evidence in glacitectonic complexes, how-

ever, is often lacking to support the common interpretation (Mooers, 1990; Piotrowski,

1993; Boulton and Caban, 1995; Benn and Clapperton, 2000; Bendixen et al., 2018) that

glacitectonic deformation occurs at frozen margins. By understanding glacitectonic pro-

cesses, we gain a much clearer view of glacier dynamic, particularly at glacier and ice sheet

margins.
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Geographical setting of the Dogger Bank region

3.1 Introduction

This chapter includes an overview of the Quaternary glaciations in the North Sea, as well

as the significance of the position of the Dogger Bank in the centre of the North Sea Basin,

between two former ice sheets and at the theorised maximum Weichselian ice limit.

The Dogger Bank is located in the central/southern North Sea (around 55◦N - 2◦E), be-

tween 125 and 290 kilometres off the coast of Yorkshire, UK (Figure 3.1). It is a relatively

shallow area, with water depths ranging between 15 and 60 metres (average 25m). The

Dogger Bank area extends across British, Dutch, German, Danish and Norwegian national

waters. This makes the area highly complicated to survey as a whole, and many differences

in geological interpretations have arisen due to geographical borders alone. The wind farm

zone (red polygon in Figure 3.1) is located within the British section of the Dogger Bank

area and the total size of this zone is over 8000 km2.

In any discussion about the maximum ice extent during the Last Glacial Maximum, the

Dogger Bank is located in a central and critical region (e.g. Cameron et al., 1992; Carr,

2004; Graham et al., 2011). In some areas along the margins of the North Sea Basin, this

glacial maximum is often associated with large-scale glacitectonic landforms and struc-

tures, as well as by the presence of other glacial landforms (see for example van der

Wateren, 1995; Jakobsen, 1996; Clark et al., 2004b; Evans et al., 2005; Pedersen, 2005)

Since the Dogger Bank is expected to be located at or around this Late Glacial Maximum

ice limit, ice-marginal structures and processes are presumed to have been present. How-

ever, marine examples of ice-marginal glacitectonic processes and landforms are generally

only described from the North Atlantic (Ottesen et al., 2005; Andreassen and Winsborrow,

37
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Figure 3.1: Bathymetry of the North Sea with location of the Dogger Bank project (DBK)
area and direct adjacent country boundaries.

2009) and Barents Sea (Andreassen et al., 2004; Rüther et al., 2013). Studies on offshore

glacitectonic landforms in the North Sea are limited to the last few years, when high

resolution (seismic) data has become more widely available (Huuse and Lykke-Andersen,

2000a,b; Krzywiec et al., 2003; Buckley, 2012b,a; Vaughan-Hirsch and Phillips, 2017).

Huuse and Lykke-Andersen (2000a) provided the first study of detailed images of large-

scale glacitectonics in the North Sea. Large-scale glacitectonic thrust structures have been

recognised on high-resolution multichannel seismic profiles (Figure 3.2). The individual

thrust sheets measure around 100m to 250m thick, 200m to 1000m long, with the faults
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Figure 3.2: High-resolution multichannel seismic profile showing a series of detached thrust
structures intersected by deep Quaternary valleys. The detachment surface
roughly coincides with the base Quaternary (Huuse and Lykke-Andersen,
2000a).

having angles between 10◦ and 25◦ and steepening towards the top. These thrusts can be

used to reconstruct the amount of horizontal displacement (Aber et al., 1989), which in

Denmark has been reconstructed as 200m, with a shortening of 40% for an average length

of the thrust sheets of 500m (Huuse and Lykke-Andersen, 2000a).

3.2 Quaternary glaciations in the North Sea

The Quaternary stratigraphy of the North Sea is strongly dependent on its geological set-

ting within the centre of a large sedimentary basin. The slow rate of tectonic subsidence

since the mid-Miocene has resulted in a thick sequence of Quaternary sediments (Ziegler

and Louwerens, 1979; Cameron et al., 1992). Large delta systems from Baltic and North

European river systems mark the lower sequence of the basin infills (Bijlsma, 1981; Zag-

wijn, 1985; Stoker et al., 2011). The different cycles of Quaternary climate (Figure 3.3)

are directly reflected in the past environmental deposits, varying from marine (warm) to

terrestrial and glacial settings (cold).

Hence the depositional environments of the sediments in the central North Sea are in-

terpreted as a record of the fluctuation between glacial and interglacial periods (Sejrup
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Figure 3.3: Chronostratigraphy of the Middle and Late Pleistocene (simplified after Gib-
bard and Cohen (2008) and Head et al. (2008)).

et al., 1987; Long et al., 1988; Cameron et al., 1992; Gatliff et al., 1994). Records of sev-

eral glacial cycles have been identified within the Late Pleistocene, namely the Elsterian,

Saalian and Weichselian glaciations.

Very little and only indirect evidence has been found of glacial activity before the Middle

Pleistocene (Sejrup et al., 1987; Gibbard et al., 1988; Carr, 2004). Indirect evidence for

large-scale glacial activity has been identified in the presence of ice-rafted debris (IRD)

(Jansen et al., 2000; Böse et al., 2012; Thierens et al., 2012). The presence of iceberg

scours on seismic sections in the Central North Sea provides some indirect evidence of

active ice sheets within the shallower parts of the North Sea (Holmes, 2003; Graham

et al., 2007; Kuhlmann and Wong, 2008; Graham et al., 2011). Only a few examples

of early glacial activity have been found in the form of lithological and palynological ev-

idence in boreholes and sediment samples (Ekman, 1994; Laban, 1995; Sejrup et al., 2000).

From the Middle Pleistocene onwards, direct evidence for extensive ice sheets has been

found also in the southern parts of the North Sea (Ehlers et al., 1984; Cameron et al.,
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1987; Gibbard et al., 1988; Carr, 2004; Laban and van der Meer, 2004; Sejrup et al., 2005),

including evidence based on the presence of large tunnel valley systems (Wingfield, 1990;

Laban, 1995; Huuse and Lykke-Andersen, 2000b; Kluiving et al., 2003; Praeg, 2003; Stew-

art and Lonergan, 2011; Buckley, 2012a; Lamb, 2016).

Figure 3.4 shows a simplification of the most widely used Quaternary stratigraphy for the

southern North Sea from Cameron et al. (1992). It summarises the formations found in

the area with the related depositional environment and inferred chronostratigraphy. This

chronostratigraphy is partly based on magnetostratigraphy, cross-cutting lithological evi-

dence and, where available, on pollen-zone divisions (Zagwijn, 1985, 1989; Cameron et al.,

1992). Figure 3.4 shows that the Swarte Bank Formation is the earliest glacial deposit

(of Elsterian age) represented in the lithological formations in this part of the North Sea.

After this, two more glacial deposits are present in the southern North Sea, the first from

the Saalian (represented by the Cleaver Bank Formation) and the second from the Upper

Weichselian (represented by Bolders Bank, Dogger Bank, Well ground, Botney Cut and

Sunderland Ground Formations; Cameron et al., 1992).

Further north in the central North Sea, evidence for earlier glaciations is found in the

Aberdeen Ground Formation (of Cromerian age), which has been deposited in a subglacial

to proglacial environment (Stoker and Bent, 1985; Sejrup et al., 1987). Recent publications

show large-scale thrust complexes within the Aberdeen Ground Formation, which provides

evidence for complex ice sheet dynamics within the mid-Pleistocene glacigenic sediments

in the central North Sea (Vaughan-Hirsch and Phillips, 2017).

3.2.1 Elsterian

The Elsterian glaciation (MIS 12; correlated with the Anglian glaciation in Britain) is

believed to have been the most extensive glaciation in the North Sea and Britain (Gra-

ham et al., 2011). The maximum extent is reconstructed both on the presence of onshore

moraine complexes in England (Lee et al., 2012) and NW Europe (van der Wateren, 1995;

Laban and van der Meer, 2004), and by the presence of large-scale tunnel valley systems in

the central North Sea (Long et al., 1986; Praeg, 2003; Lonergan et al., 2006; Stewart and

Lonergan, 2011; Buckley, 2012a). Stewart (2009) has mapped over 180 tunnel valleys of

Elsterian age, that show a high complexity and often cross-cutting relationships. Most of
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Figure 3.4: Quaternary stratigraphy of the southern North Sea (after Cameron et al.,
1992).

these tunnel valleys are deeply incised valleys filled with deposits belonging to the Swarte

Bank Formation (Gatliff et al., 1994; Praeg, 1996; Stoker et al., 2011; Lamb, 2016), and

can be found beneath the Egmond Ground Formation (marine deposits; Cameron et al.,

1992; Praeg, 2003; Figure 3.4). The presence of tunnel valleys of subglacial origin in the

southern North Sea can be used for the reconstruction of a minimal ice limit during the

Elsterian.

In addition to the tunnel valleys, some (despite being based on low-quality data) evidence

of early glacitectonic deformation (folds and some thrust structures) has been recorded



43

around the Brown Bank area, located around 200km south of the Dogger Bank (Figure

3.5; Bammens, 1986; Cameron et al., 1987). Deformation of the pre-Elsterian Yarmouth

Roads Formation, with overlying undeformed Egmond Ground Formation (of Holsteinian

age) suggests deformation during the Elsterian.

Figure 3.5: Glacitectonic deformation within the Yarmouth Roads reflector based on seis-
mic interpretation by Bammens (1986), Brown Bank, North Sea.

3.2.2 Saalian

The Saalian glacial period in NW Europe corresponds to the British Wolstonian glacial

interval [MIS 10, 8 and 6] (Bowen et al., 1986). Three major ice advances have been

recognised within the Saalian; the Older Saalian Glacial/Drenthe [MIS 10], the Middle

Saalian Glacial/Warthe I [MIS 8] and the Younger Saalian Glacial/Warthe II [MIS 6]

(Ehlers et al., 1984, Laban, 1995 and Böse et al., 2012). The abundance of glacial deposits

has however resulted in contradictory interpretations regarding the presence of Saalian ice

on the mainland of Great Britain (Clark et al., 2004b, Rose and Hart, 2009 and Davies

et al., 2012). This might be a dating and correlation problem, as the tills in Britain show

similar lithological composition between MIS 12 and MIS 10, compounded by the absence

of datable non-glacial deposits or soils in between both tills (Böse et al., 2012). Another

possibility is that there has never been grounded ice in this area (Cameron et al., 1992).

In contrast to the UK, the Saalian glaciation is considered to be the most important and
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largest glaciation (complex) within western Europe.

In the southern North Sea, marine and pro-glacial sediments have been recognised in the

Cleaver Bank Formation (Cameron et al., 1992). The mineral content of these sediments

indicates a Scandinavian origin (Joon et al., 1990). The Tea Kettle Hole Formation (TKH),

which was deposited contemporaneously with the Cleaver Bank Formation (CLV), was

formed in a periglacial (mostly aeolian) environment (Cameron et al., 1992). Because

the TKH Formation has the same origin and similar lithology as some Elsterian and

Weichselian periglacial sediments, it is very difficult to distinguish in seismic profiles.

Further south in the offshore area of the Netherlands, ice-push structures are recognized

within the seismic data (Laban, 1995). Those show similar characteristics as parts of

the onshore glacitectonic moraine ridges of Saalian age in the Netherlands (Bakker, 2004;

Laban and van der Meer, 2011).

3.2.3 Weichselian

The Weichselian glacial period is the last glaciation of western Europe (MIS 5 to 2) and

has therefore been the most widely recognised, studied and described of all glacial peri-

ods. This glaciation is called the Weichselian in NW Europe and coincides with the British

Devensian. The Weichselian glacial period consists of many different stadials and inter-

stadials. Evidence for large-scale glaciations has been found in Britain and Scandinavia,

which has resulted in an ongoing discussion about the coalescence of the Fennoscandian

and British Ice Sheets in the centre of the North Sea (Stoker and Bent, 1985; Ehlers and

Wingfield, 1991; Carr et al., 2006; Graham et al., 2007; Bradwell et al., 2008; Sejrup et al.,

2009), in which the Dogger Bank might play an important role.

The oldest Weichselian deposits in the southern North Sea consist of marine to brack-

ish and lacustrine deposits, indicating a lowering sea level (Cameron et al., 1992; Laban,

1995). This Brown Bank Formation (BNB, Figure 3.4) represents the transition between

the Eemian and the start of the Weichselian. Sea level at that time was at least 48 m

below present level (Cameron et al., 1984).

Evidence of the Early Weichselian glaciation (Ferder glacial episode, MIS 4 around 70,000

14C years BP; Carr, 2004) is represented by thick glacial deposits and tunnel valleys (Lon-
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ergan et al., 2006; Stewart, 2009). In the northern North Sea, these sediments overlie

Eemian interglacial deposits (Holmes, 1977; Stoker and Bent, 1985; Carr, 2004; Graham

et al., 2011). In the southern part of the North Sea, these glacial deposits (Coal Pit For-

mation) and tunnel valleys (Graham et al., 2007) underlie the Middle Weichselian marine

and glacimarine sediments (Cape Shore Formation; Figure 3.4; Carr, 2004; Graham et al.,

2011). This shows that different formations in northern and southern parts of the North

Sea cannot directly be correlated to the same glacial episode, and formations can be lat-

erally heterogeneous.

In the southern part of the North Sea, MIS 4 sediments form the basis of the Dogger

Bank, comprising the Bolders Bank (BDK) and Dogger Bank (DBK) Formations (Stride,

1959; Veenstra, 1965; Ehlers and Wingfield, 1991; Cameron et al., 1987, 1992; Figure

3.6). Jeffery et al. (1989) describe the DBK formation as mainly glacilacustrine, partly

glacimarine with local evidence for patches of basal till. Locally, these sediments directly

overlie the Elsterian Swarte Bank or older Yarmouth Road Formation (Figure 3.7). Here,

Saalian and Eemian sediments were never deposited or have been removed by glacial ero-

sion (Laban, 1995). Originally, the BDK and DBK have been thought to be laterally

equivalent (Cameron et al., 1992), since they share the same seismic facies and basal re-

flector. However borehole data reveal that both of these highly variable diamictons show

minor differences in composition and colour. The stiff clays from the Bolders Bank Forma-

tion have a reddish to greyish colour and contain chalk rich clasts. In contrast, the clays

from the Dogger Bank Formation are clast poor and have an olive-grey colour (Cameron

et al., 1992). Both formations are recognisable only on high resolution seismic lines and

show internal discontinuous layering (Cameron et al., 1992). Based on the internal mor-

phological structures, the sediments are interpreted to be of subglacial origin (Ehlers and

Wingfield, 1991), even though this is based on relatively low quality seismic data (Figure

3.7).

The Well Ground, Twente1, Kreftenheye and Botney Cut Formations were deposited dur-

ing the second part of the Pleniglacial period (MIS 3; Cameron et al., 1992; Gatliff et al.,

1994; Rijsdijk et al., 2005; Stoker et al., 2011; Figure 3.4). Based on early seismic data, and

some boreholes, the formations are interpreted to have formed in proglacial, periglacial

1After 2003 officially referred to as Boxtel Formation (de Mulder et al., 2003).
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Figure 3.6: The distribution of deposits of the last glaciation (Late Weichselian) around
the Dogger Bank area (Cameron et al., 1992).

Figure 3.7: An example of a Sparker line which has been used for geological mapping
(BGS, 1983 in Diesing et al., 2009).

(aeolian and fluvial) to subglacial environments (Cameron et al., 1992). The Well Ground

Formation is a fluvioglacial deposit along the presumed south-east margin of the maximum

extent of the Weichselian glaciation, just south of the Dogger Bank. The periglacial aeo-

lian sediments of the Twente Formation are recognised in the North Sea as well as on the

mainland and likewise the contemporaneous Kreftenheye Formation, which represents the

older Rhine deposits (Zagwijn and van Staalduinen, 1975). The Botney Cut Formation

is interpreted to be a subglacial till, postdating the DBK and BDK. It indicates the last

phase of glaciation and start of the decay of the Weichselian ice sheet (Cameron et al.,

1992, for sediment distribution see Figure 3.6). In recent analysis of the high-resolution

seismic data of the Dogger Bank, the BCT is now thought to be contemporaneous with
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late stage of DBK Formation (pers. comm. Carol Cotterill).

Historical mapping of the Dogger Bank area by the BGS in the 1980’s was based on a

regional mapping programme using seismic lines which were often 10 km apart (Cameron

et al., 1992; Gatliff et al., 1994). As a result of this low resolution data covering highly

variable sediments, the same dataset might lead to different interpretations. This uncer-

tainty around the DBK area is clearly visible on the different geological maps (Lott and

Innes Lumsden, 1986; Jeffery et al., 1989, 1990; Jeffery and Cook, 1991) which cover the

Dogger Bank area and surroundings as shown in Figure 3.8.

Figure 3.8: Compilation of the four Quaternary Geology maps from BGS (1983-1991, scale
1:250 000) covering the Dogger Bank area. The red polygon outlines the
Dogger Bank wind farm zone (Lott and Innes Lumsden, 1986; Jeffery et al.,
1989, 1990; Jeffery and Cook, 1991).

The Dogger Bank Formation has historically been taken as one unit, while it comprises a

wide range of sediments and seismic facies (Figure 3.4, 3.8, 3.9). The new high-resolution

dataset used in this project shows that the upper layer of Figure 3.9 consists of very many

different geological units, and that the historical maps are far too basic in their under-
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standing. For example, the Dogger Bank Formation itself has been subdivided into at least

5 sub-units (pers. comm. Cotterill, 2015), while on Figure 3.9 the Dogger Bank Formation

is not even present, but classified within the ’main glacial period’ Elsterian-Recent (grey

in Figure 3.9).

Figure 3.9: Cross section trough the Dogger Bank area (Diesing et al., 2009) with location
of cross sections relative to study area added in the inset to the left, in which
the red polygon outlines the Dogger Bank wind farm zone.

The Late Pleniglacial (MIS 2) includes the Last Glacial Maximum (LGM) and is charac-

terised by a two-phase ice-sheet growth (Sejrup et al., 2009; Graham et al., 2011). The

LGM is a relatively short period, but has been intensively studied on mainland Europe,

Scandinavia and Britain (e.g. Gibbard et al., 1988; Ehlers and Wingfield, 1991; van der

Wateren, 1995; Streif, 2004) and clear maximum ice extents have been largely agreed

upon. However, in the North Sea, many different reconstruction models based on the

same dataset (by Cameron et al., 1992; Gatliff et al., 1994 and borehole and seismic data

therein), show the maximum offshore extent of the British and Scandinavian ice sheets

(e.g. Jansen, 1976; Cameron et al., 1987; Sejrup et al., 1987; Long et al., 1988; Ehlers and

Wingfield, 1991; Huuse and Lykke-Andersen, 2000b; Sejrup et al., 2000; Carr et al., 2006;
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Graham et al., 2011; Figure 3.10). As seen in Figure 3.10, the Dogger Bank is located at

a critical location for the reconstruction of the maximum ice extent. Both Scandinavian

and British ice advances have been thought to reach this part of the central North Sea

during the Late Pleniglacial (Sejrup et al., 1987; Ehlers and Wingfield, 1991; Graham

et al., 2011).
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Figure 3.10: Overview of the different models of the extent of the LGM British and Scan-
dinavian ice sheets in the North Sea Basin (after Huuse and Lykke-Andersen,
2000b; Streif, 2004; Carr et al., 2006; Graham et al., 2011).

3.2.4 Holocene

During the LGM, approximately 20,000 years ago, sea level was around 120m below present

(Fairbanks, 1989; Clark et al., 2009). Decreasing global ice masses and the subsequent sea

level rise characterise the main part of the Holocene (starting around 11,000 years ago;
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Cohen et al., 2014). This sea level rise caused a large-scale transgression and formation of

the present-day North Sea, with the shallow Dogger Bank being one of the last parts to

become fully inundated (Shennan et al., 2006, 2012; Behre, 2007).

Post-glacial sea level rise

The post-glacial eustatic sea level rise has not been consistent through time, but changed

according to the rate of decreasing ice masses (Fairbanks, 1989; Clarke, 1973; Jelgersma,

1979; Fleming et al., 1998; Peltier, 2002; Vink et al., 2007; Lambeck et al., 2014). Detailed

information about the exact transgression is difficult to reconstruct, due to the effects of

isostatic uplift and continuous tectonic subsidence of the North Sea basin. However, a

relatively reliable eustatic sea level rise has been reconstructed from many different on-

shore locations, based on different proxies, such as palaeo coastlines and dating of peat

(Behre, 2007). All these data together provide insight into the overall transgression of the

North Sea (Shennan et al., 2006; Roberts et al., 2006; Ballantyne, 2010; Shennan et al.,

2012). Figure 3.11 shows the changing sea level rise during the Holocene: a relatively fast

sea level rise in the early part of the Holocene, slowing down from around 5000 years BC

(Jelgersma, 1979; Shennan et al., 2000; Behre, 2007; Smith et al., 2011). The last 5000

years (Subboreal and Subatlantic) are characterised by a cyclic alternation between trans-

gressions and regressions with an overall average sea level rise of approximately 0.11m

per 100 years (Behre, 2007; Figure 3.11). For the Dogger Bank, the time of inundation

has been reconstructed based on the average sea level curve for the southern North Sea,

projected on the present-day bathymetry. This resulted in a series of palaeogreographic

reconstructions, in which the Dogger Bank was finally inundated between 7000 and 6000

years BP (Coles, 1998; Shennan et al., 2000, 2012; Smith et al., 2011; Figure 3.12).

Human occupation

During the early part of the Holocene, an extended fluvial system developed in the south-

ern North Sea and the Dogger Bank (also called Doggerland in this context) became

inhabited by modern humans (Coles, 1998, 2000; Fitch et al., 2005, 2007; Hijma et al.,

2012). Human artefacts have been found by fishermen since the early 19-century, and the

Dogger Bank has been studied by many archaeologists (Coles, 1998, 2000; Fitch et al.,

2005; Gaffney et al., 2007). Since these studies mainly focus on the human occupation

and local environmental reconstruction, these studies are generally based on very shallow
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Figure 3.11: Simplified sea level curve for the southern North Sea, based on different
proxies along the coast of the southern North Sea. The time scale is in
calibrated calendar years. Grey zones are times of regression (Behre, 2007).

data (bathymetry, dredging, surface samples). During the Holocene, transgression caused

Doggerland to become an isolated island, with extended fluvial and tidal settings which

slowly became more influenced by marine conditions. The exact time of final drowning

of Doggerland is still uncertain. However, based on many different palaeogeographical

reconstructions, the Dogger Bank has presumably undergone at least 5000 years of areal

exposure since the Late Glacial ice masses have left the southern North Sea (Cameron

et al., 1992; Gaffney et al., 2007; Shennan et al., 2012). The final transgression resulted

in a marine setting at the last part of the Holocene, in which the Dogger Bank became

fully drowned (Cameron et al., 1992; Gaffney et al., 2007).
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Figure 3.12: Palaeogeographic reconstructions of NW Europe, showing the timing of final
inundation of the Dogger Bank (Doggerland). Elevations (metres) relative to
MSL, depths below MSL are given as negative, dates are given above each
individual map (Shennan et al., 2000; Smith et al., 2011).

Sediments and bathymetry of the present-day Dogger Bank

The total sequence of Holocene sediments is relatively shallow in most parts of the Dogger

Bank. At multiple locations in the Dogger Bank, the Holocene sequence is absent or not

visible on seismic cross sections (see later chapters). However, the general sequence in

the southern North Sea can be divided into two different packages; i.e. early Holocene

fluvial to intertidal and late Holocene marine sediments. The Elbow Formation is the

first Holocene deposit and shows signs of early stage transgression (Oele and Königsson,

1979). It consists of basal peat at the lowest part of the formation, towards brackish

marine and finally fine grained muddy sands with interbedded clays at the top (Cameron

et al., 1992). Nieuw Zeeland Gronden, Indefatigable Grounds, Terschellinger Bank and

Bligh Bank Formation all show marine deposits of (late) Holocene age (Cameron et al.,

1992; Rijsdijk et al., 2005). The sediments of these marine deposits generally consist of

muddy to sandy deposits and some re-worked glacial deposits in the Bligh Bank Formation

(Cameron et al., 1992). Present-day seabed is still actively reworking parts of the upper

sandy sediments, which locally results in the formation and movement of (sand) dunes

and other sea bed features (Figure 3.13).
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Figure 3.13: Different seabed features visible within Tranche A of the Dogger Bank Zone
(from Forewind).

3.3 Glacitectonics on the margins of the North Sea Basin

The North Sea basin is regarded as an important region for palaeo-ice sheet reconstruc-

tion during the Late Quaternary (see 3.2 and Figure PaleoLGM). Many different studies

have shown that during the Weichselian, the southern margin of the Fennoscandian Ice

Sheet (FIS) and eastern margin of the British- and Irish Ice Sheet (BIIS) were presumably

located in the central part of the North Sea (see Section 3). Even though different limits

of former ice sheets have been drawn in the North Sea by different authors (e.g. Huuse

and Lykke-Andersen, 2000a; Streif, 2004; Carr et al., 2006; Graham et al., 2011; Figure

3.10), little is known about the former ice sheet dynamics and landform systems within

this large sedimentary basin. However, significantly more is known about the presumed

onshore sections of the FIS and BIIS ice limits. A few key areas can be seen as extensive

records of the glacitectonics in the North Sea Basin. These include for example areas at

the east coast of the United Kingdom such as East Yorkshire (e.g. Rose, 1985; Cooper,

1993; Bateman et al., 2001; Catt, 2007; Evans and Thomson, 2010; Boston et al., 2010;
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Busfield et al., 2015); Northern Norfolk, despite being of a much older glaciation, provides

an extensive record of glacitectonic deformation at the margin of the North Sea Basin;

e.g. Phillips et al., 2008; Burke et al., 2009; Phillips et al., 2011; Phillips and Lee, 2012

and many others. An additional important area which is expected to be closely related to

the Dogger Bank in the centre of the North Sea, is the extensively described (West) coast

of Denmark. Even though this is located at the margin of the North Sea Basin, it shows

an extensive record of Weichselian glacitectonic deformation structures.

Figure 3.14 shows an overview of different glacitectonic landforms found throughout Den-

mark, which has been used in early descriptions of glacitectonics in sediment stratigraphy

(Jakobsen, 1996).

Figure 3.14: Key sites of glacitectonic landform studies in Denmark (Jakobsen, 1996).

Some examples of clearly visible glacitectonic deformation structures can be found onshore

along the coast at Møns Klint (site 7 in Figure 3.14; e.g. Berthelsen, 1979; Aber, 1982)

and at Lønstrup Klint (site 17 in Figure 3.14; e.g. Slater, 1926; Jessen, 1931; Banham,

1977; Jakobsen, 1996; Sadolin et al., 1997; Pedersen, 2005).

One of the most studied examples of glacitectonic deformation structures is the Rubjerg

Knude glacitectonic complex (within the Lønstrup Klint section, site 17 in Figure 3.14).

The cliffs of the Rubjerg Knude complex expose a large (cross)section of almost 6 km in
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length, showing a series of different glacitectonic deformation structures such as thrust-

faults and large-scale folding (Figure 3.15). This part of the cliffs has been extensively

studied and described by (amongst others) Jessen (1930, 1931) and Pedersen (2000, 2005).

The section consists of three stratigraphical units which have been heavily deformed by

a Middle-Late Weichselian ice advance. The thrust-fault architecture consists of a series

of thrust sheets which have been displaced for over 500m. A lower décollement zone is

identified at a maximum depth of approximately 40m in the proximal part of the system,

decreasing in depth away from the former ice limit (Pedersen, 2005). The Rubjerg Knude

complex has been developed as a piggyback system (Twiss and Moores, 1992; see Chap-

ter 4), with the dip of the individual thrust faults increasing in the proximal part of the

complex (Pedersen, 2000).

Figure 3.15: An example of large-scale thrusting within the Rubjerg Knude cliff section
(location 17 in Figure 3.14). The thrust sheet is fault-bend-folded up along
an initially low-angle (c. 8◦) footwall ramp, which was subsequently folded
into the present more steeply dipping orientation. Note the reverse faults
interpreted as small back-thrust faults (Pedersen, 2005).

Figure 3.16 shows one of the models that have been used by Pedersen (2005) (derived from

thin-skinned thrust tectonics in bedrock geology, see for example Banham, 1977; Croot,

1987), to describe and calculate the difference in development of individual thrust imbri-

cations and the related amount of displacement. This model has been used as a basis for
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displacement of large-scale thrust complexes in glacitectonic deformation structures in the

Rubjerg Knude complex. The model shows the build-up of a piggyback thrust sheet, and

how it develops in the footwall from the previous fault (i.e. away from the ice front; Ped-

ersen, 2005; Madsen and Piotrowski, 2012). Alternatively, thrust-fault successions may

also build up in the hanging wall of the older thrusts, developing an overstep sequence

(the opposite of a piggyback system, Park, 1997). This has been discussed in more detail

in the previous chapter.
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Figure 3.16: An example of a model demonstrating the formation of an imbricate fan by
successive thrust-fault splays branching up from the main décollement zone.
The encircled numbers refer to the sequential phase of thrust imbrication
(Pedersen, 2005).

3.4 Synopsis of chapters 2 and 3

Glacitectonics are found in all known glacial landsystems, but there are complex relation-

ships and a wide range of scale between structures, landforms and processes. Glacitectonics

also display some evidence to potentially suggest that particular associations may be char-

acteristic or diagnostic for particular ice sheet dynamics. The majority of glacitectonic

studies are onshore in basin margin positions, whilst the Dogger Bank offers glimpses of

glacitectonics within the centre of a large sedimentary basin. Furthermore, unlocking the
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glacitectonic structures in the Dogger Bank may be key to understanding the maximum

and retreat limits of the last BIIS and FIS.

Historically, very little is known about the upper tens of metres of the stratigraphy and

its internal architecture of the Dogger Bank as a topographical feature in the centre of

the North Sea Basin. Some authors have thought the Dogger Bank to consist of a sim-

ple layer-cake stratigraphy (e.g. Balson and Cameron, 1985; Balson and Jeffery, 1991;

Cameron et al., 1992) or sediments deposited in a large proglacial lake (Diesing et al.,

2009), while other research describes the Dogger Bank as one large (thrust block) moraine

system (e.g. Stride, 1959; Laban, 1995; Carr, 2004). The first results of the site inves-

tigation by Forewind showed that the upper few tens of metres within the Dogger Bank

consist of a very complex stratigraphy which is presumed to have undergone a significant

amount of (glacitectonic) deformation (Cotterill and Long, 2011).

Previous ice sheet reconstructions in the North Sea have resulted in a multitude of ice

limits (Figure 3.10). A lack of high-resolution seismic data and unravelling of the complex

architecture of the Dogger Bank could fundamentally constrain the quality of ice sheet

reconstruction and Late Quaternary stratigraphy in the region. The Dogger Bank is a

key location regarding this maximum ice limit in the late Weichselian. Despite the differ-

ent detailed onshore studies in for example Denmark and East Yorkshire, there is still a

need for better understanding of ice-marginal processes of large ice sheets. No present-day

active onshore analogue is available to show the (glacitectonic) processes and landforms

developing at the margins of ice sheets whose termini are located within large terrestrial

sedimentary basins (such as the North Sea basin during the Weichselian). The offshore

data of the Dogger Bank can provide high quality spatial analysis which is needed to un-

derstand the processes and (internal) architecture of ice-marginal glacitectonics, especially

at the scale of large ice sheets.

Based on the previous chapters, the main issues that need to be addressed are;

• Lack of high quality spatial analysis of the 3D architecture of ice-marginal glacitec-

tonics, especially related to large ice-sheets;
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• Poor understanding of ice-marginal processes of large-scale ice-sheets, whose terres-

trial termini are currently located offshore;

• The stratigraphy and structure of the sediments within the Dogger Bank Formation

are poorly understood and based upon poor quality, low-resolution seismic data;

• The lack of high resolution seismic work and unravelling of the complex architecture

of the Dogger Bank fundamentally constrains the quality of ice-sheet reconstruction

and Late Quaternary stratigraphy in the region.

To answer these shortcomings and knowledge gaps, this thesis will investigate the 3D ar-

chitecture and structure of a tectonised glacigenic sedimentary sequence in the Dogger

Bank area of the southern North Sea.
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Dataset and methods

The previous chapter has shown that there remains a series of knowledge gaps concerning

the Dogger Bank region in the Late Quaternary. This chapter will provide an overview of

the data and how it is used to achieve the main goals of this thesis. In order to advance

our understanding of the Quaternary glacial record of the region, the style, geometry and

extent of the sedimentation and deformation in the Dogger Bank region need to be estab-

lished.

Earlier publications describing the sedimentology and stratigraphy of the central North

Sea are largely based on poor quality and low resolution data (Veenstra, 1965; Cameron

et al., 1992; Laban, 1995). The new high-resolution seismic data, accompanying borehole

logs and engineering test data provided by the Forewind consortium allow for detailed

analysis of the stratigraphy and structure of the sediments within the Dogger Bank region,

addressing some of the knowledge gaps highlighted in the previous chapter. The first

section of this chapter (Section 4.1.2) provides an overview of the Forewind project and

the dataset. The second section explains the research design and sampling strategies that

are used to analyse this vast amount of data. From the 24,000 km of seismic profiles, eight

lines have been selected and analysed in detail. The sub-dataset that is used in this study

consists of seismic profiles and some Cone Penetrating Tests (CPT) and boreholes. The

second and third section of this chapter will therefore introduce the different techniques of

seismic acquisition, processing and interpretation to provide a basic understanding of how

the seismic data is gathered and may be used. The acquisition and processing part of this

section is for information only, as the Forewind dataset has been provided pre-processed

and ready for interpretation. The last part of this chapter provides an overview of how

the data is interpreted and used to gain insight into the 3D architecture of glacitectonic

complexes within the Dogger Bank.
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4.1 Research design

This section provides a framework of methods and techniques that will how the main

purpose of the thesis as stated in the first chapter will be achieved within this study. In

the first section, the aims and objectives will be specified. The second section provides an

overview of the dataset that forms the basis of this study, and the last section describes

how this dataset has been used to answer the questions stated below.

4.1.1 Aims and objectives

To address the shortcomings and knowledge gaps as defined above, this thesis focuses on

three main aims that have been formulated as research questions to be answered. The

first aim is also the main goal of the research and formulated as:

• What is the (glacitectonic) evolution of the Dogger Bank area?

Previous research and large-scale regional investigations have identified hints of glaci-

tectonics in the Dogger Bank. Therefore, it is expected that these glacial deformation

structures in the Dogger Bank may aid our understanding of the glacial history of the late

Weichselian glacial period. The availability of the large, high quality seismic dataset of

Forewind (see next section) makes it possible to investigate the presence of glacitectonic

deformation structures. To be able to do this, we need to know:

• How can deformation structures recognised on high-resolution seismic profiles be

used for reconstruction of past glacial environments?

However, before the deformation structures can used for the reconstruction of past glacial

environments as well as then building a glacial evolution for the central North Sea, a

mechanism for the analysis of the large amount of available data needs to be found.

Therefore it is necessary to analyse:

• How can large amounts of seismic profiles be systematically compiled and analysed

for the interpretation of glacially deformed sediments?

The following objectives are the mechanisms that are used to address the previously stated

aims:
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• Perform detailed seismic interpretation to identify the main sedimentary units and

major glacitectonised structures which developed within the last glacial sequence of

the Dogger Bank;

• Construct a relative sequence, which can be used as a reliable tectono-stratigraphy

of the sediments and structures in the Dogger Bank;

• Erect a glacial evolutionary model of the Dogger Bank area, based on the deformation

structures identified in the seismic profiles.

4.1.2 The Forewind dataset

The Dogger Bank Wind farm Zone was the largest round 3 wind farm development project

in UK waters which was launched by the Crown Estate in 2008. It covers a total area

of approximately 8660 km2 and is located between 125 and 290 km off the east coast of

Yorkshire, in the central part of the southern North Sea (Figure 4.1). The entire wind farm

project is expected to produce between 9GW and 13GW of renewable energy and is split

into four different ’tranches’ (Cotterill et al., 2014). In each of these tranches, geophysical,

geological, geotechnical, meteorological, biological and archaeological surveying is applied

to provide a full investigation in aid of the wind farm development.

The British Geological Survey’s (BGS) involvement in this project is to provide the ge-

ological information needed for the construction of the wind turbine foundations. The

dataset provided by Forewind includes high-resolution multi-beam seismic surveys, with

100m inline and 500m cross line spacing in Tranche A. For this area, a total of 24,000 line

kilometres of geophysical survey data were acquired during the summer of 2010. During

this survey a full coverage of multibeam data was acquired. In the autumn of 2010 Fugro

gathered 41 boreholes and 87 Cone Penetration Tests (CPT’s) from Tranche A. In the

summer of 2011, additional boreholes and geophysical data were gathered, focussing on

anomalies identified in the first survey dataset (Dawson and Allen, 2011; Cotterill et al.,

2014; Long, 2014b).

4.1.3 Sampling strategies

Because of the large volume of data, it is not possible to use and interpret all data available

within the time scope this project. Three different sampling strategies were selected for



62

Figure 4.1: Map showing the location of the Dogger Bank development area and Tranche
A therein, placed on top of the regional bathymetry (data source: Ryan et al.,
2009) to show the extent of the Dogger Bank topographical height. The inlet
in the upper left corner shows the location of the Dogger Bank area within
the North Sea Basin and in relation to the surrounding counties. Coordinate
system: ED 1950 UTM Zone 31.

the main part of this study (see Figure 4.2).

The workflow that has been described in Figure 4.2 includes a few different boxes that

each describe different parts of the work process. The uppermost box shows how the data

was provided for this PhD project. Forewind has pre-processed the seismic dataset and

it was made ready to use. A further explanation about this process is described within

sections 4.2.1 and 4.2.2 of this chapter.

The first part of study is conducted using an overall inductive approach. This means

that the study starts with observations, and theories are proposed towards the end of the

research process. In this study some preliminary observations have been conducted during

the first stage of the study, providing an overall indication for the possibilities of the data

and allowing to propose series of research questions to be answered. This way, the second
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Figure 4.2: Flow diagram representing the different seismic interpretation methods used
in this study. Dashed boxes indicate the datasets generated by others within
the Forewind project, but used in this study.

part of the study has been conducted using a deductive approach, applying the mechanisms

(objectives) that have been proposed after the first stage of the study, to provide answers

to the research questions. This second part of the research consists of three different ap-

proaches (i.e. 2D seismic analysis, surface mapping and 3D seismic analysis, see Figure

4.2) that have been integrated to establish the glacial evolution of the Dogger Bank region.

The second box in Figure 4.2 shows that the seismic dataset provided by Forewind is used

for a basic regional interpretation of the seabed, to calculate the seabed multiple and for

large-scale seismic facies analysis (see Section 4.2). This part is important for the regional

understanding of the data and area as well as for the identification of key features and line

selection. Based on this regional interpretation, three sampling strategies were set-up that

would provide the most information for the understanding of the area and to establish the
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glacial evolution of the Dogger Bank region.

The work flow of the first sampling strategy has been described in the left box of Figure 4.2.

Firstly, seven seismic lines were selected that are closely associated with available borehole

and CPT data. These seven lines provide an representative coverage of the Tranche A

area. An additional eighth line was added later to provide a spatial coherence with the

landforms that were interpreted in earlier analysis (see Figure 4.3). Together, these eight

lines cover over 300km of seismic profiles. The boreholes and CPT data help verify the

seismic data during the interpretation of seismic structures and sedimentary sequences (see

Section 4.2.3 for details about the interpretation methods; see Chapter 5 for the interpreta-

tion of the seismic profiles and use of the boreholes and CPT’s). These profiles are used to

get a detailed regional interpretation about the style and extent of the glacial deformation.
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Figure 4.3: Map showing the location of the eight seismic profiles that have been selected
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detailed study area that has been used for 3D seismic analysis. See Figure 4.1
for location of Tranche A.
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A second part of the sampling strategy (see middle part of Figure 4.2) was the selection of

a spatially coherent seismic horizon, which was used as a surface expression for the chosen

horizon. Because of the high density of the Forewind dataset, this horizon picking can be

used to provide a spatial overview of the topography of the specific seimsic horizon. As

shown in Figure 4.2, some parts of this method have been executed by others. Since this

dataset is primarily gained for the development of a windfarm, the dataset is also inter-

preted by Forewind for this goal. However, their interpretation is purely based on seismic

horizons and focusses on large-scale changes in seismic properties, rather than on geolog-

ical or glaciological interpretations. The seismic horizons as interpreted by Forewind are

therefore not necessarily geological horizons but can be used in combination with geolog-

ical interpretations. Emrys Phillips (BGS) has initially interpreted some of these surface

maps for geological landforms. This map was then finalised and combined with the details

of the 2D seismic analysis for verification of the landforms and internal structures and

connectivity between landforms and structures (see Section 4.5 for more details about this

part of the methods).

As the third part of the sampling strategy (see right part of Figure 4.2), one area has been

selected for detailed 3D analysis see Chapter 4.6) based on preliminary investigations by

Dove (2012) that have shown it to consist of a series of large-scale and deep (up to 250m

deep) glacially deformed thrusts (Ruiter and Dove, 2014). This area is located at the

western side of Tranche A around the intersection between line 1 and 7 on Figure 4.3. A

description of this area is provided in Chapter 5 (Domain G).

The lowest box of the flow diagram (Figure 4.2) shows how these three sampling strategies

have been integrated together to establish the glacial evolution of the Dogger Bank region

(see Chapter 7).

4.2 A brief introduction into seismic acquisition and interpretation

Seismic surveying is a geophysical method that is used in a wide range of on- and offshore

geological surveys. Since this robust method visualises the subsurface relatively quickly

and without disturbing the sediments, it makes it a very widely used method in large-scale

(offshore) projects. Acoustic waves are sent into the subsurface and the propagation and

reflection of these waves aids in the identification of geological features, such as faults,
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folds, unconformities and changes in sedimentary facies. The acquisition of seismic data

and the processing of ’raw’ data are described in the following section.

4.2.1 Seismic acquisition

A widely used method in marine settings to get insight into the sediments beneath the

seabed is the use of seismology. An acoustic source towed behind a vessel generates sound

waves, which travel through the water column and penetrate into the subseabed sediments

(Figure 4.4). The different materials and sediment compositions have different properties

(such as porosity and water content) that determine the velocity at which the sound wave

can travel through the medium. At strong boundaries between different (lithological or

structural) layers the sound wave will be reflected back to the water surface. A series of

hydrophones towed by the vessel will receive the returning (reflected) acoustic signal and

records the time of travelling. The different hydrophones receive the seismic wave from the

same source but at a different angle and distance to the structure. The difference in angle

between transmitter and receiver allows calculation of travel time. At every point location,

strong acoustic boundaries will be identified by the difference in reflection (Kearey et al.,

2002; Figure 4.4).

The vertical scale for this point is measured in two-way-travel-time (TWTT). This indi-

cates the time for the acoustic wave to travel from transmitter, reflected on the seabed

or another boundary underneath, and travel back to the receiver. The TWTT is usually

recorded in seconds. The seismic velocity of the sound waves is dependent on the proper-

ties of the sediments. If the velocity for a certain sediment package or formation is known,

the TWTT can be converted into a depth scale (see Section 4.2.4 and Cotterill et al., 2014).

The depth of penetration and vertical spatial resolution of the seismic data is dependent

on the frequency and strength of the acoustic source. Within this study, only sparker

data has been used. The sparker is a system that uses electrodes in the water column to

generate a spark, and thus changing the electric energy of the electrodes into an acoustic

source (Kearey et al., 2002). The sparker system generates a frequency from about 50Hz

to 2000Hz (5kJ to 200kJ) which allows for a depth penetration between less then 300m

up to a maximum of 1000m (Sheriff and Geldart, 1995). The sparker system is therefore

mostly used for shallow subsurface investigations. Altering the frequency of the sparker
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Figure 4.4: The survey set-up for single-channel seismic reflection profiling (Kearey et al.,
2002)

system has a direct effect on the depth of penetration and resolution of the seismic data.

For example, lowering the frequency will result in an increase in the depth of penetration.

However, this also leads to a decrease in the resolution of the data (Praeg, 2003).

4.2.2 Seismic processing

The aim of the use of seismic profiling is to relate the seismic signal to the properties

of the rock and/or sediment within the subsurface. However, many factors control the

different acoustic signal and resulting seismic data, therefore seismic data can not directly

be used for geological interpretations. The three main seismic attributes that determine

the seismic signal are frequency, polarity and amplitude. Frequency is dependent on the

different systems used during acquisition (see above section). Polarity can be used for

specific properties within the sediments, for example the presence of (shallow) gas will

alternate the polarity of the signal. The amplitude is the main attribute that determines

the seismic profile. Even though the goal of the seismic data is to identify geological prop-

erties and structures in the subsurface, many other factors may influence the amplitude of

the seismic signal (Figure 4.5). These factors can be related to equipment and recording
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of the acoustic signal (these include source strength and coupling, geophone sensitivity,

array directivity) or caused by indirect effects of wavefront divergence and curvature of

the reflector (Simm et al., 2014; Figure 4.5).

Figure 4.5: Different factors that influence the seismic amplitude (Simm et al., 2014). The
technical and equipment related factors are indicated in blue, general acoustic
effects in green and topographical and geological effects in orange.

Some of the ’disturbing’ factors that influence the seismic amplitude can be removed us-

ing different filtering and processing techniques. The Forewind dataset has been delivered

ready for interpretation, which means all the processing has been done by the Forewind

contractors (Dawson and Allen, 2011). This means that there has been no influence on

the methods and intensity of processing of the seismic data for this project. Generally,

three main methods are used for the processing of seismic data to remove distortion in the

seismic profiles. A stacking process combines the multiple received signals into a single

shot point (see reflector interference in Figure 4.5). This will build the seismic profile and

improve the signal-to-noise ratio. Deconvolution is used to correct for the loss in energy

reflected by the seabed. It sharpens the peaks of the reflectors, improving the quality

of the weaker reflectors and reducing the effect of the seabed multiple, one of the major

artefacts in seismic datasets (Daniels, 2004; Neal, 2004). Migration is used to correct for
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the topography of the seabed, steep slopes and areas of shadows caused by irregular relief

of the seabed (Jenyon, 1987), and is a relocation process to get the correct position for

the profiles (Kearey et al., 2002; van Heteren et al., 2014; Simm et al., 2014).

4.2.3 Seismic interpretation

The initial interpretation of the seismic dataset is done using the seismic visualisation

software IHS Kingdom Software Suite 8.7.1 (IHS, 2012). This software allows the user to

import large sets of sub-surface profiles at the correct location and change viewing set-

tings such as scale, colour and contrast. The user can choose these settings so it highlights

the major seismic reflections, which can be very different for each purpose and dataset.

For example, when a strong reflector (high amplitude) blocks most of the other signals,

it is possible to highlight the relatively weak (low amplitude, compared to the strong

reflector) reflectors to be able to see more details around and possible underneath this

strong reflector, by over-emphasizing the contrast of the weaker reflectors. The dataset

can be viewed in vertical seismic profiles or can be reprocessed to calculate horizontal time

slices. Note that because seismic profiles usually are of km scale in length and only up

to a few 100m high, the vertical scale is stretched compared to the horizontal scale. The

vertical exaggeration in this study is approximately 10x. The vertical profiles are then

imported into a commercial graphic software package (CorelDraw X6) to allow a highly

detailed interpretation using different layering options. The vertical profiles allow for the

interpretation of sedimentary sequences and structures, while the horizontal time slices

and interpreted horizons allow for the large-scale overview of the spatial morphology and

depositional systems.

4.2.4 Depth conversion

Depth conversion is of major importance for any geological interpretation on seismic

datasets. Boreholes and/or CPTs are necessary to be able to calculate the velocity of

sound waves through the different sediments using the correlation between major bound-

aries in the boreholes and seismic reflectors (Dawson and Allen, 2011; Cotterill, 2014; Long,

2014b). After the main interpretation, the entire seismic section is split into different units

(seismic facies) and for each unit a velocity is calculated. As part of the Forewind project,
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Fugro and the Norwegian Geotechnical Institute (NGI) have erected a full list of velocity

data for each geological unit in the Dogger Bank project (a simplified version of this list

is shown in Table 4.1). Dr. Leo James (Forewind) and Dr. Carol Cotterill (BGS) have

made a detailed velocity profile for each individual formation, which is used to convert the

TWTT data (in seconds) into a depth scale (in metres) to create depth and horizon maps

of the entire project area (Cotterill et al., 2017b).

Table 4.1: Table summarising the velocities for each of the stratigraphic units that have
been used for depth conversion of the seismic profiles (pers. comm. Dr. Carol
Cotterill)

Formation name Velocity

Holocene Sands 1680 m/s

Botney Cut 1640 m/s

Upper Dogger Bank Formation 1720 m/s

Lower Dogger Bank Formation 1780 m/s

4.2.5 Angle calculations

Depth conversion can only be applied at locations were the full sedimentary sequence is

known, preferably verified with boreholes. Using seismic horizons, the vertical scale can

laterally be extrapolated when no large sedimentary or geophysical changes are expected.

It is however not possible to apply a depth conversion to an entire seismic line. Never-

theless, as long as all the locations of the calculations are fully within one single seismic

unit (i.e. within one formation), the velocity of this single unit can be used to calculate

the vertical distance at that location. This way, for each individual angle calculation,

the horizontal distance is locally converted and the Pythagorean theorem (law of cosines)

can be applied to measure the angle of the specific fault or fold-axis. For this study, all

measured angles are within the Older Dogger Bank Formation (see Chapter 5), which has

a seismic velocity of 1780 m/s (Table 4.1; pers. comm. Dr. Carol Cotterill). For ease and

consistency of the calculations, a spreadsheet has been set up, which is used for calculating

individual angles of faults or fold axis.

For each series of thrusts or fold axis, at least 10 different angle measurements have been

taken at various locations to provide a representative angle for each location. It must

be noted that all of the angles are taken in a 2D cross section and therefore all represent
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apparent angles and only give an indication and minimum number for the measured angle.

4.2.6 Shortening estimation

The amount of shortening accommodated by the Dogger Bank Formation during glaci-

tectonic deformation has been estimated using the following method. Firstly the same

vertical and horizontal scale is applied to the seismic profile. A vertical exaggeration of

10x was typically applied to the seismic profiles analysed during this study, resulting in an

apparent increase in the amplitude of any folds which deform layering within the sequence.

Removal of this vertical exaggeration effectively ’flattens’ the folds, but in doing so results

in more realistic reflection of the deformation and thereby the amount of shortening ac-

commodated by the Dogger Bank Formation. This shortening can be estimated by using

a simple mathematical formula (Figure 4.6) and is expressed as a percentage.

Figure 4.6: Schematic diagram with calculation example showing the method of shortening
calculation using IHS Kingdom Software Suite 8.7.1 and CorelDraw X6. Line
length is the distance between I and II, along the blue lines for A and B and
the shortest distance in black for C.
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4.3 Calibration of seismic data

Seismic data is very useful for the recognition of strong lithological boundaries and sed-

imentary/glacitectonic structures. However, no direct information regarding sediment

properties and material of the formation can be extracted. In order to calibrate and verify

the seismic data some ground-truthing is necessary. Preferably this is done using borehole

data along the seismic lines. However, only for a small number of locations in the Dogger

Bank Zone is borehole data available (see Figure 4.3). A more efficient, although less

precise verification method is Cone Penetration Testing (CPT).

4.3.1 Boreholes

While seismic surveys are carried out to obtain a large spatial overview of the structure

and distribution of sedimentary formations within the subsurface, boreholes provide di-

rect evidence of the thickness and composition (lithology) of the sediments and/or rocks

present in the subsurface at the location of the borehole. This direct evidence is essential

to verify the seismic formations. A large number of boreholes have been drilled in the

southern North Sea since the 1960s (Cameron et al., 1992; Laban, 1995). Where they

occur within the survey area, the boreholes can also be used to validate the interpretation

of seismic data. These boreholes are up to 5000m deep and provided the primary source

of data for early interpretations of the regional subsurface geology of the North Sea region

(Cameron et al., 1992). However, these deep but scarce point sources only provided a

broad regional picture of the sedimentary formations in the North Sea. At the Dogger

Bank, all of the upper part of the sequence was originally included in the Dogger Bank

Formation (Cameron et al., 1992), see Chapter 2. In addition to the new high-resolution

seismic data, a number of new boreholes have also been drilled in the study area (Long

and Dove, 2012; Long, 2014b; example in figure 4.7). The cores retrieved from these bore-

holes were initially described by Fugro and subsequently sub-sampled for more detailed

laboratory based geotechnical testing and lithological description (Long and Dove, 2012;

Long, 2014b). However, most of the cores consist of discontinuous or bulk samples. These

samples provide exact composition of the material at a specific depth, but have lost their

internal structure and no exact sedimentary boundaries can be identified from them. An-

other issue in this project is that the boreholes have been drilled in different surveys. The
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first series (borehole names starting with 10) was drilled in 2010, to provide an overview

of the stratigraphy in the study area. In the two later surveys (2011 and 2012, names

starting with 11 and 12) boreholes were taken in areas of uncertainties. This means that

these later boreholes are located in seismic anomalies and often do not represent the typ-

ical sedimentary sequence of that location.

Figure 4.7: Example of borehole from Forewind dataset including the location on the
associated seismic profile.

In this study, boreholes are only used on a few locations were they were available close

to one of the interpreted seismic lines. At these locations, the boreholes are used to test
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the depth of interpreted seismic boundaries. It also provides some information about the

lithology and nature of the sediments of the different units. Figure 4.7 shows an example

of a borehole from the Forewind dataset plotted on the associated seismic profile. Note

that the boundaries between the seismic facies are not clearly identifiable on the seismic

profile alone. However, by applying the sedimentary information and boundaries provided

in the borehole, the different units on the seismic profile can be identified.

4.3.2 Cone Penetration Testing

In addition to the borehole data, a much quicker (and cheaper) sampling method involves

Cone Penetration Tests (CPT’s; see Figure 4.8). These tests consist of pushing a probe

into the subsurface and measuring the resistance of the material. The method is therefore

quicker and cheaper, but only provides indirect information about the composition and

structure of the sediments. While borehole data can be discontinuous and in bulk samples,

CPTs may provide a continuous signal at this point location.

Figure 4.8: The details of a Cone Penetrating Test and in site measured parameters (after
Look, 2014).
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Cone Penetration Testing is applied by pushing a calibrated cone vertically into the ground

(Poulter, 2015). During this push several parameters can be measured. These include

sleeve friction (fs), cone resistance (qc) and pore pressure (Ud) (Figure 4.8). The two

main parameters used in this study are cone resistance and sleeve friction. These two

parameters provide an indication of change in lithology and possibly over-pressurised sed-

iments. The cone resistance (qc) is measured at the tip of the probe (Figure 4.8) and

defined as the total force acting at the cone (Qc) divided by the projected area of the cone

(Ac) (Meigh, 2013):

qc = Qc/Ac

The sleeve friction (Fs) is measured at the lower sides of the cone rod. With this sleeve

friction, the friction ratio (Rf ) can be calculated. This friction ratio is expressed as a

percentage of the local side friction (fs) to the cone resistance (qc), both measured at the

same depth (Meigh, 2013):

Rf = (fs/qc) ∗ 100

The friction ratio and cone resistance provide information about the nature of the sedi-

ments. The cone resistance is lower in more cohesive sediments, such as clays, silts and

organic matter (Eslami and Fellenius, 2004). Contrastingly, the sleeve friction tends to

be higher in cohesive sediments. This means that it is relatively easy to get a probe into

the ground, but the friction at the sides is relatively high. For sands and other coarse-

grained materials, the cone resistance is higher and sleeve friction lower (Figure 4.9). The

pore pressure Ud is an extra parameter that indicates the permeability of the sediments

(in MPa). Because the pressure (UW ) increases in a linear fashion with depth the pore

pressure is generally given as a normalised pore pressure (Figure 4.8). The friction ratio

is a function of the cone resistance and sleeve friction and provides a relative difference

in both parameters. The friction ratio can therefore indirectly be used to indicate the

material in which the test has been applied. Table 4.2 provides an overview in possible

friction ratios for specific sediments.

Cone Penetration Tests provide a robust, quick, continuous and detailed indication of the
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Figure 4.9: An example of the change in parameters between cohesionless (sand) and
cohesive (clay) sediments on the different CPT parameters (after Blacker et al.,
2015).

Table 4.2: Table summarising soil type as a function of the friction ratio (in percentage)
from respectively Begemann (1965) and Vos (1982) (after Eslami and Fellenius,
2004)

Soil type Begeman 1965 Vos 1982

Coarse sand and gravel - less then 0.5 %

Fine sand 1.6-3.2 % 1.0-1.5 %

Silt 1.6-3.2 % 1.5-3.0 %

Clay 2.2-7.0 % 3.0-7.0 %

Peat more then 7 % more then 5 %

composition and properties of the sediments. The vertical resolution of the CPTs is much

higher than for seismic data, up to a few cm, while the vertical resolution of the seismic

profiles is limited to 1 metre (with Sparker data). Consequently, CPT data is refined

enough to validate any lithological subdivisions identified using seismic data. However, all

parameters are empirical and therefore still need borehole data for calibration and veri-

fication. Within the Dogger Bank dataset, the CPTs are therefore only used in addition

to the seismic profiles. It provides a verification in the interpretation of seismic horizons
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and are used to confirm if these coincide with sedimentary boundaries (for example as

in Figure 4.10). This way, more details about the geotechnical properties and small-scale

lithological structures will help with the identification of individual formations throughout

the study area.

Figure 4.10: Example of CPT from the Forewind dataset showing the relation between the
seismic profile, seismic facies interpretation and CPT data (exact location
not provided due to data confidentiality). Change in cone resistance (qc),
sleeve friction (fs) and friction ratio (Rf ) shows divisions between subunits
identified on the seismic survey. See Chapter 5 for details about the different
sedimentary subunits.

4.4 2D seismic analysis

4.4.1 Introduction

Throughout the Forewind data acquisition process, it has become apparent that the Dog-

ger Bank area includes highly and variable deformed seismostratigraphical units. The

nature and scale of the deformation and large size of the dataset required the adoption of

a detailed, systematic approach to the interpretation of the seismic data in order to fully

characterise the nature of the glacitectonism in the Dogger Bank (see Figure 4.2).
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The seismic visualisation software programme IHS Kingdom Software Suite 8.7.1 (IHS,

2012) is used for general interpretation and selection of the seismic lines. However, for de-

tailed interpretation of the main profiles (described in detail in chapter 5 and 6), the lines

have been exported as pdf files and imported into the graphic software package CorelDraw

X6. During the export process the horizontal and vertical scales are kept constant and

all information is imported in high resolution as vector graphics and polygons rather than

raster images. This way, the scale has been kept accurate. CorelDraw works with differ-

ent layers, which allows sketches and highlighting of different features. The bottom layer

always consists of the imported seismic data from Kingdom. The second layer consists

of the original lay-out elements from Kingdom, including a scale bar, shot point numbers

and line references. These two layers are then locked to avoid any resizing or changes. The

third layer includes the original interpretations from Kingdom. These are the basic and

coarse-scale interpretations between the different units, as well as the seabed signal and

multiples, which are semi-automatically generated in Kingdom. The fourth layer consists

of the manually adapted lay-out, which simplifies the scale bar, shot point number and

legend. This layer is kept consistent between the different profiles. The next layer consists

of the main colour coding system, providing a large overview of the glacitectonic facies.

On top of this large-scale interpretation, a new layer is added consisting of the full details

of all the main seismic reflections. This layer effectively re-draws the seismic lines into a

simplified and filtered version. Based on these lines, the structures become clearly visible.

In the uppermost layer of the CorelDraw file, the structural interpretation is drawn. This

includes the main detachments, faults surfaces and fold axes, as well as the structural

ordering system from Pedersen (2014) (see Section 4.4.3) and domains (see Section 4.4.5).

In the seismic interpretation processing in CorelDraw, a systematic colour coding system

is used to identify the different structures. Each different seismic facies has its own char-

acteristics and usually represents a sedimentary or glacitectonic facies. The colour coding

used to define the different seismic (sedimentary or structural) units is described in Section

4.4.2. This approach highlights any variations in the lateral extent and thickness of the

various units identified on the seismic profiles. After the interpretation of the different

units, individual structures and features (for example folds, faults, channels etc.) have

been identified within the different units (see Section 4.4.3). This approach has enabled



79

the construction of a series of highly detailed geological cross-sections through the Tranche

A area of the Dogger Bank, which have formed the basis of the sedimentary and structural

architecture of this complex region. The combination of these two descriptive interpre-

tations provides a general idea about the origin and formation of the different sediments

and processes in the Dogger Bank.

Most of the deformation structures are found in the Dogger Bank Formation (see Chapter

5 and 6, this unit is indicated in red). To be able to erect a tectono-stratigraphy, a more

detailed interpretation within the sub-units is used to describe the different deformation

structures. The first step in the method identifies the distinction between major detach-

ments (First-order surface), major (Second-order) and minor faults and folds (Third-order)

and is adapted from the method described in Pedersen (2014). The method used in this

study helps to distinguish the major from the minor structures and boundaries and set

up a local structural evolution. How this method has been applied within this study is

shortly described in Section 4.4.3 of this chapter. For the large-scale description of struc-

tures and the relation between the different zones of deformation, a ’domain approach’

is applied (Section 4.4.5 and Chapters 5 and 6). This method identifies areas of similar

deformation style interpreted over larger distances (tens of kilometres and larger). For

analysis of large-scale and complex areas of glacitectonic deformation, it is essential to

have a structural method that can create a regional overview of the identified structures.

The identification of the internal structures and architecture of the landforms will help

understanding the processes and developing a structural glacial evolution of the Dogger

Bank region.

4.4.2 Description of seismic facies

The main seismic units within the Dogger Bank dataset have been identified on the basis of

significant differences in their internal acoustic appearance and the presence of identifiable

boundaries. These seismic facies represent the main sedimentary and tectonostratigraph-

ical units, and have been distinguished on the geological cross-sections derived from the

seismic profiles by using a systematic colour coding. This colour coding provides a quick

and robust overview of the different facies present in the seismic profiles. An example

of the different seismic facies and their description for a very similar study as this one is
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described and shown by Emery et al. (2019). The seismic facies description is non-genetic

and the coding has been applied on the basis of visual interpretation of the structures of

the seismic character only. Initially this interpretation does not include borehole or other

information about the properties of the sediments. Therefore this method can be applied

to sediment sequences with an unknown development history and stratigraphy and can be

classified directly. The units are used to determine the glacitectonic domains and are the

main components for building a large-scale relative tectono-stratigraphy (see Chapter 5

and 6). After the initial classification solely based on visual structural interpretation, the

different units are linked with the Dogger Bank stratigraphy as defined by Stoker et al.

(2011) and Cotterill et al. (2017b). Where available, the interpretation of the different

seismic facies has been verified with boreholes and CPTs (see Chapter 5).

4.4.3 Description of seismic structures

Within the Dogger Bank study area, most of the described deformation features are present

within the Dogger Bank Formation (main deformed seismic and tectonostratigraphic unit;

indicated in red in the figures; see detailed description in Chapter 5). The terminology

used for the description of the deformation structures identified within the Dogger Bank

Formation is that routinely used by structural geologists (Twiss and Moores, 1992; Park,

1997). Slater (1926) and Banham (1977) where one of the first studies to recognise the

similarities between bedrock deformation and deformation caused by glacier activity. The

use of the concept glacitectonics, using structural geology terminology to describe glacier

induced deformation, has been successfully used by in a number of studies of highly de-

formed, glacitectonised sequences (e.g. Moran, 1971; Banham, 1977; Drewry, 1986; Croot,

1987; Aber et al., 1989; Laban, 1995; van der Wateren, 1995; Pedersen, 2005; Phillips

et al., 2011).

Data artefacts

Since this study is based on seismic data, the interpretation of the profiles needs to take

into account that some structures seen on the seismic profiles are not real geological struc-

tures (Kearey et al., 2002; Bond et al., 2007; Simm et al., 2014). It is important to

recognise these artefacts, to make sure that only real geological structures are interpreted.

Some of the artefacts can be filtered or reduced by using the correct seismic processing

methods, however there will always be side-effects of seismic acquisition and processing.
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One example present widely throughout this study is the seabed multiple (Malcolm et al.,

2007). Because of the significant nature of the boundary between water and sediment, the

seabed typically represents the strongest reflector on a seismic profile. This reflection may

be strong enough to let the acoustic wave ’bounce’ within the water column (between the

water surface and seabed). As a result, a so-called seabed multiple is generated at a depth

of two times the travel time of the water column(Kearey et al., 2002; Malcolm et al., 2007).

This multiple can be easily recognised because it will always follow the topography of the

seabed. Unfortunately, on the seismic profiles examined from the Dogger Bank area, this

seabed multiple tends to coincide with the one of the major seismic boundaries in this area,

partially obscuring this structurally and regionally significant contact. It is therefore im-

portant to identify the seabed multiple and distinguish it from actual sedimentary layering.

Steeply inclined, strong to very strong reflections such as prominent faults and/or geo-

logical boundaries may result in the absorption of the majority of the acoustic energy

penetrating the subsurface (Steeples and Miller, 1998; Kearey et al., 2002). A similar

absorption effect on the near-surface data may be caused by features at of just below the

seabed, such as gravel lags, large boulders or shipwrecks. This results in the development

of an acoustically transparent zone immediately beneath this strong reflection. This re-

sults in the loss of detail on the seismic profile (acoustically transparent) at these locations.

Furthermore, the strength of these reflections may cause a so-called ’pull-down’ effect, in

which the the reflections appear to ’dive’ into the acoustically transparent zone (Herron,

2000). Similar blanked or transparent zones can also develop as a result of the presence

of (shallow) gas or in sedimentary homogeneous sections, where no internal layering (bed-

ding) is present resulting in a lack of reflection of the seismic waves (Sheriff and Geldart,

1995).

Deformation structures

Deformation structures include all structures such as folds, faults, thrusts and other struc-

tures that show disruption of the sediments as a result of stress. The individual structures

that are relevant in this thesis are described in Chapter 2. Within the seismic profiles,

the deformation structures are similar as within geological cross section. However, since

the seismic profiles are an interpretation of sound waves, the seismic signal can also be

disrupted by other factors or may provide an incorrect interpretation when the disruption
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is too large. Therefore it is important to know what factors controlling the seismic profiles

(see previous sections) and what factors can also disrupt this factors (as described above).

But also how deformation structures in geological profiles normally look like, to see if the

seismic profiles show deformation structures that are expected within their environment.

Other geological features

Even though this study is mainly focussed on the glacitectonic deformation structures,

other distinctive geological features are recognisable within the seismic data. Since the

data is relatively shallow (sparker data, up to a few 100 metres deep) but detailed, the

geological features present in these sections are generally small in geological terms (few

hundreds metres maximum), e.i. no large-scale plate tectonics, deep water turbidity cur-

rent deposits or salt diapires. On a smaller scale, different geological features are more

likely to be present in the seismic data which could include channels, delta foresets, ero-

sional or desiccation surfaces. How these geological structures can be recognised in seismic

data is briefly described below.

Channels

A common geological feature observed in shallow seismic profiles (including the Dogger

Bank dataset) are channels. These trough-shaped features can by recognised by two main

characteristics, the nature of the sedimentary infill and their trough-shaped morphology.

The sediments infilling a channel typically possess different acoustic properties compared

to the surrounding sediments. Even though the bedding reflectors are dependent on the

directionality of infill and may include migrating bars and small deltas, generally, the

reflectors within the channel are relatively horizontal since the infill consists of younger

sediments than the medium in which the channel is formed. The other characteristic is the

basal morphology. Even though the exact base of the channel may not always be clearly

developed on the seismic profile, the morphology of the trough shape will help the identi-

fication of channel features. A more detailed interpretation can be made by an iteration

process on the visualisation (and sometimes also processing) of the seismic profile (Gupta

et al., 2004). This cycle of interpretations can also help the interpretation of more internal

details within the infill and even reveal multiple infills or reactivation processes within the

channels (Figure 4.11).
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Figure 4.11: This figure shows a series of stages of interpretation, in which different pro-
cessing and viewing settings have increased the ease of the basal channel pick.
Within each stage, other amplitudes are enhanced and different reflectors be-
come visible (after Gupta et al., 2004).

The scale (depth and width), shape and morphology of a channel system may reflect the

environment in which it formed. For example, in the North Sea, deep (up to 100m), large-

scale, laterally extensive channels have been interpreted as a series of subglacial tunnel

valley systems of different ages (e.g. Laban, 1995; Graham et al., 2007; Stewart et al.,

2012, 2013). In contrast, smaller, shallow channels may represent parts of local drainage

systems developed in either fluvial or glacifluvial conditions (e.g. Fitch et al., 2005; Cohen

et al., 2014).

Delta foresets

Different boundaries can be recognised within seismic profiles. These include erosional sur-

faces and deltas which are recognisable by their internal truncation of reflectors. Different

truncation boundaries (Figure 4.12) can help in understanding the sequence stratigraphy

and the relative order of formation of the sedimentary sequence (Mitchum et al., 1977;

Posamentier and Walker, 2006). An example of the use of these boundaries for geological

understanding is shown in Figure 4.13. Different onlaps and toplaps are easily recognised

in seismic datasets because of their generally small angle and large-scale structures.

Erosional and desiccation surfaces

Erosional surfaces (see Figure 4.12) are often clearly recognised in seismic profiles. A

so-called desiccation surface can sometimes be recognised within seismic profiles. During

aerial exposure (potentially with or without influences of seasonally freezing cycles), the

geotechnical properties of the sediments change (Yang et al., 2015). Even though the sed-

iment consists of the same material as the underlying sediments, the seismic reflector can

change because of this geotechnical change. It is however dependent on many different
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Figure 4.12: Diagram showing a summary of different seismic boundaries which can be
recognised within the reflector configuration (after Mitchum et al., 1977).

Figure 4.13: Diagram showing how the relation of different seismic boundaries can be used
to reconstruct the sequence stratigraphy (after Vail, 1987).

factors whether or not this surface will be identifiable on a seismic profile. A desiccation

surface can often be traced over large distances and can then be used as an indication for

a time hiatus in the sediment sequence.

4.4.4 Structural surface hierarchy

For the description of the thrust sequences within the Dogger Bank, a structural classifi-

cation system based on Pedersen (2014) has been used. This system helps to distinguish

between major and minor structures present within a thrust complex (Figure 4.14), and

subdivides these features into four main categories Pedersen (2014). However, for this

study this classification system is set back to three orders, merging the Third- and Fourth-
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order from Pedersen (2014) into one Third-order:

• First-order surface: The First-order fault structures are the boundaries of the glaci-

tectonic deformation. This includes the lower detachment surface and the upper

(erosion) surface.

• Second-order surface: The Second-order surfaces are the main thrust faults develop-

ing within the hanging wall of the 1st order surface. Major fold systems comprising

a detachment surface at the base or associated with the development of the thrust

sequence are also classified within the 2nd order surface.

• Third-order surface: The Third-order surfaces are all minor structures as faults and

folds occurring within the hanging walls of the Second-order surface. Faults may

occur as back-thrusts to accommodate for the shortening of the system and folds

may occur as parasitic folds (see Chapter 2).

Figure 4.14: Example of the use of deformation classification on a ground penetrating
radar (GPR) profile of a moraine structure in NW Denmark (from Pedersen,
2014). (1) denotes First-order surfaces, (2) Second-order surfaces and (3)
Third-order surfaces.

The system used in this study is a modified version of the Pedersen (2014) system, in

which the Second-order only comprises major thrusts and faults and the Third-order only

of folds. An additional Fourth-order surface used by Pedersen (2014) represents small
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structures (mainly small scale folds). The reason for the changes in this method is that

within this study, many large-scale folds are associated with the thrust faults (tip-folds).

These folds develop when the thrust propagates upwards into the hanging wall of the

First-order surface. Most large-scale folds also often have internal thrusts and a similar

basal detachment as the Second-order thrusts. The large-scale folds are therefore classified

within the Second-order, instead of the Third-order within the original classification from

Pedersen (2014). All small scale structures are now classified within the Third-order. This

adapted method is therefore more consistent in its hierarchy, since the relative importance

of a fault or fold surface cannot always be determined, i.e. sometimes a fold (Third-order

according to Pedersen, 2014) can be of similar or higher hierarchy then a fault surface

(Second-order according to Pedersen, 2014). The method now clearly shows the impor-

tance of a single surface and relative hierarchy of multiple surfaces in a described section.

4.4.5 Analysis of complex glacitectonised sequences using a structural domain ap-

proach

Detailed analysis of the seismic profiles selected for analysis during this study has shown

that the style of deformation recorded in the Dogger Bank Formation varies across Tranche

A of the Dogger Bank (see Chapter 5). As an aid to the characterisation and interpreta-

tion of these complex, polyphase deformation sections of the seismic profiles which show a

similar style and relative intensity of deformation have been assigned to a series of ’struc-

tural domains’. Different classification systems have previously been suggested and used

in glacitectonically deformed sediments by for example van der Wateren (1995), McCarroll

and Rijsdijk (2003) and Phillips et al. (2008). However, from these different classification

systems in glacitectonic sediments, only McCarroll and Rijsdijk (2003) have tried to actu-

ally classify the individual structures. van der Wateren (1995) and Phillips et al. (2008)

have only divided highly deformed, glacitectonised sequences into a series of domains to

aid in describing and interpreting the deformation history recorded in these sediments.

For example van der Wateren (1995) and Phillips et al. (2008) both focus on a range of

scales, but mainly on the large-scale polyphase deformation history, while McCarroll and

Rijsdijk (2003) focus on the detailed structures within the sediments. This last method is

not applicable in the Dogger Bank study area, since the system is not strictly descriptive

but uses a genetic component the description of glacitectonic structures. In addition, the
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resolution of the seismic data in this study is not detailed enough to apply this detailed

approach as presented by McCarroll and Rijsdijk (2003).

Since none of the previously presented approaches where applicable within this study,

there was a need for a consistent and thorough method to manage and analyse the large

dataset of glacially deformed sediments. The method that is presented here is purely

based on the deformation structures that are present on the seismic profiles. This means

that domains are assigned only on the identified internal structures, independent of lithol-

ogy, genesis and mophological evidence. The so-called ’structural domains’ then will show

zones with similar deformation structures to provide an overview of the internal deforma-

tion structures over the entire study area. For consistency of the method, it is important

that different domains are classified after the interpretation of the deformation structures

on the seismic profiles.

The approach has been applied on eight seismic lines that were selected based on two cri-

teria. First, they provide a good coverage of the entire study area with the total of 300km

of seismic profiles. Secondly, they are selected on the presence of deformation structures

as identified by the initial regional interpretation (see Section 4.1.3 and specifically the

left box of the flow diagram presented in Figure 4.2). All different structures were identi-

fied and afterwards classified within domains of similar structural appearance. This way,

the method is strictly descriptive and covers all the different structures, without using a

method that needs the interpretation of the structures themselves, i.e. using a genetic

component or sedimentary or evolutionary interpretation.

A detailed description of the range of deformation structures developed within each of the

structural domains can be found in Chapter ChapterDomainApproach. This chapter also

provides a more detailed description about the domains method and how it can be used in

different glacially deformed sequences. It systematically describes the individual domains

in high detail and how the domains are used to spatially link the different deformation

structures.
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4.5 Surface mapping

The density of the seismic lines (100m inline and 500m crossline spacing, see Chapter

2) provides a pseudo 3D dataset which can be used to examine the lateral extent of key

seismic stratigraphic surfaces, sedimentary units and glacitectonic structures across the

Dogger Bank study area. This 2D surface mapping (see centre part of Figure 4.2) is based

on the same dataset as described in the previous sections. Two different methods have

been used in this study to represent a surface: horizontal interpolation of a seismic horizon

and amplitude extraction.

A seismic horizon represents a change in physical properties within a sequence of sedi-

ments or bedrock resulting in a change in acoustic impedance within the seismic reflection

profiles (Kearey et al., 2002; Gupta et al., 2004). A seismic horizon therefore may coincide

with a geological boundary, although it can also be a change in water content, overconsoli-

dation or other geophysical properties. When interpreting seismic profiles, key boundaries

between seismic facies are referred to as seismic horizons. When a seismic horizon is lat-

erally continuous and the density of the seismic lines is high, this horizon can be shown

as a surface. An interpolation technique (such as Kriging, Spline or Natural Neighbour;

IHS, 2012) is used to integrate the interpretations on the individual lines into a gridded

surface. Figure 4.15 shows an example of a seismic profile with the interpreted horizons.

Dr. Leo James (unpublished data from Forewind) has mapped the lateral extent from the

major boundaries in the Dogger Bank (such as the ’Top DBF1’ in Figure 4.15). Figure

4.16 shows the interpolated surface of this seismic horizon.

The NE-SW-trending ’stripes’ which can be locally seen on Figure 4.16, are an artefact of

the gridding process and are caused by small mismatches in the depth conversions between

the individual seismic profiles. The gradual colour scheme in Figure 4.16 represents the

relative height of this horizon, in which red and yellow represents areas where the the

horizon occurs close to the seabed in the seismic profile, and green and blue at a deeper

level below the seabed.

The second method that can show a surface expression of the seismic data is amplitude

extraction. In contrast to the horizon mapping, this method does not need any interpre-



89

Figure 4.15: This figure shows an example of a seismic profile in Tranche A. The different
red lines represent the different interpreted horizons, of which the blue line
represents the top of DBF1 which is spatially shown in Figure 4.16.

Figure 4.16: Surface expression of a strong and continuous boundary (top DBF1 in Figure
4.15 and Chapter 5) across Tranche A. The yellow and red colours represent
where the horizon occurs closer to the seabed (shallower depths). Whereas
the green and blue highlight the areas the horizon occurs at a deeper level
below the seabed. For further interpretation of the figure (including the
marked area in the west), see Chapter 5.
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tations but uses the ’raw’ seismic data as imported in the seismic interpretation software.

Amplitude extraction is therefore often used for initial (rough) regional interpretation of

for example large-scale structures and laterally extensive channel systems. Within the

seismic interpretation software package IHS Kingdom, the tool VATMEANE has been

used to produce this time slice (IHS, 2012). It takes the mean of the seismic envelope

between a specific time interval. This way, the horizon extracts the seismic anomalies

(high or low amplitudes), resulting in an amplitude map that shows the deviating features

in the dataset.

Figure 4.17 shows the result of the seismic amplitude extraction between 10 and 30ms

TWTT in the Forewind dataset. The surface in Figure 4.17 is used to identify the spatial

extent and main strike of the large thrusts in the western part of Tranche A. This infor-

mation is used as a starting point for the detailed interpretations and 3D modelling of the

individual thrusts (see method below and in more detail in Chapter 6).

4.6 3D seismic analysis

Since the density and quality of the Forewind dataset is high enough to provide a pseudo

3D network of seismic lines, this dataset can also be used for 3D seismic analysis (see right

part in Figure 4.2). Note that this is only done at one location in the dataset, since the

nature of the structures need to be extensive enough to be able to interpret across multiple

seismic profiles (see Chapter 6).

A 3D seismic analysis starts with a detailed 2D interpretation of laterally extensive fault

systems on parallel seismic profiles. Preferably, these interpretations are done on the par-

allel lines that have the smallest inter-line distance (in the Dogger Bank area, the inlines

are used, with line spacing of 100m). After the interpretation of the faults, each of the

individual faults needs to be assigned a specific name or number (see Figure 4.18).

When each of the faults has been assigned a unique identification, the faults can be inter-

polated across the parallel seismic lines and a fault surface can be generated. These fault

surfaces can then be viewed in the 3D ViewPack of Kingdom (see Figure 4.19). This 3D

view of the fault system allows to get a spatial overview of the extent and nature of the
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Figure 4.17: Seismic amplitude extraction map between 20 an 30ms TWTT, showing the
extent of the deep thrusts in the western part of Tranche A (see Chapter 6
and Dove, 2012). The colours only represent the relative difference in average
seismic amplitude.

system, as well as a precise indication of directionality (the apparent angle of exposure

is now no longer relevant). In this study, the 3D analysis is also used to see the relation

(link, depth, directionality and extent) between two different fault systems (see Chapter

6; Ruiter and Dove, 2014).
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Figure 4.18: Seismic line with interpreted faults. All of the coloured lines tagged with
crosses are assigned a specific name or number, while the black lines with
crosses indicate unassigned faults. The coloured lines without crosses are
interpreted seismic horizons, with the exception of the light blue lines which
represent the location of the seabed multiples.

Figure 4.19: 3D view of the interpreted faults (different green hues) plotted on an original
seismic line to show the relation between the line and the 3D interpretation
(for further explanation of the figure see Chapter 6). Note that the vertical
exaggeration of this figure is approximately 10x (similar as in all seismic
profiles within this study).

4.7 Summary

This chapter provided an overview of the Forewind dataset and the methods that are used

to answer the knowledge gaps stated at the end of the previous chapter. The Forewind

dataset comprises a large amount of seismic data and this needs a consistent and robust

method to be used for the interpretation of glacially deformed sediments. To be able to
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analyse this large dataset an approach has been developed whith has three key aspects

(outlined in Figure 4.2): 1) Traditional 2D interpretation of high-resolution seismic line

data, 2) The dense network of 2D lines is transposed into selected seismic facies to provide

a surface map and 3) Detailed 3D data presentation to illustrate the 3D form and extent

of the glacitectonic structures.

The 2D seismic data interpretation is supported by the use of boreholes and CPTs where

available. The basic interpreted structures consist mainly of large-scale folds and faults

which are classified in their architecture using a robust and consistent hierarchy method

adapted from Pedersen (2014). This method classifies the fault and fold surfaces into three

different orders. The First-order surfaces comprise the surfaces of the boundaries between

deformed formations including the main detachment surface. The Second-order surfaces

comprise the large-scale folds and fault structures which form the main structures within

the Dogger Bank Formation. The Third-order surfaces are all minor folds and faults that

are subordinate to the First and Second-order surfaces and which can not be used for

major architecture understanding or as kinematic indicators. For the interpretation of

the large-scale deformation systems and seismic facies, a domain approach is used. This

method allows for a consistent interpretation of large datasets of glacially deformed sedi-

ments. This chapter has introduced this method briefly as part of the methodology. The

next chapter will demonstrate the details of this domain approach and the results of its

application on the glacially deformed sediments in the Dogger Bank region.

The surface map presenting the surface expression of a seismic horizon, as well as the map

based on amplitude extraction, provide information about the spatial extent of the large-

scale structures and morphology. These surface maps, as well as the 3D interpretation of

the western part of Tranche A are used in Chapters 6 and 7, for the regional interpretation

of the deformation structures across the Dogger Bank region.
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Characterisation of glacitectonism within the Dogger Bank

Detailed analysis of key seismic profiles through the Dogger Bank Formation is performed

in order to address the questions regarding the understanding of the internal architecture

of glacitectonic structures identified within the Dogger Bank area. To aid in the descrip-

tion and interpretation of the glacitectonism recorded in the Dogger Bank Formation the

sequence has been divided into a number of structural domains. This chapter explains how

the domain approach is used to identify and describe glacially deformed sediments. After

an overview of the main seismic facies in Section 5.1, Section 5.2 describes one example

of Domains A-F. Domain G is described in detail in Section 5.3. The main deformation

structures of Domain G are described on a 2D seismic line, as well as in 3D and as a

seismic amplitude extraction (surface representation, see Chapter 4). The last section of

this chapter (Section 5.4) provides a regional overview of the deformation identified in

Tranche A.

The interpretations based on the Forewind data are described in this chapter. Where

possible, the structural interpretations are linked to lithological as well as geological in-

terpretations of other reports and papers. These reports are often Technical Reports from

Forewind (available for this project, and upon request by Forewind) and BGS (techni-

cal) reports (available for this project, and upon request from British Geological Survey).

Some of the interpretations are also linked to results written by other people from the

same team at BGS that worked with the Forewind data. These papers include Cotterill

et al. (2017a,b); Phillips et al. (2018) and are all written in cooperation with the same

team. The interpretations in this thesis are all original and my own work, they are only

linked to parts of these papers in the interpretations.

94
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5.1 Regional overview of main seismic facies in the Dogger Bank region

The Quaternary history of the Central North Sea is characterised by several sea level

fluctuations and alternating glacial and interglacial conditions (e.g. Gatliff et al., 1994;

Sejrup et al., 2000; Gibbard and Cohen, 2008; Stoker et al., 2011; Chapter 2). The glacial

periods have left their mark on the region in the form of sedimentary sequences as well as

an assemblage of glacigenic landforms, tills and glacial outwash (Cameron et al., 1992),

tunnel valleys (Stewart, 2009) and glacitectonic deformation. For this project, a new large

and detailed dataset is available which allows for a more detailed and spatially uniform in-

terpretation of the previously recognised North Sea formations (as described by Cameron

et al., 1992).

Using this new dataset provided by Forewind, three main seismic facies have been identified

and linked to the present sedimentary sequence; 1) the lower pre-Dogger Bank Formation

sequence (pre-DBF); 2) the Dogger Bank Formation (DBF); and 3) the upper post-Dogger

Bank Formation (post-DBF). Locally, these main units can be divided into subunits (see

below). In the absence of any deep boreholes which penetrate the entire sequence within

this part of the study area, this tripartite tectonostratigraphy has proven to be the most

reliable approach to subdividing the sediment sequence on the seismic profiles. This sec-

tion summarises the three main seismic facies, that are used and described in this study.

5.1.1 Pre-Dogger Bank Formation sequence - pre-DBF

The pre-Dogger Bank Formation (pre-DBF) sequence comprises all the sediments older

than the Dogger Bank Formation (e.g. Eem, Egmond Ground, Swarte Bank and Yarmouth

Roads; Cameron et al., 1992; Cotterill et al., 2017b). Since the base of the overlying DBF

is marked by a strong laterally consistent boundary, this also acts as the upper boundary

of the pre-DBF sequence. The depth of the upper boundary of the pre-DBF is typi-

cally present at approximately 35 to 45m below the present-day seabed. Locally, the basal

boundary surface (top pre-DBF) is (partly) obscured by the seabed multiple in the seismic

profiles, however, the difference in acoustic response above and below this seabed multiple

then can be used to identify the boundary between the pre-DBF and DBF sequences. Be-

cause pre-DBF comprises the entire sediment sequence below the DBF, it does not have
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a defined lower boundary. Also, no additional significant boundaries are identified below

the pre-DBF to DBF boundary within the vertical range and resolution of the seismic data.

The sequence itself typically consists of undeformed, semi-horizontal seismic reflections

(with exception of Domain G in the western part of Tranche A, see Section 5.3). Most of

the seismic reflections are laterally consistent over a substantial length. However, locally

some of the reflections appear partly deformed or disrupted. Borehole data (boreholes

1101, 1134, 1224 and 1282) show that the pre-DBF sediments typically consist of poorly

sorted fine sands with local interbeds of clays and fine sands (Long and Dove, 2012; Long,

2014b).

At different locations throughout Tranche A, deep trough-shaped features are identified

(an example of this feature is presented in Figure 5.1). These generally have a maximum

depth of 100m and widths of a few tens of kilometres. The trough morphology is generally

indicated by a strong (basal) boundary and recognisable on a different internal acoustical

response. Within the trough-shapes, the seismic reflections are typically (sub-)horizontal

and more laterally consistent and stronger than in the direct surrounding of the features.

Their dimensions, morphology and infills indicate that they are tunnel valleys (Lamb,

2016). Tunnel valleys have been identified within the North Sea at similar depths and sizes

by Huuse and Lykke-Andersen (2000b), Praeg (2003), Lonergan et al. (2006), Kristensen

et al. (2007), Stewart (2009) and others. Kristensen et al. (2007) describe how these

tunnel valleys can be identified on their morphology on seismic profiles, and how they

can be interpreted in their evolution. Stewart and Lonergan (2011) and Stewart et al.

(2012, 2013) have described multiple cross-cutting relations to reconstruct at least seven

generations of these glacially formed tunnel valleys. Lamb (2016) has used these studies

and the Forewind seismic dataset to identify tunnel valleys within the Dogger Bank area.

Although the tunnel valleys are not the main subject of this study, they appear at various

locations in the seismic profiles described. Also their presence in the study area shows

evidence for early large-scale ice advance that can be linked to the regional appearance of

these features in the rest of the central North Sea.
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Figure 5.1: Seismic profile showing the presence of a tunnel valley (interpretation by Lamb,
2016), undeformed layering above this feature, and the upper deformed DBF.
This line is located in the centre of line 7, in the central part of Tranche A).

5.1.2 Dogger Bank Formation sequence - DBF

The Dogger Bank Formation (DBF) dominates the upper part (approximately 40m) of the

Tranche A seismic profiles. This DBF sequence is identified throughout the entire study

area, and varies in thickness between approximately 10m and 50m.

A high-amplitude basal seismic reflection marks the base of this unit over almost the entire

study area around the depth of the first seabed multiple (typically between 35 and 45m be-

low the seabed). This boundary is often obscured by the first seabed multiple, and might

also represent the lithological boundary between pre-DBF and DBF. However, it represents

the base of the majority of the deformation sequence. Therefore it has been interpreted as

the basal detachment of the DBF1 deformation (for discussion see Chapter 7.1.3). Lateral

consistency of this basal detachment, as well as the difference in deformation structures

between the lower pre-DBF and DBF sequence reflects the division between the pre-DBF

and DBF, despite locally being obscured by the seabed multiple. The upper boundary

of the DBF sequence is not always clearly identifiable. At most locations throughout the

Dogger Bank area, the top of the DBF sequence is truncated by the seabed. At other

locations, a typically sharp and straight boundary marks the division between the DBF

and overlying post-DBF. This boundary is assumed to be erosional and mainly identifi-

able due to the different nature of internal seismic reflections between DBF and post-DBF.
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Deformation is present in most parts of the study area in the lower part of DBF. The

seismic reflections within this unit are highly variable, but typically consist of relatively

high amplitude reflections, which are often short and chaotic and do not show horizontal

layering. The acoustic properties range from ’blank’ areas in which no obvious seismic

reflections can be identified, to highly deformed zones where locally weak to mostly high

amplitude seismic reflections are clearly folded and/or offset by faults (see Chapter 6).

The base of the DBF detachment surface also forms the base from which the main thrust

faults propagate upwards into the DBF. The deformation structures within this unit are

classified based on their architectural appearance in different domains. Apart from defor-

mation structures, other morphological features are also present within this seismic unit.

Locally sub-horizontal reflectors in confined trough-shaped depressions can be identified.

These depressions are usually a few kilometres wide and have a maximum depth of ap-

proximately 20m. Some larger channels can be identified across multiple (parallel) seismic

profiles. These are interpreted as drainage channels and basins (Lonergan et al., 2006;

van Heteren et al., 2014) and are also linked to their topographical expression identified

on a landform map showing the top of the DBF sequence (this map and interpretation is

explained in Chapter 6).

The DBF sequence covers a wide range of sediments and deformation structures, but typ-

ically consists of generally stiff to very stiff clays, with multiple discontinuous sand layers

(Cotterill, 2012; Long and Dove, 2012; Long, 2014b). This is illustrated by the borehole

shown in Figure 5.2. This example shows that the main deformed seismostratigraphical

unit (DBF) corresponds with stiff clays and sands. The DBF is subdivided in three in-

formal units, i.e. the Basal, Older and Younger Dogger Bank (Cotterill et al., 2017b).

The divisions between the three sedimentologically similar units is based on acoustic and

geotechnical responses and the presence of a desiccation surface (or even multiple des-

iccation surfaces according to Cotterill et al., 2017b). This desiccation surface indicates

a time of areal exposure that has changed the physical properties of the sediments and

its acoustic response is recognised by a laterally continuous series or band of high ampli-

tude seismic reflectors (Jenyon, 1987; Menzies, 2002). However, this desiccation surface

is not continuously visible throughout Tranche A (due to erosion, glacitectonism, or little

change in geotechnical properties), which makes (local) distinction between the three dif-

ferent subdivisions not always possible. Within this project, only two subdivisions of the
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DBF have been identified. The stratigraphically lowest unit in this study is referred to as

the Lower or Older Dogger Bank Formation, and the upper unit as the Upper or Younger

Dogger Bank Formation (missing out the Basal DBF from (Cotterill et al., 2017b)). If

identifiable within this study they are informally referred to as DBF1 and DBF2 to avoid

using a genetic nomenclature.

Figure 5.2: Example of borehole from Forewind dataset including the location on the as-
sociated seismic profile, to show the relation between identified seismostrati-
graphical units and lithology.

Deformation is predominantly present in the lower DBF1 unit, whereas the upper DBF2

unit is often identified by sub-horizonal or a ’drape’ layering that follows the topography
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of the DBF1. However, due to the large variation in thickness (see surface map in Sec-

tion 5.4.3), the abundance of seismic reflections in DBF1, and the local absence of the

desiccation surface, it is often challenging to distinguish between DBF1 and DBF2. In

boreholes the division between DBF1 and DBF2 is often clearly visible since the lower

DBF1 is mostly chaotic and massive (possibly as a result of locally intense deformation),

while the upper DBF2 is variable but mostly well-layered and shows some sand laminae

(Long, 2014b; Cotterill et al., 2017b). CPT data (for example numbers 1069, 1124 and

1146; see Appendix A)often shows a clear transition marked by a change in geotechnical

properties between DBF1 and DBF2, since the lower DBF2 appears to be overconsoli-

dated. Figure 5.3 illustrates the relation between a CPT and seismic profile, which shows

that the identified seismic facies correspond with the lithological units as identified in the

CPT.

Figure 5.3: Example of CPT from the Forewind dataset showing the relation between the
seismic profile, seismic facies interpretation and CPT data. Change in cone
resistance (qc), sleeve friction (fs) and friction ratio (Rf ) (explained in Chapter
4) shows divisions between subunits DBF1 and DBF2 as well as between DBF
and post-DBF. Pre-DBF is not identified on this diagram, but expected to be
present below the depth of this borehole.
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5.1.3 Post-Dogger Bank Formation sequence - post-DBF

The post-Dogger Bank Formation sequence comprises all (generally undeformed) sedi-

ments deposited after the deformation of the DBF. This includes the Volans Member,

Botney Cut Formation and Holocene deposits from various environmental settings (Cot-

terill et al., 2017b). These members can not individually be identified on the seismic

profiles, and are therefore compiled as the post-DBF sequence. The post-Dogger Bank

Formation (post-DBF) is not present throughout the entire study area. At locations where

it is present, it forms the uppermost part of the seismic profiles. The post-DBF sequence is

typically less than 10m thick. However, it can reach up to a maximum thickness of approx-

imately 25m in local channels and basins. This structurally highest part of the sequence

is located on top of the DBF sequence, typically marked by an erosional boundary with

DBF and truncated by the seabed at the upper boundary of post-DBF. The unit is char-

acterised by a series of clear (sub-)horizontal, typically low amplitude seismic reflections.

Some series of inclined seismic reflections show the occasional presence of some on-lapping

sequences. These usually occur at locations where the post-DBF sequence is relatively

thick (for example in in the southern part of Line 4 and 7, see Section 5.4). Here, the

inclined reflections usually on-lap onto the structurally lower DBF erosional boundary or

onto other inclined structures within the post-DBF sequence. No deformation structures

have been identified within the post-DBF sequence. Boreholes show that the post-DBF

sequence consists of fine to medium grained sands (Long and Dove, 2012; Long, 2014b). At

the uppermost part of the post-DBF sequence a sub-unit can locally be identified, showing

a very laterally consistent series of medium amplitude, horizontal seismic reflections with

a maximum depth of approximately 5m. This subunit represents the present-day seabed

surface sands (van Heteren et al., 2014).

5.2 Using the Domain Approach to identify and describe deformed sediments

5.2.1 Introduction

The domain approach has been applied as a method of describing parts of the seismic pro-

files which have a similar deformation style. The method is descriptive only and therefore

all of the structures have been identified first, and afterwards grouped into domains with

similar deformation structures (see Chapter 4.4.5). A total of seven (A-G) domains have



102

been identified within this study and schematically represented in Table 5.1, and each of

the domains shortly summarized in the text below.

Table 5.1: Main characteristics of the domains recognised in this study.

Domain
(colour)

Characteristic defor-
mation structures

Example

A
(red)

Low-angle thrust faults
linked to basal detach-
ment. Original layering
visible.

B
(orange)

High-angle thrust faults
and short thrust sheets.
No original layering visible.

C
(yellow)

Low angle thrust faults
and sheets. Original layer-
ing visible.

D
(green)

Massive appearance with
no kinematic indicators.

E
(blue)

Steep and parasitic (up-
right) folds and faults.

F
(purple)

Clear layering indicating
the morphology of the
(parallel) folds.

G
(grey)

Large-scale (deep) thrust
faults and associated folds.

• Domain A is characterised by large-scale, low-angle thrust faults and associated

asymmetrical folds. The thrusts propagate upwards from a prominent basal detach-

ment which marks the base of the Dogger Bank Formation. This structural domain is

well-developed within the southern part of the study area, interpreted and described

on seismic lines 5 and 6;

• Domain B is characterised by high-angle thrust faults and short thrust sheets.

The same laterally consistent detachment that marks the base of the Dogger Bank

Formation within this domain forms the basis from which the thrust sheets propagate

upwards into the sediment sequence. This domain has only been described at a few

locations in the southern part of the study area;
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• Domain C is characterised by low-angle thrust faults and sheets that propagate

upwards from the same laterally consistent detachment surface as described in Do-

main A and B. This domain is well-developed in the southern part of the study area

and often occurs in relation with Domains A and B;

• Domain D is characterised by a massive appearance of chaotic seismic reflections,

with very few recognisable deformation structures. Few kinematic indicators can

be extracted from the seismic reflections within this domain. The development of

Domain D is slightly better in the southern half of Tranche A, but is present at many

different locations throughout the study area;

• Domain E is characterised by a relatively broken up and chaotic seismic response

in which some deformations structures are identified. Although these structures

typically consist of steep and sometimes parasitic (upright) folds and faults, they do

not provide a clear and reliable kinematic signature due to the apparent intensity of

the deformation and disruption;

• Domain F is characterised by ductile deformation, typically consisting of symmetric

folds. This domain is locally well developed at several different places within Tranche

A;

• Domain G is characterised by deep and large-scale thrusting. Whilst this domain

is structurally similar to Domain B, the scale and dimensions of this domain are

very different from all the other domains. The thrust faults that characterise this

domain are up to 150m, compared to a maximum of 50m in the other domains. This

domain has only been observed in the northwestern area of the Tranche A area in

the Dogger Bank (informally referred to as the ’Western Thrustbeld’) and appears

to describe a different process of glacitectonic deformation.

Domain A, B and C all show clear deformation structures. Deformation within these three

domains is dominated by thrusting (Table 5.1). However, these domains are distinguished

on the basis of the overall style of this thrusting and marked changes in the relative

intensity of glacitectonism. Domain D and E are both characterised by a very broken up

and chaotic seismic response (Table 5.1). Domain D shows very chaotic and short seismic

reflectors which do not provide any kinematic indication, and no recognisable deformation

structures. Domain E does contain recognisable deformation structures, although they
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do not provide a clear and direction of deformation due to the apparent intensity of the

deformation and disruption. Furthermore some of the smaller structures may be parasitic

on a larger system, which could result in contradicting interpretations. Domain F shows

clear evidence of folding, in which the original bedding is still recognisable. This makes it

possible to make an estimation of the amount of shortening in some sections. In Domain G

the scale and dimensions of the deformation differ greatly compared to the other domains

(Table 5.1). The thrust faults that characterise this domain are present up to a depth of

160m, while the deformation in the other domains is generally limited to the upper 40m

of the sequence. A detailed description of the range of deformation structures identified

within each of the structural domains is presented in the sections below.

5.2.2 Domain A; an example from line 6

Location and morphology

The section that best represents Domain A is located at the southeastern end of seismic

line 6 (Figure 5.4), between shot point 200 and 700 (see Figure 5.5). The total length of

Domain A on this seismic line is approximately 3km and the deformed sequence is up to

30 to 35m thick. The sedimentary sequence in this part of the line consists of three

Figure 5.4: The locations of the examples of the different domains in Tranche A that are
described in this chapter.



Figure 5.5: The original seismic line (top) and the structural interpretation (bottom) of Domain A, located at the southeastern end of line 6.
More details about Box A and B can be found in respectively Figure 5.6 and 5.7. For the location of this line, see Figure 5.4
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structural/stratigraphic units: (1) a lower deformed sequence, DBF1 (oldest, red in Fig-

ure 5.5); (2) an overlying sequence of apparently undeformed sediments, DBF2 (green in

Figure 5.5) which fill a series of channels or depressions in the upper surface of DBF1; and

(3) an unconformably overlying post-DBF sequence (youngest; blue in Figure 5.5). The

post-DBF sequence thickens towards the SE from less than 5m close to shot point 700 in

the NW, to approximately 15m at shot point 200 to the SE.

Basal boundary

The base of DBF1 is marked by a sub-horizontal and laterally continuous detachment

surface (see Chapter 7) at a depth of approximately 35m below the seabed (0.06s two-way

travel time (TWTT)). However, this detachment surface (similar to a First-order surface

as described in Pedersen, 2014) is partially obscured by the seabed multiple (see Figure

5.5). Above the detachment DBF1 is clearly deformed. However, beneath this horizon the

sub-horizontal reflectors show very little or no evidence of deformation. The prominent

band of reflectors at approximately 45m below seabed is interpreted as representing a ma-

jor lithological boundary, possibly the top of Eem Formation (as identified by Cotterill,

2012; Cotterill et al., 2017b).

Characteristic structures for Domain A

Domain A is characterised by a series of gently to moderately (5◦ to 25◦ in this plane of

section), NW-dipping thrust faults (Second-order surfaces as described in Pedersen (2014))

which propagate upwards from the basal detachment into DBF1 (Figure 5.5 and Table

5.1). The spacing between these Second-order thrusts ranges between 40m and 400m

(Figure 5.5). The individual faults are concave in shape and steepen upwards as they cut

upwards through the section (maximum angle of dip of approximately 26◦). The marked

offset of the seismic reflections across these thrusts records a consistent sense of movement

towards the SE.

Immediately adjacent to the thrusts the reflections are deformed by a number of small-

scale, steeply dipping faults and small, generally upright, symmetrical folds (Third-order

structures; Figure 5.5). The small-scale folds have a wavelength of less than 50m and typi-

cally occur within the hanging wall of the thrusts (Figure 5.6). The offset of the reflections

across the small-scale faults indicates that they are predominantly reverse (compressional)
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structures (similar as those described by Twiss and Moores, 1992) and recorded a sense

of displacement towards the SE; i.e. similar to the sense of movement on the larger-scale

thrusts.

Figure 5.6: A Second-order, NW dipping fault around shot point 250. For location see
Box A in Figure 5.5.

The overall steepness of the Second-order thrusts and the complexity of the deformation

within the hanging walls of these structures increase from SE to NW. This indicates that

there is an overall increase in the relative intensity and complexity of the deformation

from SE to NW across Domain A (see Figure 5.5).

Other features

The upper boundary of DBF1 is very undulating and marked by a band of high-amplitude

and relatively continuous reflections (Figure 5.5 and 5.7). Although the thickness (c. 5m)

of this band is consistent across Domain A, it is locally broken up by a number of short,

steeply dipping minor faults. These faults are confined to within the upper part of this

boundary layer (Figure 5.6). This band of strong reflections and the associated faults have

been interpreted as a desiccation surface (Cotterill et al., 2017b) indicating a period of

areal exposure of DBF1 prior to the deposition of DBF2 (see below). Weathering of the

clayey sediments which occur within the DBF1 sequence (borehole 1069, see Appendix 7.4)

is thought to have resulted in a significant change in their physical properties (Menzies,

2002). These changes may be responsible for the presence of the band of high-amplitude

seismic reflections at the top of DBF1.
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Figure 5.7: The upper desiccation surface with internal structures and DBF2 infill. For
location see Box B in Figure 5.5.

The exposure surface is directly overlain by the dense sands and silty sands of DBF2 (see

Cotterill et al. (2017b) and below for borehole information). This sequence has filled the

undulating upper surface of DBF1. These depressions are up to 10m deep and vary in

width from less than 50 up to over 200m. The seismic expression of the DBF2 sediments is

clearly different from the underlying DBF1, with the younger sequence lacking any obvi-

ous layering and/or clear deformation structures. The presence of an exposure/weathering

surface at the top of DBF1 (at this location) can be used to suggest that there was a sig-

nificant time gap between deformation of DBF1 and the deposition of DBF2.

Boundaries and sediments

On Figure 5.5 both DBF1 and DBF2 are clearly truncated by the base of the overlying

post-DBF sequence. This sharp, planar boundary (unconformity) is sub-horizontal to

very gently dipping (less than 1◦) towards the SE and represents a period of major ero-

sion prior to the deposition of the post-DBF sediments. Importantly this erosion surface

cuts through all the deformation structures present within DBF1, clearly indicating that

deformation of the Dogger Bank Formation predated the deposition of the post-DBF sed-

iments. Borehole data support this sedimentary division between lower DBF1 and upper

post-DBF sequence. Borehole number 1069 (Long and Dove, 2012; Appendix 7.4; for loca-

tion see Figure 5.8) is a Cone Penetration Test (CPT; see Chapter 4 for explanation) that

shows very low sleeve friction (Fs = 0.1-0.2 MPa) and cone resistance (Qc = 2-4 MPa) in

the lower 9-29m, with a little spike (Qc = 10MPa) at approximately 14.5m depth. This is

interpreted as reflecting the presence of clayey sediments, with a small sand layer around

14.5m. Since the resolution of the CPT is much higher than the seismic data, this sand
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layer will presumably not be identifiable in the seismic profiles. The upper 9m of the CPT

shows a much higher sleeve friction (Fs = 12MPa) and cone resistance (Qc = 30-40MPa),

which indicates sand.

Distribution of Domain A

Domain A has only been identified in the southern part of Tranche A, where it is present

at five different locations (Figure 5.8). The example described here is present on line 6,

while two other clear examples are located on line 5 and 8 (see in Chapter 6).

Figure 5.8: The distribution of Domain A in Tranche A of the Dogger Bank and the
location of borehole 1069, and details of this borehole in Attachment A.

5.2.3 Domain B; an example from line 7

Location and morphology

The section that best represents Domain B is located at the southeastern end of seismic

line 7 (Figure 5.4), between shot point 5100 and 5550 (Figure 5.9). The total length of

Domain B on this section is approximately 2.5km and the deformed sequence is up to 35m

thick. The sedimentary sequence in this part of line 7 consists of one main structural



Figure 5.9: The original seismic line (top) and the structural interpretation of Domain B (bottom), located towards the southern end of line
7. The basal detachment is present between pre-DBF and DBF1 in this Figure, directly above the seabed multiple. More details
about Box A and B can be found in respectively Figure 5.10 and 5.11. For the location of this line, see Figure 5.4
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unit, the deformed unit DBF1. In contrast to Domain A, this domain does not include

DBF2 and the post-DBF upper layer is only present in the most southeastern part of the

section, around shot point 5500. This post-DBF sequence thickens towards the SE up to

a maximum of 10m thickness.

Basal boundary

Similar to Domain A, the base of DBF1 in Domain B is marked by a slightly undulating but

laterally continuous detachment located at a depth of 35m below seabed (0.08s TWTT).

This First-order surface (Pedersen, 2014) in this section is identified just above the seabed

multiple. The difference in deformed sediments above and undeformed sediments below

this continuous detachment surface confirms the presence of the basal detachment (Figure

5.9).

Characteristic structures for Domain B

Domain B is characterised by a series of generally moderately (10◦ to 20◦ in this plane

of section), NW-dipping faults (Second-order surfaces of Pedersen, 2014). The individual

faults all propagate upwards from the basal detachment into DBF1 and are relatively pla-

nar in comparison to Domain A, resulting in a constant angle of dip for each fault (Figure

5.9). The individual faults are less distinctive and more closely spaced than in Domain

A, with generally less than 200m in between the individual fault planes. The offset of the

seismic reflections across these faults records a consistent sense of movement from NW to

SE. Even though the directionality of the offset can be identified, measuring the amount

of offset is beyond the limits of the seismic data.

In addition to the Second-order faults, a series of more steeply dipping faults are present

within DBF1. These faults are typically short, dipping in a NW direction and are inclined

with angles around 15◦ up to 25◦ (see Figure 5.10). A number of backthrusts have also

been recognised in this part of the seismic line.

One fold complex is present around shot point 5350 and 5300 (Figure 5.9 and 5.11), show-

ing an area of ductile deformation resulting in a large upright, symmetrical and open fold

(wavelength around 150m). Minor M-shaped folds and small-scale faults are present on

the limbs of this large structure. The offset of the reflections of the steep, small-scale

faults show predominantly reverse faulting, indicating an overall compression of this sec-

tion. All steep faults (Figure 5.10) and folds with related structures (Figure 5.9 and
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Figure 5.10: Second-order, NW dipping faults around shot point 5200. For location see
Box A in Figure 5.9.

5.11) are classified as Third-order surfaces (after Pedersen, 2014). The structures indicate

compression and show a consistent NW to SE directed sense of movement (see Figure 5.7).

Figure 5.11: A fold complex around shot point 5300. For location see Box B in Figure 5.9.

Boundaries and sediments

Figure 5.9 shows that Domain B is dominated by DBF1 and the seabed reflector marks

the top of this formation and section. This upper boundary is erosional, truncating some

of the main deformation structures in the domain. For sediment comparison, the only

available data close to this section is CPT number TRA1209 (Long, 2014a; Appendix 7.4;

for location see Figure 5.12). However, this CPT has been taken within a deep post-

DBF channel. The upper 32.10m consist of Holocene sands, and only between 32.10m and

57.20m (base CPT) the DBF is present. This CPT therefore only shows the local presence

of post-DBF channels and sands and DBF sequence underneath. No clear direct relation

can therefore be made between the domain interpretation and this CPT.
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Distribution of Domain B

Domain B is not widely developed in the Dogger Bank area (Figure 5.12) and all occur-

rences are located in the southern part of Tranche A. The clearest sections are on line 7

and line 5 and 8 (see Chapter 6). Elsewhere, Domain B is only present in the southern

parts of seismic line 2 and 4 (Figure 5.12). At these two locations, Domain B is only

identifiable over a short distance along the profile.

Figure 5.12: The distribution of Domain B in Tranche A of the Dogger Bank zone and
the location of borehole TRA1209.

5.2.4 Domain C; an example from line 4

Location and morphology

The section that best represents Domain C is located in the southern half of seismic line 4

(Figure 5.4), between shot point 5600 and 5200 (see Figure 5.13). The total length of this

example is approximately 2km and the deformed sequence is approximately 40m thick.

The sedimentary sequence in this example of Domain C consists of two main units: (1)

a lower deformed sequence, DBF1 (red in Figure 5.13) and (2) an upper undeformed and

unconformably overlying post-DBF sequence (blue in Figure 5.13). The post-DBF upper

sequence thickens towards the NE from less than 5m around shot point 5450 towards



Figure 5.13: The original seismic line (top) and the structural interpretation (bottom) of Domain C, located at the southern half of line 4.
More details about Box A and B can be found in respectively Figure 5.14 and 5.15. For the location of this line, see Figure 5.4
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approximately 15m in the NE end, at shot point 5200. This layer is not present SW of

shot point 5450 and between shot points 5400 and 5350. No DBF2 has been identified in

this section.

Basal boundary

The base of DBF1 is marked by a sub-horizontal and laterally continuous detachment sur-

face at a depth of approximately 40m below the seabed (0.07s TWTT). This detachment

(First-order surface of Pedersen, 2014) is clearly visible at the SW half of this domain,

but is partially obscured by the seabed multiple around shot point 5400 (see Figure 5.13).

At the NE half of this domain, the detachment surface becomes visible below the seabed

multiple, at approximately the same depth as at the SW end of Figure 5.13. This laterally

constant thickness and depth is consistent with the depth and geometry of the detachment

surfaces in Domain A and B, which indicates a constant depth of deformation for (at least)

this part of Tranche A.

Characteristic structures for Domain C

Domain C is characterised by a series of NE dipping, Second-order low-angle thrust faults

(maximum 5◦ angle in this plane of section). Three clear main thrust sheets are visible

within this part of the section, which are identifiable due to their high-amplitude seismic

reflection at the top of each thrust sheet (indicated in dark red on the lower diagram in

Figure 5.13). The total length of the thrust stacked sequence is approximately 1.5km.

No consistent change in angle is present within these thrust sheets. However, the overall

character of the seismic reflectors and the intensity of deformation changes throughout

the section, increasing in intensity towards the SW.

The lowest thrust sheet (SW end of the line) is further deformed by a number of small-

scale, steeply dipping faults as well as by a number of typically symmetrical, upright folds

(both Third-order structures; Figure 5.13 and 5.14). The majority of the faults have a

straight geometry and NE dip. The angle of dip of the faults in this plane of section varies

between approximately 15◦ and 30◦. Note that in Figure 5.14 this angle looks far greater

because of the vertical (10x) exaggeration (see Chapter 4). The offset of the reflections

across the small-scale faults records a predominantly reverse sense of movement that indi-

cates compressional faulting, with an expected but not very consistent and clear sense of
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movement from SW to NE (Figure 5.13 and 5.14). The small-scale folds are generally in

the upper band of the lowest thrust sheet (Figure 5.14). The clearest fold shown in Figure

5.14 is symmetrical and upright, has a wavelength of approximately 60m and amplitude of

around 6m. Some additional small-scale folds are less pronounced, and even though they

seem to have similar sizes and shapes, they appear to have a more open morphology and

reflect a smaller amplitude (amplitude less than 6m) and less amount of shortening (ap-

proximately 0.8m over a distance of 60m, i.e. 1.5% vs approximately 1.2m over a distance

of 60m, i.e. 2% for the larger fold).

Figure 5.14: A fold in the upper part of the lower thrust sheet (Second-order). For location
see Box A in Figure 5.13.

At the NE part of the section, around shot point 5300 and 5200, the nature of the seismic

reflections and the structural record changes (Figure 5.13 and 5.15). Within this part of

the section, a few relatively long and straight faults dip towards the NE. Ductile deforma-

tion is recorded in several folds. One relatively large (wavelength 120m) open and upright,

synclinal fold is slightly broken up by a few small faults (see Figure 5.15). This section

is interpreted as part of the Dogger Bank Formation, however, no clear evidence can be

found to show if this is DBF1 or possibly DBF2.

The overall increase in steepness and complexity of the deformation within the hanging

wall of the first-order detachment surface, indicates an overall increase in relative intensity

of the deformation from NE to SW across Domain C (Figure 5.13).

The representation of the three strong bands of relatively continuous reflections marks

the different thrust sheets. The strength and constant thickness (approximately 5m) of
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Figure 5.15: A relatively large Second-order fold in the NE end of Domain C. For location
see Box B in Figure 5.13.

these reflections indicates a strong boundary between the different thrust sheets, indicates

a similar consistent layer that marks the thrust sheets. This might be caused for example

by a (local) desiccation surface, fault surface, or difference in lithology (see Cotterill et al.,

2017b).

Boundaries and sediments

On Figure 5.13 DBF1 is clearly truncated by the base of the overlying post-DBF sequence

at the NE side of the section. This sharp, planar boundary (unconformity) dips gently (less

than 1◦) towards the NE and represents a period of major erosion prior to the deposition

of the post-DBF sediments. Around shot point 5400, the acoustically high-amplitude band

of seismic reflections that mark the top of DBF1 do not appear to have been influenced or

truncated by this erosional boundary, and forms a (palaeo) topographical high. At the NE

side of this topographical high, the erosion surface cuts through all the deformation struc-

tures, indicating that deformation of the Dogger Bank Formation pre-dated the deposition

of the post-DBF sediments. At the SW end of this domain, the Dogger Bank Formation

is truncated at the seabed reflection. This suggests that this is an erosional surface, and

indicates erosion of a possibly higher topographical expression prior to (post-DBF) erosion

(Cotterill et al., 2017b) and inundation (similar as described by Fitch et al. (2005) and

Gaffney et al. (2007)).

Evidence for the nature of the sediments in this domain is limited and the only available

data close to this section is CPT number TRA1210 (Long, 2014a; Appendix 7.4 ; for loca-

tion see Figure 5.16). However, this CPT has been taken within a deep post-DBF channel.
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The upper 30.50m consists of Holocene sands, and only between 30.50m and 42.90m (base

CPT) is DBF present. No clear direct relation can therefore be made between the domain

interpretation and this CPT, however it indicates that DBF1 occurs roughly between 30

and 40m below the seabed, possibly higher in the sequence as well where post-DBF sedi-

ments are thinner.

Distribution of Domain C

Domain C occurs in a few relatively scattered locations in Tranche A (Figures 5.16). Two

other clear examples of the structures represented in Domain C are identified on line 5

and 8, and are described in full detail in Chapter 6.

Figure 5.16: This figure shows the distribution of Domain C in Tranche A of the Dogger
Bank zone and the location of borehole TRA1210.

5.2.5 Domain D; an example from line 5

Location and morphology

The section that represents Domain D is located in the northern end of seismic line 5

(Figure 5.4), between shot point 6200 and 5600 (see Figure 5.17). The total length of this



Figure 5.17: The original seismic line (top) and the structural interpretation (bottom) of Domain D, located at the northern end of line 5.
More details about Box A, B and C can be found in Figures 5.18, 5.19 and 5.20. For the location of this line, see Figure 5.4
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example is approximately 2.5km and the deformed sequence is at maximum 40m thick.

Domain D consists of two main and a minor units: (1) a lower deformed sequence, DBF1

(red in Figure 5.17); (2) an upper, undeformed unit, post-DBF (blue in Figure 5.17); and

(3) a relatively small unit around shot point 6150 in between the upper and lower units,

DBF2 (green in Figure 5.17). The main part of the morphological expression of DBF1

forms a relatively symmetric topographical high that is buried by later sedimentation.

The centre part is approximately 40m thick with the flanks of this buried landform dip-

ping gently towards the NW and SE (with approximately 1◦). The thickest part of DBF1

which corresponds to the highest point of this buried landform reaches up to the seabed

reflection. At both sides of the buried landform, the undeformed sediments have been

deposited on top, increasing in thickness away from the highest point of the landform.

The maximum thickness of this structurally upper post-DBF reaches up to the seabed

reflection, reaching a maximum thickness of approximately 25m around shot point 5600

at the SE end of this section (Figure 5.17). This upper unit consists of low-amplitude

reflections, only showing very minor internal reflectors with no evidence of deformation.

Basal boundary

As within Domain A, B and C, the basal boundary of Domain D comprises a sub-horizontal

First-order basal detachment, but this is situated at a slightly lower depth than noted pre-

viously. A band of laterally consistent high-amplitude reflections is present at a depth of

50m below seabed (0.07s TWTT). The difference in acoustic character below this high-

amplitude reflection and above the seabed multiple (at 40m below seabed) indicates that

this boundary represents the basal detachment in this domain (see Figure 5.17). The

presence of this detachment (First-order surface) at a depth of 50m marking the base of

the deformed DBF1 sequence within Domain D, is slightly deeper (50m vs. 40m) but con-

sistent with detachments in Domains A, B and C elsewhere within the Dogger Bank region.

Characteristic structures for Domain D

The characteristic deformation structures within Domain D are very different from the

earlier three described domains. A relatively massive and chaotic seismic appearance

dominates the internal structure of DBF1 in Domain D, which typically consists of low-

amplitude and short seismic reflections with locally a few small folds (see Figure 5.18).

The only exception is the presence of (mainly) ductile deformation structures that can be
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identified around shot point 6100 (Figure 5.19). These consist of relatively small-scale,

upright folds (wavelength of approximately 50m) as well as a few steep faults that appear

to coincide with the folding. The structures identified on Figure 5.18 are all interpreted as

minor (Third-order) structures which do not provide a clear directionality of deformation.

Figure 5.18: The disrupted nature of the DBF1 sequence. Some small folding may be
identified, but the seismic reflections are typically short and laterally incon-
sistent. A relative strong seismic reflection marks the boundary between the
DBF1 and the post-DBF sequence. For location see Box A in Figure 5.13.

Figure 5.19: Ductile deformation around shot point 6100. For location see Box B in Figure
5.13.

Around shot point 6200 a third sedimentary unit is present (green in Figure 5.17 and

5.20) in between the lower DBF1 and upper undeformed post-DBF. This relatively small

lenticular (in cross section) unit is approximately 500m wide with a maximum thickness

of 15m (approximately at shot point 6240). The base of this unit is sharp, but undulating,

while the top is marked by the same sharp and continuous reflection as at the boundary

between DBF1 and post-DBF (as described above). The internal acoustic response is very

different from the lower DBF1 and upper post-DBF sequences. The seismic reflections in
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this structure are relatively continuous and show a layering that follows the topography

of the lower DBF1. This draping nature of the reflections as well as the lack of defor-

mation structures indicate a different seismic facies. It is therefore very likely that this

lenticular structure indicates a channel feature and that the DBF2 sequence has filled the

topographical depressions in the lower (and older) DBF1 surface.

Figure 5.20: A lenticular channel. The seismic reflections of DBF2 that fill this feature
are relatively high-amplitude and continuous compared to the DBF1 sequence
underneath. For location see Box C in Figure 5.13.

Boundaries and sediments

The crest of the buried landform identified within DBF1 is marked by a high-amplitude

and continuous seismic reflection. This transition between the massive, chaotic and de-

formed lower DBF1 (and locally DBF2) and the upper undeformed post-DBF unit is sharp

and truncates continuous layers. The strength of this boundary reflection could indicate

that the top of the DBF1 sequence was aerially exposed, resulting in a marked change

in the geophysical properties due to weathering (Menzies, 2002; Yang et al., 2015). An-

other explanation is that the large difference in sediment properties between DBF1/DBF2

and post-DBF results in a high-amplitude acoustic response in the seismic section (Simm

et al., 2014). The only available borehole data close to this section, that can be used to

ground truth the seismic data, is CPT number TRA1201 (Long, 2014a; for location see

Figure 5.21). However, this CPT has been taken within a deep post-DBF channel. The

upper 31.20m consist of Holocene sands, and the DBF is only present between 31.20m and

43.15m (base CPT). This borehole can therefore not be used to see the relation between

the domain interpretation and the sedimentary record provided by the CPT. However,

it does shows that DBF sequence is present at least between approximately 31.20 and
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43.15m below seabed.

Figure 5.21: The spatial distribution of Domain D in Tranche A of the Dogger Bank zone
and the location of borehole TRA1201.

Distribution of Domain D

With the exception of the NW part of Tranche A, domain D is found almost through-

out the entire study area (Figure 5.21). The characteristic internal structure (massive

appearance and chaotic reflectors without clear kinematic evidence) has been identified

at all these locations, even though the morphology, presence of DBF2 and nature of the

boundaries may differ from the example described in this section.

5.2.6 Domain E; an example from line 7

Location and morphology

The section that best represents Domain E is located at the southeastern half of seismic

line 7 (Figure 5.4), between shot point 4600 and 5000 (see Figure 5.22). The section

of Domain E shown on Figure 5.22 is approximately 2km in length and the deformed

sequence is up to 30m thick and exclusively comprises DBF1 with no post-DBF evident,



Figure 5.22: The original seismic line (top) and the structural interpretation (bottom) of Domain E, located at the southern half of line 7.
More details about Box A can be found in respectively Figure 5.23. For the location of this line, see Figure 5.4
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although this may be masked by the high-amplitude seabed reflection. Some disrupted

structures are present at a depth of approximately 50m below the seabed. These struc-

tures are however not part of Domain E as described here.

Basal boundary

The base of DBF1 is not clear in this section. It is likely that the base of DBF1 is marked

by a sub-horizontal detachment surface at approximately the same depth as the seabed

multiple, approximately 35m below the seabed (0.06s TWTT; see Figure 5.22). Above the

seabed multiple DBF1 is clearly deformed, while beneath this horizon the sub-horizontal

reflectors show a more more horizontal layering, which supports the theory that the base

of DBF1 is marked by the same laterally extensive detachment as described in the previous

domains. However, because of the high amplitude of the seabed reflection and associated

seabed multiples, any reflections directly below the first seabed multiple may not neces-

sarily represent real (geological) features.

Characteristic structures for Domain E

Domain E is characterised by a series of mostly moderately inclined faults and mostly

upright folds. The faults at the SE part of this Domain (between shot points 4800 and

4900 in Figure 5.22) typically vary in angle between 10◦ and 30◦. Both normal and re-

verse structures can be identified and no consistent sense of displacement can be identified

within these faults. The main feature in this section is a large upright anticline (Figure

5.22 and 5.23) around shot point 4750, which has a wavelength of approximately 250m.

Its amplitude is the same as the thickness of the Dogger Bank Formation at this loca-

tion, which is approximately 30m. Due to the vertical exaggeration on the seismic lines,

the structure identified in Figure 5.22 as well as in Figure 5.23 appears to show a large

amount of deformation. However, the actual amount of shortening within these structures

is approximately 1.8m over a length of 250m (approximately 1%).

At both sides of this large-scale (Second-order) fold, a series of moderately inclined faults

are present, which dip away from the axial surface of the fold. The faults around shot

point 4800 (on the SE limb of the anticline, Figure 5.23) dip at an angle of approximately

10◦ towards the SE. In contrast, the faults on the NW limb of the anticline, around shot

point 4700, dip at an angle of approximately 5◦ towards the NW, and are apparently less
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Figure 5.23: A large fold system around shot point 4750. For location see Box A in Figure
5.22.

developed than those on the SE limb. In addition to this centre part of the sequence, the

rest of the section shows several faults and (mostly related) fold systems. The majority of

the faults on this section are identified as reverse faults. However, they are not consistent

in direction of dip and offset, and have a variable angle of dip between around 5◦ and

20◦. Domain E represents a relatively broken up section which is apparently more highly

deformed compared to the earlier described domains. Since many of the (thrust) faults

in this domain are small and parasitic faults, no reliable and clear direct evidence for

direction of sense of movement can be extracted from this section. However, it is highly

likely that this section is not perpendicular to the main direction of ice push, which might

indicate the relatively chaotic and unconsistent, and unreliable directionality (see Chapter

7).

Boundaries and sediments

Figure 5.22 shows that this section only consists of DBF1, which has possibly been trun-

cated by the seabed reflection. Borehole number 1010 (Long and Dove, 2012; Appendix

7.4; for location see Figure 5.24) is located on seismic line 7 and within domain E. The

available borehole log and CPT data show that the upper 4.5m of the sediment sequence

is composed of medium sand, interpreted as forming part of the post-DBF sands. This

means that is most likely that the seabed reflector obscures the post-DBF sequence that

is present in this section and therefore not recognisable on the seismic profile (see Figure

5.22). The CPT results indicate that these sands rest upon an alternating sequence of stiff

clays and sands. The CPT ends within the deformed Dogger Bank Formation at a depth
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of 23m below seabed. The borehole log ends at a depth of 38.2m. The lowest part of this

log (depth between 24.5-38.2m) consists of very stiff and hard silt, but does not show signs

of deformation and could therefore be part of a different layer within DBF1 or more likely

part of the pre-DBF. This means that the basal detachment of DBF1 is present at a depth

of about 24.5m which indeed is at the exact depth of the first seabed multiple (Figure 5.22).

Distribution of Domain E

Domain E has been recognised relatively evenly distributed throughout the entire study

area (Figure 5.24). Since Domain E has a similar style of deformation as Domain D,

these two domains are presumably related and appear close to each other. However, while

the deformation structures are poorly recognisable in Domain D, this domain does show

clearly developed folds and faults.

Figure 5.24: The distribution of Domain E in Tranche A of the Dogger Bank zone and the
location of borehole 1010.

5.2.7 Domain F; an example from line 7

Location and morphology

The section that represents Domain F is located at the centre part of seismic line 7,
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between line 2 and 3 (Figure 5.4), between shot point 2500 and 2700 (see Figure 5.25). In



Figure 5.25: The original seismic line (top) and the structural interpretation (bottom) of Domain F, located at the southern half of line 7.
More details about Box A can be found in Figure 5.26. For the location of this line, see Figure 5.4
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this example, Domain F is approximately 500m wide, and the deformed sequence is 30 to

35m thick. The sedimentary sequence in the upper part of this line consists of the lower

part of the Dogger Bank Formation, DBF1. At the base of the interpreted sequence, some

undeformed pre-DBF sediments are present and at the lower part of the section, around

shot point 2500 and NW of this part, a large tunnel valley system is visible (see Chapter 2).

Basal boundary

As in the previous Domains (A to E) the base of the deformed DBF1 is marked by a sub-

horizontal and laterally continuous detachment surface at a depth of approximately 35m

below the seabed (0.07s TWTT). This detachment surface is locally marked by a high-

amplitude sub-horizontal seismic reflection, and is only partly obscured by the seabed

multiple. In comparison with the earlier domains, this section shows a well developed

detachment surface (First-order surface of Pedersen, 2014) because the seabed multiple

is at a slightly higher depth than elsewhere in the Dogger Bank zone. No deformation is

identifiable underneath the detachment surface or below the seabed multiple.

Characteristic structures for Domain F

Domain F is characterised by a series of parallel folds that show a relatively symmetrical

morphology (represented in the centre part of Figure 5.25). The high-amplitude and con-

tinuous seismic reflections within the structures allow the folds to be clearly identifiable.

In this example (Figure 5.25 and 5.26) three consecutive folds are present, all with com-

parable wavelengths (approximately 100m) and amplitudes (approximately 15m). The

inclination of the axial plane of these folds decreases from 45◦, to 30◦ and 25◦ towards

the SE (see Figure 5.26). As a 10 times vertical exaggeration has been used in all figures

(see Chapter 4), this means that the fold axis and faults appear considerably steeper than

they actually are. The actual shortening accommodated by these folds are only 2m over a

distance of 200m (approximately 2% shortening). Only the parallel folds shown in Figure

5.26 are the features that characterise Domain F. The rest of the section used for this

example shows the difference in nature of the seismic reflections between the layered fold-

ing and the more disrupted reflections at either side of the folds. The seismic reflections

in Figure 5.25 are laterally less extensive towards both the NW and the SE end of the

line, where they appear to become more disrupted. Several steep and short faults (angle

varying between 30◦ and 50◦) are present in for example the NW end of Figure 5.25. These
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Third-order faults differ in length and direction of dip. No clear offset can be identified in

these short faults (which are at the limits of the seismic resolution), but they show that

the DBF1 sequence is clearly disrupted and deformed.

Figure 5.26: Ductile deformation around shot point 2600. For location see Box A in Figure
5.25.

Other structures and boundaries

As in Domain E, the upper boundary of the deformed DBF1 in Domain F is truncated at

the seabed. This surface cuts though the deformation structures in DBF1 and therefore

shows that the DBF1 might have been much thicker. The southern margin of a large

channel is clearly identifiable within the undeformed pre-DBF sequence beneath Domain

F (Figure 5.25). The top of this channel occurs at a depth of approximately 40m below

seabed (0.085s TWTT). The channel itself is approximately 50m deep and over a kilometre

in width. This channel is thought to represent one of a number of such features identified

within the Dogger Bank area which have been interpreted as tunnel valleys (Lamb, 2016).

Unfortunately no boreholes are available that penetrate through Domain F. The nearest

boreholes to the section are borehole numbers 1002 and 1003, located to the NW, and 1004

to the SE of this seismic profile. Borehole number 1004 (Long and Dove, 2012; for location

see Figure 5.27) penetrates the sediments infilling the centre of a post-DBF channel, and

is therefore not representative of Domain F. Borehole number 1003 is the closest to the

section (for location see Figure 5.27) but is only 12m deep. This borehole is a CPT only

and shows a strong boundary at a depth of 2m below seabed. The upper 2m of sediment

have a high Cone Resistance (Qr = 12-16 MPa) and low Sleeve Friction (Fs = less then 0.1
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MPa), which indicates a sandy substrate. The lower 10m of the CPT consists of low and

slightly increasing Sleeve Friction (Fs = 0.1 MPa) and Cone Resistance (Qc = 4 MPa) with

some spikes in Cone Resistance, indicating a clay rich sediment with some sand layers.

This lower layer corresponds with the DBF, presumably the youngest subdivision (DBF2).

Figure 5.27: The distribution of Domain F in Tranche A of the Dogger Bank zone and the
locations of boreholes 1002, 1003 and 1004.

Borehole number 1002 (Long and Dove, 2012; for location see Figure 5.27) is a much deeper

borehole just to the NW of CPT 1003. This 47.2m deep borehole is located directly above

the tunnel valley described above (but is not deep enough to penetrate into the sediments

infilling this channel). The upper 4.2m of the sequence consists of sand and gravel with

some organic material, interpreted as being part of the post-DBF sequence. Between a

depth of 4.2m to 33.8m the borehole shows stiff clays with some sand layers. A small

change in the inclination of (undrained) shear strength (Su) together with a single strong

reflector suggests the boundary between DBF1 and DBF2 occurs at a depth of 16m below

seabed (similar as found in Long and Dove, 2012). This boundary has not been identified

on this seismic section (Figure 5.25). This might be due to limited differences between

the two units, which did not result in an identifiable (acoustic) boundary on the seismic
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profile. Also, this CPT is approximately 8km from this part of the section and this could

be a local difference in presence. At the lowest part of the borehole, between 33.8m and

47.2m, the sequence is mainly composed of sand and some overconsolidated clays which

are thought to be part of the pre-DBF.

Distribution of Domain F

Domain F often occurs as relatively narrow sections, and as sporadic elements within other

domains. The transitions between Domain F and adjacent domains are not always clear

and sharp. Even though the individual sections are relatively narrow, Domain F is well

represented in the northern part of Tranche A (Figure 5.27).

5.3 Domain G; an example from line 1

Location and morphology

Domain G is located at the northwestern corner of Tranche A, at the southwestern end

of seismic line 1 (Figure 5.4), between shot point 6400 and 5400 see Figure 5.28). The

description of Domain G has been split into two different parts, which differ in deformation

style and scale. The colours in Figure 5.28 indicate these two different seismic stratigraphy

packages. The division between red and green indicates the difference between shallow

(upper part) and deep (lower part) deformation and highlights the different structures.

This is however not a lithostratigraphy and should not be seen as a difference in sedimen-

tary or stratigraphic layers.

The total length of Domain G on this seismic line is approximately 2.6km and the deformed

sequence is up to 175m thick. Consequently, the depth of deformation is substantially

greater than observed within the other domains described in this chapter, which generally

have depths of deformation of approximately 40m. Because of the differences between this

domain and the domains A-F (see previous section), this domain is described using two

different methods. The first two parts of this section describe the domain on a 2D seismic

profile as has been done for domains A-F, in which the first part describes the upper part

of the domain (Section 5.3.1), and the second part the lower part of the domain (Section

5.3.2). The third part of this section shows a 3D analysis of the lower part of domain G

(Section 5.3.3). This 3D analysis is only applied on this part of Tranche A, but provides



Figure 5.28: The original seismic line (top) and the structural interpretation (bottom) of Domain G, located at the southern half of line 1.
More details about Box A, B and can be found in respectively Figure 5.30, 5.31 and 5.32. For the location of this line, see Figure
5.4.
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additional information on the large-scale deformation structures and kinematics for the

deformation system of Domain G.

Distribution of Domain G

In contrast to the domains A to F, Domain G is only present in one part of Tranche A

(see Figure 5.29). Because of the disruptive nature of this deep deformation, mapping of

the structures has been of major importance for the Forewind project as the scale and

extension of these deep thrust structures will influence the construction and stability of

the wind turbine foundations. The overall outline of this domain has therefore previously

been mapped by Dove (2012) and is discussed in more detail in Chapter 6.

Figure 5.29: The distribution of Domain G in Tranche A of the Dogger Bank zone and
the location of boreholes 1026, 1027 and 1031.

5.3.1 2D analysis of upper part of Domain G

Basal boundary

As been shown throughout the descriptions of Domain A to Domain F, the basal de-

tachment has been identified as a laterally consistent sub-horizontal seismic reflection at a



136

depth of approximately 40m below the present-day seabed. In Figure 5.28 there is no clear

sub-horizontal reflection present at this depth. However, at approximately 40m below the

seabed, a continuous but undulating band of high-amplitude reflections can be followed

across the line. This band marks a boundary of two distinctly different seismic facies. The

seismic facies consist of more high-amplitude, chaotic and short seismic reflections above,

and more continuous low-amplitude seismic reflections below this zone. Because of the

strong laterally consistent nature of the detachment surface across the rest of Tranche A

(see previous sections), the strong band of reflections at a depth around 40m in Figure

5.28 is likely to have a similar origin. Therefore, this boundary has been interpreted as the

basal detachment of the upper deformation sequence within this section (the same basal

detachment as elsewhere in the Dogger Bank region).

Characteristic structures for Domain G

The upper part of Domain G has a very different seismic signature than the lower part

(upper part coloured red in Figure 5.28). The reflectors are generally more chaotic, dis-

continuous and shorter. The first seabed multiple is present at a depth between 40 and

50m below seabed and obscures parts of the section (Figure 5.28). Directly below this

seabed multiple the reflectors are generally weaker and make it difficult to distinguish any

strong (lithological) boundaries and the relation between the deeper thrust fault systems

and this upper section. At the SW side of this section, between shot point 6200 and 6400,

the seismic reflections in the upper approximately 50m of the section are typically rela-

tively strong (high-amplitude), disturbed and short. Figure 5.30 shows a more detailed

part of the section, which illustrates the deformed signature. In addition to the small-scale

faults that break up the section, ductile deformation is present in the form of some larger

(wavelength approximately 70m) and several smaller scale folds (average wavelength of ap-

proximately 15m). These folds are typically upright and symmetrical, even though some

of the smaller folds show a slight inclination of the fold axes towards the NE (Figure 5.30).

In the NE part of Domain G, between shot point 5400 and 5400, the upper 50m is dom-

inated by folding (Figure 5.31). The fold axes have a slight inclination towards the NE.

The offset and this angle in fold hinge indicate an overall sense of movement to the NE,

which is comparable to the overall sense of displacement recorded by the thrusts identified

at a deeper structural level within this domain (see next section). The seismic reflectors
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Figure 5.30: Chaotic and very broken up deformation at the SW side of the upper section
of domain G. For location see Box A in Figure 5.28.

are relatively continuous compared to the SW end of the upper part of Domain G, show-

ing a series of strong, laterally extensive and folded bands of seismic reflections (Figure

5.28). The folding within these bands is less intensive (smaller shortening) than in the

small-scale folds of Figure 5.30. These large folds are upright and open (70-120◦), and

have a wavelength of up to 80m (Figure 5.31). The total accommodated shortening of

this NE part of the upper part Domain G is approximately 3%, or approximately 2.5m

over a distance of 80m. Small-scale short and steeply dipping (approximately 40◦ and

steeper) faults dissect and offset these bands of high-amplitude seismic reflections. The

overall sense of movement is not clearly present in this part of the section, since most folds

are open and symmetric. However, a slight asymmetry in some of the folds, in combina-

tion with the large-scale picture of the domain and the relation between the large folds

and lower thrust faults (Figure 5.28), is consistent with the suggested SW to NE sense of

movement.

Boundaries and sediments

The clearest lithological boundary in domain G is present in the upper few metres of the

cross section. The post-DBF is locally present (indicated in blue in Figure 5.28) and the

boundary between this horizontal laminated section and the deformed sediments below is

sharp and erosional. At locations where the post-DBF sequence is not present, the entire

deformed section is truncated by the seabed. This indicates that the structures presum-

ably have been higher. No desiccation surfaces can be identified on the seismic section (in

contrast to for example Domain D) to clearly support this suggestion, assuming that the
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Figure 5.31: The dominant ductile deformation structures in the upper part of domain G.
For location see Box B in Figure 5.28.

topography was preserved and exposed for long enough for a desiccation surface to de-

velop, or that is was not completely removed by erosion. In contrast to the other sections

described earlier in this chapter, the deformed section in this domain is up to 150m deep

and presumably includes more than just the Dogger Bank Formation (see next section).

Unfortunately the deepest available borehole penetrates only 36m below the seabed which

cannot be used to examine the lithology of the deep thrust faults. Borehole 1026, 1027

and 1031 are present within the upper deformation structures that characterise Domain G.

Borehole 1026 (see Figure 5.29 for location compared to the described section; Long and

Dove, 2012) is located at the SE end of Domain G, at the flank of a post-glacial channel

(Long and Dove, 2012). The upper 2.1m is classified as post-DBF sands containing some

peat layers at the base of this unit. Below this unit, the sediments show deformation up to

the base of the borehole at 29m depth. The field and laboratory soil descriptions by Fugro

(see description in Long and Dove, 2012) show parts of reworked Botney Cut and Dogger

Bank Formation. These different formations are not directly distinguished on the seismic

profiles, but the borehole description supports the identification of the deformation in this

area.

Borehole 1027 (see Figure 5.29 for location compared to the described section; Long and

Dove, 2012) is located in an area of intense glacitectonic folding (Long and Dove, 2012).

The upper 3.2m consist of sand and are classified as post-DBF sediments. Between 3.2

and 22m the sediments alternate between clay, silt and some sand layers that are deformed

and presumably form part of the Dogger Bank Formation. A strong lithological boundary
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at 22m below the seabed marks the top of the lowest sand unit (between 22 and 36.6m).

This sand is presumably part of the folded Dogger Bank formation, but could also consist

of reworked older pre-DBF sands.

Borehole 1031 (see Figure 5.29 for location compared to the described section; Long and

Dove, 2012) is located in the center of an area characterised by large-scale deformation

identified by (Dove, 2012). In the description from Fugro (Long and Dove, 2012) the entire

borehole consists of dense fine sands up to the base of the borehole at a depth of 35.3m

below seabed. However, later interpretations by Dr. Leo James and Dr. Carol Cotterill

suggest that the sediments between 19.5 and 35.3m belong to the Yarmouth Road For-

mation (pers. comm. Dr. Carol Cotterill). The Yarmouth Road Formation consists of

non-marine, fluvial to intertidal sediments which range from Lower- to Middle Pleistocene

in age (Cameron et al., 1992). This is the only location in Tranche A where this formation

has been recognised at such a high stratigraphic level within the pre-Dogger Bank se-

quence. Typically, this formation only occurs at a depth below the depth of the boreholes

and seismic profiles (Long, 2014b). This suggests that this formation has undergone glacial

deformation and has been brought up by the large-scale thrusting. This is supported by

the fact that the deformation reaches a depth of 150m below seabed.

5.3.2 2D analysis of lower part of Domain G

Basal boundary

The basal boundary of the lower part of Domain G is not a single (sub-)horizontal detach-

ment as seen in the other domains in Tranche A. This domain has one major detachment

zone at the base of the largest fold systems at a depth of approximately 160m below seabed

(0.21-0.22s TWTT; the lower yellow lines on Figure 5.28). Since most Second-order faults

propagate upwards from this zone, this boundary is identified as the main detachment

surface, marking the base of the deformed sequence in this section. The detachment is

not a single feature, but comprises several sub-horizontal faults which form a gently NE-

dipping (approximately 1◦) branching and merging fault zone. Between shot point 6200

and 6100 this detachment dips towards the SW with an angle of 3◦ and at the SW side

of shot point 6200 the fault line continues the NE dip of around 1◦ towards the NE (see

Figure 5.28 for shape of this fault zone). A second upper detachment zone is identified at
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a structurally higher level within the deformed sequence on the SW side of the domain,

between shot point 6000 and 6400 at a depth of approximately 100m below seabed (0.15s

TWTT; indicated by the upper yellow line in Figure 5.28). This upper detachment zone is

similar in form to the lower detachment, with local Second-order thrust faults propagating

upwards from this detachment. The shape of this First-order surface is similar to that of

the lower detachment zone (Figure 5.28).

Characteristic structures for Domain G

The lower part of Domain G is characterised by two sets of typically moderately steep, SW

dipping, laterally extensive thrust faults located at a depth of up to 150m below seabed.

These sets of faults are related to the two major detachment zones as explained above.

The structurally lowermost set occurs between shot point 6100 and 5500 and dips at an

angle of between 15◦ and 35◦ (in this plane of section) towards the SW. These faults all

propagate upwards into the sequence from the lowest detachment zone (see yellow ’lower

detachment - phase 2A’ in Figure 5.28). A second set of faults is present to the SW of

shot point 6000 (Figure 5.28). These faults propagate upwards into the sequence from the

upper detachment zone (see yellow ’upper detachment - phase 2B’ in Figure 5.28). This

set of faults has a similar (compared with the first set of faults) variability in fault angle

but is generally steeper (in this plane of section) with angles varying between approxi-

mately 25◦ and 45◦. The individual faults of both sets are concave in shape and steepen

upwards as they cut through the section (maximum angle in this deepest section approxi-

mately 35◦, shallow section up to 45◦). This second set of deep Second-order thrust faults

propagate upwards up to the seabed and into the shallow deformation described in the

previous section. The direct relation between the deformation in the upper and lower part

of this domain is difficult to distinguish at this location due to the presence of the seabed

multiple and lack of strong seismic reflections (see Figure 5.28 and 5.30). The nature of

the seismic reflections (high-amplitude and short for the shallow deformation and low-

amplitude and more continuous for the deep deformation) shows the difference between

both sets of deformation. Since the deep deformation faults propagate up into the shallow

deformation and seabed, this shows that the deep deformation (phase 2 deformation) must

post-date the shallow deformation (phase 1 deformation). At the base of the faults on the

lowest detachment, the seismic reflections are often chaotic and unstructured, indicating

areas of increased deformation. The clearest example of this chaotic base of the faults
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is at the transition between the deep and shallower set of faults around shot point 6000

(Figure 5.32). At the base of this fault, a relatively wide area (up to 100m wide at the

base) has a very chaotic nature in the seismic reflectors, which indicates an area of highly

deformed and very broken up sediments. The offset of the faults indicates a clear and

consistent sense of movement towards the NE. Even though the directionality of the offset

can be identified, measuring the amount of offset is beyond the limits of the seismic data.

Some small-scale, steep faults are present throughout the section, which often break up

the larger structures within the thrust sheets. These Third-order structures are unrelated

to any of the main (Second-order) thrust faults or (First-order) detachment surface (see

for example Figure 5.32).

Figure 5.32: Chaotic and very broken up deformation at the base of the long thrust faults.
This example is located at the division between the two different thrust fault
sets around shot point 6000 and 140m below seabed. For location see Box C
in Figure 5.28.

The main Second-order thrust faults create thrust sheets that are distinguished due to

the variation in dip of the internal layering within these blocks. The seismic reflections

indicate an increase in large-scale folding towards the thrust fault. These folds may have

developed as tip-folds and/or drag folds directly adjacent to the main thrusts (Twiss and

Moores, 1992). The two sets of thrust sequences form an imbricated zone (Figure 5.28),

which is interpreted as a piggyback thrust sequence. This means that new thrusts de-

velop in the foot-wall of older thrusts (Park, 1997), in this case in the foot-wall of the

main detachment surface. These structures are recognised and described as key structures

within glacitectonic thrust moraines (e.g. Bakker, 2004; Phillips et al., 2011). A clear

example of this piggyback thrust system is described in the cliffs of the Rubjerg Knude
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Glaciteconic Complex in northern Denmark (Sadolin et al., 1997). In most of the described

glacitectonic piggyback thrust systems the angle of dip of the faults decreases in ice-distal

direction (Sadolin et al., 1997; Pedersen, 2014; Vaughan-Hirsch and Phillips, 2017). Only

a small decrease in angle is visible within each sequence on this section of deformation

(angles varying from approximately 15◦-25◦ in the SW part and 13◦-18◦ in the NE part

of Domain G, Figure 5.28), which might suggest the system being a piggyback sequence

thrust structures.

5.3.3 3D analysis of Domain G

As shown in the previous sections, Domain G consists of two major deformation events.

The earliest deformation event (phase 1) dominates the upper 40m of the Domain, show-

ing a similar nature of deformation (in depth and intensity) as domains A-F. The later

deformation event (phase 2) is characterised by deep thrust faults up to a depth of ap-

proximately 150m below the seabed. This deepest deformation phase consists of two

major detachment zones, one at a depth of approximately 100m below the seabed (upper

detachment zone of phase 2, indicated in yellow in Figure 5.28) and one at a depth of

approximately 160m below the seabed (lower detachment zone of phase 2, indicated in

yellow in Figure 5.28). Both detachments consist of a zone of which the major (Second-

order) thrust faults propagate upwards into the sequence. These two sets of faults which

have been mapped in the 2D seismic profile (see Figure 5.28) are laterally extensive and

have been tracked over several parallel seismic profiles in this part of the study area (see

Figure 5.29), as described below. This way, the fault surfaces are interpolated between

the different seismic lines and generate a 3D representation of the two fault systems.

Figure 5.33 shows a seismic line which crosses through the middle of the fault system.

This figure shows how the individual thrust faults are mapped and interpolated using the

3D viewpack of SMT Kingdom Suite software (see Chapter 4). Figures 5.34 and 5.35 show

different viewpoints of the 3D interpretation of some of the faults recognized in the Dogger

Bank western thrust belt. These figures show, without seismic profile images, the spatial

distribution and relative positions of the same fault systems as shown in Figure 5.28. An

example of how the 3D fault surfaces are interpreted and relate to the original seismic

profiles is shown in Figure 5.33. This figure only shows the lowest system as this profile is
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Figure 5.33: 3D view of the interpreted faults plotted on an original seismic line to illus-
trate the relation between the line and the 3D interpretation (see Chapter
6). This figure has the same vertical exaggeration (10x) as the other seismic
profiles in this study.

located just south of Figure 5.28. Even though the two different systems (lowest system

in green and upper system in red, both phase 2 deformation) show a similar deformation

style and morphology (see Section 5.3.2), the 3D representation of the systems show

Figure 5.34: 3D oblique aerial view of the interpreted fault system and valley in the western
part of Tranche A.
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differences in extent and a very slight difference in directionality (see Chapter 7).

Figure 5.35: 3D side view of the interpreted fault systems and valley in the western part
of Tranche A. Both faults systems consists of multiple thrusts that propagate
upwards from the same depth, which has been interpreted as the detachment
surface (see Figure 5.28). The detachment itself has not been included in this
figure to keep the individual structures visible.

A major additional advantage of the 3D visualisation of the fault surfaces, is that the angle

of the profile in comparison with the structures is no longer an issue. In Figure 5.33, the

angle between the dip of the lowest fault system and the seismic line is approximately 30◦.

On a 2D seismic interpretation (as Figure 5.28) the angles of dip may therefore appear

to be less than they actually are. Also, it is difficult to identify an exact direction of

movement. The 3D plan view (Figure 5.34) shows that both fault systems have an angle

of dip towards the W (while on the 2D seismic lines, this was interpreted as SW). The

direction of push for the formation of these faults is therefore expected to be from W to

E, with a small difference between the lower (green) and upper (red) system. The lower

system shows a real W to E directionality, while the upper system shows more of a WNW

to ESE directionality (see Figure 5.34 and Section 5.3.4). Another major advantage of

this 3D visualisation is the ability to see the lateral consistency of the fault surfaces. The

same faults have been tracked over multiple parallel seismic profiles (100m apart). This

means that the faults consist of long and consistent fault surfaces, without major disrup-

tions. The individual fault surfaces of the lower system (green) are identified laterally up

to at least 10km, and the upper system (red) up to at least 6km wide (see Figure 5.34).

These large-scale fault systems are therefore notably different from the smaller deforma-
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tion structures identified in the upper 40m of the seismic profiles throughout Tranche A

(see Chapter 6 and 7). Figure 5.35 shows that all faults propagate upwards from the same

depth. The continuity of the basal detachment surfaces of both systems is similar to their

description in the 2D seismic analysis (Figure 5.28 and Section 5.3.2).

5.3.4 Surface analysis of Domain G

In addition to the 3D visualisation of the faults, the high density of the seismic lines can

also be used to produce a seismic amplitude extraction for a certain depth (VATMEANE

seismic volume extraction in IHS Kingdom; see Chapter 4).

Seismic amplitude extraction shows a horizontal representation of the average amplitude

between two set time boundaries. This means that it typically shows the anomalies in seis-

mic amplitude in the dataset. However, the results strongly depend on the time boundaries

that have been chosen, and extra care needs to be taken to exclude artefacts such as seabed

multiples. For this study, two different amplitude extractions have been generated. One

was initially generated by Dayton Dove (see description in Dove, 2012) using the same

dataset and seismic interpretation software. His initial interpretation showed the area of

interest and the need for further structural analysis and interpretation in more detail. For

this study, this output was regenerated and a second output was generated as well as a

new interpretation and comparison with the rough regional interpretation initially done by

Dove, 2012. Figure 5.36 shows the results between 10 and 30ms TWTT, whilst Figure 5.37

shows the results of an amplitude extraction between 20 and 30ms TWTT. This means

that Figure 5.36 represents a larger volume of seismic amplitudes. Both figures clearly

show the anomalies of the large thrust sheets that have been identified in the western part

of Tranche A (see Section 5.3).

Figure 5.36 (10-30ms TWTT) clearly shows the extent of the individual thrust sheets.

This spatial extent is used to identify the overall strike of the thrusting. Three different

sets of thrusts are visible in Figure 5.36. The two southern sets are also identified in the 3D

analysis described in Section 5.3.3. The strike identified in the plan-view of the 3D fault

systems (Figure 5.34) corresponds with the strike recorded in the amplitude extraction.

The eastern area (deepest fault system, indicated in green in Figure 5.34) records an
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Figure 5.36: Zones of thrusting evident on the seismic amplitude extraction (10-30ms
TWTT). The general direction of the individual thrusts can be recognised,
but individual thrust cannot directly be identified since this is an seismic
amplitude extraction and not a structural interpretation. The red polygon
represents the boundary of Tranche A. The black dashed polygon shows the
area of thrusting according to Dove (2012) and the yellow polygon the outline
of the 3D analysis for Domain G. The range of colours (blue-green-yellow-red)
indicate the relative change in average amplitude (after Dove, 2012).

overall NNE to SSW strike. The western area (red, shallowest fault system in Figure 5.34)

shows an overall N to S strike. The clearest thrusts within this amplitude extraction (Fig-

ure 5.36) are identified at the northern part of this area. These thrusts are situated outwith

the area used for 3D analysis, but can clearly be identified from the amplitude extraction.

The parallel lines most likely represent similar thrusts as recorded in the southern part of

this area. These thrust surfaces can be followed over a length of approximately 5km and
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have an overall NNW to SSE strike.

Figure 5.37 (20-30ms TWTT) provides a larger overview on the amplitude data over

Tranche A. The individual features are less pronounced, but the figure provides an overview

of the extent of the entire thrust system. Dove (2012) has initially mapped the total extent

of this thrust system, indicated in the black dashed polygon on Figure 5.37.

Figure 5.37: Seismic amplitude extraction data between 20 and 30ms TWTT which shows
elongated structures which have been identified as thrust faults in Section 5.3.
The red polygon represents the boundary of Tranche A. The black dashed
polygon shows the area of thrusting according to Dove (2012) and the yellow
polygon the outline of the 3D analysis for Domain G. The range of colours
(blue-red) indicate the relative change in average amplitude.
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5.4 Regional overview of 2D seismic data across the Dogger Bank

This section will provide a regional overview of the 2D seismic data across the Dogger Bank.

The first section (Section 5.4.1) describes the main deformation elements within Tranche

A. The second section (Section 5.4.2) provides an overview of the Domains that have been

identified within the deformation structures (see Section 5.2). The last section (Section

5.4.3) introduces two surface maps that are used in the next chapters for morphological

interpretation of the main deformation phases.

5.4.1 Regional overview of structural elements

Figure 5.38 illustrates the main structural features identified within the high-resolution

2D seismic data. A range of sedimentary and deformation structures are described in all

eight seismic lines. In all the lines, evidence for deformation has been identified, even

though it is expressed in different styles and complexities. The details of these lines are

described using a systematic domain approach and described in Section 5.2. Figure 5.38

presents an overview of where the deformation is found, and the spatial distribution of

the main identified elements within Tranche A. The different colours indicate the different

structural features. This is however not a lithostratigraphy and should not be seen as a

difference in sedimentary or stratigraphic layers.

Description of structural elements

The deepest structural element is shown in pale brown in Figure 5.38 and represents the

location of large drainage channels. These are tunnel valleys which are identified through-

out Tranche A and have been fully mapped by Lamb (2016). Even though these features

are not necessarily part of this study, they are major recognisable features on the seismic

profiles.

The major deformation structures in Tranche A are found in the upper 40m of the seismic

profiles. This deformation is represented in red on Figure 5.38. This red unit represents

largely the main part of the Dogger Bank Formation (DBF1) sequence and comprises

the majority of the deformation within Tranche A. This deformation varies from clear

recognisable thrusts and folds to chaotic and unidentifiable seismic reflections. Laterally

extensive and prominent high-amplitude seismic reflections within this upper deformation



Figure 5.38: Schematic diagram of the main deformation elements within the Dogger Bank. The numbers refer to the numbers of the seismic
profiles and the letters indicate the locations of the main deformation structures referred to in the text.
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sequence are highlighted with dark red in Figure 5.38. Because these highlights only

indicate high-amplitude seismic reflections, they do not necessarily represent the same

(geological) features, but may represent desiccation surfaces, major deformation struc-

tures or fault boundaries.

At the western part of Tranche A, some deep deformation structures are indicated in pale

green in Figure 5.38. These deep deformation structures are only present in this part of

Tranche A and are described in 2D and 3D in Section 5.3. This means that not just the

nature of the system (depth and laterally extensive faults) but also its location makes it

different from the overall deformation identified in Tranche A (see Chapters 6 and 7).

Undeformed sedimentary basins are represented in blue colours on Figure 5.38. These

undeformed sequences include both DBF2 as well as the post-Dogger Bank Formation

and are present through most of the study area.

Description of structures

Some key sedimentary and glacitectonic deformation structures are identified on Figure

5.38. The deepest deformation found in the seismic profiles is present on line 1 (see loca-

tion A in Figure 5.38). Within this deep deformation, several thrusts have been identified

up to a depth of 160m below the present-day seabed. The deformation structures show

two different phases of deformation, each with a different detachment surface (one at 160m

and one at 100m below the seabed; see Section 5.3.2). This area of Tranche A, where deep

deformation is present far below the upper typical 40m as seen elsewhere in Tranche A, is

discussed in more detail in Chapter 6.

The deformation in the Dogger Bank Formation sequence is, apart from the deep defor-

mation in the Western Thrustbelt (location A on Figure 5.38), limited to the upper 40m

of the seismic profiles (indicated in red in Figure 5.38). The base of this deformation

sequence is marked by a laterally continuous boundary. This basal boundary of the Dog-

ger Bank Formation forms the boundary between the undeformed sequence below and

deformed sequence above this layer and acts as a detachment surface for the deformation

structures and thrust-faults that propagate upwards into the sediment sequence. The

basal detachment surface can typically be found at a depth of 40m below the present-day
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seabed. However, at some locations the detachment surface is found at a shallower depth

of around 30m (see location B in Figure 5.38). At location C in Figure 5.38, the basal

detachment is unclear and some deformation has been identified at a much higher depth

than 40m (up to approximately 60m below the seabed). However, the seismic reflections

in this seismic profile were not clear enough to enable clear identification of the individual

structures and to relate this to a specific style of deformation represented by a Domain

(see Chapter 7).

The upper boundary of the Dogger Bank Formation sequence varies throughout Tranche

A. At most locations, the deformation sequence is truncated by the present-day seabed.

At other locations, the top of the sequence is marked by a relatively high-amplitude seis-

mic boundary. Locally this forms the base of (undeformed) basins, while at other places

the top of the deformation sequence results in a topographical high. At location D (on

Figure 5.38), a relatively simple mound shape marks the top of the deformation sequence.

This part of seismic profile number 5 is described in detail in Domain D (see Section 5.2.5).

At location E (at line 5 on Figure 5.38) a series of thrust-sheets and upright to asymmetric

folds show a complex style of deformation. This system has been extensively described

in cross section I of Chapter 6 as part of the description of the internal architecture of

the largest morphological structure in Tranche A. Location F (at Figure 5.38) also rep-

resents a location of intense deformation. However at this location the seismic profile

appears not to cross the structure at a perpendicular angle, and therefore the deformation

structures are not clearly identifiable on the seismic profile. This again emphasises the

importance of the angle of the (seismic) profiles in relation to the structure (see Chapter

4). At location G in Figure 5.38, the intense deformation is recorded as a series of parallel

and symmetric folds. These folds are classified as Domain F (described in Section 5.2.7)

and might possibly be related to the presence of a tunnel valley in the subsurface (Høyer

et al., 2013; Lamb, 2016). In Tranche A, the DBF sequence can be split into at least

two different subdivisions (DBF1 and DBF2, see Section 5.1) which are subdivided by the

presence of a high-amplitude boundary that has been described as a desiccation surface.

This boundary is for example present at line 6 (location H in Figure 5.38). This division

has not been identified at all seismic profiles, which may be explained by the lack of aerial

exposure, minor or no changes in geophysical properties, or later erosion. However, the
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top of the structurally lower DBF1 appears to represent the top of the major deformation

phase in Tranche A, and is therefore used for morphological interpretation (see Chapter 6).

The structurally uppermost part of the seismic profiles is characterised by the presence of

undeformed sedimentary basins (indicated in blue in Figure 5.38), which are characterised

by low-amplitude seismic reflections and are typically continuous and sub-horizontal. Lo-

cations I, J and K in Figure 5.38 all identify different large-scale sedimentary basins, which

are generally up to 30km wide and have a maximum depth of approximately 30m. Loca-

tion J in Figure 5.38 shows a basin with a diameter of approximately 10km wide and 15m

deep. The internal sedimentary architecture shows a series of inclined seismic reflections

onlapping on the structurally lower Dogger Bank Formation. These indicate a series of

delta-foresets that show a propagated infill from the North. Some of the large basins were

identified using boreholes and show post-Dogger Bank Formation sediments. At least one

of these is presumably of Holocene origin (for example at location K in Figure 5.38; Long,

2014b; Cotterill et al., 2017b).

Figure 5.38 shows that deformation is present all over Tranche A. The style of deformation

has been identified in the different domains, with examples described in Section 5.2, while

Figure 5.38 provides an overview of the thickness and extent of the overall deformation

sequences. It shows that the thickness of deformation varies from thin (less than 5m) to

the whole depth of the Dogger Bank Formation sequence, up to 40m thick and locally even

up to 160m below the present-day seabed. Figure 5.38 therefore provides an overview of

the internal structures and morphology underneath the relatively flat seabed. It helps

to focus on the key deformation structures that are necessary to understand the glacial

evolution of the Dogger Bank, which will be discussed in Chapter 6 and 7).

5.4.2 Spatial distribution of identified domains

As described in the previous section, deformation is present throughout Tranche A. Dif-

ferent styles of deformation are classified in seven different structural domains. Section

5.2 describes examples of each of the domains A-F and Section 5.3 describes Domain G.

The distribution of all the different domains identified in Tranche A is shown in Figure 5.39.
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Figure 5.39: Overview of the identified domains across Tranche A.

Figure 5.39 illustrates that the domains are present throughout Tranche A without a clear

distribution pattern. However, a slight S-N trend in distribution can be identified. The

Domains A-C appear to be mostly present in the South, Domain D in the centre and

Domain E and F dominate the northern part of Tranche A. Even though this is only a

weak trend in distribution, this might indicate an overall change in deformation style from

South to North in Tranche A. This will be discussed in more detail in Chapter 6. The

southern part of the study area shows a large variation in domains identified in the seismic

sections whilst this is less so in the northern part. For example, around the intersection

between lines 4 and 7, 5 different domains are observed whilst the northern end of line 7

is mostly identified as Domain F with local presence of Domains D and E.

5.4.3 Regional surface analysis

A seismic horizon represents a change in physical properties within a sequence of sedi-

ments or bedrock resulting in a change in acoustic impedance within the seismic reflection

profiles (Kearey et al., 2002; Gupta et al., 2004). A seismic horizon therefore may coincide

with a geological boundary. However, it can also coincide with a change in water con-

tent, overconsolidation or other geophysical properties. This often, but not necessarily,

indicates a geological boundary (see Chapter 4). On the majority of the seismic profiles
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which traverse Tranche A, the upper surface of DBF1 is typically marked by a band of

high-amplitude seismic reflections. Consequently, Dr. Leo James (unpublished data from

Forewind) was able to map the lateral extent and morphology of this seismic horizon

across this part of the Dogger Bank. This seismic horizon therefore represents the divi-

sion between DBF1 and DBF2 (might be similar as the Older and Younger Dogger Bank

Formation as identified and described by Cotterill et al., 2017b). These high-amplitude

seismic reflections are interpreted as being the acoustic result of aerial exposure of the

sediments of the Dogger Bank Formation, forming a desiccation surface (see section 5.1.2).

The colour symbology in Figure 5.40 represents the relative height of this horizon, in which

red and yellow represents areas where the strong reflections occurs close to the seabed in

the seismic cross section, and green and blue at a deeper level below the seabed. The

resulting raster represents the morphology of the top of DBF1, in which a series of ridges

and basins can be identified. The next Chapter will use this surface representation of the

top of DBF1 for morphological interpretation of a buried palaeo (glacial) landsurface (see

Chapter 6).

5.5 Summary

This chapter demonstrates that the domain approach is a consistent and thorough way

to manage and analyse large datasets of glacially deformed sediments. The method clas-

sifies deformation structures based on their internal structure, independent of lithology,

genesis and morphological evidence. The spatial distribution of the domains can then

help with the reconstruction of palaeoglaciology and the evolution of the moraine systems.

Other authors have used similar methods to describe deformed sediment sections in Nor-

folk (Phillips and Merritt, 2008; Vaughan-Hirsch et al., 2013) and Wales (McCarroll and

Rijsdijk, 2003). However, these examples have only applied the method for onshore sedi-

mentary data, whilst in this study, the domain approach is successfully applied to offshore

seismic data.

In this chapter, the domain approach has been applied to eight seismic profiles throughout

Tranche A. Seven different domains have been interpreted and described in detail for one

example for each domain. A separate Domain G has been used to highlight the extended

possibilities of the detailed dataset used. This domain is characterised by large-scale, deep
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Figure 5.40: Seismic horizon (generated by Dr. Leo James) showing the top of the DBF1
(Older Dogger Bank Formation), which generally coincides with the top of
the (glacitectonic) deformation. The yellow and red colours represent where
the marked band of seismic reflections occur closer to the seabed (shallower
depths). The green and blue highlight the areas where this band of seismic
reflections occur at a deeper level below the seabed. The black lines indicate
the interpreted seismic profiles.

(up to 160m below the seabed) and laterally extensive thrust faults. These thrusts are

large enough for the resolution of the dataset to be able to analyse them in 3D as well as

generate an amplitude extraction that provides a surface expression of the spatial extent

of the large-scale deformation structures.

A regional overview of deformation structures has shown that deformation is present ev-

erywhere throughout Tranche A of the Dogger Bank. Two different phases of deformation

have been identified. The first (oldest) phase is characterised by spatially extensive defor-

mation in the upper 40m of the sequence over the entire extent of Tranche A. The second

(youngest) phase of deformation is characterised by deep (160m) and large-scale thrusting,

but limited to the western part of Tranche A. The next chapter analyses both phases of

deformation in more detail, using the surface representation (horizon map) of the top of
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DBF1 presented in Section 5.4.3 to analyse two cross sections (comprising Domains A, B

and C) through the largest ridge identified on this surface. The following chapter builds

on the domain method to identify the internal structures and kinematics and use this

information to develop a model for the evolution of the Dogger Bank region.



6

Developing a glacial evolution model for the last glaciation of the

Dogger Bank

The previous chapters in this study show the large range of glaciteconic structures iden-

tified throughout the entire Dogger Bank area. These structures have been described and

categorised in basic terms of stress field and strain behaviour in the previous chapter. The

overall system shows at least two major phases of deformation: the first phase as identified

in the upper 40m of the sequences and a second phase in the western part of Tranche A

up to a depth of 160m below the present-day seabed.

The location of the Dogger Bank area plays a key role for ice sheet reconstruction in the

central North Sea (as been described in the first chapters of this thesis). Previous studies

have proposed different scenarios regarding the Dogger Bank being formed or overridden

by both the Fennoscandian as well as the British and Irish Ice Sheet (e.g. Stride, 1959;

Valentin, 1955; Ehlers and Wingfield, 1991; Sejrup et al., 2000, 2009). In addition to that,

some studies show the Dogger Bank being at the location of the coalescence of both ice

sheets, with or without the formation of a local ice stream (e.g. Stoker and Bent, 1985;

Carr, 2004; Sejrup et al., 2009; Graham et al., 2011; Huuse and Lykke-Andersen, 2000b).

The Dogger Bank is therefore a key location for the reconstruction of ice sheet models.

However, due to the lack of high resolution data in this area, present ice sheet models

are based on limited and sparse data (BGS boreholes in Cameron et al., 1992 and Gatliff

et al., 1994) and the extrapolation of regional studies.

This chapter interprets the tectonic structures and seismostratigraphic sequence described

in previous chapters to attempt to reconstruct ice sheet extent, dynamics and behaviour

for the study area. Since the results of Chapter 5 have shown two distinct phases of defor-
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mation, this chapter is split into these two phases. Section 6.2 describes the details of the

first phase of deformation. It uses the horizon map presented in the previous chapter as

well as a detailed description of two cross sections through the largest landform identified

in the study area. Section 6.3 then describes the main findings concerning the second

phase of deformation, those found in the western part of the study area. The last section

in this chapter uses the descriptions of the two different events to provide a glacial evo-

lution model for both glacial deformation events that have been identified in the Dogger

Bank region. Chapter 7 then synthesises all data into an active ice sheet retreat model

for the Dogger Bank area.

6.1 Surface mapping and geomorphology of Tranche A

Figure 5.40 shows the horizon map of the top of the lower deformed DBF1 sequence as

presented in the previous chapter. Since it is known that the DBF1 sequence consists

of highly deformed sediments (as described in the different domains), the surface map of

this horizon can be used as a topographical expression of this deformation sequence. The

topographic features indicated in Figure 5.40 are thus the morphological interpretations of

this palaeo (now buried) landsurface. The areas where the upper surface of DBF1 occurs

close to the seabed (yellow/red colours on Figure 5.40) have been interpreted as topo-

graphically higher than the green/blue areas where the horizon occurs at a deeper level

below the seabed. A detailed morphological interpretation based on this horizon map was

initially drawn by Dr. Emrys Phillips (see Chapter 4) The map is then finalised by the

author for this thesis and the interpreted landform map is presented in Figure 6.1.

The geomorphology of Tranche A has been subdivided into four different suites of land-

forms. Landform suite A (Figure 6.2) consists of the major southern ridge and large basin

north of this ridge. Landform suite B (Figure 6.3) consists of a series of small overlapping

ridges at the northern edge of this large basin. Landform suite C (Figure 6.4) consists

of another major ridge in the northern part of Tranche A. This ridge has a smaller, but

similar in shape to the one described in suite A. Landform suite D (Figure 6.5) comprises

the deep deformation in the western part of Tranche A. This system is indicated in green

in Figure 6.1 and is identified in Chapter 5 as event 2 deformation.
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Figure 6.1: Interpretation of landform systems across Tranche A. Interpretation based on
seismic cross sections and topography of DBF1 shown in Figure 5.40.

6.1.1 Landform suite A

The most prominent feature identified on the proposed buried landsurface is a large (100km

long, 20 to 30km wide) arc-shaped ridge which can be traced across the entire width of

Tranche A and occupies most of the southern part of the study area (see Figure 6.2). The

widest section of the ridge is at the southern (the maximum width is unknown as this

proposed landform extends beyond the study area where no seismic data is available) and

western part, in the area between seismic lines 3 and 4 (see Figure 5.40 and 6.2). The

narrowest section is towards the eastern end of the ridge system, where it crosses seismic

line 5. The gradient of the colour changes in Figure 5.40 suggests that the ridge has a steep

slope on its northern flank and a very gentle slope at the southern side. Consequently the

landform is thought to have an asymmetric topography with the highest part of the ridge

occurring close to its northern edge. Over the entire length of the landform, a trough is

identified directly north of the axis of the ridge, following the shape of the northern flank.

This trough splits the crest of the ridge in two ridges of which the southern crest is the
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highest and most distinctive. The resolution of the data does not allow further robust

interpretations within the NW crest of the ridge, showing no obvious structures apart

from the main crest. In contrast, several small ridges and troughs have been identified on

the irregular, gently dipping southern flank of this large landform (see Figure 5.40). These

small ridges are typically parallel to the main ridge following the axis of the landform,

whereas the small troughs cross-cut the landform and occur perpendicular to its axis (see

Figure 5.40). At two locations (at the intersection of the ridge with line 4 and between

line 5 and 6 on Figure 5.40) a small trough cuts through the main crest of the ridge. The

irregular topography of the southern flank of the ridge is possibly influenced by surface

processes during formation or directly afterwards.

Figure 6.2: Interpretation of landform suite A across Tranche A. The transparency of the
landforms indicates which landforms are part of landform suite A. Interpreta-
tion based on seismic cross sections and topography of DBF1 shown in Figure
5.40.

The ends of the ridge have a different morphological appearance. The western end shows

an abrupt termination, close to where it meets seismic line 2. The presumed western end

of the landform (see Figure 6.2) appears to end abruptly, which could be explained in
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different ways: The landform may not have been developed at this location, may have

been eroded by later processes, or the interpretation of the desiccation surface indicating

the change between DBF1 and DBF2 is not clearly visible in the seismic lines, or does

not exist in this area. This abrupt end can also be explained by the poor quality of the

data in this area, which is very chaotic at this part of Tranche A (pers. comm. Dr.

Leo James and Dr. Carol Cotterill). The lack of a clear desiccation surface in the seis-

mic lines in this area causes an abrupt end in this surface, and therefore also an abrupt

termination of the landform’s morphology. The eastern end of the ridge shows a more

gentle slope and decrease in the height and width of the ridge. The northern crest of the

ridge ends just before the intersection with line 5. The southern ridge slowly increases in

width and decreases in height around the same intersection. The ridge continues to the

NE into Tranche B (pers. comm. Dr. Carol Cotterill), which is not part of this study area.

North of the ridge, a lower relatively flat area (visible in green and blue colours in Figure

5.40) is present, and is interpreted as a low-lying large (width approximately 30km) basin

bounded to the south by relatively higher ground of the ridge-like landform (see Figure

6.1 and 6.2).

6.1.2 Landform suite B

The NE part of Tranche A shows a series of smaller ridges which are morphologically

similar in form to the much larger landform identified in the southern part of Tranche A

(see Figure 6.3). Three distinctive arc-shaped ridges are present in the centre of Tranche

A. These ridges are approximately 30km or less in length and only a few kilometres wide.

The southern flanks of these ridges have the steepest slopes and are most distinctive (see

Figure 5.40). In contrast, the northern flanks of the same landforms show a more gentle

slope. The two largest landforms of these three intersect with each other, the western

ridge appearing to be cross cutting through the eastern ridge (see Figure 6.1 and 6.3).

Apart from these small ridges, a long trough is present at the eastern side of Tranche A

around seismic line 5. This trough is approximately 70km long and has a gentle S-shape

(see Figure 5.40 and 6.1). The trough cuts through the easternmost of the 3 smaller

arc-shaped landforms described above (see Figure 6.1).
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Figure 6.3: Interpretation of landform suite B across Tranche A. Interpretation based on
seismic cross sections and topography of DBF1 shown in Figure 5.40.

6.1.3 Landform suite C

The largest and most pronounced of the smaller ridge-like landforms occurs in the north

of this part of Tranche A and is approximately 50km long and 15km wide (see Figure 6.1

and 6.4). The western edge of this ridge is narrow and not well defined, while the eastern

part of the ridge is wider and continues into Tranche B. The flanks on both sides have an

irregular appearance. Directly at the northern part of this ridge, a lower relatively flat

area (visible in green and blue colours in Figure 5.40) is present. This area is interpreted

as a low-lying large (width approximately 10km) basin bounded to the south by relatively

higher ground of the ridge-like landform (see Figure 6.4). This basin is showing a similar

morphology and relation with the main landform as described in landform suite A.

The NW part of Tranche A shows a relatively chaotic and disrupted appearance on Figures

5.40 and 6.4. The northern part of this section shows a relative high area, with some un-

clear structures. The southwestern part is a relatively structureless low-lying area. DBF1
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Figure 6.4: Interpretation of landform suite C across Tranche A. Interpretation based on
seismic cross sections and topography of DBF1 shown in Figure 5.40.

has not been identified in the most westerly part of Tranche A, partly because of the

disruption by the deep thrust faults (see description of Domain G in Chapter 6).

6.1.4 Landform suite D

The landform suite D as identified on Figure 6.1 is shown in Figure 6.5. The interpre-

tations within these figures are not based on the horizon map of DBF1 (as the suites

A-C) but based on a seismic amplitude extraction map (as described in Chapter 4 and

5). Figure 6.6 shows this seismic amplitude extraction between 10 and 30ms TWTT. This

amplitude extraction shows the anomalies in seismic amplitudes between this these time

boundaries. The results of this amplitude extraction (Figure 6.6) clearly show the extent

of the individual thrust sheets in this part of Tranche A.

As presented in Chapter 5 overall directionality of the different thrust sheets can be used

to split the thrusts into three different sets. The two southern sets (one and two in
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Figure 6.5: Interpretation of landform suite D across Tranche A. Interpretation based on
seismic cross sections and topography of DBF1 shown in Figure 5.40.

Figure 6.5) have also been identified in the 3D analysis described in Chapter 5. The strike

identified in the plan-view of the 3D fault systems corresponds with the strike recorded in

the amplitude extraction. The eastern area records an overall NNE to SSW strike. The

western area shows an overall N to S strike. The clearest thrusts within this amplitude

extraction (Figure 6.6) are identified in the northern part of this area. These thrusts

are situated outwith the area used for 3D analysis, but can clearly be identified from

the amplitude extraction (see Figure 6.6). The parallel lines most likely represent similar

thrusts as recorded in the southern part of this area. These thrust surfaces can be followed

over a length of approximately 5km and have an overall NNW to SSE strike.

6.1.5 Glaciological interpretation of the buried palaeo landsurface

Figure 5.40 and the sections above provide evidence for some palaeo landsurface features

that form the basis of the internal structural analysis within this chapter, and then used for

the erection of a glacial evolution model. The morphological interpretations show troughs

and ridges throughout Tranche A.
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Figure 6.6: Individual thrusts, and zones of thrusting evident on the seismic amplitude
extraction (10-30ms TWTT). The red line represents the outer boundary of
Tranche A, the yellow box represents the extent of the 3D analysis described
in Chapter 5. Cross section III is described in this chapter and shown here as
the yellow dashed line.

The long trough at the eastern side of Tranche A cuts through the landforms and is there-

fore presumed to be a post-DBF channel feature. This is confirmed by borehole data

analysis which shows that this channel consists of mainly (Holocene) marine sands (Long

and Dove, 2012; Cotterill et al., 2014; Long, 2014b).

The overall arcuate morphology of the ridge-like landforms identified on the upper surface

of DBF1 is consistent with these features representing parts of a large (10’s km scale)
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moraine system (see Figure 5.40 and Chapter 2). The southernmost ridge is the largest of

this system, comprising a moraine with a double crest. In combination with the interpre-

tation of the internal structures described in the previous chapter (Chapter 5), this could

possibly have been formed by a two phase glacial event. The elongated troughs within

the irregular southern flank of this moraine are thought to represent ice-marginal and/or

proglacial drainage channels (indicated with blue arrows on Figure 6.1). The less pro-

nounced ridges in the northern part of Tranche A have similar morphology but at a much

smaller scale. The reason that these landforms are smaller may be explained by a shorter

window of development and/or a lesser impact, since less material has been disrupted and

displaced. This means a shorter period of ice-stagnation or less ice push from the ice front.

The landforms are thus interpreted as less developed moraine systems, each of which may

have formed in a much shorter time span compared to the larger system in the south.

The entire system of landform suites described in the suites A-C (event 1 deformation)

presumably a series of thrust moraines, each with their own internal structures and com-

plexity. More details of these internal structures are necessary to find evidence and form

a glacial evolution model. Different glacial (evolution) models have been presented by for

example Mulugeta and Koyi (1987) and Williams et al. (2001) (critical wedge model) or

Aber (1982); Aber et al. (1989) and van der Wateren (1985, 1995) (proglacial stress field

model) which are used to build a glacial evolution model for the Dogger Bank as presented

in the final part of this chapter. Two cross sections cutting through the largest proposed

moraine system in the southern part of Tranche A are described in the following section.

6.1.6 Relationship of deformation to Dogger Bank landform system

The previous chapter has identified the different structural domains (A to G; Figure 5.39)

in Tranche A. This chapter uses Domains A to C (event 1) as well as Domain G (event 2)

to describe two different deformation events.

Domains A, B and C typically occur within in the southern part of Tranche A (Figure 5.39

and 6.7). Figure 6.7 shows that there is an apparent spatial relationship between Domains

A, B and C to the southern margin of the large, arcuate moraine system which dominates

the southern part of Tranche A. The only exception is the presence of Domain C in the

northern part of Tranche A, close to the intersection between lines 1 and 6 (Figure 6.7).
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Where the domains are associated with the southern moraine system (Figure 6.7) they

indicate that there is an initial increase in the relative intensity of the deformation from

south to north (Domains A and B) followed by a marked change in the style of thrusting

within Domain C (see Table 5.1). The change of deformation style in relation to intensity

of the deformation might be related from most ice distal (Domain A) towards ice proximal

(Domain C) position within the moraine. Consequently, this suggests that the overall

development of the moraine occurred in response to ice-push from the N. However, in

detail the internal structural architecture of the moraine system is far more complex and

discussed in detail in two cross sections described below.

Figure 6.7: Diagram showing the spatial relationship between Domain A, B and C, on top
of the proposed buried glacial landscape (see text for details). The black lines
and numbers indicate the interpreted seismic profiles across Tranche A.

In the central widest part of the moraine system (on seismic profile 4, Figure 6.7) this

simple progression from Domain A through to C is less apparent. In seismic profiles 2 and

3, only Domains B (line 2) and C (line 3) have been identified (see Figure 6.7). Both of

these domains are however at the far end of the moraine system. Line 7 shows a sequence
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of Domain A, B and C but in a different order. However, this seismic line is oblique to

the main axis of the landform and the main proposed N-S direction of ice-push (Figure

6.7). The orientation of this line is therefore approximately parallel to the strike of the

glacitectonic structures and is therefore unlikely to show the most complete range of de-

formation structures.

Lines 4 and 6 are both approximately perpendicular to the proposed direction of deforma-

tion and would therefore be expected to show similar deformation sequences as described

on lines 5 and 8. However, they still have a slight oblique orientation through the moraine

system, which is especially important when describing fold structures. The domains are

also located at a wider and more complex part of the moraine system (see Figure 6.7).

This suggests that the moraine is a complex system, and presumably not constructed in

a single and simple event. The southern part of the landform consists of a complex series

of ridges, channels and complex deformation structures, which underpin this suggestion

(Cotterill et al., 2014) as well as later described by (Cotterill et al., 2017a,b; Phillips et al.,

2018).

Where the seismic lines are orientated orthogonal to the main axis of the moraine system

they indicate that there is a spatial relationship between domains A, B and C and their

position within the landform complex. Consequently, this approach can, with care, shed

light on the internal structural architecture of moraine systems and thereby the evolution

of these complex glacitectonic features.

The following sections describe the internal structure of a large thrust moraine complex

which dominates the southern part of Tranche A within the Dogger Bank R3 wind farm

zone. Two seismic lines, cross section I and cross section II (Figure 6.8), have been selected

to examine in detail the large- and mesoscale deformation structures developed within this

moraine complex. Both lines are orientated perpendicular (orthogonal) to the orientation

of the prominent moraine ridges identified within Tranche A (see Chapter 5). The NW-

SE-trending cross section I (part of seismic line 5) occurs towards the narrower NE end

of the complex (see Figure 6.8). Whereas the NE-SW-trending cross section II (part of

seismic line 8) is located within the wider part of the moraine complex where this system

swings around from a NE-SW orientation into a more NW-SE alignment (see Figure 6.8).
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Figure 6.8: Map showing the location of cross sections I and II through the main moraine
complex developed in the southern part of the Dogger Bank region. The black
lines and numbers indicate the interpreted seismic profiles across Tranche A.

The two seismic cross sections have been divided into a number of structural domains

(see Chapter 4) which are characterised by a number of key structural elements (e.g.

folds, thrusts, normal faults, reverse faults). This approach makes it possible to describe

the locally complex deformation recorded in DBF1 and erect a glacitectonic framework

(deformation history) for the development of the moraine complex. This deformation

history can then be used to reconstruct the ice movement direction(s) active during the

evolution of the palaeo landscape (see Chapter 7).

6.2 Event 1 - DBF deformation

This section describes the deformation recorded by ’event 1’. This includes the defor-

mation described in Chapter 5 in Domains A-F. The section starts with a morphological

interpretation of the horizon map presented in the previous chapter. Two cross sections

through the largest landform interpreted on this horizon map are then described in high
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detail and used for the development of a glacial evolution model for this deformation event

in Section 6.4.1.

6.2.1 Cross section I: Northeastern end of the moraine system

Cross section I is located at the SE end of seismic line 5 and is presented perpendicular to

the narrower part of the moraine complex (see Figure 6.8 and 6.9). The overall structure

and extent of the three structural domains, Domains A, B and C, identified within this

cross section is provided in Appendix B. Cross section I can be divided into two main

tectonostratigraphical units, a lower deformed unit (DBF1) and an upper relatively unde-

formed sequence (DBF2).

Figure 6.9: Figure showing the angle of cross section I as well as the domains described
in this section, compare to the morphology of the moraine complex, indicated
by the top of DBF1.

The base of the structurally lower DBF1 is marked by a sub-horizontal, laterally continu-

ous detachment (or décollement) surface which is partially obscured by the seabed multiple

(as illustrated below). However, this detachment clearly separates the deformed lower part

of the Dogger Bank Formation (DBF1) from the underlying undeformed sedimentary se-

quence (as described by Cotterill et al., 2017b), and as such corresponds to a First-order

surface (as defined by Pedersen, 2014; see Chapter 4). DBF1 varies in thickness forming a

prominent mound-like feature which reaches a maximum thickness of approximately 40m
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within Domain A (between shot points 760 and 860; Appendix B) and Domain C (be-

tween shot points 1200 and 1500; Appendix B). This mound-like feature corresponds to

the moraine complex intersected by cross section I (Figure 6.8).

The maximum thickness of DBF1 and therefore the original maximum height of the

moraine complex are uncertain as the thickest parts of the unit appear to be truncated by

the seabed. Elsewhere in cross section I the top of DBF1 is irregular in form, but overall

the unit thins (to less than 5m thick) both towards the SE and NW. The following sections

provide a detailed description of the deformation structures present within Domains A, B

and C.

6.2.2 Domain A: Southeastern end of cross section I

Domain A (Figure 6.10) is located at the SE end of cross section 1. The DBF1 in this

domain clearly thickens from c. 10-15m in the SE up to a thickness of c. 40m at the

NW end of the domain where the upper part of the unit is truncated by the seabed. The

DBF1 is deformed by a series of gently to moderately (10◦ to 35◦ in this plane of section),

NW-dipping faults which propagate upwards from the basal detachment (Figure 6.10).

Displacement on these faults has resulted in a marked offset of the seismic reflections

within DBF1, showing that these brittle structures are thrusts (Second-order structures

of Pedersen, 2014; Chapter 4) which record a consistent SE-directed sense of movement.

The individual thrust faults are curved in form and steepen towards the SE as they cut

upwards through the DBF1 sequence (Figure 6.11). However, the overall angle of dip of

the thrusts increases towards the NW (i.e. the thrusts become progressively steeper to-

wards the NW; Figure 6.10). This change in attitude of the thrusts is typical of imbricate

thrust stacks (Twiss and Moores, 1992; Park, 1997) and coincides with an overall decrease

(towards the NW) in the spacing of these low-angle faults within DBF1. Furthermore, this

corresponds to an overall increase in the relative intensity and complexity of the defor-

mation recorded by DBF1 from the SE towards the NW across Domain A (see Figure 6.10).

In addition to these thrusts, towards the northern end of Domain A at least two sets of

moderate to steeply dipping (35◦ to 60◦ in this plane of section), smaller-scale faults have

been recognised (Third-order structures of Pedersen (2014); see Chapter 4).



Figure 6.10: The seismic line (top) and the structural interpretation (bottom) of Domain A located at the southeastern end of cross section
I. More details about Boxes A, B, C and D can be found in Figure 6.11 (A), 6.12 (B), 6.13 (C) and 6.14 (D). For the location
of this seismic line, see cross section I in Figure 6.8.
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Figure 6.11: A) Seismic line, B) interpretation and C) structural interpretation of Second-
order thrust faults propagating upwards from the basal detachment. For
location see Box A in Figure 6.10.

The first set dips towards the SE and show a combination of both normal (down-throw

to the SE) and reverse (upthrow towards the NW) sense of movement (Figure 6.11). The

second set dips towards the NW and are typically reverse faults (Figure 6.12). Both

sets of minor faults occur entirely within DBF1 and are not necessarily linked to the

basal detachment. Locally these minor structures form a conjugate set of steeply dipping

structures which appear to have developed immediately below a number of channel-like

features present within the overlying DBF2 (described below). Elsewhere within DBF1

the SE-dipping small-scale reverse faults occur within the hanging walls of the Second-

order thrusts (Pedersen, 2014) where they form backthrusts (Figure 6.12).

Figure 6.12: A) Seismic line, B) interpretation and C) structural interpretation of small
scale NW dipping reverse faults and backthrusts. For location see Box B in
Figure 6.10.
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The seismic reflections within DBF1 are also deformed by a series of small- (wavelength

of 10m to 20m) to large-scale (50m to 100m wavelength) folds. The larger-scale folds are

typically open, upright, symmetrical structures (e.g. between shot points 700 and 850;

Figure 6.10) which are cut off by the Second-order thrusts (Pedersen, 2014); indicating

that the large-scale folding of DBF1 pre-dates thrusting. The large-scale folds (from now

on referred to as ’F1’ folding) typically occur in the structurally lower part of DBF1 within

the immediate hanging wall of the First-order basal detachment. This suggests that F1

folding occurred as a result of compression (ductile) within the hanging wall of this major

detachment surface with the later thrusts (referred to as T2) having developed in response

to continued shortening (brittle) of DBF1 by lateral compression. Present meso-scale (20m

to 50m wavelength) folds are open to closed, upright to inclined, SE-verging, asymmetrical

structures (Figures 6.10 and 6.13) with axial surfaces that dip with low to moderate angles

(around 25◦ to 35◦) towards the NW. These folds typically occur within the hanging wall of

the T2 Second-order thrusts. The south-easterly verge of the meso-scale folds is consistent

with the SE sense of displacement on the T2 thrusts, indicating that folding and thrusting

occurred in response to the same overall deformation event; i.e. the meso-scale folds are of

the same age (referred to as F2). F2 folding may have occurred in response to either short-

ening in the hanging-wall of the T2 thrusts or as a result of ductile deformation (folding) at

the upward propagating tip of the thrusts (tip-folds; Twiss and Moores, 1992; Figure 6.13).

Figure 6.13: A) Seismic line, B) interpretation and C) structural interpretation of a large
fold forming at the propagating tip of the Second-order thrusts. For location
see Box C in Figure 6.10.

The asymmetrical small-scale folds (less then 20m wavelength) display M, S and Z shape

geometry and are parasitic to the large F1 and meso-scale F2 folds.
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The boundary between DBF1 and the overlying DBF2 is gently undulating and dips at

approximately 2◦ (in this plane of section) towards the SE over a distance of approxi-

mately 3km. The very shallow dip of this boundary is consistent with this slope occurring

on the down-ice side of a push moraine (van der Meer, 2004; Benn and Evans, 2010).

Even though the boundary is undulating, it is marked with a continuous high-amplitude

seismic reflection. Elsewhere in the Dogger Bank, this boundary has also been identified

in boreholes and CPT’s (see Chapter 5) and coincides with a strong change in geophysical

properties, likely to be a result of desiccation (see Chapter 4). This suggests that the

boundary between DBF1 and DBF2 may have been aerially exposed and represents the

same palaeo landsurface as has been identified in the horizon map described in Section

6.1). On Figure 6.10 this boundary is deformed by both the F2 meso-scale folds and T2

second order thrusts.

Seismic reflections within the lower part of DBF2 are also folded or alternatively the sed-

iments are draped on top of the underlying morphology. The morphology of these folds is

comparable to the shape of the F2 structures present within the structurally underlying

DBF1. However, the amplitude of the folds decreases upwards through DBF2 (Figure

6.10), with the upper part of this unit possessing sub-horizontal seismic reflections which

show very little evidence of deformation. As a result it is suggested that the deposition

of the lower part of DBF2 predates F2 folding and T2 thrusting within DBF1, and that

DBF2 was probably being deposited during this F2-T2 deformation event. However, an

alternative and presumably more likely explaination is that the sediments of DBF2 are

draped on top of the DBF1 surface expressions and post-date the deformation identified

in DBF1. Unfortunately, the seismic resolution is not high enough to distinguish bedding

from other sorts of layering effects.

The upper, more stratified part of DBF2 contains a number of lenticular, channel-like bod-

ies which range from 50m to 250m across and are up to 20m thick (Figures 6.10 and 6.14).

Based on the seismic reflections of the channel infills, the acoustic response appears to be

different from the underlying DBF2 sediments. Unfortunately, no boreholes are available

which penetrate through the channel features and which could provide additional infor-

mation about the lithology of the infills. In general the size of these channel-like features
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Figure 6.14: A) Seismic line, B) interpretation and C) structural interpretation of a chan-
nel with underlying faults. For location see Box D in Figure 6.10.

increases towards the NW across Domain A, and their in-between spacing decreases in

the same direction(Figure 6.10). The two largest features of these cut through the entire

thickness of DBF2 and appear to either terminate at the DBF1-DBF2 boundary and/or

erode into the upper part of the underlying deformed DBF1. The seismic reflections within

the two larger bodies mimic the overall shape of these lenticular features (see Figure 6.10

and 6.14). Consequently, it is concluded that these lenticular bodies represent meltwa-

ter channels which developed during the deposition of DBF2. Examination of the seismic

data suggests that these channels occur parallel to the ridges identified on the surface map

of DBF1 (Section 6.1). As these ridges are theorised to be different ridges of a complex

(thrust) moraine system, the channels therefore also occur parallel to the postulated ice

margin. As noted above, the channels locally coincide with areas of relatively more in-

tense high-angle faulting within the underlying DBF1 (see Figure 6.14). This relationship

suggests that there is a potential structural control on the location of these ice-marginal

meltwater channels.

In summary Domain A comprises a lower deformed tectonostratigraphical unit, DBF1,

which is deformed by a series of large- to meso-scale folds and associated thrusts. This unit

is separated from the underlying undeformed (pre-Dogger Bank Formation) sedimentary

sequence by a major detachment surface. The relationships between the folds and thrusts

developed within DBF1 have allowed the following deformation history to be erected for

Domain A (Figure 6.15): (I) initial F1 folding of the DBF1 sediments within the hanging

wall of the basal detachment (referred to as T1); (II) continued deformation (shortening)
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Figure 6.15: Schematic diagram of deformation history for Domain A. The first stage (I)
indicates the initial basal detachment thrusting (T1) and folding (F1). During
this deformation, the second phase of deformation (II) resulted in Second-
order thrusting (T2) and associated folds (F2) that propagate upwards into
the lower part of the DBF1, which might continue for a longer time (III) dur-
ing the deposition of DBF2. The last phase (IV) in this tectonostratigraphic
record is the formation of ice-marginal meltwater channels.

resulted in later T2 thrusting and associated meso-scale F2 folding; (III) upwards propaga-

tion of T2 thrusts and F2 folds deforming the lower part of DBF2, indicating that at least

the lower part of this upper tectonostratigraphic unit was deposited prior to stage III phase

of the deformation history; and (IV) later formation of the ice-marginal meltwater chan-

nels which locally eroded downwards into the upper part of the tectonised DBF1 sequence.

The structures identified in Domain A show a consistent NW to SE direction of movement

and the intensity and steepness of these structures decreases from NW to SE. The overall

nature of the structures can be related to lateral compression caused by longitudinal shear

(van der Wateren, 1995; McCarroll and Rijsdijk, 2003). This part of the cross section does

not show structures that can be related to pure shear (for example caused by overburden

pressure, see Chapter 2.2). In addition, the strong desiccation surface that marks the

boundary between the lower deformed DBF1 and upper DBF2 suggests a period of aerial

exposure. The combination of the overall nature of the structures and related longitudinal

shear being the dominant shear suggest that Domain A is most likely to be in a proglacial

deformation setting (Hart et al., 1990; van der Wateren, 1995; see Section 6.4.1).
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6.2.3 Domain B: Central part of cross section I

Domain B (Figure 6.16) is located at the central part of cross section I and its full horizon-

tal extent is approximately 2km. The DBF1 in this domain is approximately 40m thick

at both ends of the section, where it is truncated by the seabed. In the centre part of

Domain B, the top of DBF1 is marked by an undulating surface, marking the top of the

deformation, varying in thickness from 20m to 40m above the basal detachment (Figure

6.16).

The boundary between the Domain A and B is marked with a relatively long NW-dipping

fault plane, which cuts through the entire DBF1, terminating at the seabed (Figure 6.17

and 6.18). As seen in most Second-order surfaces, this moderate dipping fault (dip ap-

proximately 20◦) propagates upwards from the basal detachment, steepening towards the

seabed. Even though the fault plane does not differ in style, length and dip from other

basal detachment to surface faults mapped across Tranche A, it indicates a major change

in overall nature of deformation styles and marks the boundary between Domain A and B.

Domain B is dominated by NW-dipping faults within the older DBF, DBF1 (Second-

order surfaces), comparable to those described in Domain A. These structures propagate

upwards from the detachment surface (Figure 6.16, 6.18 and 6.19). However, the amount

of displacement and angle of the faults is different from those mapped in Domain A. These

Second-order surfaces within Domain B show generally steeper angles (25◦ to 40◦ degrees),

a larger offset and closer spaced individual thrust planes. The direction of displacement

caused by these brittle structures records a consistent SE-directed sense of movement (Fig-

ure 6.18). Even though the resolution of the seismic dataset is high enough to enable the

identification of these structures and identify a directionality in the sense of offset, the

resolution does not allow the measurement of a reliable amount of offset. However, given

the nature of the faults, it is expected that the observed offset in Domain B is greater

than in Domain A.



Figure 6.16: Seismic line (top) and the structural interpretation (bottom) of Domain B located in the centre part of cross section I. More
details about Box A, B and C can be found in Figure 6.17 (A), 6.19 (B) and 6.20 (C). For the location of this seismic line, see
cross section I in Figure 6.8.
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Figure 6.17: This figure shows the thrust that marks the boundary between Domain A
and B. For location, see Box A in Figure 6.16.

Within DBF1, some other small-scale (Third-order) faults have been recognised, which are

less continuous and not directly linked to the detachment surface (Third-order structures

in Figure 6.18). One of these sets of smaller faults occurs within the hanging walls of

the Second-order faults as SE-dipping thrusts, with moderate angles varying from 30◦ to

40◦. Based on their relation to the Second-order faults and directionality, these thrusts

can be interpreted as back thrusts. The other set of small faults, including both normal

(down-throw to the SE) and reverse (up-throw towards the NW) faulting mostly appear

in the upper part of DBF1. This last set generally has a steep dip (up to 65◦) in either

NW or SE direction. Unlike in Domain A, where these faults appear to be underneath

channel-like features (see Figure 6.14) the block faults in Domain B are not related to any

Figure 6.18: Schematic diagram that simplifies the structures in Domain B, cross section
I. The basal detachment (First-order surface) is marked with a red line, black
solid lines indicate the Second-order thrust faults and dotted black lines the
Third-order surfaces. Black arrows indicate the apparent sense of movement
of the individual thrusts and grey lines show the bedding seismic reflections.
Red dotted lines represent the boundary faults between the domains. The
original line is shown in Figure 6.16. Total thickness of profile approximately
40m.
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specific morphological features (Figure 6.18).

Figure 6.19: Second-order thrust faults with associated tip-folds. For location, see Box B
in Figure 6.16.

In addition to the faulting, at least three different sets of folds are present within Domain

B. The main sets of folds are directly linked with the development of the Second-order

faults described above. These were formed as a result of the ductile deformation within

the hanging wall of the propagating thrusts and form so-called tip-folds (Figure 6.19). The

geometry of the folds changes gradually from SE to NW. In the SE, the faults terminate in

the core of the fold, resulting in an asymmetric fold which verges towards the SE (see Fig-

ure 6.18). Towards the NW end of Domain B the faults cut through the folds apparently

resulting in a large offset (see Figure 6.19). The variation in fold geometry over Domain

B, results in increasing asymmetry towards the NW part of Domain B. As a direct result

of this change in fold geometry, the amount of shortening also increases towards the NW.

A second set of meso-scale structures has been observed that typically shows a local de-

tachment at the base of the structure, independent of the main First-order surface at the

base of DBF1 (as identified in Figure 6.16). The specific fold shown in Figure 6.20 has

a wavelength of approximately 100m and amplitude of approximately 8m. This upright

and open fold has a slight vergence (over fold) towards the SE. This inclination in fold

axis is constant with the overall directionality towards the SE, as recorded in both Do-

main A and B. The geometry of the fold and presence of a local basal detachment at its

base provides an indication of (local) compression and gives a estimation of the amount
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of shortening of approximately 2m over 100m. Even though the figures appear to show

a large amount of displacement or shortening due to the 10x vertical exaggeration (see

Chapter 4), the actual amount of shortening is very small (approximately 2% for this fold).

Figure 6.20: Almost symmetrical (slight inclination towards SE), upright fold with M-
shape parasitic fold in the core of the fold and horizontal detachment fault
at the base. For location, see Box C in Figure 6.16.

The last set of folds is assigned to the Third-order surfaces of Pedersen (2014), and include

generally asymmetric small-scale (less then 10m wavelength) folds that show M, S and Z

geometries. These folds are parasitic on the meso-scale folds that developed during the

shortening of the entire DBF1 section (Figure 6.20).

The boundary between DBF1 and the overlying DBF2 is sharp but undulating and marks

the top of the deformation (Figure 6.16). DBF2 has a relative low-amplitude (transpar-

ent) acoustic appearance which also helps differentiate these sediments from DBF1. Some

laterally discontinuous seismic reflections are visible and show the internal layering within

the relatively sandy DBF2. However, the seismic reflections are not fully horizontal, as

would be expected for primary (undeformed) bedding seismic reflections, but are partly

’draped’ on top of the topographic highs, formed by the crests of the folds within DBF1.

This is similar to the draping observed in Domain A above. This geometry indicates that

the sedimentation of DBF2 occurred during and/or after the deformation of DBF1. The

top of the folds from DBF1 form topographical highs with troughs forming between them.

The DBF2 that filled the troughs has little deformation. Since no clear deformation is

identified within DBF2, it is suggested that the main deformation event must have oc-

curred prior to the deposition of the deposition of DBF2. The boundary between DBF1
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and DBF2 is therefore likely to represent a palaeotopographic surface highlighting the

formation of a composite thrust moraine coincident with the deposition of DBF2 (as de-

scribed in Section 6.1 and visible in Figure 6.16).

In summary, Domain B consists of a lower deformed DBF1 unit which is marked by a

First-order surface at the base (detachment surface). The undulating upper surface is

only present in the centre part of this domain and marks the topographic expression of

the tops of individual faults and folds, subsequently infilled by a relatively undeformed

unit of presumed outwash sediments (DBF2; Figure 6.16). DBF1 has also been further

deformed by a series of Second-order thrust faults and related Third-order folds (Figure

6.18). The increased offset and steepness of the faults compared to Domain A shows that

the amount of shortening is larger in Domain B. The folds and associated Second-order

faults also show the same trend, with increasing displacement and shortening of the section

from SE to NW. This is consistent with a change in deformation from Domain A towards

Domain B. Even though in Domain B longitudinal shear (lateral compression) appears to

be the main deformation component, the presence of structures caused by simple shear

seems to increase in relation to the deformation structures described in Domain A. This

may be related to the more proximal position of this part of the deformation structures,

compared to the structures described in Domain A (Hart et al., 1990; van der Wateren,

1995). Similar structural observations which are described in sections from Denmark (e.g.

Jakobsen, 1996; Pedersen, 2000; Lesemann et al., 2010; Madsen and Piotrowski, 2012) and

Ireland (e.g. Hiemstra et al., 2007; Rijsdijk et al., 2010; Knight, 2012) provide evidence

for more ice-marginal conditions towards the NW part of Domain B.

6.2.4 Domain C: Northwestern end of cross section I

The last section of cross section I is Domain C, which is in this section split into two

parts (Figure 6.21). In the SE (Domain CI), the deformed DBF1 is around 40m thick

and truncated by the seabed. In the NW (Domain CII), the deformed DBF1 consists of

two gently NW dipping (approximately 5◦) surfaces, with a steep (approximately 66◦) SE

dipping layer dividing those two slope surfaces (see description below). The structurally

upper DBF2 is only present at the SE side of Domain C (Domain CI), whereas the upper

undeformed post-DBF has a maximum thickness of approximately 25m and is only present

at the NW side of Domain C (Domain CII) (for geometry, see Figure 6.21).



Figure 6.21: Seismic line (top) and the structural interpretation (bottom) of Domain C located in the northern part of cross section I. More
details about Box A, B, C and D can be found in Figure 6.22 (A), 6.23 (B), 6.24 (C) and 6.25 (D). For the location of this
seismic line, see cross section I in Figure 6.8.
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The boundary between Domain C(I) and Domain B is marked by a long NW dipping fault

plane propagating upwards from the basal detachment (Figure 6.22). The fault is part of a

series of Second-order surfaces, and marks a change in deformation style between Domain

B and C.

Figure 6.22: Large fault plane marking the boundary between Domain B and C. For lo-
cation, see Box A in Figure 6.21.

The base of DBF1 is marked by the same continuous basal detachment as identified in

Domain A and B. Second-order NW-dipping faults propagate upwards into DBF1 from

this detachment (Figure 6.21). Even though the entire Domain C is dominated by these

low-angle (Second-order) thrust faults, the angles of these faults are different for Domain

CI and CII. In Domain CI (shot point 1250 to 1480), the thrusts that propagate upwards

into DBF1 are concave in shape and become steeper upwards to a maximum angle of about

35◦. In Domain CII (shot point 1480 to 2000) the thrusts are much longer (up to over a km

in length) and have more gently dipping angles (around 5◦). These low-angle thrusts are

more laterally continuous, dividing different packages of sub-horizontal seismic reflections

and are interpreted as bounding different thrust sheets. In Domain CI these same thrusts

sheets are also present but there they are more disturbed by Third-order faults and folds.

The individual thrust sheets are therefore less distinctive and more broken up in the SE

part of Domain C (CI).

Within the full extent of Domain C, different scales of faults are present that do not directly

propagate upwards from the basal detachment. These Third-order structures consist of

NW and SE dipping faults that are relatively steep (up to 60◦) and laterally discontinuous.

They typically occur within the hanging walls of the Second-order thrusts (i.e. within the
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thrust sheets).

Figure 6.23: Large, indistinctive fold, as well as small-scale folds and faults associated
with this ductile deformation. For location, see box B in Figure 6.21.

Several sets of (Third-order) folds are also present within DBF1. The largest folds are up

to 250m in wavelength and are generally gentle and upright in shape (see Figure 6.23 for

an example). These folds are cut by Third-order faults and therefore less visible compared

to some of the ductile deformation described in Domain A and B. The folds are only recog-

nisable because the overall layering structure suggests a fold geometry is present despite

internal reflections being disturbed. Meso- and small-scale folds are also recorded within

Domain C (Figure 6.24 and 6.25). These are typically open and asymmetric folds, with

a verge towards the SE and varying in wavelength between 50 and 100 metres. These

Third-order structures generally develop a local basal detachment, which indicate that

they are not part of the major Second-order structures that may indicate the main sense

of movement within the domain. The small structures may therefore only be used as

indicators for local kinematics. Because of the large vertical exaggeration of the figures

(10x), the actual amount of shortening is very small (less then 1%).

In Domain CII the folds predominantly indicate the difference in shortening between the

two different parts of Domain C. One example is the fold shown in Figure 6.25, which is

located at the end of a thrust sheet (in the centre of Domain CII, see Figure 6.21). This

open, asymmetrical (SE verging) fold has a fault propagating into the core and terminat-

ing at the top of the fold. This fault has a gentle dip towards the NW and propagates

upwards from the base of the thrust sheet (Second-order surface). The geometry of this
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fold (including the related thrust fault) is consistent with a direction of push from NW to

SE and an increase in shortening in the upper thrust sheets towards the SE. No reliable

measurements can be taken to provide exact estimates about the amount of displacements

at this resolution. However, the geometry of the folds show a similar NW to SE verging

and an overall increase in amplitude from NW to SE. This suggests again the same overall

direction of (ice) push that has been recorded in Domain A and B, but an increase in

shortening towards the SE within Domain C.

Figure 6.24: Asymmetrical inclined fold which is overfolded towards the SE. It is also
partly broken up by faults, both indicating a pressure from NW to SE. For
location, see box C in Figure 6.21.

Some small-scale folds (less than 50m) are recorded in Domain C, generally located within,

but not linked to, the hanging walls of the Second-order thrust sheets. These folds are part

of the Third-order surfaces and are parasitic on the larger and meso-scale folds. Therefore

these Third-order folds and faults only provide information about local directionality of

deformation.

The top of DBF1 is truncated by the seabed in Domain CI. Only in the SE end of Domain

CI some local occurance of undeformed units possibly indicate the presence of DBF2 (or

alternatively post-DBF). However, no borehole data is available to prove that this is a

different stratigraphical unit.

In Domain CII the geometry of the top of DBF1 is shown in Figure 6.21, with the tran-

sition between DBF1 and the overlying post-DBF being clear and sharp. The acoustic

response from both sub-units is very different, changing from a highly complex character in
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Figure 6.25: Asymmetrical and inclined fold with a long steep limp dipping towards the
NW and short steep limb towards the SE. This kinematic indicator shows a
pressure direction from left to right NW to SE. A thrust coming from the
detachment zone terminates in the core of the fold. For location, see box D
in Figure 6.21.

DBF1, with many clear internal seismic reflections, to an almost acoustically transparent

post-DBF on top (see Figures 6.21 and 6.25). The infill of the topographical depression

created by the thrust sheets of DBF1 (between shot point 1480 and 1680) in the SE part of

Domain CII, is entirely acoustically transparent and does not show any internal layering.

In the NW part of Domain CII weak (sub-)horizontal seismic reflections are present (see

Figure 6.21). This layering shows an on-lap onto the upper thrust sheet of DBF1, indicat-

ing a possible erosional surface at the top of DBF1, but mainly showing that post-DBF

has not been affected by any form of (glacial) deformation whatsoever. The lack of inter-

nal (sub-horizontal or deformed) layering suggests that this unit is indeed of a different

(seismostratigraphic) nature compared to the deformed DBF1 or local DBF2 deposits as

described in Domain A. Because of the thickness of this post-DBF undeformed unit (up

to 25m in the NW end of Domain C), it is clearly identifiable on the surface expression of

DBF1 described in Section 6.1. Sand thickness analysis and borehole data have identified

this major post-DBF unit as a post-glacial channel (Long and Dove, 2012; Cotterill et al.,

2014; Long, 2014b).

In summary, Domain CI shows a highly complex series of low- and high-angle, short thrust

faults, indicating a relatively larger shortening and higher amount of compression com-

pared to Domain CII. Domain CII is dominated by long low-angle thrust sheets with an

increasing amount of compression towards the upper thrust sheets, shown by the appar-
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ent displacement of folds and faults within these Second-order surfaces. Even though this

entire section is part of Domain C (dominated by low-angle thrust sheets, see Chapter

5), the SE part of this domain (CI) acts as a transition zone between Domain B and

C. This change in thrust geometry may have been caused by a difference in subglacial

or ice-marginal conditions. Sand box experiments (Nieuwland et al., 2000; Mourgues and

Cobbold, 2006) have shown that higher water pressure and availability can cause deforma-

tion by sliding, resulting in long low-angle thrust sheets with high amounts of displacement

(as described in Domain CII). In contrast, a lack of water will cause the stacking up of

sediments changing into more brittle deformation with higher angle faults and shorter

thrust sheets (as in Domain CI and B). Unfortunately, the actual distance of displace-

ment can not be measured accurately here. A displacement may be visible in the offset

of (Second-order) faults. This may provide an indication of the direction of the offset.

However, it is expected that most displacement occurs along the major thrust sheets or

detachment surfaces, which cannot be estimated in seismic data (see Chapter 4). The

angle and morphology of the individual structures indicate that the amount of longitu-

dinal shear decreases towards the NW in Domain C. The nature of the low-angle thrust

sheets in Domain CII could indicate a lateral extension (in contrast to the Domains A and

B, which show lateral compression). Since Domain CI is dominated by similar low-angle

thrust sheets, but of higher angle and indicating a higher shortening, this might indicate

that Domain CI acts as a transition zone between the lateral compression as described

in Domain B and the lateral extension as seen in Domain CII. This suggests a transi-

tion between subglacial conditions in Domain C(II) towards ice-marginal conditions in

Domain B (as suggested by for example Boulton and Hindmarsh, 1987; Hart et al., 1990;

van der Wateren, 1995), or possibly a change in thermal conditions at the base of the ice

(as suggested by for example Attig et al., 1989; van der Wateren, 1995; Knight, 2012). In

Section 6.4.1 the relation between the structures, suggested stress conditions and resulting

landform and palaeo landscape is discussed and explained in more detail.

6.2.5 Summary of cross section I

Figure 6.9 shows the location of the cross section compared to the morphological expres-

sion of the moraine complex described in the first section of this chapter. Cross section I is

located at the NE end of a moraine complex and comprises three different domains, which
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range from Domain A (Section 6.2.2) to Domain C (Section 6.2.4). The domain approach

(see Chapter 4 and 5) is used to systematically describe the different styles of deformation

within DBF1. Even though the style of deformation differs between the domains, the

overall direction of movement is consistent over the three domains. Three tectonostrati-

graphical units are present within cross section I; a lower deformed unit (DBF1), which

hosts different faults, folds and other structural evidence of deformation; an overlying

mostly undeformed younger unit (DBF2) filling topographical depressions formed by the

underlying DBF1; and an upper undeformed post-DBF only present in the NW end of

this cross section (only in Domain C). The entire cross section is dominated by a continu-

ous (sub-)horizontal detachment (First-order surface from Pedersen, 2014) at the base of

DBF1.

Overall, the three different domains show an increase in compression and complexity from

SE to NW up to Domain CI, decreasing in CII at the NW end of the cross section. This

is recorded in the topographical expression of DBF1. Where DBF1 is truncated by the

seabed this corresponds to the highest compression and complexity, showing an increase

in the overall height of the moraine complex. Even though the style and complexity of

the deformation changes throughout the different domains, the type of shear (see Chapter

2) during deformation is consistent with the same overall direction of movement, which

is from NW to SE. This interpretation is initially based on a traditional 2D cross section

which means the true sense of movement could vary from any direction between W to E

or N to S. However, when analysing the more regional landform map (see Section 6.1),

and other seismic lines from the vicinity, the most likely sense of movement appears to

be from NW to SE. This means that this cross section is approximately perpendicular

to the overall structures described on the section, and provides a reliable overview of the

kinematics indicated in the different deformation structures.

Even though all the deformation appears to result from the same overall direction of move-

ment, the style of deformation is very different for each domain (Figures 6.10, 6.16 and

6.21), indicating different (local) conditions during deformation. No evidence has been

found that this moraine complex has been overridden by ice in any later stages, which

presumes an overall ice retreat. Also, since no apparent deformation has been found in

DBF2 or post-DBF, the present identifiable truncation of DBF1 at the seabed reflection
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has presumably been caused by marine transgression and not by (later) ice advances (see

Chapter 7). Since no clear evidence has been found of large-scale reactivation or that the

structure could have been overridden by later ice advance, it is suggested that this rep-

resents a thrust-block moraine system. The morphological ridges identified in Section 6.1

and also shown on Figure 6.9 appear to coincide with the highest and most complex parts

of cross section I. Because no clear evidence of overriding or reactivation is present, the

different ridges and deformation structures represented by the different domains therefore

have to be a result of local difference in conditions during deformation. The most likely ex-

planation of the different styles of deformation style recorded in the different domains is a

change from proglacial to subglacial conditions. Domain CII has been described with long

and low-angle thrust sheets with a presumed high amount of displacement (even though

the exact amount can not be identified). van der Wateren (1995) explains how the different

stress regimes below and directly in front of the glacier may lead to different longitudinal

strain. The difference in lateral compression (or extension) can be used to reconstruct the

locations compared to the ice sheet margin (Boulton and Hindmarsh, 1987) or subglacial

thermal conditions (Attig et al., 1989) (see Section 2.10). These thermal conditions are

of major importance for the subglacial water pressure at the ice margin. The presence of

low-angle thrust faults in Domain CII can be explained by the increased subglacial water

pressure and availability as proven in experiments from Nieuwland et al. (2000) and Mour-

gues and Cobbold (2006). In contrast, a lack of water will cause the ice to couple with the

sediments and change the deformation into a more brittle behaviour, resulting in higher

angle faults and shorter thrust sheets (as described in Domain CI and B). In addition to

the change in subglacial hydrology, changes in deformation will be influenced by differ-

ences in ice dynamics, including thermal regime, bed sediment properties, morphology and

steepness of the ice front and ice velocity and behaviour (e.g. Evans, 2003; Waller et al.,

2012). The possible effect of these different ice dynamics will be discussed in Section 6.4.1.

6.2.6 Cross section II: Northwestern end of the moraine system

Cross section II is located in the SW part of the Dogger Bank Tranche A study area (line

8; Figure 6.8). This part of the moraine system is relatively wide and has a complex

morphology. The topography of this landform, mapped from the interpretation of the top

DBF1 horizon (Figure 6.8 and 6.26) shows a series of ridges alternating with low-lying
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areas, which have been interpreted as (drainage) channels. The internal structures of this

moraine complex are described in the section below and the full length of the described

line is shown in Appendix C.The cross section is split into 3 different domains, the general

characteristics of which are described in Chapter 5. Even though the different domains are

not as distinct as in cross section I, the same overall deformation style is present. Cross

Section II is described from SW to NE (from Domain A to C), describing the different

kinematic indicators related to glacial deformation.

Consistent with cross section I, the internal structure of cross section II can also be di-

vided in two tectonostratigraphical units, DBF1 (deformed) and DBF2 (undeformed).

DBF1 corresponds with the Lower Dogger Bank Formation described by (Cotterill et al.,

2017b) and forms the main part of the moraine complex. The base of the deformation is

marked by a continuous basal detachment zone. However, in contrast to cross section I

this First-order surface is not always clearly present, nor is it present at the same depth.

The basal detachment in this cross section is located close to the seabed multiple, which

makes it harder to interpret. However, the basal detachment does not necessarily represent

the base of the deformation observed in the profiles. Deformation structures have been

observed underneath this basal detachment zone, but these are not associated with the

moraine complex and play no major part in the later glacial evolution of the glacitectonic

history of this upper part of the Dogger Bank. Some earlier formations below the DBF1

formation have been identified and described by Long and Dove (2012), Cotterill et al.

(2014) and Long (2014b) who indicate that they are presumably part of the Eem formation

and older. Deformation in these formations thus represent much older glaciations than the

context of this project. The basal detachment also clearly acts as the base of Domain B,

in which individual thrust faults (Second-order surfaces) propagate upwards into DBF1.

The main focus of the descriptions of cross section II will therefore concentrate on the

upper part of the deformation, from the basal detachment (or, if not clearly present, the

seabed multiple).

The variable thickness of DBF1 forms a distinct mound-shaped geometry, gently dipping

on both sides and truncated by the seabed in the centre part of the cross section (between

shot point 25500 and 17000). Only a few gentle and shallow (max 5m deep) channels are

present around shot point 24500 and between shot points 22000 and 17500. The total
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Figure 6.26: The location of cross section II as well as the domains described in this
section, compared to the morphology of the moraine system, indicated by
the top of DBF1 (see Section6.1 for explanation of this surface).

thickness of DBF1 is at least 40 metres (depending on the depth of the basal detachment)

in this centre part, thinning out to the SW and NE to approximately 10m or less.

6.2.7 Domain A: Southwestern end of cross section II

Domain A (Figure 6.27) is located at the SW end of cross section II. Both DBF1 and

DBF2 are present in this section, with the lower DBF1 thickening gradually from about

10m in the SW up to a maximum thickness of approximately 40m (around shot point

25500) where it is truncated at the seabed.

The base of DBF1 is less clear compared to the profiles described in cross section I. It

is only around shot point 25000 that there is a clear high-amplitude horizontal seismic

reflection identifying the basal detachment. This First-order surface can be traced to-

wards the SW, where the seabed multiple (blue line in Figure 6.27) starts to obscure the

relatively weak basal detachment reflection. NE of shot point 24800, the detachment sur-

face is not visible around the same depth, presumably obscured by the seabed multiple.

However, the presence of steep faults between shot point 23500 and 24000 which prop-

agate upwards from the a common depth, suggests that a basal detachment is present here.



Figure 6.27: Seismic line (top) and the structural interpretation (bottom) of Domain A located in the SW part of cross section II. More details
about Boxes A, B, C, D and E can be found in Figure 6.28 (A), 6.29 (B), 6.30 (C), 6.31 (D) and 6.32 (E). For the location of
this seismic line, see cross section II in Figure 6.8.
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In contrast to cross section I, the presence of deformation is not strictly limited to the

sediments above the basal detachment. At depths between 0.18s and 0.08s TWTT (0.08s

TWTT is roughly around the base of DBF1) the seismic reflections also appear to be

disrupted. At the same depth, between shot point 23800 and 24800, a large channel is

visible in the seismic section (Figure 6.28). It measures approximately 80m deep and

500m wide, and is laterally continuous across subsequent seismic lines. Rachel Lamb has

used the same dataset to map the topographical extent of this valley system along with

similar systems occurring across Tranche A (Lamb, 2016). Even though this tunnel val-

ley is not necessary part of Domain A, it is predominantly present and cannot be ignored

when describing the section. A short description of the feature is therefore presented below.

Figure 6.28: Interpreted tunnel valley recognisable below the basal detachment. Three
different packages of infill have been identified, which are indicated in black
numbers (see text for explanation). For location see Box A in Figure 6.27.

The infill of the channel consists of at least three distinct packages. The lowest package

(package 1 in Figure 6.28) consists of a series of chaotic, high-amplitude seismic reflec-

tions within a roughly V-shaped trough base. The maximum depth of this package is

at a depth of approximately 120m below the present-day seabed (0.17 s TWTT). The

second package (package 2 in Figure 6.28) consists of a relatively transparent infill with

low-amplitude seismic reflections. This package does not show any internal structures

or patterns. The upper package (package 3 on Figure 6.28) shows a similar package of

high-amplitude seismic reflections as seen in package 1, with chaotic and discontinuous

seismic reflectors. Package 3 is present between 50 and 70m below the seabed (0.1 and

0.12s TWTT) with a gently dipping surface towards the centre of the trough. The bound-

aries between the packages are not sharp, but clearly identifiable based on their difference

in acoustic response (see Figure 6.28). There is no clear seismic indication of the upper
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bounds to the infill (above package 3), but it is apparent that the infill is multi-phase from

the variability in acoustic character (Figure 6.28).

On the basis of depth in the sequence, profile and geometry (Figure 6.28), this channel has

been interpreted as a tunnel valley (Praeg, 2003; Lonergan et al., 2006; Kristensen et al.,

2007; Stewart and Lonergan, 2011; Lamb, 2016). The difference in acoustic response be-

tween the upper and lower part of the valley is related to the different phases of infills. The

strong seismic reflection at the base of the upper infill (0.10 - 0.12s TWTT) suggests that

the valley could have been re-occupied, with the upper channel eroding a new base down

into the existing channel, creating a different infill phase (Stewart et al., 2012; Lamb, 2016).

The internal glacitectonic structures across Domain A itself vary within DBF1. From the

SW end of the domain up to around shot point 26000 to 28000, there is a limited number

of NE dipping faults propagating upwards (Figure 6.29) from the basal detachment. Due

to the location of the seabed multiple and basal detachment, the base of the faults is not

visible below this line and they may sole onto a slightly shallower detachment than indi-

cated in Figure 6.29. These individual Second-order thrust faults have a curved geometry

and steepen upwards. The overall maximum angle of the dip of faults increases from SW

to NE from about 15◦ towards 25◦ (in this plane of section) around shot point 2600. The

overall decrease in spacing of these low-angle faults in combination with the increase in

steepness is typical of an imbricated thrust stack (Twiss and Moores, 1992; Park, 1997).

With the exception of these Second-order surfaces, there are very few other kinematic

indicators in Domain A. Only some very small-scale (less than 2m wavelength) folds are

present between shot point 27000 and 26000 in DBF1. However, these Third-order struc-

tures are too small to provide a clear sense of asymmetry based on this resolution. From

the SW end of Domain A up to around shot point 27000, the top of DBF1 is marked by a

pair of strong seismic reflections (see upper part of 6.29). A change in acoustic response

often refers to a large change in sedimentary properties. Similar to Domain A in cross

section I, this high-amplitude boundary marks the top of the deformed DBF1 sequence.

The boundary has been identified at multiple locations throughout Tranche A (Cotterill

et al., 2014, 2017b) and it is proposed that it indicates a period of aerial exposure, with

desiccation causing a change in the acoustic properties of the sediments (see below).
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Figure 6.29: Low angle thrust faults propagating upwards into DBF1. For location see
Box B in Figure 6.27.

Between shot point 26000 and 24200, DBF1 can be divided into two internal structures.

The lower unit is acoustically transparent, showing no continuous seismic reflections rep-

resenting structures or layering. This unit thickens from about 10m around shot point

25500 to 20m around shot point 24000. The upper unit comprises high-amplitude and

short seismic reflections that are deformed by small-scale faults and folds. Open, sym-

metrical folds are present around shot point 25500 (Figure 6.30). These have a maximum

wavelength of about 50m. However, no large-scale or continuous features are present in

this part of the section.

Figure 6.30: Symmetrical folds around shot point 25500. For location see Box C in Figure
6.27.

At shot point 25200 the base of the upper unit is broken up by an acoustically transparent

feature (Figure 6.31). The upper seismic reflections appear to drop down into the centre
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of this blank feature, and the blank zone continues down to the base of the seismic line

(0.5s TWTT; at maximum penetration). The fact that the acoustic blanking continues all

the way down to the base of the seismic profile could possibly mean that this blanking is

caused by a very strong seismic reflection at the top of the line (for example a large boul-

der, or wreck) or that this feature is presumably an artefact (not a real geological feature,

but an effect of the seismic acquisition and/or processing, see Chapter 4). A so-called

’push-down effect’ (Kearey et al., 2002), in which the seismic reflections at both sides of

the blanking appear to dip towards the centre, can be explained by both a strong surface

seismic reflection, an artefact or a combination of both (see Chapter 4). However, at the

NE side of the feature some small-scale structures appear to be present. This suggests that

the feature has not completely removed the original structures that are visible elsewhere

in this section. Therefore, this feature is not likely to present a possible gas chimney,

collapse feature or water escape, that would theoretically be possibly to cause a similar

transparency on the seismic profiles. The most likely explanation is that a strong seismic

reflection is present at the top of the seismic profile, at or just below the present-day

seabed. This point reflector (possibly caused by a the presence of a large boulder, abrupt

local changes in sediment type, wreck or other surface feature) itself has been obscured

by the seabed reflection, but results in the anomaly in the seismic reflections beneath it.

Since this feature is most likely to represent an artefact it should not be taken into the

interpretation of this line.

Figure 6.31: Seismic feature showing an anomaly in the dataset presumably caused by a
strong point reflector at the seabed surface (see text for explanation). For
location see Box D in Figure 6.27.

The last 400m (between shot point 24200 and 23500) at the NE of this domain show a



199

completely different structural architecture (Figure 6.32). Steep NE dipping seismic re-

flections are closely spaced together with an angle of around 45◦, which decreases slightly

towards the NE. The seismic reflections are straight but generally not continuous and

propagate from the seabed multiple (most likely obscuring the basal detachment) up to

the seabed with the exception of a thin (max 5m) top layer that shows semi-horizontal

reflections. Since bedding reflections would presumably not be visible on seismic data

with this resolution, it is most likely to present a series of faults. However, due to the

steepness and close spacing of the reflections, the individual fault surfaces are less clearly

distinguishable compared to the earlier described sections. However, the slight difference

in angle as well as the geometry of some of the more continuous reflections, may suggest

these structures represent a series of sigmoidal faults. Alternatively they could represent

a single shear zone, showing the form of a duplex thrust system (Park, 1997). The base

of the fault system is however not completely clear. The structures appear to sole at a

common depth approximately below the seabed multiple, but some structures might be

present below this boundary. This part of the seismic profile thus shows clear indications

of high deformation, but the exact structures are not completely clear.

Figure 6.32: Diagram showing steep seismic reflections but no clear basal detachment in
Domain A. For location see Box E in Figure 6.27.

The boundary between DBF1 and DBF2 is marked by a strong seismic reflection at the

top of DBF1 (Figure 6.27), which shows a change in (geotechnical) properties of the sed-

iments presumably caused by aerial exposure (desiccation surface) before deposition of

DBF2 (Cotterill et al., 2014; Long, 2014b). The acoustic response of DBF2 shows very

little internal structure, which suggests a change in physical properties and less deforma-

tion. Borehole data (borehole ABH1126, located just at the SW end of this cross section)
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shows this change in sediments between DBF1 and DBF2. The lower DBF1 (19.0m -

13.7m depth) has been described as very stiff clay (interpreted as Lower Dogger Bank

Formation), while the upper DBF2 (1.5m - 13.7m depth) has been described as ’Firm to

very stiff olive grey slightly sandy clay, with widely spaced thin to medium beds of fine

to coarse sand’ (Long, 2014b). Borehole 1005 is located parallel to shot point 26500 and

shows the same transition from lower stiff to hard very dark grey clay (31.7m - 13.8m), to

stiff to very stiff dark grey clay (10.5 - 5.0m). In between those clays a layer of very dense

fine to medium sand marks the transition between DBF1 and DBF2 (data from Forewind

by Fugro).

In summary, in this domain, DBF1 shows different styles of Second-order surfaces, increas-

ing in amount of apparent displacement and compression towards the NE and all showing a

consistent SW to NE ice push direction. The overall structures and change in deformation

style are similar to those described in Domain A of cross section I. The individual low-angle

Second-order faults in the SW end of Domain A in this cross section show very little signs

of pure shear (for example by overburden pressure of the ice) which suggest that this part

of the domain has been developed in a proglacial setting (similar to Domain A from cross

section I). The SW section of the domain also shows a high-amplitude seismic reflection

at the top of DBF1 representing a time of aerial exposure. This desiccation surface marks

a hiatus and indicates that the undeformed DBF2 was deposited after the deformation

of DBF1. The shallow dip of the boundary between DBF1 and DBF2 is consistent with

this slope occurring on the down-ice side of a push moraine (van der Meer, 2004; Benn

and Evans, 2010). The NE end of Domain A also shows complex deformation structures.

These structures reflect a higher amount of deformation as well as apparent displacement

and shortening. Unfortunately, the data does not allow accurate measurements, but the

geometry of the structures suggest a higher compressional deformation. The increase in

complexity and intensity of deformation towards the NE suggests that the deformation

becomes more dominant by longitudinal shear (lateral compression) which suggests a more

ice proximal setting towards the NE of Domain A.
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6.2.8 Domain B: Central part of cross section II

Domain B is located in the central part of cross section II (between shot point 23500 and

19500) and is shown in its full length in Figure 6.33. DBF1 (approximately 40m thick)

extends from the seabed multiple up to the seabed, with exception of a thin (max 5m)

horizontal seismic reflection just underneath the seabed from shot point 22000 towards

the NE end of this domain. A semi-horizontal seismic reflection is visible just above the

seabed multiple between shot point 22500 and 20000, marking the basal detachment of

the deformation in DBF1. This First-order surface is not visible SW of 22500, were it is

obscured by the seabed multiple. At around shot point 22500, this detachment surface

forms a pronounced ramp of around 8m in height. From here to the NE, the basal de-

tachment surface dips very gently (less than 1◦) towards the NE, until around shot point

20000 were it is again masked by the multiple (see Figure 6.33).

Within the seismic profile that describes this domain, deformation is not only present

within DBF1. Below the seabed multiple, around a depth of about 0.15s up to 0.8s

TWTT (depth of the seabed multiple), the sediments appear to be disrupted (see Figure

6.34). No clear structures such as folds or faults are visible in this part, but the sediments

clearly show a disruption of their original assumed horizontal layering. This disruption

is not part of Domain B, but occurs structurally below the structures that are described

as Domain B. This part of the section is expected to have been deformed prior to the

deformation of Domain B and will be discussed in Chapter 7.

There is a distinctive difference in style of deformation below and above the basal de-

tachment of DBF1 (around seabed multiple). This difference in style shows that the

detachment zone around the seabed multiple is indeed the base of DBF1.

In contrast to cross section I, the transition between Domain A and Domain B is not

marked by a (single) high-amplitude seismic reflection or clear thrust. In this section,

the change from Domain A to Domain B is marked by a distinct change in the style of

deformation. The NE end of Domain A is dominated by steep thrust faults, while the SW

end of Domain B shows a series of folds, indicating ductile deformation. In between these

different deformation styles is a 100m wide section that is acoustically transparent and is



Figure 6.33: The seismic line (top) and the structural interpretation (bottom) of Domain B located in the centre part of cross section II.
More details about Boxes A, B, C and D can be found in Figures 6.34 (A), 6.37 (B), 6.39 (C) and 6.41 (D). For the location of
this seismic line, see cross section II in Figure 6.8.
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devoid of any seismic reflections. This transparent section is around shot point 23500 (see

Figure 6.33 and marks the transition between Domain A and B.

Figure 6.34: Disrupted sediment sequence below the seabed multiple. No clear structures
or kinematics can be distracted from this section. For location, see box A in
Figure 6.33.

Because the structures and thickness of deformation is similar in nature and scale as the

structures described in the previous sections, the internal deformation in this section is

interpreted as part of the same DBF1 sequence (see Chapter 5). However, since many dif-

ferent styles of deformation are present within this section, the description of this domain

has been divided into three sub-units (Figure 6.35). Unit 1 (Figure 6.36) is the structurally

lowest and oldest unit, and occurs on the SW side of Domain B (approximately between

Figure 6.35: Diagram showing the extent of Domain B and the location of different simpli-
fied diagrams of different structural units 1), 2) and 3) in respectively Figures
6.36, 6.38 and 6.40.
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shot point 23500 and 21500). An almost 500m long thrust fault acts as the boundary

between this unit and the structurally overlying unit 2. Unit 2 (located between shot

point 22000 and 20500) is structurally the middle unit and consists of a series of laterally

consistent thrust slices. Unit 3 (between shot point 20500 and 19500) is divided from unit

2 by a 200m long thrust fault and is structurally different from the other two, consisting

of steeper angles dipping towards the NE and shorter thrust slices.

Figure 6.36: Schematic diagram that simplifies the structures in the first unit of Domain B
(for location see yellow section in Figure 6.35). The red dashed line indicates
the main thrust that divides unit 1 from unit 2. The black solid lines indicate
the Second-order thrust faults and fold lines, with red solid lines indicating
the fold axis. Black arrows indicate the apparent sense of movement of the
individual thrusts and the grey lines show the bedding seismic reflections.
The full extent of Domain B including the original seismic line is shown in
Figure 6.33.

The first structural unit (simplified in Figure 6.36) consists of a series of continuous seis-

mic reflections with a variable but overall NE dip. The seismic reflections alternate from

high-amplitude and closely spaced, to low-amplitude and more widely spaced. This alter-

nation indicates a repeating sequence of thrust sheets (Second-order surfaces) which are

truncated by the basal detachment. The overall thickness of this package of thrust sheets

decreases towards the North. The upper boundary of this unit is represented partly by

the seabed and partly by a thrust (see Figure 6.36) that divides unit 1 from unit 2 (both

within DBF1). At the SW side, open, upright folds are present (Figure 6.37), which are

symmetrical to weakly asymmetrical with longer NE limbs and shorter limbs at the SW

side. This indicates a direction of movement from NE to SW. The thrust sheets as well

as the upper boundary thrust are partly included in this folding, which means that this

folding is relatively younger than the stacking of the thrust sheets. At the base of the NE

end, a sub-horizontal high-amplitude seismic reflection represents the basal detachment or

a local detachment forming the top of a possible older thrust sheet.
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Figure 6.37: Symmetrical to weakly asymmetrical, open, upright faults overprinting the
Second-order thrust sheets. For location, see box B in Figure 6.33.

The base of unit two (simplified in Figure 6.38) is represented by a sub-horizontal contin-

uous seismic reflection. This seismic reflection represents the same regional basal detach-

ment surface as seen in previous sections, appearing just above the seabed multiple. At the

NE side of this section, the detachment shifts in height and forms a ramp of just under 5m

high (similar shifts have been found by for example Pedersen, 2000, 2005; Kuriger et al.,

2006; see Chapter 5).

Figure 6.38: Schematic diagram that simplifies the structures in the second unit of Domain
B (for location see green section in Figure 6.35). The red dashed lines indicate
the main thrusts that divide the different units. The black solid lines indicate
the Second-order thrust faults and imbricated thrust sheets, with red solid
lines indicating fold axis from the folding within the hanging walls of the
thrust sheets. Black arrows indicate the apparent sense of movement of the
individual thrusts and the grey lines show the bedding seismic reflections.
The full extent of Domain B including the original seismic line is shown in
Figure 6.33.

The internal structure is dominated by a sequence of weakly folded thrust sheets that dip

moderately (with about 10 to 15◦) towards the NE. As in the first section, the sheets

show a repetition of high-amplitude, continuous and low-amplitude, less continuous seis-

mic reflections (Figure 6.39). Structurally higher in the sequence, the thrust sheets are

folded. This folding overprints the thrust sheets, indicating that the folding is structurally
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younger than the thrusting, consistent with the first unit.

Figure 6.39: Sequence of continuous high-amplitude and short low-amplitude seismic re-
flections alternating, representing a series of thrust sheets. For location, see
box C in Figure 6.33.

The boundaries at both sides of unit 2 are marked by strong continuous thrust planes that

divide different packages with structurally similar deformation (see Figure 6.38).

Figure 6.40: Schematic diagram that simplifies the structures in the third unit of Domain
B (for location see blue section in Figure 6.35). The red dashed line indicates
the main thrust plane that divides unit 2 from unit 3. The black solid lines
indicate the Second-order thrust faults and some small open folds just above
the basal detachment. The red solid lines indicting the fold axis of those
folds. Black arrows indicate the apparent sense of movement of the individual
thrusts and the grey lines show the bedding seismic reflections. The full
extent of Domain B including the original seismic line is shown in Figure
6.33.

The last section (simplified in Figure 6.40) is very different from the other two and is

dominated by very steep faults (from around 30◦ up to over 50◦). The basal detachment

is similar as seen in the other sections. It is therefore interpreted as being the same

basal detachment which can be traced laterally throughout Tranche A, forming the base

of the deformed DBF1 sequence. The ramp of about 8m high indicates a local step in
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detachment. The regional basal detachment continues horizontally at the base, while a few

metres above another local detachment surface is visible at the base of the thrusts. Within

these two detachments the internal seismic reflections are deformed by open, upright and

mostly symmetrical folds (wavelength of about 50m). The structurally highest detachment

acts as a base from which the thrust planes develop. The thrust sheets are much steeper

and shorter than seen in the other sections and show a regular repeated thrust sequence,

with only a minor decrease in thrust slope towards the SW. This internal structure within

the thrust sheets may represent bedding and/or thrust planes. The truncation with the

basal detachment and the relation to previous described sections suggests a combination

of both. Also the presence of small scale asymmetrical folds (Figure 6.41; less then 10m

wavelength) provides evidence for reverse fault movement (indicating shortening of the

section). The development of the thrust sheets can be explained by a so-called ’overstep

thrust sequence’ (Park, 1997), in which new thrusts develop in the hanging wall of the

older structures. This means that the structurally higher thrusts are the younger, and

development of the sequence progresses from SW to NE.

Figure 6.41: Short and steep thrust faults with small scale asymmetrical folds within the
hanging walls of these thrust sheets. For location, see box D in Figure 6.33.

In summary, Domain B shows that the kinematics indicate a constant directionality over

the full extent of the line with a sense of movement from NE to SW. The basal detachment

is present over the entire domain marked by a continuous sub-horizontal seismic reflection,

but some ramps are present within this seismic reflection showing a shift of a few metres in

elevation of the detachment. This elevation shift is not uncommon for basal detachments

(e.g. Pedersen, 2000, 2005; Kuriger et al., 2006). However, it has not been previously
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recognised within the basal detachment of Tranche A. Similar to Domain B in cross sec-

tion I, this domain is dominated by short and steep thrust faults and sheets (see Chapter

4). The tectonic deformation structures can be subdivided into three different sections.

The SW two sections are structurally different compared to the NE section. The first

two parts are dominated by low-angle thrusts (T1 and T2 in Figure 6.42) which deformed

during a later folding event (F1). This development can be explained by a forward thrust

propagation (Pedersen, 2005), which suggests that the most SW (ice distal) thrusts are

the youngest. While this thrust formation developed a topographical threshold, a second

phase of deformation has developed the overstep thrust sequence (T3). This is defined as

where new thrusts develop in the hanging wall of the thrust sheets (Park, 1997) and means

that the most NE (ice proximal) thrust sheets are the youngest. During this second phase,

the first two units have been reworked and folding has overprinted the thrust sheets (F2

in Figure 6.42).

Figure 6.42: Schematic diagram that simplifies and compares the different glacitectonic
events. The first deformation stage (I) is dominated by low-angle thrusting
(T1 and T2). Subsequently (Stage II), these sediments have been partly
deformed by folding (F1) and thrusting (T3). During the latest phase (III,
but possibly contemporary with the second phase), the entire sequence have
been overprinted by folding (F2).

6.2.9 Domain C: Northeastern end of cross section II

Domain C (Figure 6.43) is located at the NE end of cross section II. As in the other two

sections of this cross section, this domain can be divided into a lower DBF1 (deformed)



Figure 6.43: The seismic line (top) and the structural interpretation (bottom) of Domain C located in the NE part of cross section II. More
details about Boxes A, B and C can be found in Figures 6.44 (A), 6.45 (B) and 6.46 (C). For the location of this seismic line,
see cross section II in Figure 6.8.
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and an upper DBF2 (mostly undeformed) sequence. DBF1 thins from more than 40m at

the SW end at the section to towards around 25m at the NE end of the domain. The basal

detachment is clearly visible at the NE end of the domain, where it is marked by a series

of high-amplitude sub-horizontal continuous seismic reflections that continue towards the

SW. From around shot point 18000 the structures recorded in these low-amplitude seismic

reflections become less clearly visible, but the basal detachment is expected to be present

as it is consistent throughout both cross sections. Since the detachment surface occurs

close or at the seabed multiple, part of this seismic reflection might be obscured by this

strong artefact (see Chapter 4).

The transition between Domain B and Domain C is very similar to the transition at the

SW end of Domain B. It is indicated by an acoustically transparent section in the seismic

line that is about 150m wide, located at approximately shot point 19500. On both sides

of this transition the styles of deformation are very different, with steep and short thrust

faults at the NE end of Domain B and relative low-amplitude seismic reflections showing

small and irregular folds at the SW end of Domain C.

In the lower section of Figure 6.43 some disruption is visible below the basal detachment.

At depths between 0.12s TWTT and roughly 0.08s TWTT the original sub-horizontal seis-

mic reflections are visible, but appear to be disrupted. No clear folds or fault structures

are present in this section, and therefore no clear kinematic direction can be draw from

this deformation. The seismic reflections appear to be more continuous, horizontal and

less disrupted towards the NE, which might indicate that the amount of shortening and

intensity of deformation also decreases towards the NE. The top of this disrupted section

is marked by a series of high-amplitude and continuous seismic reflections clearly visible

at a depth of around 0.12s TWTT between shot point 17500 and 13000 (and continuing

towards the NE after the end of this domain). The basal detachment is very similar and

has no faults penetrating from below. Therefore, this clear and relatively undisturbed

basal detachment of DBF1 indicates that the disruption below DBF1 is not part of the

same deformation process, but can be linked to the same deeper disruption as identified

in Domains A and B from this cross section (see chapter 7).

The most SW end of Domain C, between shot point 19500 and 17500 (Figure 6.44), shows
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a section with relative low-amplitude seismic reflections (almost acoustically transparent).

No clear continuous reflections or structures are recorded within this part of the seismic

profile, only short, locally discontinuous seismic reflections. The seismic reflections that

are visible in this part all show folds, which are interpreted as signs of ductile deformation.

Figure 6.44: Acoustically relatively transparent section at the SW end of Domain C, only
small and local seismic reflections. For location, see box A in Figure 6.43.

The SW part of this section is dominated by alternating bands (around 5 to 10m thick)

with high-amplitude seismic reflections and acoustically transparent zones (low-amplitude

seismic reflections) of variable thickness (Figure 6.45). The blank zones do not show many

internal seismic reflections and therefore no indications of deformation can be derived from

them. The three sets of bands consist of a series of strong seismic reflections which have

been affected by folding and some short faults (see Figure 6.45). The inter-limb angle

and wavelength of the folds show a small decrease towards the upper bands, which is

interpreted as an increase in shortening towards the upper bands. The structurally lowest

band consists of a series of semi-horizontal seismic reflections at the base of DBF1 and is

possibly part of the detachment surface or pre-DBF sequence. Some weak and small gentle

folds and faults are present across the entire band. The middle band dips gently towards

the NE, varying from a low (less then 5◦) to moderate (15◦) angle at the SE. The band

has a constant thickness and shows various folds and small faults at multiple locations

(Figure 6.45). The angle and wavelength of the folds and the amount of displacement of

the faults indicates smaller shortening than observed in the lower band. The displacement

within the faults can be used as a kinematic indicator and records an apparent NE to

SW sense of movement. The uppermost band of the three is less continuous than the two

below. The thickness is again approximately 5 to 10 metres, but at the SW side the band
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appears to have split and no acoustically transparent zone is present between the middle

and upper series of seismic reflections. The entire band is dominated by steep faults that

show similar displacements and kinematics as the lower band.

Figure 6.45: Section in Domain C consisting of an alternation of strong seismic reflections
and acoustically transparent zones. Three series of strong seismic reflections
(referred to as bands in the text) represent long and partly deformed thrust
sheets. For location, see box B in Figure 6.43.

The sequence of banding and acoustically transparent zones, with associated kinematic

indicators suggests that these bands represent individual thrust sheets that have been

stacked up on each other.

The NE side of Domain C (Figure 6.43) shows a much thinner DBF1. The thickness of the

DBF2 of less than 20m is presumably caused because the seabed multiple partly obscures

part of the structures. This means that it is not completely clear if this is only the DBF1, or

that DBF1 also includes some older material in the deformation. However, the upper part

of the DBF1 shows a similar appearance as seen elsewhere around the Dogger Bank. This

top part of the formation is dominated by high-amplitude seismic reflections which show a

relatively chaotic appearance of small-scale but mostly parallel upright folds (Figure 6.46).

The boundary between DBF1 and DBF2 (Figure 6.46) on top is described as the granular

surface, which means that it has a undulating upper surface of DBF1 (Long and Dove,

2012; Cotterill et al., 2014). DBF2 is draped on top of the lower DBF1 topography and has

a layered appearance. This layering changes from irregular draping at the base (following

the topography of DBF1) towards almost entirely horizontal near the seabed, as evidenced
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Figure 6.46: The irregular top of DBF1 represents a period of aerial exposure (desiccation
surface) and forms a sharp boundary with the upper DBF2. The internal
layering within DBF2 is draped onto the top of DBF1 but flattens out to-
wards the top of the sequence. The layered DBF2 represents basin sediments
that have been deposited after exposure of the lower DBF1 but presumably
while deformation was still affecting part of the sequence, causing the basin
sediments to follow the shape of the top of DBF1. For location, see box C in
Figure 6.43.

by high-amplitude, continuous seismic reflections (see Figure 6.46). On the NE side of this

section (outside the extension of Figure 6.43) the same semi-horizontal layering continues

for another few tens of kilometres, indicating a large sedimentary basin (see Section 6.1).

The uppermost post-DBF sequence (approximately less then 8m) has been shown (by

boreholes from Long and Dove (2012) and Long (2014b)) to consist of (marine) Holocene

fine sands, and has been identified throughout the entire Tranche A. The thickness of this

well-laminated layer is usually less then 10m and therefore often obscured by the seabed

reflection.

Overall, the structural sequence of Domain C is dominated by low-angle thrust sheets,

clearly present in the centre part of the domain. At the SW end of Domain C, the acous-

tic response is relatively weak, with only localised, low-amplitude seismic reflections. At

the NE end of Domain C, DBF1 thins from around 40m towards around 25m in thickness.

DBF2 thickens towards the NE up to around 25m thickness and shows clear horizontal

layering, indicating the infill of a large sedimentary basin.
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6.2.10 Summary of cross section II

Cross section II is located at the NW end of the largest moraine complex in the Dogger

Bank study area and comprises three different domains. Domain A has been described

first and has the lowest intensity of deformation. Within the entire cross section, two

main tectonostratigraphical units are present, the structurally lower deformed DBF1 and

the upper DBF2. All tectonic deformation occurs within DBF1, including both ductile

folding and more brittle faulting and thrusting. The base of the main tectonic deforma-

tion is marked by a basal detachment, a continuous (sub-)horizontal thrust at the base of

DBF1. This detachment surface is present around a depth of 40 to 50m below the seabed

and very similar to the detachment surface described in cross section I. One major differ-

ence between cross section I and II is that in cross section II deformation is also present

underneath this detachment surface. This part of the section clearly shows disruption of

the original sedimentary structures but this deformation does not show similar tectonic

structures as DBF1. It is expected to be part of a much older system which is not within

the scope of this project.

In Domain A DBF1 shows different styles of Second-order surfaces, with an increasing

amount of apparent displacement and compression towards the NE, all showing a con-

sistent NE to SW direction of movement. The SW section of the domain shows a high-

amplitude seismic reflection at the top of DBF1 representing a time of sub-aerial exposure.

This desiccation surface marks a hiatus and indicates that the undeformed DBF2 is de-

posited after the deformation of DBF1.

The overall interpretation of Domain B demonstrates that the kinematics show a con-

stant directionality over the full extent of the line with an apparent NE to SW sense of

movement. The basal detachment is present over the entire domain as a continuous sub-

horizontal seismic reflection. The internal structure of DBF1 in Domain B is dominated

by short, steep thrust faults and sheets. Different phases of deformation have caused the

stacking of a several thrust sheets. Some of the thrusts have been re-deformed by later

ductile deformation. The different phases of deformation (described in three different sec-

tions) represent evidence of a pulsating retreating ice front, a scenario necessary to the

creation of enough accommodation space for the thrust sheets to develop. The different
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structural appearances can be explained by the change in ice dynamics or the increase of

oscillation frequency which might have created steeper thrusts (see Chapter 7), but could

also reflect the variety of structures across the stress field (see Chapter 4).

The centre part of Domain C is dominated by low-angle thrust sheets, while both ends of

the domain show more acoustically transparent sections. The topographical expressions

of DBF1 thins from around 40m towards a thickness of about 20m at the NE end of the

domain. The top of DBF1 shows evidence of a desiccation surface, indicating that this

surface has undergone aerial exposure. The upper DBF2 shows a clear, continuous hori-

zontal layering, indicating the infill of a large sedimentary basin during a period of overall

quiescence.

The glacitectonic deformation structures within the domains become more complex to-

wards the centre of the moraine system (Figure 6.26). But even though the styles of

deformation differ for each domain, this cross section shows a consistent direction of shear

from NE to SW. This coincides with the proposed ice push direction from the north

forming an arcuate push moraine morphology (see Section 6.1). Figure 6.26 shows the

relationship between the different domains in this cross section and the individual ridges

identified in the surface horizon of the deformed DBF2. Section 6.4.1 will further discuss

and use the structures described in this cross section to build a glacial evolution model

for the development of the moraine system identified in the Dogger Bank region.

6.3 Event 2 - Deep deformation in the western side of the Dogger Bank area

The western part of Tranche A is characterised by deep and large-scale thrusting, which

has been assigned to Domain G (see detailed description in Chapter 5). The entire area

that is dominated by this large-scale thrusting is informally referred to as the ’Western

Thrustbelt’ (see black dashed polygon in Figure 6.6).

6.3.1 Cross section III: Deep deformation in the western part of Tranche A

Figure 5.28 shows a seismic profile identifying a number of well developed thrust faults

(see figure and the detailed analysis of Domain G in Chapter 5.3 for more details). These
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thrusts may extend from within 5m of seabed up to a depth of approximately 200m. The

fault planes have average slopes of approximately 20◦ increasing to greater than 30◦. The

individual faults have been correlated between the different parallel seismic profiles. This

has resulted in the identification of a general dip to the W-SW. Each individual thrust zone

is approximately 6km along strike and 2km perpendicular. The overall zone of thrusting

as seen in Figure 6.6 is up to 16km along strike, and 5.5km perpendicular to the overall

strike trend.

In the upper approximately 40m of the seismic profile presented in Figure 5.28 detailed

deformation patterns have been identified. The acoustic appearance of this part shows a

series of short and high-amplitude seismic reflections (red on Figure 5.28), in comparison

with the more continuous reflections (green on Figure 5.28) in the lower part of this sec-

tion. This upper part of the sequence has a similar acoustic appearance as described on

various domain descriptions in Tranche A (e.g. Chapter 5) and is therefore interpreted to

belong to the same formation (DBF1). The short and high-amplitude seismic reflections

show small-scale folds and steep faults. No clear direction can be identified from this

deformation, since no consistent kinematic indicators are present in the structures in this

upper part of the sequence. It is very likely that the angle of the profile is not perpen-

dicular to the structures, and therefore does not provide a clear exposure. It is however

also possible that the structures recorded in this upper part of the sequence reflect similar

structures as those described in Domain D. This domain is characterised by short and

steep reflectors that indicate chaotic structures without kinematic indicators. This upper

part of the sequence has been interpreted as the same deformation phase that resulted in

the deformation structures in the upper part of most of Tranche A. This deformation ap-

pears to be the earliest phase of deformation and is referred to as ’event 1’ (see Section 6.2,

red in Figure 5.28). Throughout Tranche A, the DBF1 deformation has been marked by

a laterally continuous basal detachment at a depth of approximately 35 to 45m below the

seabed. A high-amplitude, but folded, relatively continuous band of reflections is present

at the base of the event 1 deformation identified in Figure 5.28. This is expected to rep-

resent the same basal detachment as identified in the other seismic sections (see Chapter

5). However, at this location, the entire deformed DBF1, including its basal detachment,

appears to have been deformed by later large-scale deformation from the SW (see Figure

5.28).



217

The lower part of the seismic profile shown in Figure 5.28 is dominated by relatively contin-

uous seismic reflectors, that show large-scale deformation structures. At least two different

fault systems can be identified, a lower system with a basal detachment at approximately

160m below the seabed, as well as an upper system with a basal detachment at approx-

imately 80m below the seabed (see Figure 5.28 and detailed description of Domain G in

Chapter 5). Both thrust systems consist of similar structures of individual thrusts stacked

upon each other. The transition between the two phases of faulting shows the reactiva-

tion of one of the deeper fault planes during the shallower deformation phase (Figure 5.28).

Chronologically, after the deformation recorded in the upper 40m of the sequence (red in

Figure 5.28), the faults that propagate upwards from the lowest detachment surface are

expected to be the oldest series. A following phase of deformation has then caused the

upper detachment surface to develop, as well as the thrusts propagating upwards from

this surface. A large fault, located around shot point 6000, propagates upwards from the

lower detachment. However, the continuous reflections in the upper part of the sequence

indicate that this fault has been used by the second series of thrusting as well. Therefore,

the upper detachment is expected to be of a later deformation phase than the lower phase.

The steepness and direction of the faults record a consistent SW to NE directed sense of

movement in the seismic profile (Figure 5.28). Using the amplitude extraction (Figure

6.6) and 3D visualisation of these thrusts (see Chapter 5) this sense of movement can be

corrected to an overall W to E sense of movement. The deep and well-preserved fault

systems show that the section has been deformed predominantly by simple shear as well

as longitudinal shear (lateral compression). No signs of pure shear have been identified,

which could have limited the vertical displacement by overburden pressure. The thrust

systems are therefore interpreted as ice-marginal to proglacial thrusting, since it is un-

likely that this large-scale thrusting could have been formed when it was pressurised by an

overlying ice sheet (Kälin, 1971; Boulton et al., 1999; Andersen et al., 2005). Because the

thrust systems have been preserved very clearly in the sediment sequence it is expected

that the stress regime causing this deformation must have had a large strain rate (quick

and large displacement) but with a low strain magnitude (preserving the structures, and

not completely homogenising the sediments) (see Chapter 2; Mulugeta and Koyi, 1987;
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Hart et al., 1990; Middleton and Wilcock, 1994; Andersen et al., 2005).

In present day glaciers, large thrust systems are diagnostic of surging glaciers (Benedikts-

son et al., 2008; Hambrey et al., 2009; Ingólfsson et al., 2016). These features are formed

by large strain rates. However, it is not sure if it is also possible to these feature to infer

palaeo-surging. This might be possible if the structures as identified here show evidence

for large strain rates. However, even though the structures show some evidence of strain

rates and magnitudes, it is not (jet) possible to show evidence of stress and strain recon-

structions on the scale of these seismic lines (see further discussion in Chapter 7).

In combination with a decrease in deformation intensity away from the ice (as shown in

the decreasing angle of the thrust faults, see description of Domain G in Chapter 5), the

style of deformation also changes in character, from brittle broken, steeply inclined faults,

towards more ductile deformed upright folds. These folds are usually symmetrical and

sometime partly broken up with a thrust fault at the north-east side of the fold. The size

of the entire fold decreases (and therefore the intensity of the deformation) towards the

north-east (away from the ice) while the shape of the folds stays relatively constant.

Immediately to the SW (SW of shot point 6400 in Figure 5.28 and beyond the extent of

this profile), and extending the full length of the thrust faulting zones, is a thin, elongate

feature characterised seismically by chaotic reflectors occurring within a deep channel-like

form (Figure 5.28). The feature is however not a channel, as the eastern edge of this

feature shows significant compaction, and downward warping of the bounding horizontal

stratigraphy. The warping of these reflectors is not an effect of sound velocity distortion

as the phenomena do not extend beyond a certain depth. Occasional faults occur on the

SW side of the feature. It is suggested that this may be a shear zone underlying a glacial

margin as described by Croot (1987). However, the feature may also be purely extensional,

accommodating the thrusting immediately to the east, not requiring the overburden of ice.

The thrust sheets in the western part of the profile show a very abrupt upper boundary in

the seabed reflection (see Figure 5.28). The thrust sheets being truncated by the seabed

suggest erosion following faulting, possibly by the marine transgression and flooding of

Dogger Bank (see Chapter 2). This also shows that there is no morphological expression
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of this thrust left at the present-day seafloor topography of the Dogger Bank area. These

large-scale deformation structures therefore will not be visible on bathymetric surveys and

are only identifiable in (shallow) seismic data.

6.4 Towards a glacial evolution model

This section combines the previous chapters to erect a glacial evolution model. The

different landform suites A-D and Domains A-G form two distinct areas with their own

glacial evolution model. These are therefore split into two different sections. Section 6.4.1

describes glacial evolution model for the landform types as reflected in cross section I

and II, and Section 6.4.2 describes the glacial evolution model for the landform types as

reflected in cross section III.

6.4.1 Glacitectonic landform type 1: as reflected in cross section I and II

The different domains that describe the groups of deformations can be used to build a

model for the development of the glacitectonic structures in Tranche A. Figures 6.47 and

6.48 show a series of schematic diagrams representing the development of the different do-

mains reconstructed from the kinematics and details described in Chapter 5. This model

is based on the evidence of all the details described below, but also on existing models such

as the critical wedge model from Mulugeta and Koyi (1987) and Williams et al. (2001) but

also on models that use the proglacial stress fields for the development of thrust sheets

such as those from Aber (1982); Aber et al. (1989) and van der Wateren (1985, 1995). The

evolution model as presented in Figures 6.47 and 6.48 is used as a framework to describe

the different stages of development of the internal glacitectonic structures.

Stage I - Initial development of detachment surface and low-angle thrust faults

Stage I shows the initial stage of the ice push in which the basal detachment firstly devel-

ops and propagates forwards (Figure 6.47). During this initial ice advance, pressure in the

subsurface increases due to the increasing glacial loading. The increasing pressure on the

sediments also increases the internal pore water pressure gradient in the subsurface. At

the weaker parts in the sediment sequence (for example at the groundwater table, around

pre-existing faults or at boundaries between different lithologies), this increased pore wa-

ter pressure weakens the sediments. At these weaker parts in the sediment strength, the
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Figure 6.47: Schematic diagram showing the forward migration of Domains A, B and C
during thrust moraine development. Stage I shows the resulting deformation
and structures caused by initial ice advance. In stage II, this ice advance
continues to development of deformation up to the maximum ice extent shown
in stage III.

stress of the glacier will be transmitted to the subsurface and may lead to the development

of a detachment surface (see Chapter 7.1.3 for further discussion).

Throughout the largest part of Tranche A, this detachment is extensively developed at

the base of the Dogger Bank Formation. This laterally consistent detachment formed at

a depth of approximately 30 to 50m below the present day seabed (see Figure 6.47). This

is at a similar depth as described in glacitectonic sections in for example Denmark (40m;

Pedersen, 2000, 2005) and Norfolk (25m-30m; Burke et al., 2009; Lee, 2001; Phillips et al.,
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2008; Phillips and Lee, 2013).

With the increased pressure of the ice push, the strain on the sediments continues to in-

crease the pressure on the full sediment sequence (Boulton et al., 1999; Nieuwland et al.,

2000). The detachment surface then allows shortening of the sediment sequence above this

weak layer. When this detachment surface has formed, this will act as a pathway for pres-

surised water within the sediment from underneath the ice, which is under high pressure

due to the overlying glacier load (Kjær et al., 2006; Mourgues and Cobbold, 2006; Truf-

fer and Harrison, 2006; Knight, 2012). The combination of the increased pressure on the

sediments and pore water leads to the formation of individual thrust faults propagating up-

wards from the basal detachment into the overlying Dogger Bank Formation (Figure 6.47).

The ice advance likely induced ’thrust gliding’ (Nieuwland et al., 2000). The entire series

of thrusts that propagate forward into the overlying sediments eventually developed an

imbricated thrust stack similar to these described in mountain formation structural geol-

ogy (’thin skin’ glacitectonics; Croot, 1987; Aber et al., 1989; Twiss and Moores, 1992;

Pedersen, 2005). This thrust stack developed in an ice distal direction, with the oldest

thrusts near the ice margin, and the youngest thrust faults developing in the distal part

of the glacier foreland (van Gijssel, 1987; Andersen et al., 2005; Pedersen, 2005).

Associated with the development of these low-angle thrust faults, ductile deformation

developed and resulted in asymmetric folding directly connected with the thrust faults.

Due to the increased amount of shortening of the sediments, deformation caused different

structures to form within the sediment sequence. Depending on the available water, pres-

ence or absence of permafrost, pressure and lithology, this deformation may occur in both

brittle and ductile styles (Huddart and Hambrey, 1996; Waller et al., 2009). This type

of deformation can change temporarily and spatially, therefore allowing both ductile and

brittle structures to develop alongside each other, depending on the local conditions.

The low-angle thrust faults and related ductile structures that developed during this first

stage of moraine development are classified in Domain A (see Chapter 5). The low-angle

thrust faults are independent of each other, but linked to the basal detachment. Asym-

metrical folding generally occurred in association with the thrust formation, depending on
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the local variables controlling ductile deformation of the sediment sequence.

Stage II - Continued development of imbricate thrust-stack and start of moraine formation

Stage II shows a further progression from stage I (Figure 6.47). When the ice sheet con-

tinued its advance, the pressure on the sediments increased and were transferred into

the sediments. Firstly, ductile deformation deformed the sediments and when the pres-

sure became too high, the structures broke and thrust faults developed within the folds

(depending on local variations in for example available water, lithology and permafrost;

see Chapter 7.1.2). So-called tip-folds might be preserved on top of the major thrust

faults and form topographical expressions. Due to the lack of accommodation space and

increased pressure from the advancing ice sheet, further shortening of the sediment se-

quence increased the steepness of the faults and led to the development of topographical

highs (van der Wateren, 1995). Directly related to the glacitectonic thrust faults, the

palaeo-landscape forms arcuate moraine ridges, orientated parallel to the (advancing) ice

margin. This development of steep thrusts and accompanied topographical highs occurs

closest to the ice, where the pressure of the advancing ice is largest. This set of glacitec-

tonic deformation structures has been classified as Domain B, containing generally high

angle thrust faults and short thrust sheets (see Chapter 5 and Figure 6.47).

At the same time, the basal detachment continued to propagate forwards and new, isolated

faults developed and propagated upwards from this detachment surface. This Domain A

propagated into the glacier foreland during this stage, while Domain B developed directly

at the margin of the (advancing) ice sheet.

One of the periglacial conditions that encourages the development of thrust-block moraines

or other large-scale glacitectonic landforms is the presence of permafrost. A cold based

glacier snout of the polythermal glacial system enhances compressional ice flow near the

ice margin due to the deceleration of the warm based ice as it impacts towards the cold

based margin (Glasser and Hambrey, 2001). At the ice margin, this may lead to englacial

shearing and thrusting of the glacier ice and subglacial sediments (Croot, 1987; Hambrey

et al., 1997). In addition to this, it also strongly influences the (ground)water system. The

impermeability of the ground caused by the presence of permafrost increases the groundwa-

ter pressure field and may influence the flow pattern (Boulton and Dobbie, 1993; Boulton

and Caban, 1995; Etzelmüller et al., 1996). In this second stage of glacitectonic land-
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form development (Figure 6.47), the water plays an increasing role in the development of

thrust-blocks. The high (proglacial) groundwater fluxes are directed away from the ice

margin, and as a result of the upwards decreasing pressure from the overlying and laterally

constraining sediments, water-escape structures develop (van der Meer et al., 1999; Denis

et al., 2009). The presence of (seasonal) permafrost decreases the permeability of the

sediments and acts as an aquiclude, and increases the hydraulic pressure gradient (Boul-

ton and Caban, 1995; Waller et al., 2012). The water-escape features cause an upward

distortion of the sediment sequence when pressurised water is rapidly flowing through the

sediments. This weakens the sediment sequence along the flow pathways and increases the

development of (steep) thrust-blocks along these weak planes.

Stage III - Continued moraine formation by an oscillating ice front

Stage III develops when the sediments at the ice margin continue to undergo pressure from

the ice (see Figure 6.47). Since accommodation space becomes limited due to the stacking

of sediments within Domain B, this results in the increase of height and steepness of indi-

vidual thrust-blocks. However, in addition to proglacial thrusting, ice-marginal thrusting

can become more important as well. Ice-marginal to subglacial deformation led to the

development of Domain C in the Dogger Bank glacial system, whilst Domains A and B

continued to develop under the continuous pressure from the ice and water (see Figure

6.47).

Initially, a moraine can only become up to a few tens of metres in height (Benn and

Evans, 2010). However, with a stagnating or oscillating ice front, (annual) readvances

are topographically constrained by earlier phases of moraine development and increase

the sediment volume with every (re)advance. This way, a complex moraine system such

as present within the Dogger Bank, can develop over a relatively long period of time

(see Figure 6.47). Thick till sequences (more than 2m) and large-scale moraine com-

plexes are therefore often associated with long term stagnation and oscillation of the ice

front (Evans, 2003; Knight, 2012). In present-day situations these oscillations of glacial

margins and associated complex (thrust) moraine formations only actively form in surge-

type glacial systems (for example Usherbreen in Svalbard (Hagen, 1987, 1988; Etzelmüller

et al., 1996); Eyjabakkajökull (Benediktsson et al., 2010; Schomacker et al., 2014) and

Hagafellsjökull in Iceland (Bennett et al., 2004a,b)). Therefore it is likely that the thrust
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moraine complex as presented in the Dogger Bank might be formed by the force of an os-

cillation ice front of a possible surge-type glacier or ice stream (see discussion in Chapter 7).

The water pressure increases by upward moving water close to the ice margin (Boulton and

Caban, 1995; Evans and Twigg, 2002; Robinson et al., 2008; Benediktsson et al., 2009).

The oscillation of the glacial front also enhances the availability of meltwater, causing an

increase in glacifluvial processes. The formation of proglacial lakes and streams provides

additional sediments that are prone to glacitectonic deformation (Bennett et al., 2000b;

Evans and Twigg, 2002; Benn and Evans, 2010).

Stage IV - Culmination of thrust moraine complex formation

The building of moraines and associated folds ends when the ice sheet retreats. Alter-

natively, the development of the thrust-stack might stop due to the de-watering of the

detachment, resulting in a lock of the system (Vaughan-Hirsch and Phillips, 2017). How-

ever, with a down wasting ice front, meltwater will be abundant throughout the system

(Evans, 2003; Benn and Evans, 2010; Knight, 2012). As described in the different seismic

profiles in Chapter 5 and 6, DBF2 (or Younger Dogger Bank Formation in Cotterill et al.,

2017b) is characterised by weakly deformed sediments. Boreholes in Chapter 5 typically

show sandy material for this formation (Long, 2014b). Widespread glacifluvial sediments

have presumably formed the DBF2 (see stage IV in Figure 6.48 for a schematic model

of this stage of moraine development). Glacilacustrine and glacifluvial processes were re-

sponsible for the formation of drainage channels parallel to the ice as well as small scale

rivers that drained through the moraine complexes perpendicular to the ice front. These

can cause spillways and other waterways that cut through the arcuate moraine complexes

(see Figure 6.49). The abundance of water associated with the retreating but still rela-

tively adjacent ice front, allowed small sedimentary basins to be filled. Small ice advances

in this area with abundance of water and sediment resulted in the deformation of these

newly filled depressions (Larsen et al., 2013). These ice advances also rapidly allowed the

formation of (typically small-scale) moraines, especially due to the high amount of newly

deposited, unconsolidated sediments (see Figure 6.49).

When the ice retreats in a polyphase nature, the small-scale moraine landforms can be

preserved if they are not overridden by later re-advances (Evans, 2003; Lukas, 2005). This
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Figure 6.48: Schematic diagram showing the last 2 stages of development of Domains A,
B and C. Stage IV shows the initial ice retreat and associated paraglacial
processes, while stage V represents the late para- and post-glacial situation
to result in the present-day structural sequence.

way, the moraine system that is left behind might show the pattern of the retreating ice

front (e.g. Phillips et al., 2002; Thomas and Chiverrell, 2007; Waller et al., 2011; Weaver

and Arnaud, 2011; Lee et al., 2013).

Stage V - Present-day structural sequence

The last stage in the development of the landforms developed during and after the re-

treat of the ice (Figure 6.48). Large amounts of water and sediment filled the remaining

topography that resulted from glacial deformation. These sediments typically show a sub-

horizontal layering and follow the underlying topography (see DBF2 and post-DBF in

Chapter 5 and 6).

After the full retreat of the ice sheet in the North Sea and elsewere on Earth, the decrease

in global ice masses caused the sea level to rise by approximately 120m (Peltier, 2002; Vink

et al., 2007; Clark et al., 2009). The North Sea was characterised by a large-scale trans-

gression in which the Dogger Bank was one of the latest parts that became fully inundated

(Shennan et al., 2006, 2012; Behre, 2007). It is thought that the Dogger Bank reached

its final inundation between 7000 and 6000 years BP (Coles, 1998; Shennan et al., 2000;
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Figure 6.49: Schematic box diagram showing a model of the development of the Dogger
Bank sequence. The reconstruction shown is related to approximately the
same time of development as the start of stage IV from Figure 6.48.

Smith et al., 2011). During this period of transgression fluvial and intertidal processes

have presumably caused sedimentation of Early Holocene sediments within the Dogger

Bank (Elbow Formation; Oele and Königsson, 1979 and Cameron et al., 1992). After

the transgression, late Holocene marine deposits generally consisting of muddy to sandy

deposits as well as some re-worked glacial deposits were deposited in different formations

(Cameron et al., 1992; Rijsdijk et al., 2005; Cotterill et al., 2017b). The entire process

of transgression and inundation has caused the landforms formed in the last glaciation to

become partly eroded and fully buried under younger undeformed sediments. Chapter 5

and 6 show different locations where the uppermost part of the seismic profiles show a

continuous, sub-horizontal set of seismic reflections (for example at Domain A in Chapter

5). Even though the Dogger Bank is still a topographical high within the centre of the

North Sea (see Chapter 2) the glacial landforms have become fully buried and invisible on
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seabed bathymetry. Despite some early expectations on the presence of glacial (deformed)

sediments within the Dogger Bank (Laban, 1995; Praeg, 2003; Carr et al., 2006), the high-

resolution seismic dataset provided by Forewind was the first allowed to reveal the buried

large-scale glacitectonic deformation and palaeo-glacial landscape in the Dogger Bank area.

6.4.2 Glacitectonic landform type 2: as reflected in cross section III

The description of cross section III (Figure 5.28) as well as the surface and 3D expression

of the different thrust faults (see description of Domain G in Chapter 5) can be used to

build a model for the development of the glacitectonic structures in the western part of

Tranche A. Figure 6.50 shows a series of schematic diagrams of the development of the

different domains reconstructed from the kinematics and details described in Chapter 5.

This model is used as a framework to describe the different stages of development of the

internal glacitectonic structures.

Stage I - Northern ice advance (event 1)

The first stage in the development of the structures recorded in the western part of Tranche

A is characterised by the glacial deformation caused by the same glacial advance as de-

scribed in the previous section (Section 6.4.1). This ’event 1’ deformation has deformed

the upper 40m of the sequence by a presumed N-S directed ice advance (Stage I in Figure

6.50). Note that the compass directions of this stage are not exactly the same as the

following stages. Some of the deformation structures developed in Stage I might therefore

become unidentifiable in the later stages due to a different angle of exposure.

Stage II - First phase of deep thrusting (event 2)

Stage II in Figure 6.50 shows the initial proglacial thrusting by a W-E directed ice advance.

A similar detachment surface as described in event 1 forms the basis from which the thrusts

propagate upwards into the sequence (Andersen et al., 2005; Pedersen, 2014). However,

this basal detachment is not as continuous as in observed in the event 1 deformation,

but often branches and merges, forming more of a detachment zone rather than a single

surface. The depth of this detachment zone is approximately 160m below the present-day

seabed, which suggests that the individual thrusts were up to 120m high.
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Figure 6.50: Schematic diagram showing the different stages of thrust development at the
western part of Tranche A. Stage I shows the deformation caused by the
’event 1’ deformation while stages II and III show the deep thrusts developed
by ’event 2’ deformation. Stage IV illustrates the present-day deformation
sequence truncated by post-glacial erosion.
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Even though the detachment has a similar style and function as in event 1, the scale

of this faulting is far greater than elsewhere in Tranche A. Because of the scale of this

thrusting, as well as the good preservation of the individual structures, it is expected that

the stress regime must have been dominated by longitudinal shear (lateral compression)

and possibly effected by simple shear (Hart et al., 1990; Boulton et al., 1999). It is very

unlikely that the thrusts have been formed under subglacial conditions, since no signs of

pure shear have been observed, but also because it would be very difficult for thrust sheets

to develop at this scale when the sediment sequence is confined by an overlying ice sheet

(Hart and Boulton, 1991; Williams et al., 2001; Andersen et al., 2005). The thrusts are

therefore interpreted as resulting from proglacial thrusting in a proglacial, ice-distal con-

dition. Examples of similar large-scale thrust moraines have for example been observed

as been formed by the Laurentide ice sheet (e.g.Slater, 1926; Aber et al., 1989; Tsui et al.,

1989; Evans et al., 2008). The scale of the thrusts (up to over 100m depth) is often re-

lated to fast flowing ice streams or surging glaciers (see further discussion in Chapter 7.1.3).

As a result of the development of the large-scale proglacial thrusting, the uppermost part

of the sequence has been deformed by ductile deformation. This is mostly visible in the

folding of the basal detachment formed during event 1 deformation. Since this basal de-

tachment is a sub-horizontal and continuous surface throughout Tranche A, it is clear

that if this is indeed the same basal detachment as identified elsewhere in Tranche A, this

detachment has undergone significant folding (Figure 5.28).

Stage III - Second phase of deep thrusting (event 2)

The third stage in the development of the deep thrusting in the western area of Tranche

A is dominated by a second phase of large-scale thrusting (see Stage III in Figure 6.50).

This phase is dominated by a similar series of thrusts as described in stage II. The main

difference is the depth of the basal detachments. Within this stage of deformation develop-

ment, a new basal detachment has developed at a depth of approximately 80m below the

present-day seabed. From this detachment, thrusts propagate upwards in the sequence.

The thrusts have a similar geometry as those described in the lower sequence. At least one

of the lower thrusts has been reactivated during the second phase of deep deformation (see

details in Section 6.3 and Figure 5.28). This reactivation of the thrusts indicates that this

stage III deformation does indeed post-date the deeper deformation structures. However,
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it is unclear what the time-difference between these two phases would be. This can be in

the order of years (seasonal changes) to different ice advances of 100’s to 1000’s of years

(see Chapter 7).

The uppermost deformation sequence, caused by event 1 (stage I in Figure 6.50) has

largely been disrupted by the deformation caused in the lower deformation. The thrusts

have been propagating upwards in the sequence, up to a much higher elevation than in

the previous lower thrust set. As a result, the uppermost event 1 deformation sequence is

broken up by these thrusts. It is likely that the deformation has displaced a large amount

of sediment, resulting in a topographical expression (Aber et al., 1989). However, the total

extent and morphology of this system can not be identified.

Compared to the stage II deformation, the deformation in stage III has presumably been

caused by a similar stress regime, in a similar proglacial setting. However, the increased

steepness of the thrusts indicates a higher amount of longitudinal strain (lateral com-

pression) which could be causes by a more ice-proximal setting (van der Wateren, 1995).

Also, the change in depth of the detachment zone could indicate a change in conditions

between the two phases of deformation. This could have been caused by a difference in

pore water pressure or a lower strain magnitude compared to the the lowest detachment

zone (Andersen et al., 2005; Pedersen, 2014).

As described in Section 6.3 and Dove (2012), a zone of complete acoustic blanking is

present directly at the SW side of the described profile (Figure 5.28). It is unclear what

this zone of blanking consists of or how it has been formed. A possibility is that this has

been at the actual ice limit during this phase of deformation, in which the weight of the

ice as well as expected abundance of pore water might have completely homogenised the

sediment sequence. If so, the proglacial series of thrust are then formed in a very proximal

position to the ice, which could explain the scale of deformation in this area. However,

depending on the ground conditions (coarse or fine-grained, frozen or not) the thrusts

may also be a result of a critical wedge mechanism, in which a wedge of sand is moving

ahead of a moving bulldozer (Elliott, 1976; Davis et al., 1983; Williams et al., 2001). The

deformation is then dependent on the critical mass of the ice, and the thrusts will form

under ice-marginal conditions (see further discussion in Chapter 7.1.3).
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Stage IV - Present-day structural sequence

The last stage of the development of the sequence recorded in the western part of Tranche

A is illustrated by stage IV in Figure 6.50. This last phase shows that the present-day to-

pography of this part of the Dogger Bank area does not necessarily represent the structures

present within the sequence. The topographic expression that would have been expected

as a result of these deep deformation structures has been truncated by post-glacial pro-

cesses and presumably largely influenced by the Holocene inundation (see Chapter 2).

This part is expected to have undergone the same post-glacial processes as described in

the last stage of the model for event 1 (see Figure 6.48).

6.5 Summary

This chapter has presented how two episodes of deformation within the Dogger Bank area

have been identified. The first event shows an overall deformation up to a depth of approx-

imately 40m below the present-day seabed. Using the descriptions of the different domains

in the previous chapter (Chapter 5), in addition to the morphological map presented here,

a large moraine system associated with this first deformation event has been reconstructed.

Two cross sections through this moraine system have been described to reconstruct the

directionality and nature of the stress regime. This has been used to build a glacitectonic

model for the development of this moraine system. A second episode of deformation has

been identified in the western part of Tranche A only. A two-phase thrust system, up to

a depth of approximately 160m below the seabed has deformed parts of the upper event 1

deformation. This indicates that this deformation event must post-date the deformation

caused by event 1. A similar (although less generic) model has been presented for the

development of the deformation sequence as recorded in this western part of Tranche A.

The next chapter will use these two models as well as the details provided in the different

seismic profiles and horizons to build a regional model for the glacial evolution in the

Dogger Bank area.
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Synthesis

The high resolution dataset from Forewind, covering Tranche A area of the Dogger Bank,

makes it possible to gain a new and detailed insight into the sedimentary and structural

record of the Dogger Bank area. Detailed analysis of high resolution seismic data has

revealed a complex glacitectonic deformation sequence. The top of the deformation co-

incides with the top of the DBF1 (lower Dogger Bank Formation from Cotterill et al.,

2017b), which shows a large-scale palaeogeographical setting of the area (see Chapter 6

for detailed interpretation). This palaeogeographical landform map, in combination with

the detailed regional interpretation of the different domains (shown in Chapter 5), is used

as a framework for morphological interpretation. The data shows a large moraine complex,

covering almost the entire southern part of the Dogger Bank study area, the development

history of which is used for the reconstruction of the glacial evolution of the Dogger Bank.

Detailed analysis of two high resolution seismic lines crossing the main structures in the

southern part of the Dogger Bank has revealed that the DBF1 records a complex history of

sedimentation and glacitectonic deformation (part of the event 1 deformation; see Chap-

ter 6). The large-scale deformation occurring within this formation (approximately 40m

thick) reveals the development of a complex system of thrust moraines in an ice-marginal

to proglacial setting. The lower boundary of the majority of the deformed sequence is

marked by a prominent detachment surface which also corresponds to the base of the

Dogger Bank Formation. The thrust moraines vary in size from only 200m across, up

to much wider, complex systems up to several km in width. The internal structure of

these moraines has been divided into a number of structural domains which aided in the

interpretation of the constructional deformation history recorded by these glacitectonic

landforms. In the distal parts of these landforms proglacial deformation led to open, up-

right to asymmetrical folding, whereas in the ice-proximal parts more complex folding and

232
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thrusting is present. Kinematic indicators such as asymmetrical folds and the sense of

displacement on the thrusts reveal that the Dogger Bank thrust moraines were formed in

response to an overall S to SSE directed ice push. The internal architecture of the moraines

can be directly related to ice sheet dynamics, with these complex glacitectonic landforms

recording the former positions of an oscillating ice margin as it retreated northwards.

A second set of deformation structures has been identified in the western part of Tranche

A, which represents a different, younger deformation event. This area is dominated by

deep thrusts up to a depth of approximately 160m below the present-day seabed which

show a different directionality and glacial mechanism than the previously mentioned de-

formation. The directionality of these deep thrusts records an E to ESE directed ice push,

which means that this is almost perpendicular in direction compared to the structural

moraines elsewhere in Tranche A.

The eight analysed seismic profiles in Tranche A, covering over 300km of detailed glacitec-

tonic deformation, show a large variation in deformation structures. The domain approach

allows an overview of this large range of glacitectonic structures by classifying the different

structures in different domains, each of which represents a distinctive, discrete suite of as-

sociated deformation structures. Each of these domains, their spatial relationships and an

interpreted land surface derived from seismic horizon and amplitude mapping permits the

derivation of indicative (glacial) depositional environments. These reconstructed palaeo

environments offer insight into the nature of the last glaciations of the Dogger Bank region

that offer a new, detailed reconstruction of the Weichselian glaciation of the North Sea

Basin.

This chapter uses the interpretations as described in the previous chapters to illustrate

the main issues that are defined in the first two chapters and answer the research question.

The chapter builds towards the first research question, the main purpose of this study. The

first section (Section 7.1) will therefore discuss how large amounts of seismic profiles can

be systematically compiled and analysed for the interpretation of glacially deformed sedi-

ments. It summarises the main findings regarding the glacitectonic deformation structures.

It defines how the domain approach has been used, and how it can be used for glaciological

interpretations. It discusses if and how the different structures are related to the proposed
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nature of deformation and possible palaeoglacial stress fields. It also discusses the possible

alternative drivers behind the formation of the different deformation structures. This leads

towards the second section (Section 7.2), that shows how deformation structures recog-

nised on high-resolution seismic profiles can be used for the reconstruction of past glacial

environments. This section describes the seismostratigraphic as well as the tectonostrati-

graphic sequence that has been built up based on the structures and domains identified

in the study area. The third section (Section 7.3) describes the glacitectonic evolution of

the Dogger Bank as erected based on the deformation structures identified in the seismic

profiles. This section also discusses how the identified glacial phases in the Dogger Bank

as found within this study might fit into earlier studies and if these can be linked to known

glaciations within the (late) Weichselian to provide a time frame of the identified events.

The final section of this chapter summarises the conclusions and key findings of this thesis.

7.1 Glacitectonic deformation structures identified in the Dogger Bank area

Investigation of the structure and (3D) architecture of a tectonised glacigenic sedimentary

sequence in the Dogger Bank area has identified a range of different glacitectonic struc-

tures. Each of the eight analysed seismic profiles shows evidence of glacial deformation

structure. This results in over 300km of interpreted deformation structures, and even

though this structural analysis is not at the same detailed resolution as often found in

onshore exposures (it is not possible to identify structures of less than an approximately

one metre on the seismic profiles), the spatial resolution in this dataset is very large. In

order to get an overview of all these different structures in a relatively large study area,

the structures are grouped into different domains, comprising structures of similar styles

of deformation. This section discusses how the domain approach has been used to analyse

the vast amount of available data within this study, what the results and advantages are,

as well as the limitations and constrains of the method.

7.1.1 Using the domain approach for glacitectonic interpretation

The domain approach has aided to identify multiple suites of glacitectonic features that

have been distinguished in the Dogger Bank (see Chapter 5). This approach has shown

to be reliable methods to identify and classify deformation structures for large-scale data
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analysis. The identified suites of glacitectonic domains are spatially coherent, and there-

fore they represent distinctive sets of processes, either driven by ice-sheet dynamics or

the ground conditions at the time of glacitectonicism. The majority of domains repre-

sent shortening/thickening of the pre-existing sediment pile, and therefore representing a

presumed compressive shear-stress regime. It is therefore likely that these have deformed

in an ice-marginal or proglacial environment (see Chapter 2 and for example Aber et al.,

1989; McCarroll and Rijsdijk, 2003; Phillips and Merritt, 2008; Menzies and Meer, 2018).

Only two of the domains (C and D) show a different deformation signature and are pos-

sible extensional in nature, and thus likely to be subglacial.

However, even though the domain approach is a systematic approach to compile and anal-

yse large sets of data, there are many different ways for the deformation that are not related

to the applied stress or strain (i.e. magnitude of displacement, detachments, sediments

components). Because of the large-scale nature of this dataset, and lack of small scale

kinematic indicators (such as rotated blocks, boudins foliation structures, see for example

Phillips et al., 2011 and Menzies and Meer, 2018), the domain approach has shown to be

insufficient for direct reconstruction of the stress-strain relationships between process and

structure (see Chapter 2.2). It might however be possible to identify some inferences of

strain magnitude. It is possible to identify some contrast in behaviour of the domains, but

this is not consistent over the entire dataset.

Even though it appears improbably to directly relate the strain conditions with the struc-

tures as classified in the different domains, it seems possible to order the domains in the

amount of strain that they have undergone. Table 7.1 shows all domains as classified in

the Dogger Bank, ranked on the basis of total amount of stress. All domains except Do-

main D show a low to medium strain magnitude. The lowest strain conditions are found

in Domain F, where the sediments have just began to deform and the original horizontal

layering is still visible. This low strain magnitude allows the preservation of the structures,

as when the total strain becomes too high, the sediments reach a point of failure. This

means that the cohesion of the original structures (lamination) in the sediments might

become homogenised, resulting in a massive appearance of structures that are classified as

Domain D. The strain conditions as presented in Table 7.1 do not show an exact measure

but they show the difference between the domains. An important issue is the difference
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between Domain B and Domain G. In Table 7.1 they show the same strain indication as

well as similar structures. However, Domain G represents a deformation up to the depth

of 150m, in contrast to all other domains that show deformation up to a maximum of 40m.

The process that may cause this difference in depth might be explained by different types

of glacial conditions (as discussed below).

Table 7.1: Description of the domains as identified within this study including an indi-
cation for the past strain conditions as well as possible past deformational
environment.

Domain
(colour)

Example Strain indi-
cation

Past deformational
environment

F
(purple)

Low Proglacial

E
(blue)

Low / medium
Proglacial /
Ice-marginal

C
(yellow)

Medium Subglacial

A
(red)

Medium Proglacial

B
(orange)

Medium / high Ice-marginal

G
(grey)

Medium / high Ice-marginal

D
(green)

High Subglacial

7.1.2 Past glacial environment as interpreted from the domains

Using the domains and the internal structures aids in reconstructing the development of

large-scale glacitectonic deformation structures. None of the deformation styles or do-

mains is unique to a particular depositional/deformational environment (McCarroll and

Rijsdijk, 2003). Therefore, it is important to include the relationship between the different

deformation structures and domains, as well as the transitions between those. The model

presented in Chapter 6 shows the spatial relationship between Domains A-C and their

location relative to the position of the ice. In this example, Domain A represents the

most ice distal domain while Domain C represents structures presumably deformed in a
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subglacial condition (see Chapter 6). This spatial relation between the domains could be

used into a more formal landsystem definition (Evans, 2003). However, at this point the

limited resolution available precludes identification of individual landform-sediment asso-

ciations that would be required to enable this. The different structures and their nature

of deformation may however provide some indication of past glacial conditions.

Domains A, E and F - proglacial conditions during deformation

The structures identified within Domains A, E and F are dominated by low strain magni-

tude (see Table 7.1). The structures in Domains A and E are expected to have undergone

slightly higher strain magnitudes, while Domain F is expected to have been formed under

relatively low strain magnitudes and only show the first stage of deformation (see Chap-

ter 6). Based on the structures described in Chapter 5 as well as their spatial relation,

Domains A, E and F are therefore interpreted as having been formed in a proglacial en-

vironment. This therefore also means that relatively steep structures could develop (as

recorded in Domain E and A), since no overburden pressure of the ice limited the devel-

opment of the structures. In this proglacial environment, the pore water pressures are

relatively low compared to ice-marginal and subglacial conditions (Boulton et al., 1999).

The structures in these domains show a combination between brittle and ductile deforma-

tion, which could indicate that they have formed under low pore water pressures. This

means that it is likely that the sediments were at least partly frozen to accommodate the

development of deformation structures in a brittle manner (Williams et al., 2001; Waller

et al., 2012). Alternatively, the change from brittle to ductile deformation within close

distance is often related to sediment rheology (as will be discussed below).

Domains B, G and E - ice-marginal conditions during deformation

Domains B, G and possibly E all show low to medium strain magnitudes (see Table 7.1).

These domains are interpreted to have been formed in an ice-marginal environment. Even

though Domain G shows similar styles of deformation as described in Domain B, the depth

of the structures is very different, which indicates that this is very unlikely to have oc-

curred at similar glacial dynamics/conditions (see Section 7.2). The difference between

proglacial and ice-marginal is relatively gradual (see Chapter 6) and strongly depends on

the context and scale of the study area. Therefore, stress regimes alone are not diagnostic

for the identification of past glacial environments, since no consistent and unique suite of
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strain represents a specific environment. Domain E therefore may have been formed under

ice-marginal or proglacial conditions. Even though the structures in the Domains B, G,

and E show both ductile as well as brittle deformation styles, the domains are typically

dominated by ductile deformation structures associated with thrust faults (see Table 7.1).

Domains C and D - subglacial conditions during deformation

Domains C and D show completely different deformation structures. While Domain C is

dominated by very clear structures (low-angle thrust sheets), Domain D shows an overall

massive appearance with poor kinematic indicators. The strain magnitude is therefore also

different for both domains, i.e. low to medium strains for Domain C and high strains for

Domain D (see Table 7.1). However, based on the relation to other domains as well as the

presumed presence of overburden pressure, both are interpreted as representing deforma-

tion in a subglacial environment. For Domain D, this coincides with acoustically ’chaotic’

signatures and the absence of coherent internal reflectors, and it as often interpreted as

subglacial till (e.g. Praeg et al., 1986; Vorren et al., 1989; Boulton et al., 1996). The

structures of Domain C were constrained during deformation by the overburden pressure

of the ice, and pore water pressures are typically relatively high (Boulton and Hindmarsh,

1987; Hart et al., 1990; van der Wateren, 1995). The structures therefore typically show

signs of both longitudinal shear as well as pure shear under relatively high water pressures,

and low-angle brittle structures (see Table 7.1).

7.1.3 How these suites of domains might represent different types of glacial conditions

In early literature, it has been shown hits of glacitectonic structures present within the

Dogger Bank (e.g. Veenstra, 1965; Laban, 1995; Carr et al., 2006; see Chapter 3). This

study has shown that there are indeed whidespread glacitectonic structures present within

the Dogger Bank. The domain approach has shown many structural domains within

the Dogger Bank. Some of these domains show similarities in structures and scales, but

Domain G shows a very different scale of deformation and has thus been interpret as

representing a different glacial event (see Chapter 5 and 6). There are different possibil-

ities that might explain why this Domain G is so different from the other domains. The

main variables controlling the development of these deformation structures are related to

the presence of liquid water, subsurface rheology or the internal ice flow dynamics (e.g.
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Williams and Smith, 1989; van der Wateren, 1995; Benn and Evans, 2010; Waller et al.,

2012).

Glacial hydrology

In addition to the subsurface rheology (see discussion below), the role of water in the sub-

glacial processes if of major importance. It determines the bed resistance and thus controls

basal sliding and shear stress at the glacier bed (Benn and Evans, 2010). Whether this

shear stress results in glacitectonic deformation of the bed depends on different factors,

which include the pore water pressure, coupling of the glacier-sediment surface and pos-

sibly if the bed is frozen or not (van der Wateren, 1995). These factors are all related to

each other and to the presence of (liquid) water.

Especially at the glacier margin, subglacial deformation accounts for most of the forward

ice motion (Alley et al., 1987; Boulton and Hindmarsh, 1987). In these situations, defor-

mation may concentrate at places where water pressures are highest in the bed (Boulton

and Caban, 1995; Alley, 2000; Boulton et al., 2001; van der Meer et al., 2003). At these

locations, the high pore water pressure results in a coupling between the glacier bed and

the subglacial sediments. This sediment-bed coupling often results in a restriction of

glacier flow and possibly leads to the development of glacitectonic deformation structures

(Benediktsson et al., 2009). In these situations very low strain conditions might already

result in the formation of deformation structures. Boulton and Hindmarsh (1987) show

that there is a non-linear relationship between the water pressure and the strain rate. A

small variation in water pressure may therefore result in a large effect on the strain rate.

Especially in undrained conditions, when the sediment and glacier bed are coupled, the

apparent viscosity of deforming soft sediments strongly depends of pore fluid pressure.

The abundance of water underneath the glacier bed of temperate ice sheets explains the

high strain rates in deforming till layers (Boulton et al., 2001; van der Wateren, 1995).

The difference in deformation structures is therefore often directly associated with the

change in pore water pressure, and coupling/decoupling of the bed and therefore related

to glacial mechanisms. However, factors such as thermal regimes and sediment properties

may also be of major importance regarding the change in pore water pressure and thus

also in the resulting deformation structures.
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The thermal regime of a glacial environment may have an important role in the devel-

opment of glacitectonic deformation structures. As described in previous chapters, the

presence of permafrost regulates the groundwater fluxes. At locations of permafrost, the

subsurface becomes impermeable, which changes the pore water pressure. Waller et al.

(2012) show an overview of the different subglacial thermal regimes and proglacial per-

mafrost distribution in relation to the development of glacitectonic deformation. At places

where permafrost is present, the subsurface acts as a rigid and impermeable substrate,

which may ’break’ at weak layers (Andersen et al., 2005). However, the main importance

of permafrost in the (pro)glacial environment is the increase of pore water pressure in

the (subglacial) subsurface. Most studies show that deformation mostly occurs in warm

based or temperate glacial environments (Boulton et al., 2001; Syverson and Mickelson,

2009; see 6). However, some cold-based glaciers resting on permafrost in Antarctica show

examples of development of landforms and deformation structures as well (Alley et al.,

1987; Etzelmüller and Hagen, 2005; Davies et al., 2009b).

Within the Dogger Bank area, two major deformation events have been identified, based

on the Domain approach as described in Chapter 7.1.2. The main difference between these

two events is the depth and extent of the deformation patterns and not necessarily the

deformation structures. It is therefore hard to identify direct ice mechanisms or water

conditions at the time of deformation. However, since there is expected to be a time gap

of several thousands of years (between approximately 22ka to 17ka) between both events

(see Section 7.3.6), it is very well possible that the thermal regime of the foreland has

changed. This would mainly have its effect on the presence of permafrost, which plays an

important role in the pore water pressure in the subsurface and therefore the development

of glacitectonics (see Section 7.1).

Ice flow dynamics

In addition to the water conditions at the glacier bed, the formation of glacitectonic de-

formation structures is also influenced by differences in normal and shear stress as being

generated by the glacier itself. The glacier flow dynamics influence the formation of large-

scale glacitectonic deformation structures including thrust moraines, and possibly explain

the difference between the two events. One essential factor is that the glacier profile must

be substantially thicker and steeper than the resulting push moraine, to provide sufficient
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power to build the moraine system (van der Wateren, 1995). Another difference can be

found in ice flow dynamics, possibly represented in the difference between surging or fast-

flowing ice and large-scale steady-state ice sheet advances. Some authors argue that the

development of large-scale thrust complexes may be associated with rapid ice advances

and possibly surge-type glacier behaviour (Benediktsson et al., 2008, 2010; Hubbard et al.,

2009; Vaughan-Hirsch and Phillips, 2017; Phillips et al., 2018).

The contrasting difference between the two events might be related to this difference in ice

dynamics. Presumably the event 1 deformation has been related to a large-scale steady-

state glacial activity, which operated at the centre of the North Sea at the coalescence

of the BIIS and FIS during a sufficient time (see Figure 7.12; Sejrup et al., 2000, 2005;

Cotterill et al., 2017b; Phillips et al., 2018). For example, the composite ridge morphology

of the moraine systems also suggests that the ice sheet was actively retreating, while still

deforming sediments and producing landforms during its overall retreat. During this re-

treat, significant phases of re-advance must have occurred to result in these well-developed

composite ridges. Therefore, this shows that the retreat of the central North Sea ice sheet

was not by (possibly catastrophic) ice-sheet collapse as has been proposed by some authors

(e.g. Clark et al., 2012).

The contrasting deep deformation as recorded in Domain G caused by the later BIIS

advance (see Section 7.3) might be related to an unstable, surge related advance or fast

flowing ice of this North Sea Lobe (Evans, 2003; Cotterill et al., 2017b; Phillips et al.,

2018; Emery et al., 2019). The deep thrust structures show results of a short but powerful

re-advance, which have resulted in well-developed and closely spaced thrust blocks. This

corresponds again with the interpretation of the sediment sequence being deformed by

unstable ice masses (Benn and Evans, 2010).

The morphology and direction coincides with the interpretation of the Bolders Bank

episode in which the North Sea Lobe is recognised as a large ice stream which flows from

the Tweed valley (Everest et al., 2005) southwards along the coast of Britain, curving to

the west into the southern North Sea (Carr et al., 2006; Chiverrell and Thomas, 2010;

Clark et al., 2012; see Section 7.12 and figures therein). This means that the different

glacitectonic signatures between event 1 and event 2 might be related to the difference
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between a relatively steady-state, large-scale ice sheet and a non-steady-state surge or ice

stream related ice advance from the BIIS.

Subsurface rheology

One of the major factors controlling the deformation are the subsurface conditions (in-

cluding pore water pressure and permeability, presence of permafrost, weak layers) and

subsurface sediment rheology. Difference in sediment properties has a large influence on

the development of deformation structures. Major boundaries in lithology may act as

drainage pathways as well as weak layers that can become detachment surfaces or faults

(Boulton et al., 1999; Andersen et al., 2005; Kjær et al., 2006). The differences between

sediment properties also influence the deformability of the sediments. A substrate of

mainly sand sediments acts very differently on applied stress then clayey sediments would

do. For example, sands may act in a brittle manner, while clayey sediments shows ductile

deformation structures under the same conditions (see Chapter 2.2.1; van der Meer et al.,

2003; Klein, 2002; Fleming et al., 2013). The presence of a weak layer, usually fine grained

such as clay or loam, may result in the development of a décollement surface and often

rapid ice advance (van der Wateren, 1995).

The difference in sediment properties may also have its effect on the drainage pattern,

since fine grained sediments are often much less permeable compared to coarse grained

sediments. This means that coarse grained sediments favour the coupling between the

glacier bed and substratum(van der Wateren, 1995). Fine grained sediments, with suffi-

cient meltwater, often result in a slippery subsurface, decoupling with the ice sheet and

glacial movement by sliding rather then subsurface deformation (Boulton et al., 2001;

Benn and Evans, 2010). However, when fine grained sediments are frozen and/or do

not have sufficient subglacial water, similar coupling may occur as in coarse grained sed-

iments. Coupling can also occur when a glacier advances into coarse grained outwash

fans deposited during earlier phases of standstill (Boulton, 1986). Since coupling of the

ice mass with its bed is a prerequisite for pushing and thus moraine formation (van der

Wateren, 1995), the difference between coarse and fine grained sediments may determine

the presence of moraines under similar conditions. This way, changes in lithology might

influence the pore water pressure, ice-sediment coupling or decoupling and eventually the

development of deformation structures (Alley, 1989; Boulton et al., 2001).
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Throughout almost the entire area of Tranche A, the base of the event 1 deformation has

been identified as a large detachment surface (see Chapters 5 and 6). Until now, studies

show that it is unlikely for a detachment surface to be of such a consistent scale and ex-

tent (Bennett, 2001; Bennett et al., 2004a; Andersen et al., 2005; Pedersen, 2014). Within

Tranche A, the base of the event 1 deformation is often marked by a high-amplitude and

laterally extensive seismic reflection, from which most of the Second-order thrusts prop-

agate into the upper sediment sequence. At these locations this seismic reflection thus

represents a basal detachment. However, at many locations, the depth of the base of the

event 1 deformation sequence coincides with the depth of the first seabed multiple which

obscures a significant part of the seismic profile of at least a few metres thick. This means

that it is often not possible to identify the exact morphology and presence of the base

of the deformation. Also, the base of the deformation is presumed to be at the base of

the Dogger Bank Formation (Cotterill, 2012; Dove, 2012; Long and Dove, 2012; Long,

2014b), indicating that there is a lithological boundary between this and the structurally

lower section of the seismic profile. Altogether, the high-amplitude seismic reflection at

approximately the same depth as the first seabed multiple is identified as the regional

basal detachment (or First-order surface). However, only locally there is definite evidence

of it being a real detachment surface (where the Second-order surface thrusts propagate

from the basal detachment). At most other locations, it might not strictly represent a

theoretical basal detachment, although it does show the interpreted base of the event

1 deformation sequence often coinciding with the lithological base of the Dogger Bank

Formation. For subglacial conditions, studies have shown that the subglacial shear zone

develops immediately below the glacier bed (Boulton and Hindmarsh, 1987; Hart and

Roberts, 1994; Roberts and Hart, 2005), leading to an increase in intensity of deforma-

tion upwards through the sediments (Hart and Boulton, 1991; van der Wateren et al.,

2000; Menzies and Van der Meer, 2017). This means that the development of a regional

shear zone or basal detachment might control the formation of deformation structures

and possibly also indirectly influences the ice sheet dynamics. However, a prerequisite for

this assumption is that the detachment surface must be extensive over a large area, and

enough deformable sediments must be present to form this extensive detachment. This

is well possible within the Dogger Bank, since it is located within the centre of a large

sedimentary basin.
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7.1.4 Glacitectonics within a basin-central position

As has been described in Chapter 2 and 4, the Dogger Bank area is located in the cen-

tre of a large sedimentary basin, the North Sea Basin. It comprises over 1000m thick

sequence of Tertiary and Quaternary sediments (Ziegler and Louwerens, 1979; Cameron

et al., 1987, 1992; Carr, 2004; Lamb, 2016). Some evidence of glacitectonic deforma-

tion within the North Sea has been found by for example Huuse and Lykke-Andersen

(2000a); Kluiving et al. (2003); Bradwell et al. (2008); Buckley (2012a); Vaughan-Hirsch

and Phillips (2017). However, the vast majority of glacitectonic investigations of both

modern and former glaciations have occurred in areas at the margins of major sedimen-

tary basins, meaning that there is a limited depth of potentially deformable sediments,

and often lithified, relatively deformation-resistant bedrock close to the glacier bed (Evans,

1989; Murray, 1997). In contrast, the Dogger Bank is located at the centre of a major

sedimentary basin, with up to 1000m of readily-deformable substrate, meaning that there

is a limitless deformable profile and free draining to get rid of the presumably immense

amounts of water that would come from ice sheets with a scale of BIIS. Therefore, it is

proposed in Chapter 4 that the nature and scale of glacitectonics identified in the Dogger

Bank would differ from comparable evidence located in Denmark (e.g. Jakobsen, 1996;

Pedersen, 2000) and Eastern England (e.g. Bateman et al., 2001; Evans and Thomson,

2010; Busfield et al., 2015). Also, similar large-scale deformation structures have for ex-

ample been found in basin-central location in the North America (Bluemle and Clayton,

1984; Aber et al., 1989; Larson et al., 2003). It is therefore not likely that the formation of

glacitectonic deformation structures is necessarily dependent on the presence or absence

of bedrock or the location within a sedimentary basin.

An important issue here is that the extensive presence of soft sediments might influence

the behaviour and stability of the ice sheets. The one other example of a large-scale ice

sheet with terrestrial ice margins is the Laurentide Ice Sheet (LIS). For this ice sheet,

MacAyeal (1993) and Clark (1994) proposed that unstable ice-sheet behaviour was as-

sociated with soft-bed dynamics (Licciardi et al., 1998). However, the LIS collapse has

been related to the basal thermal regime that changed from a frozen, hard-bedded surface

(in the Hudson Bay) to a thawed, soft-bedded configuration (Fisher et al., 1985). Even
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though the situation in the central North Sea does not include a change from hard rock to

soft sediments, this shows that the rheological behaviour of deforming subglacial sediment

remains an important and unresolved issue in ice (sheet) dynamics (Alley, 1989; Clarke,

1987; Licciardi et al., 1998).

There is thus evidence in the Dogger Bank that the behaviour of the BIIS ice sheet has

changed spatially and over time. It is therefore possible to build a stratigraphic framework

that may form the basis for the reconstruction of past glacial environments.

7.2 How deformation structures recognised on high-resolution seismic profiles

may be used for reconstruction of past glacial environments

Chapter 6 describes the two distinct glacitectonic events that are identified in the Dog-

ger Bank area: event 1, deforming the upper 40m of the sequence over the whole study

area (Domain A-F); and event 2 in the western part of Tranche A (Domain G). The

spatial and temporal differences are used and discussed in Section 7.3, but this section

shortly describes how these two different glacitectonic events are identified and how they

differ in style and extent of glacitectonic deformation structures. They lead towards a

seismostratigraphic and tectonostratigraphic sequence that forms the framework of the

glacial evolution of the Dogger Bank.

7.2.1 Seismostratigraphic sequence

As described in Chapters 4 and 5, the seismostratigraphic sequence consists of three main

units. These are the lowest pre-Dogger Bank Formation sequence (pre-DBF), the Dog-

ger Bank Formation sequence (DBF) and the post-DBF sequence (post-DBF) (see Figure

7.1). The DBF sequence has locally been subdivided into a lower DBF1 and upper DBF2.

This is only possible where the boundary between the two can be identified, which is often

marked by a desiccation surface (Cotterill, 2012; Long and Dove, 2012). At some locations,

but not everywhere(for example not in Figure 7.1), this subdivision can be identified in

boreholes or CPTs where available.
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Figure 7.1: Example of borehole from the Forewind dataset including the location on the
associated seismic profile, to show the relation between identified seismostrati-
graphical units and lithology.

Within this sequence, the event 1 deformation is generally constrained to the DBF se-

quence, and where subdivided only within the lower DBF1. Therefore, the top of the

DBF1 sequence, as identified by Leo James for Forewind, has been used to show the top

of the event 1 deformation and is identified as a palaeo-landsurface map (see Section 7.3.4

and previous chapters).

Cotterill et al. (2017b) provide an extensive revised litostratigraphy for the the Quaternary
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period, based on the Dogger Bank data. This also shows the multiple divisions within the

Dogger Bank formation that have been newly defined. Table 7.2 shows the relation be-

tween the revised subdivisions of the Dogger Bank Formation from Cotterill et al. (2017b)

and the seismostratigraphic sequence within this study. Note that the same dataset has

been used for the establishment of this subdivision by Cotterill et al. (2017b) as for this

study, but that this study focuses on the glacitectonic structures for only a selection of the

dataset (only Tranche A and a few boreholes and CPT’s), independent of the lithostratig-

raphy. Additional data, analysis and interpretations of Tranche B have been described by

Emery et al. (2019), who analysed this newer part of the dataset and were able to extent

the lithological subdivision and step-wise deglaciation of the eastern part of the Dogger

Bank area.

Table 7.2: Subdivisions of lithostratigraphy of the Dogger Bank Formation (after Stoker
et al., 2011; Cotterill et al., 2017b).

Subdivision
name in this
study

Subdivision name in
this study according
to Cotterill et al.
(2017b)

Depositional
environment

Description

DBF2 Younger Dogger Bank 1 Glacial
Dense sand and silty clay
with silt and clay layers
and organics

Desiccation
surface

Transition 1
Periglacial and
aeolian

Desiccation surface/ evi-
dence of aerial exposure

DBF2
Younger Dogger Bank 2
and 3

Glacial

Gravelly sand and grav-
elly sandy clay with chalk
fragments, shell and lam-
inae of sand and silt

Desiccation
surface

Transition 2
Periglacial and
aeolian

Desiccation surface/ evi-
dence of aerial exposure

DBF1
Older Dogger Bank 1, 2
and 3

Glacial

Clay with clayey sand,
silty sand, gravel and silt
content - organic matter
present in upper portions

Basal detach-
ment

Basal Dogger Bank
Periglacial and
aeolian

Clay with gravel and
dense sand - rare chalk,
organics and shell

One major difference between this study and the subdivision from Cotterill et al. (2017b)
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are the different transition surfaces. This corresponds with the desiccation surface(s)

within this study. It is expected that the difference between the two transition surfaces is

not clearly visible on seismic profiles only, and/or one of the two surfaces is only present

outside Tranche A. Even though there is a mismatch between the amount of subdivisions,

they do correspond in seismic facies as well as in expected interpretation of the deposi-

tional environment. Therefore this lithostratigraphic sequence may be used in aid for the

development of the glacial evolution of the Dogger Bank.

The event 2 deformation has not been identified on the basis of this seismostratigraphic

division. This deformation has been identified up to a depth of 160m below the seabed,

and has disrupted both DBF as well as pre-DBF sediments. Cotterill and Long (2011)

and Cotterill et al. (2014) have shown that this disruption even includes Yarmouth Road

Formation sediments which consists of non-marine, fluvial to intertidal sediments, rang-

ing from Lower- to Middle Pleistocene in age (Cameron et al., 1992; Cotterill et al., 2017b).

7.2.2 Tectonostratigraphic sequence and morphology

Event 1 morphology is dominated by a series of thrust moraines and basins, forming a

series of composite ridges (Benn and Evans, 2010). Deformation is present throughout

the majority of the study area and is limited by a basal detachment at approximately

40m below the present-day seabed (see Chapter 6). Chapters 5 and 6 show the different

deformation structures that represent event 1 deformation (classified as Domains A-F, see

Section 7.1.1). Event 2 is dominated by at least two sets of large-scale thrust faults that

propagate upwards into the sediment sequence from two different detachment zones, a

lower zone at a depth of approximately 160m, and an upper zone at approximately 80m

below the present-day seabed (see Chapter 6). This second event is characterised by struc-

tures classified as Domain G (see Section 7.1.1) which are characterised by large-scale deep

thrust faults and associated folds structures. The structures are significantly deeper than

similar structures that are described by Domains B and F (see Section 7.1.1). There are

a few explanations as to why event 2 deformation has reached this depth in comparison

with the event 1 deformation sequence. Firstly, the sediments may differ in this west-

ern part of Tranche A. A different lithology might cause a different pore water pressure,

different stress regime and different depth of weak layers that might become detachment



249

surfaces (Boulton et al., 2001; Andersen et al., 2005). For example, the base of DBF1 is

probably a lithological boundary between DBF1 and pre-DBF, and most likely acts as the

detachment surface of the overall event 1 deformation. In contrast, for event 2 no clear

lithological boundary is known to be present at the depth of the detachment. Another,

more likely explanation is that this part of Tranche A has been deformed by different

glacial mechanisms (see Section 7.1.3). For example, thicker ice may cause a higher sub-

and pro-glacial stress regime and probably is wetter at the base which enhances the de-

velopment of deformation (Boulton and Hindmarsh, 1987; van der Wateren, 1995; Waller

et al., 2012). The difference in directionality between event 1 and event 2 deformation

confirms the interpretation of different ice mechanisms, since the ice presumably came

from different directions (event 1: N-S to NNW-SSE and event 2: W-E to WNW-ESE)

and possibly different ice sources (see Section 7.3).

The evolution models presented in Chapter 6 show the development of the two events

described in this study and the relation between the stress regimes, domains and resulting

deformation structures. Many different (landform) models have been presented in the

literature that show the development of thrust moraines (e.g. Hart et al., 1990; van der

Wateren, 1995; Bennett, 2001; Evans, 2003; Phillips and Merritt, 2008. van der Wateren

(1995, 2003) shows a model that has been used for the reconstruction of thrust moraine

complexes in which the glacitectonic style is controlled by the subsurface lithology. In the

Dogger Bank area, a similar system may have resulted in the formation of the deformation

structures. This model (as described in van der Wateren, 1995, 2003) also illustrates the

subglacial over-deepening of the sediments close to the ice-margin, generating the mor-

phology of a series of composite ridges (Benn and Evans, 2010), which has been identified

in the morphological expression of event 1 in Chapter 5.

However, 3D analysis (see Chapter 5) of the thrust system identified in event 2 (west-

ern part of Tranche A) shows that the individual thrust sheets are laterally consistent

over a certain width (up to several kilometres) while van der Wateren (2003) shows that

the individual nappes consist of relatively narrow lobes of (glacitectonised) thrust sheets.

This model may therefore be used as an illustration for the development of the event 1

deformation sequence, but does not represent the same system as identified in event 2 (see

Section 7.3).
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In addition to the two distinct deformation events, two possible older deformation events

have been identified in this project. The oldest phase represents the presence of tunnel

valleys, which indicates a much older and wide spread ice advance (Lamb, 2016). The sec-

ond older phase has presumably caused the local disruption below the main deformation

sequence of event 1. The sequence of deformation has been simplified in Figure 7.2 and

will be discussed in the next section.

Figure 7.2: Diagram illustrating the relative sequence of events identified in the Dogger
Bank. The oldest episode is identified on the basis of the presence of large
networks of tunnel valleys (identified by Lamb, 2016). The next episode is
presumed to represent the disruption below the major deformation phase.
Event 1 represents the major ice advance over de Dogger Bank area, identified
on the basis of a series of retreat moraines as a system of hill-hole pairs. Event
2 is the latest ice advance identified in the western part of the Dogger Bank,
showing a constrained area of deep thrusing.

7.3 Glacial evolution of the Dogger Bank

Even though several studies have suggested that the Dogger Bank is a large composite

thrust or push moraine (e.g. Belt, 1874; Stride, 1959; Laban, 1995; Carr, 2004), there

has been no comprehensive description or explanation of the complex seismic facies and

glacitectonics preserved within the Dogger Bank region associated with the last glaciation

of the North Sea basin. Detailed analysis of high-resolution seismic data of this study

has revealed that the sedimentary structure of Dogger Bank is not a simple ’layer cake’
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(as theorised by Balson and Cameron, 1985; Balson and Jeffery, 1991; Cameron et al.,

1992), but has indeed been modified by large-scale glacitectonic deformation (thrusting

and folding), erosion and sedimentation associated with repeated incursions of ice sheet

advance from the north. The resultant tectonostratigraphy erected in this study for the

Dogger Bank area is used to show the glacial evolution of the Dogger Bank located within

the southern central North Sea.

The pattern and sequence of ice advance, retreat and re-advance for the Dogger Bank

show at least three major episodes. The earliest stage recorded in the Forewind dataset

is a large-scale pre-Weichselian ice advance associated with the formation of an extensive

network of tunnel valleys (Lamb, 2016). The second and third glacial episodes recorded

in the dataset are both interpreted as being of Weichselian age. These two stages are

described as event 1 (associated with the development of Domains A-F) and event 2 (as-

sociated with the development of Domain G) in Chapter 6 and below.

7.3.1 The Dogger Bank as part of the North Sea basin

Because the Dogger Bank is located in the centre of the North Sea basin, the ice sheets

that have caused the deformation in this area must have a remote ice source. This could

both be the British and Irish Ice Sheet (BIIS) as well as the Fennoscandian Ice Sheet (FIS).

The different reconstructions provide a similar pattern of ice coverage in the (southern)

North Sea. It is now widely accepted that the FIS and BIIS have merged for at least some

time in the centre of the North Sea (e.g. Valentin, 1955; Sejrup et al., 2000, 2005; Carr,

2004; Carr et al., 2006; Bradwell et al., 2008; Sejrup et al., 2009; Chiverrell and Thomas,

2010; Graham et al., 2011; Clark et al., 2012; see Figure 7.3). However, the southern ex-

tent of this limit has been placed approximately south of the Dogger Bank, mainly based

on the lateral extent of the main Stationary Line of Denmark and Skipsea Till evidence

in eastern England (Graham et al., 2011; Clark et al., 2012).

Different ice streams have been reconstructed within the BIIS which could have acted as

rapid drainage pathways for mainland ice towards (amongst other directions) the North

Sea basin (see Figure 7.3). The main reconstructed ice streams that might have acted as a
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Figure 7.3: Location of Dogger Bank study area (indicated in red) in relationship to some
suggested ice flow directions and distribution of the Fennoscandian and British-
and Irish Ice Sheet in the North Sea during the Last Glacial Maximum (after
Phillips et al., 2010 and Graham et al., 2011). Arrowed flow lines represent
fast-flow elements of the ice sheet (N.B. not necessarily ice streams), at certain
times during its lifespan. WG: Witch Ground Ice Stream, TW: Tweed Ice
Stream, TG: Tyne Gap, VY: Vale of York, NSL: North Sea Lobe, see main
text for references.

source for (at least for event 2) the deformation recorded in the Dogger Bank area are for

example the Tweed (Everest et al., 2005), Tyne Gap (Livingstone et al., 2010) and Vale

of York ice streams (Murton et al., 2009; Bateman et al., 2015).
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7.3.2 Early ice advance associated with formation of tunnel valley network

Large-scale glacial extent of presumably pre-Weichselian ice led to the development of an

extensive network of typically N-S-trending tunnel valleys (Lamb, 2016; see Figure 7.4).

The geometry of this subglacial drainage system (Swartebank Formation) is consistent

with it having developed in response to pressurised meltwater flowing beneath an ice sheet,

indicating that this ice sheet covered the entire Dogger Bank area during the Elsterian

glaciation (Praeg, 2003; Lonergan et al., 2006; Stewart et al., 2012, 2013). Following the

retreat of the ice sheet the tunnel valleys were filled with several tens of metres of sediment.

Figure 7.4: Diagram showing the interpreted tunnel valleys in the study area (interpreta-
tion from Lamb (2016)). The presence of these valleys (and infill with Swarte
Bank Formation from Cameron et al. (1992)) throughout the study area shows
that the Elsterian glaciation has covered at least all of the Tranche A area.
An example of a seismic profile showing a tunnel valley is shown in Figure 5.1,
which is located at the yellow line on seismic line 7.

As presented in Chapter 6 and Lamb (2016) the tunnel valleys are present to a depth of ap-

proximately 150m below the present-day seabed. Directly above this, at a depth between

approximately 60m and 40m below seabed, the seismic reflections show sub-horizontal
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layering and no indication of deformation (see Chapter 5: Figure 5.1). The upper 40m

of the sediment sequence records the main deformation episode in the Dogger Bank area

(event 1). Because of the position of the tunnel valleys below the sequence of deformation

as well as a significant layer of typically sub-horizontal, undeformed sediments, it is sug-

gested that the tunnel valleys must pre-date a time of sedimentation (Marine sediments,

Eem Formation; Cameron et al., 1992; Laban, 1995; Cotterill et al., 2017b) as well as

the deformation of the Dogger Bank Formation (upper approximately 40m of the seismic

profiles, see Chapter 5 and 6).

7.3.3 Possible early ice advance associated with disruptions below the main deforma-

tion event

At several seismic profiles in Chapters 5 and 6 some disruptions have been identified be-

low the main deformation that dominates the upper 40m of the sediment sequence. This

disruption is mainly present in the southwestern part of the study area and visible on

seismic profiles 4 and 7 (Domain C and E in Chapter 5) and profile 8 (Domain A, B and C

of cross section II in Chapter 6). It is typically present at a depth of approximately 60m

below the present-day seabed. The seismic sequence records seismic reflectors that are

locally clearly disrupted, while the typical seismic signature at this depth is dominated by

sub-horizontal seismic reflections. The depth and seismic facies indicate the disruptions

presumably occur in the Eem Formation (identified and described in (Cameron et al.,

1992; Long and Dove, 2012; Cotterill et al., 2014)), structurally below the Dogger Bank

Formation in which the majority of the deformation structures have been identified. Since

most of the disrupted sediments in this study area are caused by glacitectonic deformation,

it is likely to assume that these disruptions have been caused by similar glacial influences.

However, the disruptions do not show clear deformation structures as seen elsewhere in

the Dogger Bank area (identified within event 1 and event 2). Also, it was not possible to

extract clear kinematics from these disrupted seismic reflections. Even though these possi-

ble deformation structures are not clearly identifiable and only locally present, they might

show evidence for a possible early ice advance covering the Dogger Bank area (before the

main deformation events 1 and 2 that are identified and described in this study). If this

deformation within the Eem Formation indeed indicates a time of ice advance, this might

be correlated to the Early-Weichselian (MIS 4, approximately 70ka) Ferder Glaciation as
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proposed by Carr et al. (2006). However, even though the seismic reflections are locally

very disrupted, the deformation has not been clearly identified throughout the area and

interpretations about extent and timing of this possible ice advance remain very uncertain.

7.3.4 Event 1 - Ice advance from the north and subsequent retreats associated with

large-scale thrust-moraine development

Event 1 records an ice advance from the north during the Weichselian (see Section 7.3.6).

This stage is characterised by widespread folding and thrusting, and the formation of sev-

eral, arcuate moraine complexes which can be traced across at least the southern part of

Dogger Bank (see Figure 7.5).

Figure 7.5: Diagram showing the interpreted landform sequence based on the top of the
DBF1 horizon as identified in the seismic profiles and seismic amplitude ex-
traction (see Chapter 5).

This southward directed glacitectonic deformation event is relatively shallow, affecting

approximately the upper 40m of the sediment sequence and resulting in the formation of
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a prominent detachment surface at the base for the Dogger Bank Formation (see Chapter

6). The complex interplay between glacitectonic deformation and sedimentation during

the formation of the thrust-moraines has been interpreted as recording the active retreat

of the ice-margin during the Last Glacial Maximum (see Section 7.3.6).

Based on the morphological interpretation presented in Figure 7.5 as well as the internal

deformation structures described in Chapter 5 and Chapter 6, event 1 deformation has

been subdivided into three different retreat phases. These phases represent the approx-

imate location of the reconstructed ice lobes during the development of the deformation

structures.

In most of the southern part of Tranche A, a basal detachment is present at a depth

of approximately 30m to 50m below the present-day seabed. Thrust faults and other

glacial deformation structures propagate upwards into the Dogger Bank Formation from

this laterally continuous detachment surface (see Chapters 5 and 6). The depth of this

detachment surface shows that the deformation has mainly affected the upper 40m of the

sediment sequence, and the base of the Dogger Bank Formation presumably acted as a

weak (lithological) boundary layer. Detachment surfaces elsewhere with similar properties

have been described in glacitectonic sections at a depth of approximately 40m in Denmark

(Pedersen, 2000, 2005) and 25m in Norfolk (Burke et al., 2009; Lee, 2001; Phillips and

Merritt, 2008; Phillips and Lee, 2013). Different deformation structures are used as kine-

matic indicators to reconstruct the (apparent) direction of ice push (van der Wateren

et al., 2000; Brandes and Heron, 2010). The different structures show an ice push from

the north, varying between NW and NE directed structures. In combination with the

interpreted landforms based on the top of the DBF1 sequence (top of deformation, see

Chapter 5) a series of thrust moraines have been identified and used for the reconstruction

of a retreating ice front sequence.

First phase of event 1

The largest, most southerly moraine ridge is expected to represent the southernmost po-

sition of the Weichselian ice sheet within Tranche A. Note that it is expected that ice has

been further south than this position in earlier ice advances, since some glacial deforma-

tion structures have been found south of this moraine complex. Also, this supports the
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ice Weichselian ice limits as proposed by e.g. Carr et al. (2006); Boulton and Hagdorn

(2006); Hubbard et al. (2009); Graham et al. (2011) and Sejrup et al. (2016). However

a clear southernmost ice extent is not found within Tranche A, and no (published) data

is available further south of Tranche A to find evidence for this southernmost extent.

The southerly thrust moraine complex is thus expected to represent the southernmost

ice position within Tranche A. The internal structures of this moraine system have been

described in cross sections I and II in Chapter 6. The entire morphological interpretation

is described in Section 6.1.1 as Landform suite A. Figure 7.6 shows the interpreted ice

extent during the formation of this thrust moraine complex.

Figure 7.6: Diagram showing the interpreted first phase of event 1 of the glacial evolution
in the Dogger Bank. Ice retreat interpretation based on the morphology of
the moraine ridges. The black lines and numbers show the analysed seismic
profiles of Tranche A.

The location of the proposed ice limit in this first phase of event 1 (as proposed in Figure

7.6) is based on two different aspects; the internal structures as described in the differ-

ent domains as well as the morphology of the moraine ridges. The different domains as

described in the previous two chapters describes the kinematic indicators that show an
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overall ice direction from the north.

The domains identified initially in Chapter 5 and described in Chapter 6 and summarised

in Figure 7.7 show the transition between proglacial conditions (Domain A) towards ice-

marginal (Domain B) and subglacial conditions (Domain C).

Figure 7.7: Diagram showing the relation between domains A-C as recorded in cross sec-
tion I at the south western part of Tranche A. Green fault: basal detachment.
Red faults: First order faults. Black lines: second order faults, folds and
sediment layering. Orange: channel fills. Total with of the section is approxi-
mately 10km. For full description, see Chapter 6.

The presence of small re-activation faults and backtrusts indicates that this moraine sys-

tem has presumably formed in one major event, with small-scale (local) re-advances. The

entire moraine system as described in Landform suite A (see Section 6.1.1) appears to

consist of a complex set of thrust moraines, indicating an overall (oscillating/dynamic)

ice retreat sequence over Tranche A. The complex internal structures within this major

thrust moraine complex is expected to have formed over a longer period of time, allowing

these complex structures as well as re-activation faults and backthrusts to develop. The

local small-scale channels that are visible in Domain A are interpreted as local meltwater

channels, allowing proglacial drainage of the ice sheet. The morphology of this part of

Tranche A substantiates the proposed ice margin at this phase of event 1.

No evidence has been found that the entire thrust moraine complex has been overridden

by ice. This indicates that it is highly likely that this moraine system has been formed

during the Last Glacial Maximum, although no data is available south of Tranche A to

underpin this interpretation.

Second phase of event 1

The moraine crests indicated in lobes 1, 2 and 3 on Figure 7.8 are of a much smaller scale

(approximately 30km long and maximum of 10km wide) than the southernmost complex

(which is approximately 100km long and 30km wide). The internal structures of these



259

smaller moraines show a relatively simple mound-like structure (Domain D in Chapter

5), with less complex deformation features. The three different crests are divided on the

basis of their cross-cutting relationship of the arcuate ridges and directionality of the re-

constructed ice push.

Figure 7.8: Diagram showing the interpreted second phase of event 1 of the glacial evo-
lution in the Dogger Bank. Ice retreat interpretation based on moraine se-
quences. Numbering shows the relative sequence of retreat. The black lines
and numbers show the analysed seismic profiles of Tranche A.

Third phase of event 1

The last and northernmost moraine ridge (Figure 7.9) is approximately 30km in length

and 15km wide and forms a relatively separate feature from the other moraine crests. This

last phase of re-advance shows clear northern deformation structures (see Chapter 5). In

comparison with the previous phase of deformation that caused the formation of three

small intersecting moraine ridges, this northernmost moraine system in the study area is

relatively large. In order to produce a ridge of this scale, it is proposed that the ice must

have retreated beyond the study area and readvanced back into the area. This allows the

accumulation of sufficient sediment to form this landform, as part of the production of a
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composite ridge (Benn and Evans, 2010).

Figure 7.9: Diagram showing the interpreted third phase of event 1 of the glacial evolution
in the Dogger Bank. Ice retreat interpretation based on moraine sequences.
The black lines and numbers show the analysed seismic profiles of Tranche A.

The entire sequence of moraine crests and deformation recorded in the Dogger Bank For-

mation sequence shows no clear remnants of landforms overridden by ice sheets, indicating

that the reconstruction based on the landforms and structures described above shows the

last imprint of the glacial retreat at the Dogger Bank area and therefore most likely rep-

resents the southernmost limit of the Last Glacial Maximum ice extent.

7.3.5 Event 2 - Ice advance from the west associated with the formation of deep

deformation in the western part of Tranche A

Event 2 in the glacial evolution of the Dogger Bank area represents a two-phase large-scale

E to ESE-directed thrusting and folding event which affected early to middle Pleistocene

sediments (Yarmouth Roads Formation; see Cameron et al., 1992 and Cotterill et al.,
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2017b) up to a depth of approximately 160m. This easterly directed glacitectonic de-

formation event is confined to the western side of Dogger Bank (see Figure 7.5). The

deformation structures in this area are described in detail in Domain G in Chapter 5

and show large-scale, up to 160m deep thrust faults that propagate upwards in the se-

quence from two laterally consistent basal detachment zones. In addition to the depth

and morphology being different from the event 1 deformation, the spacing between the

individual thrust sheets is also much tighter in event 2 deformation. The two detachment

zones correspond with two sets of thrust faults, which are also identified on the amplitude

extraction map presented in Chapter 5. The event 2 deformation sequence is therefore

also subdivided in two phases of deformation.

Figure 7.10: Diagram showing the interpreted first phase of event 2 deformation in the
glacial evolution in the Dogger Bank.

The first phase of deformation is characterised by a set of faults that propagate upwards

from a common depth of approximately 160m below the present-day seabed. The topo-

graphical extent of the thrusts is identified in the amplitude extraction map and illustrated

in Figure 7.10. This figure also shows a different set of deep faults east of the identified
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ice limit. It is unclear if this system presents ice distal deformation of the same system, or

that these thrusts have been caused by an earlier ice advance. This earlier advance might

not have been extensive enough to produce other thrust faults in the same lateral extent

of this ice limit that could be identified on the amplitude map. The extent of this system

has not been identified on seismic line 1. The main thrust fault that represents this phase

of deformation records an overall ice push from the WNW (see Chapter 6), indicated by

large and laterally consistent proglacial thrust faults (see Section 7.1.3).

Figure 7.11: Diagram showing the interpreted second phase of event 2 deformation in the
glacial evolution in the Dogger Bank.

The second phase of event 2 is also restricted to the western side of Dogger Bank area and

resulted in the reactivation of the earlier formed deep thrusts, possibly associated with the

advance of the BIIS into the southern central North Sea after or during the breakup of the

FIS (see Section 7.3.6). This phase of deformation shows very similar thrust structures

to the first phase of event 2, the only main difference being the basal detachment at a

depth of approximately 80m instead of 160m for the first phase. Figure 7.11 shows the

interpreted ice lobe that shows an overall ice push from the west. This means that there is
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only a very slight difference between the direction of ice push between the first and second

phase of event 2 deformation. The deeper faults (phase 1) indicate a SE directed ice push,

while the upper faults (phase 2) indicate a slightly more easterly direction (see Figures

7.10 and 7.11). This difference cannot be observed on the 2D seismic profiles alone, but

has been identified using the horizontal expression of the amplitude extraction as well as

the 3D analysis described in Chapter 4. The difference in ice push direction shows that it

is possible that there have been two phases of re-advance from the BIIS from the west.

Because the scale and the morphology of the deep thrust faults are relatively similar for

each of the two phases within event 2, it is interpreted that these have been formed by sim-

ilar ice conditions (see Chapter 6). These phases within event 2 deformation are therefore

not likely to represent completely different ice advances, but more likely to be different os-

cillations within the same event of the overall re-advance of the this North Sea ice stream.

However, the difference in depth of the detachment surface (160m vs 80m) has probably

been caused by a change in pore water pressure or stress regime, since it is not likely that

the lithology has been changed between the different phases.

7.3.6 Timing of Dogger Bank ice inundation

Climate variations during the Quaternary period, with several warmer and colder peri-

ods, has led to several glacial cycles. The last large glacial period started from approxi-

mately 110ka BP and is known as the Weichselian Glaciation (Devensian in British onshore

records; for details, see Chapter 3). Within the North Sea basin, the formation of the large

ice masses has resulted in a sea level lowering of approximately 120m below the present

level, resulting in a terrestrial environment of the North Sea basin within this time period.

The British and Irish (BIIS) and Fennoscandian (FIS) ice sheets show similar patterns

of large-scale expansion and retreat cycles. Discussion still exists about whether at some

time(s) during the Weichselian these two major ice sheets may have been merged together

somewhere in the central North Sea. According to several papers (e.g. Carr et al. (2006);

Graham et al. (2007, 2011); Bradwell et al. (2008); Sejrup et al. (2009)) this may have

been during the maximum ice extent at around approximately 25ka BP, but the exact

location of the maximum ice extent is still poorly constrained (Catt, 1991; Sejrup et al.,

2009). Even though a rough estimation of the glacial cycles is relatively well established
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(Cameron et al., 1992; Rijsdijk et al., 2005; Stoker et al., 2011), it is expected that the

glacial history of the North Sea basin is far more complex with multiple (small as well as

large-scale) advances within the different glacial cycles (Carr et al., 2006; Cotterill et al.,

2017b). This study has shown evidence for at least several stages of ice-advance indicated

by multiple thrust moraine systems that show a complex glacial evolution of the Dogger

Bank.

Timing of event 1

The main event 1 is characterised by generally southerly directed ice push over most parts

of Tranche A. Several moraine ridges forming part of a hill-hole pair coincide with this

same north to south pattern. During this main ice advance of the Dogger Bank area,

the southernmost moraine system (also the largest system in Tranche A) is presumed to

have been at the ice maximum for at least some time. It might be possible that the ice

has been further south, but evidence for this may only be found south of the study area.

The moraine system marking this southern extent of the ice sheet will add evidence for

the southern limits that have been proposed for example by Carr et al. (2006), Graham

et al. (2011) and Clark et al. (2012). Assuming that this ice has come from the north, it

is highly likely that this coincides with the time when BIIS and FIS merged in the centre

of the North Sea, which coincides with the period of major ice coverage between approxi-

mately 30 and 21ka BP (see Figure 7.12; Sejrup et al., 2005, 2009; Chiverrell and Thomas,

2010), and reaching its maximum extent at approximately 22ka BP (Sejrup et al., 1994;

Chiverrell and Thomas, 2010), as part of the Cape Shore Episode (approx. 29-20 ka BP

proposed by Carr et al., 2006).

Timing of event 2

Event 2 is characterised by a two phase ice push from the west that is significantly different

in scale of the deformation. In contrast to the limited depth of the event 1 deformation

(40m), this deep deformation (160m) is confined in the western area of Tranche A. The

structures show a very clear easterly directed ice push, which indicates that the source of

this ice is most likely to be from mainland Britain. This event 2 deformation shows clear

similarities in the extent with the ’North Sea Lobe’ that extends from for example the Tyne

Gap ice stream (Livingstone et al., 2010; Davies et al., 2011; Graham et al., 2011). The

event 2 deformation post-dates the event 1 deformation and it is therefore likely to have
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Figure 7.12: Simplified diagram illustrating the main timing of glaciations in the centre
of the North Sea in comparison with the Norwegian and British mainland
glaciations (after Sejrup et al., 2005; Graham et al., 2011).

been formed after 22-20ka (see Figure 7.12; Sejrup et al., 1994; Chiverrell and Thomas,

2010). This later BIIS ice advance might correspond with the Bolders Bank episode that

has been identified by Carr (2004) and is expected to have occurred at approximately 17ka

(Dimlington stadial; Sejrup et al., 2009; Davies et al., 2009a, 2011; Graham et al., 2011;

Bateman et al., 2011, 2015; Clark et al., 2012, 2018; Figure 7.13).

Figure 7.13 shows that there have been two major ice events within the Late Weichselian

period. This corresponds with the findings within the Dogger Bank. The first major ice

extent (white shaded-area with blue line) has a time stamp of 27ka according to Clark

et al. (2018), corresponding with event 1 of this study. This has been the most extensive

ice sheet coverage in the North Sea, presumably merging the FIS and BIIS and covering

the entire Dogger Bank area (Cotterill et al., 2017b; Clark et al., 2018; Emery et al., 2019).
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Figure 7.13: Overview of the maximum ice-sheet extent from Clark et al. (2018). Note
that it reached this at different times in various sectors. The red line depicts
the earlier long-standing view of an ice sheet of more restricted extent as
summarized in Bowen et al. (1986), and the white-shaded area shows ice
extent at 27 kaBP with black lines depicting subsequent advances of the
southern margin (from Clark et al., 2012).

This corresponds with the Cape Shore Episode of Carr et al. (2006) and often (also in this

study) referred to as the Late Glacial Maximum (LGM). The second large-scale ice extent

has a southern ’North Sea Lobe’, that reaches up to the eastern side of the Dogger Bank as

well as the northern part of the Norfolk coast (see red and black lines at Figure 7.13). This

second ice extent corresponds with event 2 of this study, leading to an expected timing of

the Bolders Bank Episode (Carr et al., 2006), at approximately 17ka (Stoker et al., 2011;

Cotterill et al., 2017b; Clark et al., 2018).
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7.4 Overall conclusion and recommendations

High-resolution seismic data from the Dogger Bank shows that the Dogger Bank is not

simply a ’layer cake’ but comprises a complex sequence of deformation and thrust moraine

complexes from which can be concluded that at least four different stages of ice advances

have been recorded within the sedimentary sequence and architecture.

As described in the first chapters of this thesis, many different studies have provided a

maximum ice extent of the BIIS and FIS in the central North Sea. Most of these are based

on very limited data, such as only a few boreholes or (low resolution) seismic profiles, on

the presence of off-shore tunnel valleys or other (sub)glacial features, and others on ex-

trapolation from on-shore ice-marginal evidence (e.g. Huuse and Lykke-Andersen, 2000b;

Streif, 2004; Carr et al., 2006; Graham et al., 2011). Since the Dogger Bank study area is

located at a key location within these boundaries (see Figure 3.10 in Chapter 3.2.3), the

findings of this study will aid in the understanding of maximum ice extent during the Last

Glacial Maximum. A partly revised version of these ice-marginal limits during the Last

Glacial Maximum (Cape Shore Episode) and Bolders Bank episode is shown in Figure

7.14. This is based upon the fact that the deformation and thrust moraine complexes

found within this study show that ice must have covered the Dogger Bank area during

this time span. As Figure 7.14 shows, event 2 might even be related to the Tyne Gap Ice

Stream during Bolders Bank episode.

This study has shown that by using a systematic domain approach to describe the differ-

ent glacitectonic deformation structures in the Dogger Bank, a greater insight in the 3D

architecture and structure of the tectonised glacigenic sedimentary sequence in the Dogger

Bank area is gained. The use of different domains and order-classification (after Pedersen,

2014) to describe the large-scale high-resolution dataset has provided a glacial evolution

history of the Dogger Bank area. This is based on the different processes and kinematics

that have been identified during the description of the different cross sections and domains

in Tranche A of the Dogger Bank. The main findings of this study are therefore:

• At least 4 different main sedimentary units have been identified within the last

glacial sequence in the Dogger Bank. These comprise the pre-Dogger Bank Forma-

tion (pre-DBF), lower Dogger Bank Formation (DBF1), upper Dogger Bank For-
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Figure 7.14: Location of Dogger Bank study area (indicated in red) in relation to some sug-
gested ice flow directions and distribution of the Fennoscandian and British-
and Irish Ice Sheet in the North Sea during the Last Glacial Maximum (event
1; purple line) and Bolders Bank episode (event 2; blue line). Arrowed flow
lines represent fast-flow elements of the ice sheet (N.B. not necessarily ice
streams), at certain times during its lifespan. WG: Witch Ground Ice Stream,
TW: Tweed Ice Stream, TG: Tyne Gap, VY: Vale of York, NSL: North Sea
Lobe.

mation (DBF2) and post-Dogger Bank Formation sequence (post-DBF) and are

mostly based on the descriptions from the Forewind project (Cotterill, 2012; Long

and Dove, 2012; Long, 2014b). Throughout the entire Tranche A, most of the glaci-

tectonic deformation structures are developed in the DBF1 sequence, up to a depth

of approximately 40m below the present-day seabed. Locally, some deeper disrupted

sections (approximately 60m below the present-day seabed) have been identified as
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well as a extensive set of deep thrust faults (up to 160m below the present-day

seabed) in the western part of Tranche A;

• The domain approach is a reliable and consistent method to describe large quantities

of glacially deformed sediment sequences, to construct a reliable tectono-stratigraphy

of the sediments and structures in the Dogger Bank. This tectono-stratigraphy has

provided a spatial as well as a temporal relation between the different features, such

as thrust-faults and parallel folding;

• The relative sequence provided by this tectono-stratigraphy has formed the basis for

the construction of a glacial evolution model that describes the development of the

complex moraine system reflected in cross section I and II (Chapter 6).

• Using the erected tectono-stratigraphy, as well as the large variation of structures

present in the different domains, at least three (possibly four) main stages of glacial

evolution have been identified in the Dogger Bank area.

As discussed above, the study presented here aids in the understanding of large-scale ice

sheet behaviour, by showing two different large-scale deformation structures. The rela-

tion between the internal detailed structures based on the overall seismostratigraphical

interpretation and the sequence of tectonostratigraphy and morphostratigraphy of this

area, shows the relation between structures and landforms. One example of this is that

the retreat sequence of event 1 shows a pattern of active retreat or possibly a surging

behaviour of the ice sheet, resulting in the distinct series of thrust moraines. No clear

evidence of large-scale ice sheet collapse has been found (as suggested possibility by for

example Bradwell et al., 2008; Graham et al., 2011; Clark et al., 2012).

Large ice masses have played a major role in the past and presumably future climate issues.

As an example, future climate warming might enhance the degradation of large-scale ice

sheets in West Antarctica and Greenland. Insights in their behaviour, retreat and collapse

and the mechanics behind these processes will help understanding and possibly predict

future problems arising during climate warming and responding ice sheet behaviour as has

happened during the Quaternary glaciations. On a smaller scale, this project might help

the understanding of the Quaternary glaciations in the North Sea and feed into larger

projects such as BRITICE-CHRONO (Evans et al., 2005; Clark et al., 2004b, 2012). They
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aid to understand the large-scale patterns of the BIIS, using an extensive dataset of pre-

vious studies as well as newly gathered data. This project might help to constrain the

limits of the BIIS in the southern North Sea during the Last Glacial Maximum.

Although this study has provided more insight in the behaviour of large-scale ice sheets ter-

minating in a terrestrial environment, many different factors still remain uncertain. This

includes different drivers and processes behind the development of glacitectonic deforma-

tion and how these are linked to the behaviour of (large-scale) ice sheets. Some initial

conclusions regarding the processes and drivers behind this development are discussed

earlier in this chapter, but the exact links and conditions remain a matter of discussion.

The domain approach has provided too little evidence to directly derive the past stress

and strain conditions, since the scale of this analysis provides not enough detail about

the kinematics. Other uncertainties includes environmental conditions such as pre-glacial

topography, sediment and water availability as well as the presence of permafrost during

deformation (Boulton and Hindmarsh, 1987; Waller et al., 2011, 2012). It is most likely

that within this study at least part of the pro-glacial environment must have been frozen to

result in the brittle deformation as described in Domain A, E and G. However, this study

has not found enough reliable evidence for the presence of permafrost and also to what

extent and depth is still uncertain. Present-day contemporary surge glaciers producing

complex moraine systems are often accompanied by high subglacial pore water pressure,

driving the groundwater flow and therefore sub-glacial and ice-marginal processes (Boul-

ton et al., 1999; Robinson et al., 2008; Benediktsson et al., 2009). However, for past

glaciations these changes in pore water pressure can only be reconstructed indirectly and

there is still uncertainty about how large-scale ice sheets exactly produce similar complex

moraine systems. Different models have been produced to clarify the development of large-

scale deformation structures, but it is still not completely clear how these models can be

used for possible surge-collapse or retreating ice streams (as presented by Benediktsson

et al., 2009; Evans, 2011). Active retreat models, such as presented in this study, might

present large-scale ice stream behaviour, but could also simply show a (topographically)

constrained ice lobe. Evans and Thomson (2010) state that the lithofacies that have been

recognised in parts of the North Sea lobe, the marginal recession and oscillations may have

been non-climatic or surge related. This might also be the case in the Dogger Bank ice

lobe, where the sequence of retreating ice moraines shows a rapid, but active ice retreat
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to the north in the Dogger Bank.

’It seems that Belt (1874) was correct in identifying the bank as a huge moraine’

(cited from Stride 1959).
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Krüger, J., 2008. Instantaneous end moraine and sediment wedge formation during the
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I., Demarchi, B., Penkman, K. E. H., Austin, W. E. N., 2009a. The age and strati-
graphic context of the Easington Raised Beach, County Durham, UK. Proceedings of
the Geologists’ Association 120 (4), 183 – 198.

Davies, B. J., Hambrey, M. J., Smellie, J. L., Carrivick, J. L., Glasser, N. F., 2012.
Antarctic Peninsula Ice Sheet evolution during the Cenozoic Era. Quaternary Science
Reviews 31 (0), 30 – 66.

Davies, B. J., Roberts, D. H., Bridgland, D. R., Ó Cofaigh, C., Riding, J. B., 2011.
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Appendix A: Boreholes

Selection of boreholes from Forewind that are used in the text:

Borehole and CPT 1002
Depth borehole: 47.2m; Depth CPT: 5.0m; Coordinates: 413657mN - 6081033mN

Borehole CPT 1003
Depth: 12.0m; Coordinates: 414532mE - 6080112mN

Borehole 1004
Depth: 40.6m; Coordinates: 419821mE - 60743473mN

Borehole 1010
Depth: 38.2m; Coordinates: 425550mE - 6068188mN

Borehole 1026
Depth: 26.9m; Coordinates: 401166mE - 6083498mN

Borehole 1027
Depth: 36.6m; Coordinates: 399682mE - 6085110mN

Borehole 1031
Depth: 35.2m; Coordinates: 398544mE - 6086352mN

Borehole CPT 1069
Depth 28.6m; Coordinates: 445049mE - 6069210mN
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0.0 - 5.0 m:   Loose to very dense SAND

 - becoming gravelly from 2.6 m
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- with pockets of silt
- with musty odour
0.6 m to 20.0 m - Thinly interlaminated soft
to firm dark grey CLAY and dark grey silica
fine SAND

from 6.0 m - occasionally traces of organic
matter
from 4.0 m to 8.9 m - with mica crystals

from 9.0 m - Thinly interlaminated to thickly
interlaminated

from 7.0 m to 13.7 m - CLAY is expansive

from 13.0 m to 14.0 m - with few shell
fragments
from 8.9 m to 18.9 m - with few mica
crystals

from 18.0 m - with few shell fragments

from 19.0 m - medium becoming coarse
Sand

20.0 m to 36.9 m -  Dark grey silica medium
to coarse SAND, with traces of shell
fragments

from 23.0 m to 27.4 m - with few organic
matter
from 25.7 m to 26.3 m - very sandy Silt

CPTMLCPT

CPT1

CPT2

CPT3

CPT4

CPT5

W1

W2

W3

W4

W5

W6

W7

W8

W9

W10

W11

W12

W13

W14

W15

W16

W17

W18

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0

24.0

26.0

28.0

30.0

GeODin/Geotechnical Log (A3 Portrait).GLO/2010-10-18 07:22:54

P
late <A

P
P

E
N

D
IX

>1
Fugro R

eport N
o. J11047

DOGGER BANK WIND FARM SITE, UKCS, CENTRAL NORTH SEA
LOCATION BH 1004

: 29.6 m

: to 40.6 m below seafloor

: 419821 m E    6074373 m N

: 13-Oct-2010
: Rotary borehole drilling, sampling and testing

: to 40.6 m below seafloor

Date commenced

Water depth
Co-ordinates

Method

GEOTECHNICAL LOG

Unit weight derived
from volume mass
calculation

Unit weight derived
from water content

Water content

Plastic limit

Liquid limit

Plasticity index

Percentage fines

Carbonate content

Organic content

Relative density 
derived from CPT

Pocket penetrometer

Torvane

Fallcone

Laboratory vane

UU-triaxial

CU-triaxial

Direct simple shear

In-situ vane shear test

Undrained shear strength derived from CPT

Slashed symbol refers to test on remoulded soil
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In-situ
Tests

Graphic
Log Strata Description

Unit Weight [kN/m³] Classification [%] Undrained Shear Strength [kPa]

10 15 20 25 0 200 400 6000 40 80 120

20.0 m to 36.9 m -  Dark grey silica medium
to coarse SAND, with traces of shell
fragments

from 35.0 m to 35.6 m - with thick laminae
of clay

from 36.0 m to 36.5 m - fine to medium
Sand, with occasionally coarse black gravel

36.9 m to 39.6 m - Very stiff CLAY
- with closely to medium spaced very thin
beds of sand

39.6 m to 40.6 m -  Dark grey silica medium
to coarse SAND, with traces of shell
fragments
at 40.6 m - E.O.B
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DOGGER BANK WIND FARM SITE, UKCS, CENTRAL NORTH SEA
LOCATION BH 1004

: 29.6 m

: to 40.6 m below seafloor

: 419821 m E    6074373 m N

: 13-Oct-2010
: Rotary borehole drilling, sampling and testing

: to 40.6 m below seafloor

Date commenced

Water depth
Co-ordinates

Method

GEOTECHNICAL LOG

Unit weight derived
from volume mass
calculation

Unit weight derived
from water content

Water content

Plastic limit

Liquid limit

Plasticity index

Percentage fines

Carbonate content

Organic content

Relative density 
derived from CPT

Pocket penetrometer

Torvane

Fallcone

Laboratory vane

UU-triaxial

CU-triaxial

Direct simple shear

In-situ vane shear test

Undrained shear strength derived from CPT

Slashed symbol refers to test on remoulded soil

Penetration depth
Recovery depth

Unit

sam
p

les
in

-situ
tests

g
rap

h
ic

lo
g

strata d
escrip

tio
n

torvane
pocket penetrom

eter
note : slashed sym

bols refer to tests on rem
oulded soil
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In-situ
Tests

Graphic
Log Strata Description

Unit Weight [kN/m³] Classification [%] Undrained Shear Strength [kPa]

10 15 20 25 0 200 400 6000 40 80 120

0.0 m to 0.2 m -  Very dark grey silica
medium to coarse SAND, with traces of
organic matter
- with putrid odour
0.2 m to 4.5 m -  Olive grey silica medium
SAND
- occasionally subrounded gravel
- at top with medium to coarse sand
from 0.2 m to 2.4 m - with shells and shell
fragments, with traces of organic matter
from 3.5 m - with few shells and shell
fragments, with few rounded gravel

4.5 m to 6.0 m - Very stiff to hard very dark
greyish brown sandy becoming very sandy
CLAY, with few chalk fragments and few
subrounded fine gravel
from 4.5 m to 5.4 m - with few shell
fragments
6.0 m to 8.5 m - Very stiff dark greenish
grey sandy CLAY
- with few subrounded gravel
at 6.0 m - with thick laminae of fine to
medium sand
at 7.5 m - with shells and shell fragments
8.5 m to 13.5 m -  Dark greenish grey
slightly sandy silica SILT, with few shell
fragments and with few chalk fragments
- occasionally subrounded gravel

12.3 m to 13.8 m - Firm to stiff dark
greenish grey slightly sandy CLAY
13.8 m to 15.7 m - Dense to very dense
olive grey silica fine to medium SAND

15.7 m to 16.7 m -  Dark greenish grey very
sandy CLAY

16.7 m to 18.5 m - Firm to stiff dark
greenish grey slightly sandy CLAY

18.5 m to 20.2 m - Hard dark greenish grey
becoming very dark grey slightly sandy
SILT, with few chalk fragments
- occasionally with subrounded gravel

20.2 m to 20.8 m - Hard CLAY

20.8 m to 24.5 m -  Dark grey to dark
greenish grey very sandy silica fine to
medium SAND, with few shell fragments
- occasionally subrounded gravel 
- with thick laminae of clay

24.5 m to 26.9 m - Hard dark greenish grey
SILT, with traces of chalk fragments
- with thick laminae of fine to medium sand

26.9 m to 38.2 m - Hard dark greenish grey
SILT

from 28.7 m to 29.2 m - occasionally
subrounded gravel
from 29.5 m to 30.4 m - with few pockets of
fine sand
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DOGGER BANK WIND FARM SITE, UKCS, CENTRAL NORTH SEA
LOCATION BH 1010

: 27.5 m

: to 38.2 m below seafloor

: 425550 m E    6068188 m N

: 13-Oct-2010
: Rotary borehole drilling, sampling and testing

: to 38.2 m below seafloor

W4

W5

W10

W14

H17

Date commenced

Water depth
Co-ordinates

Method

GEOTECHNICAL LOG

Unit weight derived
from volume mass
calculation

Unit weight derived
from water content

Water content

Plastic limit

Liquid limit

Plasticity index

Percentage fines

Carbonate content

Organic content

Relative density 
derived from CPT

Pocket penetrometer

Torvane

Fallcone

Laboratory vane

UU-triaxial

CU-triaxial

Direct simple shear

In-situ vane shear test

Undrained shear strength derived from CPT

Slashed symbol refers to test on remoulded soil
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In-situ
Tests

Graphic
Log Strata Description

Unit Weight [kN/m³] Classification [%] Undrained Shear Strength [kPa]

10 15 20 25 0 200 400 6000 40 80 120

26.9 m to 38.2 m - Hard dark greenish grey
SILT

from 37.5 m to 37.9 m - with very closely
spaced thin laminae of fine sand
from 37.9 m to 38.2 m - becoming very
sandy, with mica crystals
38.2 m to 38.2 m -  Very dark greyish
brown silica fine SAND
- with thin laminae of clay
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DOGGER BANK WIND FARM SITE, UKCS, CENTRAL NORTH SEA
LOCATION BH 1010

: 27.5 m

: to 38.2 m below seafloor

: 425550 m E    6068188 m N

: 13-Oct-2010
: Rotary borehole drilling, sampling and testing

: to 38.2 m below seafloor

Date commenced

Water depth
Co-ordinates

Method

GEOTECHNICAL LOG

Unit weight derived
from volume mass
calculation

Unit weight derived
from water content

Water content

Plastic limit

Liquid limit

Plasticity index

Percentage fines

Carbonate content

Organic content

Relative density 
derived from CPT

Pocket penetrometer

Torvane

Fallcone

Laboratory vane

UU-triaxial

CU-triaxial

Direct simple shear

In-situ vane shear test

Undrained shear strength derived from CPT

Slashed symbol refers to test on remoulded soil
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Made by :               Date :

5 15 25

RELATIVE
DENSITY

(%)
DEPTH

(m) SOIL DESCRIPTION SOIL
PROFILE

SAMPLE OR
TEST NO

UNDRAINED SHEAR STRENGTH
s   (kPa)u

UNIT WEIGHT
  (kN/m  )γ

MOISTURE
CONTENT

(%)

BIT
LOAD

(tonnes)

MUD
PRESSURE

(kg/cm  )
3

2

WATER DEPTH
LOCATION
CO-ORDINATES

DRILLING  REMARKS:

Type of Bit:     5 Wing Drag

Type of Mud:  Guar gum

Notes: W19 contained CO2. Sample exploded
            out of the tube. Borehole was abandoned.

KEY FOR UNDRAINED SHEAR STRENGTH: KEY FOR UNIT WEIGHT:

s   (Torvane)

s   (Pocket Penetrometer)

s   (Fallcone)

s   (Remoulded In-Situ Vane)

s   (Labvane)

s   (Undrained  Triaxial)

s   (In-situ Vane)

u 

u 

u 

u

Natural Dry Unit Weight (     )

Natural Wet Unit Weight (     )

Inferred Unit Weight

u 

u 

u

γd

γw

estimated from CPT data 
(Nkt = 15 - 20) - Su
(Ko = 0.5 - 3.0) - Dr

/
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30

0.0 - 1.4 m:   Dark greenish grey fine to
medium SAND, with traces of coarse
sand-sized shell fragments and traces of
organic matter
1.4 - 2.1 m:   Stiff Black CLAY,with
pockets of organic material and H2S
odour
 - from 2.0 m to 2.1 m - firm fibrous black
peat, with H2S odour
2.1 - 28.9 m:   Stiff to very stiff dark grey
becoming dark greyish brown CLAY
 - from 2.1 m to 4.9 m - with fine to
medium gravel-sized chalk fragments,
with few fine gravel and with pockets of
fine gravel-sized organic matter

 - from 16.1 m to 16.2 m - thick lamination
of Sand

 - from 14.0 m to 27.9 m - with medium
gravel-sized chalk fragments

 - from 26.7 m to 27.9 m - with medium
spaced thin beds to medium beds of silty
fine sand
 - at 27.7 m - is gassy

CPT 1
W 1

W 2

W 3

W 4
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W 7

W 8

W 9
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W 11
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CPT 2

W 13

W 14
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W 17
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W 19

CPT 5
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: Dogger Bank Offshore Windfarm SI
: 401166mE    6083498mN

: 22/11/2010 - 22/11/2010 

BOREHOLE  BH 1026 (PRELIMINARY) SHEET 1 OF 1
GeODin-System 5.0/1 location with uw.GLO/26/11/2010 05:13:38

MPC 22/11/2010

: 28 m 



Made by :               Date :

5 15 25

RELATIVE
DENSITY

(%)
DEPTH

(m) SOIL DESCRIPTION SOIL
PROFILE

SAMPLE OR
TEST NO

UNDRAINED SHEAR STRENGTH
s   (kPa)u

UNIT WEIGHT
  (kN/m  )γ

MOISTURE
CONTENT

(%)

BIT
LOAD

(tonnes)

MUD
PRESSURE

(kg/cm  )
3

2

WATER DEPTH
LOCATION
CO-ORDINATES

DRILLING  REMARKS:

Type of Bit:     5 Wing Drag

Type of Mud:  Guar gum

Notes:           

KEY FOR UNDRAINED SHEAR STRENGTH: KEY FOR UNIT WEIGHT:

s   (Torvane)

s   (Pocket Penetrometer)

s   (Fallcone)

s   (Remoulded In-Situ Vane)

s   (Labvane)

s   (Undrained  Triaxial)

s   (In-situ Vane)

u 

u 

u 

u

Natural Dry Unit Weight (     )

Natural Wet Unit Weight (     )

Inferred Unit Weight

u 

u 

u

γd

γw

estimated from CPT data 
(Nkt = 15 - 20) - Su
(Ko = 0.5 - 3.0) - Dr

/
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0.0 - 3.2 m:   Dark greenish grey to very
dark greenish grey fine to medium SAND,
with traces of shells and  coarse sand to
fine gravel-sized shell fragments

3.2 - 5.7 m:   Stiff to very stiff dark greyish
brown to very dark greenish grey CLAY,
with traces of coarse sand-sized shell
fragments and occasionally fine
gravel-sized chalk fragments

5.7 - 7.2 m:   Very dark greenish grey
SILT, with pockets of clay, with fine
gravel-sized pockets of clay

7.2 - 12.6 m:   Stiff to very stiff very dark
greenish grey CLAY, with thin laminae of
silt and medium-sized gravel

 - from 9.0 m to 10.3 m - with thin laminae
of silt

 - from 11.8 m to 12.0 m - thin bed of Sand

12.6 - 14.8 m:   Medium dense to very
dense dark greyish brown silica fine to
medium SAND, with traces of medium to
coarse sand-sized shell fragments and
fine gravel

14.8 - 18.0 m:   Stiff to very stiff dark
greyish brown CLAY, with very closely
spaced thick laminae of silt

 - from 17.1 m to 17.2 m - thick lamination
of Sand

18.0 - 19.0 m:   Very dense dark greyish
brown silica fine to medium SAND, with
traces of coarse sand-sized shell
fragments, traces of organic matter and
thin beds of clay
19.0 - 21.6 m:   Stiff to very stiff dark
greyish brown CLAY, with traces of coarse
sand-sized shell fragments, gravel-sized
pockets of silt and fine gravel-sized chalk
fragments
 - from 20.5 m to 20.7 m - thick lamination
of Sand
21.6 - 36.6 m:   Medium dense to very
dense dark greenish grey slightly silty
silica fine to medium SAND

 - from 23.5 m to 25.6 m - with fine to
medium gravel-sized shell fragments and
few fine gravel-sized pockets of organic
matter
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: Dogger Bank Offshore Windfarm SI
: 399682mE    6085110mN

: 23/11/2010 - 23/11/2010 

BOREHOLE  BH 1027 (PRELIMINARY) SHEET 1 OF 2
GeODin-System 5.0/1 location with uw.GLO/26/11/2010 07:55:28

BBD 25/11/2010

: 28 m LAT
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RELATIVE
DENSITY

(%)
DEPTH

(m) SOIL DESCRIPTION SOIL
PROFILE

SAMPLE OR
TEST NO

UNDRAINED SHEAR STRENGTH
s   (kPa)u

UNIT WEIGHT
  (kN/m  )γ

MOISTURE
CONTENT

(%)

BIT
LOAD

(tonnes)

MUD
PRESSURE

(kg/cm  )
3

2

WATER DEPTH
LOCATION
CO-ORDINATES

DRILLING  REMARKS:

Type of Bit:     5 Wing Drag

Type of Mud:  Guar gum

Notes:           

KEY FOR UNDRAINED SHEAR STRENGTH: KEY FOR UNIT WEIGHT:

s   (Torvane)

s   (Pocket Penetrometer)

s   (Fallcone)

s   (Remoulded In-Situ Vane)

s   (Labvane)

s   (Undrained  Triaxial)

s   (In-situ Vane)

u 
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u 

u

Natural Dry Unit Weight (     )

Natural Wet Unit Weight (     )

Inferred Unit Weight
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u

γd

γw

estimated from CPT data 
(Nkt = 15 - 20) - Su
(Ko = 0.5 - 3.0) - Dr
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21.6 - 36.6 m:   Medium dense to very
dense dark greenish grey slightly silty
silica fine to medium SAND

W 23

CPT 7
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W 25

CPT 8a
CPT 8
W 26

W 27

W 28

W 29
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: Dogger Bank Offshore Windfarm SI
: 399682mE    6085110mN

: 23/11/2010 - 23/11/2010 

BOREHOLE  BH 1027 (PRELIMINARY) SHEET 2 OF 2
GeODin-System 5.0/1 location with uw.GLO/26/11/2010 07:55:28

BBD 25/11/2010

: 28 m LAT



Made by :               Date :

5 15 25

RELATIVE
DENSITY

(%)
DEPTH

(m) SOIL DESCRIPTION SOIL
PROFILE

SAMPLE OR
TEST NO

UNDRAINED SHEAR STRENGTH
s   (kPa)u

UNIT WEIGHT
  (kN/m  )γ

MOISTURE
CONTENT

(%)

BIT
LOAD

(tonnes)

MUD
PRESSURE

(kg/cm  )
3

2

WATER DEPTH
LOCATION
CO-ORDINATES

DRILLING  REMARKS:

Type of Bit:     5 Wing Drag

Type of Mud:  Guar gum

Notes:           

KEY FOR UNDRAINED SHEAR STRENGTH: KEY FOR UNIT WEIGHT:

s   (Torvane)

s   (Pocket Penetrometer)

s   (Fallcone)

s   (Remoulded In-Situ Vane)

s   (Labvane)

s   (Undrained  Triaxial)

s   (In-situ Vane)

u 

u 

u 

u

Natural Dry Unit Weight (     )

Natural Wet Unit Weight (     )

Inferred Unit Weight

u 

u 

u

γd

γw

estimated from CPT data 
(Nkt = 15 - 20) - Su
(Ko = 0.5 - 3.0) - Dr
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0.0 - 35.2 m:   dense to very dense very
dark greenish grey silica fine SAND, with
traces of shell fragments, with traces of
organic matter

 - from 8.4 m to 8.7 m -  dark greenish
grey Clay
 - from 9.2 m to 9.4 m -  dark greenish
grey Silt

CPT 1
W 1

W 2

W 3

W 4

W 5

W 6

W 7

W 8

W 9

W 10

W 11

W 12

W 13

CPT 2

W 14
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CPT 4
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W 19

CPT 6

W 20

CPT 7

W 21

CPT 8
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: Dogger Bank Offshore Windfarm SI
: 398544mE    6086352mN

: 24/11/2010 - 24/11/2010 

BOREHOLE  BH 1031 (PRELIMINARY) SHEET 1 OF 2
GeODin-System 5.0/1 location with uw.GLO/27/11/2010 14:51:45

BBD 25/11/2010

: 30 m LAT



Made by :               Date :

5 15 25

RELATIVE
DENSITY

(%)
DEPTH

(m) SOIL DESCRIPTION SOIL
PROFILE

SAMPLE OR
TEST NO

UNDRAINED SHEAR STRENGTH
s   (kPa)u

UNIT WEIGHT
  (kN/m  )γ

MOISTURE
CONTENT

(%)

BIT
LOAD

(tonnes)

MUD
PRESSURE

(kg/cm  )
3

2

WATER DEPTH
LOCATION
CO-ORDINATES

DRILLING  REMARKS:

Type of Bit:     5 Wing Drag

Type of Mud:  Guar gum

Notes:           

KEY FOR UNDRAINED SHEAR STRENGTH: KEY FOR UNIT WEIGHT:

s   (Torvane)

s   (Pocket Penetrometer)

s   (Fallcone)

s   (Remoulded In-Situ Vane)

s   (Labvane)

s   (Undrained  Triaxial)

s   (In-situ Vane)

u 

u 

u 

u

Natural Dry Unit Weight (     )

Natural Wet Unit Weight (     )

Inferred Unit Weight

u 

u 

u

γd

γw

estimated from CPT data 
(Nkt = 15 - 20) - Su
(Ko = 0.5 - 3.0) - Dr
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0.0 - 35.2 m:   dense to very dense very
dark greenish grey silica fine SAND, with
traces of shell fragments, with traces of
organic matter

W 22

CPT 9

W 23

CPT 10

W 24

CPT 11

0 200 400 600 800 1000 0 50 100 0 40 80 0 2 0 10

: Dogger Bank Offshore Windfarm SI
: 398544mE    6086352mN

: 24/11/2010 - 24/11/2010 

BOREHOLE  BH 1031 (PRELIMINARY) SHEET 2 OF 2
GeODin-System 5.0/1 location with uw.GLO/27/11/2010 14:51:45

BBD 25/11/2010

: 30 m LAT
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0.0 - 9.1 m:   Very dense SAND

9.1 - 28.6 m:   Stiff to very stiff CLAY

 - with a thin bed of medium dense sand at
14.4 m

 - End of Borehole CPT 1069 at 28.6 m

CPT 1

0 100 200 300 400 500 0 50 100 0 20 40 0 2 0 10

: DOGGERBANK WIND FARM SITE, UKCS, CENTRAL NORTH SEA
: 445049mE    6069210mN

: 21/12/2010 - 21/12/2010
: 22 m LAT

BOREHOLE  CPT 1069 (PRELIMINARY) SHEET 1 OF 1
GeODin-System 5.0/G7_Borehole_Log_500_kpa_qc_Dr.GLO/21/12/2010 07:29:42

DB/JS 21/12/2010Made by :               Date :

5 15 25

RELATIVE
DENSITY

D   (%)r
DEPTH

(m) SOIL DESCRIPTION SOIL
PROFILE

SAMPLE OR
TEST NO

UNDRAINED SHEAR STRENGTH
s   (kPa)u

UNIT WEIGHT
  (kN/m  )γ

CONE RESISTANCE
(MPa)

BIT
LOAD

(tonnes)

MUD
PRESSURE

(kg/cm  )
3

2

DATE
WATER DEPTH

LOCATION
CO-ORDINATES

Half full symbols refer to remoulded tests.

DRILLING  REMARKS: KEY FOR UNDRAINED SHEAR STRENGTH: KEY FOR UNIT WEIGHT:

s   (Torvane)

s   (Pocket Penetrometer)

s   (Fallcone)

s   (Remoulded In-Situ Vane)

s   (Labvane)

s   (Undrained  Triaxial)

s   (In-situ Vane)

u 

u 

u 

u

Natural Dry Unit Weight (     )

Natural Wet Unit Weight (     )

u 

u 

u

γd

γw

estimated from CPT data 
(Nkt = 15 - 20)/

FUGRO - P
RELIM

INARY FIELD PLOT






