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ABSTRACT

Glacial sediments, particularly diamicts, can be ambiguous to interpret. Fabric analyses, such 

as anisotropy of magnetic susceptibility (AMS), have been shown to provide specific information 

on the formation and subsequent deformation of glacial sediments. In this thesis, detailed 

investigations utilising the AMS technique have been combined with traditional sedimentological 

and structural techniques, to help resolve a number of current problems in glacial geology. At the 

same time, limitations of such uses of AMS have been established. In the modern environment 

(Tunabreen, Svalbard), magnetic lineations develop parallel to glacier flow and reveal dynamic 

behaviour during past surges. In a Quaternary glaciotectonite (Bacton Green Till Member, 

Norfolk, UK), AMS fabric develop in response to glacial deformation and reveal strain vectors 

that can be related to ice flow from contrasting directions. Finally in Neoproterozoic diamictites 

(Wilsonbreen Formation, Svalbard), despite local tectonic overprinting and diagenetic change, 

AMS can be used to reveal a dominant ice-flow to direction to the north. In combination with 

other sedimentological techniques, this has allowed the identification of glaciotectonic features 

and an ice-marginal, terrestrial and subaqueous model is proposed. These results support the use 

of AMS as a fast, objective and accurate technique that can facilitate the interpretation of cryptic 

glacial sediments.
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1.1. Introduction

Glaciers and ice sheets have, today and in the past, had an enormous influence on all aspects 

of the earth system. It is suggested that there have been at least 11 epochs in the earth’s history 

where there has been extensive and long lasting glaciation (Hambrey and Harland, 1981). As 

the ice from these periods has long since melted, clues to its existence has to be drawn from the 

sedimentary record. Glacial environments are inherently dynamic and deposition can result in a 

wide range of sedimentary environments through a variety of processes. No other sedimentary 

environment exhibits such rapid and spatially variable changes of processes which can make 

it very difficult to interpret. Furthermore, the sediment types most frequently associated 

with glaciation are enigmatic diamictites. The term diamictite (diamicton for the unlithified 

equivalent) follows the mis-named symmictite (Flint et al., 1960b) and is defined as a non-sorted 

terrigenous sediment or rock that contains a wide range of particle sizes, regardless of genesis 

(Flint et al., 1960a; Flint, 1971). These sediments are often structureless, therefore compounding 

the overall difficulty, which has lead to major controversies in the interpretation of the geological 

record. 

A great deal of research has previously been carried out on glacial sediments using classic 

sedimentological and structural techniques. In this thesis, key issues of glacial sedimentology are 

examined through the novel use of the anisotropy of magnetic susceptibility (AMS) technique. 

The study has been carried out in conjunction with classic sedimentological and structural 

techniques to establish a comparative basis for assessing the potential of AMS as an effective tool 

in the interpretation of glacial sediments.

1.2. Glacial sedimentary environments

For the purposes of this study, environments of glacial sedimentation can be broadly divided 

into three main types: forming beneath the ice (subglacial), forming within water (subaqueous 

- glaciomarine or glaciolacustrine) and forming on the land surface (proglacial). For detailed 
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reviews on glacial depositional environments, see Menzies (2002) Evans (2005), and Benn and 

Evans (2010).

Subglacial environments (Fig. 1.1) occur where the ice is in direct contact with the glacier 

bed. Despite subglacial tills covering large parts of North America and Northern Europe, 

the subglacial environment is one of the least understood depositional environments, largely 

a) THE TERRESTRIAL GLACIAL LANDSYSEM

b) THE SUBAQUEOUS GLACIAL LANDSYSTEM

Proglacial streams

Supraglacial melt-out

Englacial debris 
(subglacially derived)

Englacial debris
(Supraglacially derived)

Subglacial till

Glaciofluvial deposition

Subaquatic deposition

Subglacial deposition

Subglacial deposition

Erosional zone (debris 
incorporated by 

freezing to the bed)

Erosional zone (debris 
incorporated by 

freezing to the bed)

Grounding-ine fan
Subglacial till

Debris flowsRainout of ice-
rafted debris

Fig. 1.1 - Longitudinal (flow-parallel) models of glacier termini from glaciers with bases at the pressure 
melting point, based on diagrams of Hambrey and Harland (1981) with modification. (a) Terrestrial 
glacial deposition showing subglacial and glaciofluvial environments. (b) Glaciomarine depositional 
environment, with the inclusion of a grounding-line fan (after Powell and Domack, 1995; Powell, 2003).
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stemming from the fact that the bed is mostly inaccessible. As such, many of the processes leading 

to the formation of subglacial sediments are poorly understood. Deposition in this environment 

occurs through a combination of lodgement, ploughing, melt out and bed deformation 

(Dreimanis, 1988). However, it is becoming increasingly apparent that most till lies between these 

simplistic end members, resulting from a combination of all four processes along with erosion 

(Evans et al., 2006) and the term subglacial traction till is commonly used. Diamicton is the most 

commonly associated deposit, and can be massive or stratified, but a variety of other deposits can 

be recognised. These include lenses of sand and gravel (Menzies, 1990), boulder pavements (e.g. 

Boyce and Eyles, 2000) and clastic dykes (e.g. Le Heron et al., 2005).

Subaqueous environments (Fig. 1.1b) occur where the ice reaches a water body such as the 

sea (glaciomarine environment) or a lake (glaciolacustrine environment). A plethora of processes 

and sediment sources occur owing to the combined action of ice and water (Powell and Domack, 

1995). Close to the ice margin, the efflux of meltwater from subglacial channels can deposit 

large quantities of sediment. In addition, floating debris-laden icebergs or ice-shelves deliver 

sediment through ice rafting (Thomas and Connell, 1985). Floating ice can travel for considerable 

distances, depositing ice-rafted debris as dropstones in locations far away from the ice margin. 

Rapid spatial variation in sedimentation rates can result in the development of grounding-line 

fans (Fig. 1.1b) (Powell, 1990). Depositional palaeoslopes are common in such environments, 

leading to frequent resedimentation events e.g. mass-flows. These can travel considerable 

distances, even on shallow slopes (Dowdeswell et al., 1996). 

proglacial environments (Fig. 1.1a) form at and beyond the ice margin, where glaciers 

are land-terminating. Here, a variety of sediments can be produced which are mostly deposited 

by meltwater from debris derived from the ice mass itself (see review by Maizels, 2002). Large 

quantities of meltwater can result in the development of glaciofluvial systems, for example, large 

proglacial outwash plains or sandurs can develop which are characterised by complex braided 

channel networks.

The depositional processes occurring in these three environments are further complicated by 



Chapter 1 - Introduction

5

the fact that glaciers are highly dynamic systems which can respond significantly to even slight 

changes in temperature or sea-level. Many glaciers are also subject to complex internal cycles (e.g. 

surge behaviour, see Meier and Post, 1969), which result in oscillation of the ice margin, but are 

not primarily controlled by external processes. Complex feedback mechanisms can also occur, 

particularly in marine-terminating glaciers and ice sheets; therefore, advance-retreat cycles are 

common, leading to sharp changes in depositional environments (Mercer, 1978).

Deformation occurs at a variety of locations in glacial environments. These include the 

bulldozing of sediment at the ice margin, shear at the subglacial bed, and slumping and mass-

flow at the glacier snout (Fig. 1.2). Glacial deformation has attracted an extensive literature (see 

van der Wateren, 2002) largely owing to its role in influencing the formation of geomorphic 

features, its use in reconstructing former ice flow directions and in the understanding of processes 

operating at the bed. 

a) Subglacial deformation

b) Debris flow deformation

Ice

Debris flow

Substratum 
undeformed

Deformation till

Increasing 
intensity of 
deformation

A

B1

B2

Sh

Sb

Sr

ice

Fig. 1.2 - Comparisons of structures found in typical soft-sediment shear zones (after van der Wateren, 
2002 and the sources cited therein). (a) The subglacial shear zone in subglacial sediments showing a 
progressive increase in strain and deformation towards the ice-bed interface. Sr is the minimal strain, Sb 
contains boudins, detached folds and transposed foliation, Sh is the maximum strain, homogenised central 
horizon of the shear zone. Horizons A, B1, B2 refer to those described in Boulton’s (1987) deformation till 
model. (b) The shear zone at the base of a debris flow, showing an abrupt change in deformation from the 
debris flow to the undeformed stratum.
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Of particular interest for this study is the process of glaciotectonism. Glaciotectonism is 

the structural deformation of the upper horizon of the lithosphere by glacial stresses (Slater, 

1926). This process can lead to a variety of soft-sediment structures that can appear analogous 

to deformation in rocks and can produce a deposit known as a glaciotectonite. Glaciotectonites 

were originally described as referring to a subglacially sheared sediment, analogous to mylonites; 

however, a wider definition is commonly used which covers any body of unlithified or weakly 

lithified sediment deformed by glacial stresses (van der Wateren, 2002). Deformation can be 

described as both brittle and ductile (Fig. 1.2). Brittle deformation results in the production of 

discrete undeformed blocks separated by narrow shear corridors. In contrast, ductile deformation 

is referred to as the pervasive deformation of sediment by folding and faulting through cataclastic 

processes; however, in contrast to ductile deformation in metamorphic rocks occurring through 

crystal lattice deformation, grains remain essentially intact. 

Glaciotectonism is largely controlled by the flow of the overriding ice. Glaciers and ice 

sheets can exhibit a number of deformational regimes, demonstrated beautifully through 

structures on the surface of glaciers and ice sheets (Hambrey and Lawson, 2000). In a subglacial 

environment, sediments are subjected to horizontal simple shearing, coupled with extension 

(Fig. 1.3). Depending on hydrological conditions, confining pressure and shear strains, a 

variety of both brittle (e.g. faults) and ductile (e.g. folds) structures can be produced, often with 

increasing intensity of deformation towards the ice-bed interface (Fig. 1.2a). High shear strains 

can result in sediment remobilisation and the formation of a subglacial till. In proglacial settings, 

glaciotectonic compression may facilitate the formation of structures analogous to fold and thrust 

belts in an orogenic foreland setting (Fig. 1.3).

1.3. research issues

The recognition of glacial sediments in the sedimentary record has caused significant debate 

and controversy since they were first described. Throughout history, glacial sediment sections 

have been continually interpreted and reinterpreted (e.g. Schermerhorn, 1974). Although a wide 
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range of lithofacies and characters pertaining to distinct glacial environments exist (e.g. Eyles et 

al., 1983), their origin is often debated. In some cases, the same sequence has been interpreted as 

forming under strikingly different environments, e.g. the glacial sequence at Scarborough Bluffs, 

Ontario (Eyles and Eyles, 1983b; Dreimanis, 1984) and the formation of the Precambrian Port 

Askaig Formation of Scotland (Spencer, 1971; Eyles and Eyles, 1983a; Fairchild, 1985). 

The most common sediment associated with glacial deposition, diamicton, is usually 

structureless and can form in a variety of environments. For example, massive diamict is common 

in subglacial environments (Evans et al., 2006) forming through processes of lodgement, 

ploughing, melt out and bed deformation as a subglacial traction till. Such deposits are also 

a feature of many glaciomarine sequences, occurring through the rainout of ice rafted debris 

(e.g. Dowdeswell et al., 1994). Furthermore, sediment remobilisation events can result in 

homogenisation and the production of diamicton, which may or may not have originally been 

produced by glacial activity (e.g. Eyles and Eyles, 2000).

Where structures can be seen, the application of structural geological approaches to the 

investigation and understanding of glacially deformed sequences has been particularly useful. 
ice

Former position 
of the ice margin

Zone dominated by extensional 
deformation and simple shear

Zone dominated by compressive 
deformation and pure shear

Glaciotectonic thrusts

Subglacial deformation

Ice

Fig. 1.3 – Glaciotectonic regimes associated with a terrestrial land-terminating glacier (after Aber and Ber, 
2007 and the sources cited therein), based on the composite-ridge set in front of Eyjabakkajökull, Iceland. 
Shown are the subglacial zone dominated by extensional glaciotectonics, contrasted with the proglacial 
zone dominated by compressive deformation.
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Structures can be analysed on both macroscopic and microscopic scales and can provide 

considerable information about the genetic environment and deformational history. However, 

fold structures, similar to those found in glaciotectonic environments, are also found in other 

environments, e.g. slumping on glaciomarine slopes (Arnaud and Eyles, 2002). Some authors 

have suggested key differences in the nature of sediments deformed through resedimentation and 

those formed through subglacial shear. For example, Hiemstra et al. (2004) observed that whilst 

subglacial sediments displayed a progressive increase in intensity of deformation, discrete failure 

planes developed in slide deposits above which sediment was largely undeformed. However, slide 

deposits only represent one of many types of mass movement deposit and a robust set of criteria 

for each environment has not yet been established.

Clast fabric analysis can provide constraints over depositional processes and is considered 

by many to be a fundamental tool in the analysis of glacial sediments. The technique is long 

established and is normally used as a means for deriving past ice flow directions (Holmes, 1941) 

through the measurement of the preferred alignment of the long axis (a-axis) of visible clasts. By 

the statistical analysis of eigenvalues, the fabric strength can be calculated, and this has recently 

been used as a means to distinguish different modes of deposition (e.g. Hart and Roberts, 

1994) as well as the analysis of strain magnitude within deformed sediments (Benn, 1994; Hart 

and Roberts, 1994; Benn and Evans, 1996). However, others have doubted the use of clast 

fabrics alone to determine deposition environment (e.g. Bennett et al., 1999). This is because 

deformation processes occur in a range of settings and there is considerable overlap between 

depositional environments.

1.4. The aMS technique

One alternative fabric technique, which is becoming increasingly used in the analysis of glacial 

sediments, involves the measurement of Anisotropy of Magnetic Susceptibility (AMS). AMS is a 

technique that utilises the magnetic behaviour of minerals to determine their spatial arrangement 

and geometric configuration (fabric) within rock or sediment. This technique is routinely used in 
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other areas of geology, mostly to examine flow mechanisms within igneous rocks or to characterise 

deformation within tectonically deformed rocks. However, despite a strong promise, relatively few 

examples exist of the application of AMS to glacial materials.

Fuller (1962) first attempted the use of AMS in the fabric characterisation of glacial 

diamicton. Subsequently, AMS analysis has been applied to tills by several authors (e.g. Stupavsky 

and Gravenor, 1975; Eyles et al., 1987) and it has been shown that, in conjunction with 

other petrofabric techniques, AMS can provide invaluable information on the formation and 

subsequent deformation of glacial sediments. Recent advances in the technique, largely because 

of increased speed in acquisition of AMS data, and novel advances in laboratory testing of the 

technique (Iverson et al., 2008), have led to a resurgence of publications in this area (Hooyer et 

al., 2008; Shumway and Iverson, 2009; Thomason and Iverson, 2009; Gentoso et al., 2012). 

As well as simply characterising flow directions, the AMS of glacial sediments has been 

suggested to provide information regarding highly debated topics such as the deforming bed 

model of glacier flow and the manner of particle rotation during shear (Hooyer et al., 2008; 

Shumway and Iverson, 2009). A link between AMS and shear strain was recognised in ring-shear 

experiments by Iverson et al. (2008) and suggestions were made for its diagnostic use. However, 

compared to the vast literature available on applications for examining deformation in rock (see 

references in Borradaile and Jackson, 2010), the AMS of glacial sediments is understudied. 

1.5. particular issues

In order for the promise of the technique to be assessed, several questions have been identified 

which are yet be fully addressed. These questions are considered important and are addressed in 

the main body of the thesis.

Q1. What is the relationship between aMS and the deformation within glacier ice? 

Although most studies interpret the maximum susceptibility axis of the AMS fabric to lie parallel 

to the direction of ice flow, the relationship between the AMS fabric and deformation within the 
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overriding ice is poorly understood. It is yet to be explored whether AMS fabrics can be detected 

within the basal ice of glaciers and how these relate to the laboratory results of Iverson et al. 

(2008) and the interpretation of the AMS in Quaternary tills.

Q2. how does the magnetic signal of sediment with different magnetic mineralogies 

respond to subglacial shear? Different minerals can produce very different AMS fabric 

characteristics (see Chapter 2, section 2.3.3). The experimental work of Iverson et al. (2008) 

largely focussed on tills with a magnetic mineralogy dominated by silt-sized magnetite particles. 

Sediments dominated by paramagnetic minerals are also common; however, it is not known how 

these behave in response to subglacial shear.

Q3. Can aMS be applied to the study of glaciotectonites? The majority of AMS studies 

have focussed on determining ice flow directions and bed dynamics from fabrics within tills. 

No published data exists for the application of AMS to glaciotectonites, where pre-existing 

unconsolidated sediment has been glacially deformed such that relics of the original structure 

remain. 

Q4. are primary fabrics preserved in the pre-Quaternary glacial sediments? In other areas 

of sedimentology, AMS is routinely applied to the pre-Quaternary (e.g. Schieber and Ellwood, 

1993; Dall’olio et al., 2013); however the growth of new diagenetic minerals can disrupt the 

original fabric (e.g. Schieber and Ellwood, 1993). The preservation of magnetic fabrics during 

diagenesis is yet to be established.

Q5. Can aMS be used as a genetic indicator of depositional and deformational 

processes? It has been suggested that the AMS could be used as a genetic indicator of depositional 

or deformational processes (Eyles et al., 1987; Iverson et al., 2008). Further investigation is 

needed before the use of AMS in this way can be verified.

1.6. Thesis outline

In this thesis, a combined magnetic, sedimentological and structural approach is taken for the 
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analysis of glacial sediments. This thesis is written as a series of papers, each addressing a different 

aspect of glacial sedimentology and connected by the use of the AMS technique. Each chapter has 

its own aims and objectives that address both the research questions relating to AMS (outlined 

above) and other current problems in glacial sedimentology. Chapter 3 has already been published 

(Fleming et al., 2013), Chapter 4 is in press (Fleming et al., in press), and Chapters 5 and 6 are 

intended for publication. 

Where possible, the contents of these chapters are left as they were or intend to be submitted 

for publication, so that each will function as a stand-alone contribution; however, to avoid 

repetition, most of the theoretical discussion and background on the AMS has been removed and 

is included in Chapter 2. In addition, details of the AMS methods are removed and are included 

in Appendix A. Additional analytical methods are described where they are used. However, where 

the same methods are used in subsequent chapters, the reader is referred back to the relevant 

chapter.

Chapter 2 - The theoretical background behind the technique is described and the current 

literature on the AMS technique is reviewed.

Chapter 3 - Results are presented from the first-ever application of AMS to examine 

deformation within the basal ice of a polythermal surge-type glacier in Svalbard. As well as 

addressing Q1, this chapter reveals interesting insights into the dynamic behaviour of the glacier 

during the last surge.

Chapter 4 - Results are presented from the analysis of a classic glaciotectonised section 

in North Norfolk, UK. In addition to AMS measurements from a lithology dominated by 

paramagnetic minerals (addressing Q2), a detailed, systematic structural investigation is 

undertaken to provide a second proxy of strain direction, thereby addressing Q3. Finally, the 

relationships of the fabrics to ice-flow across North Norfolk are established.

Chapter 5 - Results are presented of a detailed AMS study of Neoproterozoic diamictites 

from the Wilsonbreen Formation in NE Svalbard. In this chapter, through extensive rock 
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magnetic experiments and comparisons with clast macrofabric data, the origin of the diamictites 

and their relationship to palaeoflow across the basin are assessed (addressing Q4).

Chapter 6 - Presented in this chapter are the results of a detailed analysis of deformation 

structures within certain parts of the Wilsonbreen Formation through a combination of 

sedimentology, structural geology and magnetic fabrics (addressing Q3, Q4 and Q5). In this 

chapter, the origins of unusual deformational structures are established and a depositional model 

suggested.

Chapter 7 - The results are synthesised, the main conclusions drawn and suggestions of future 

work are made.
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Chapter 2. 

aNISOtrOpY OF MaGNetIC SUSCeptIBILItY
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2.1. Introduction

Anisotropy of magnetic susceptibility (AMS) is one of a group of techniques used to measure 

the petrofabric of rock or sediment. It was first measured in minerals more than a century ago 

(e.g. Voight and Kinoshita, 1907), but it was not until the pioneering work of Graham (1954) 

that its use as a petrofabric tool was first suggested. After this, AMS was applied to a range of 

geological materials, such as the analysis of sediments (e.g. Rees, 1961; Rees, 1965) and igneous 

and metamorphic rocks (e.g. Stacey, 1960; Stone, 1963). AMS is now routinely applied to 

measure the mineral orientation fabric in a variety of geological situations. Throughout the years, 

the ultimate goal of AMS work has remained essentially the same (Martín-Hernández et al., 

2004): to establish principal directions of finite or incremental strains in order to determine flow/

emplacement directions or deformation in sediments and intrusive/extrusive igneous rocks. 

Whilst a variety of other petrofabric techniques exist (e.g. clast fabric analysis, microfabric 

analysis, neutron texture analysis), AMS has a number of key advantages over these. It can be 

measured relatively quickly and is less labour intensive than alternatives. For example, with 

modern equipment, the AMS can be characterised in a matter of minutes as opposed to several 

hours for optical measurement of a fabric on a universal stage microscope. In addition, AMS 

reflects the bulk average of many grains within a sample and several samples make up a site, 

therefore making the technique highly representative. It can also be used in settings where other 

structures or structural indicators are lacking. However, like many other techniques, AMS is not 

without its caveats. The magnetic response of minerals can be highly variable. Whilst in many 

cases the AMS fabric is directly comparable to grain fabric, there are various reasons why this may 

not necessarily be the case (Tarling and Hrouda, 1993). Therefore, a complete understanding is 

needed before the results can be fully interpreted. 

In this chapter, an introduction to the theory of AMS is presented and how it can be used to 

characterise a fabric within rock or sediment (Sections 2.2 - 2.5). The techniques commonly used 

to characterise the mineralogy are explained in Section 2.6. A review of how AMS can be used to 

investigate sedimentary rocks is given in Section 2.7, and an introduction into the current state of 
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research into the AMS of glacial sediments is given in Section 2.8. Finally, an outline of how AMS 

is used in this thesis is presented in Section 2.9.

2.2. Diamagnetism, paramagnetism and ferromagnetism

Magnetic susceptibility is a dimensionless proportionality constant that indicates the degree 

of magnetisation of a material in response to a magnetic field. All materials are magnetic in the 

fact that they all are affected by magnetic fields in some way; however, some are more magnetic 

than others. Materials can be classed as having diamagnetic, paramagnetic and ferromagnetic 

behaviours (Dunlop and Özdemir, 1997). At an atomic scale, diamagnetism occurs when a 

magnetic field is applied to a substance where the electron shells are complete (no net magnetic 

moments). The paired electrons effectively cancel each other out and weak magnetisation is 

produced in the opposite direction to that of the applied field (Fig. 2.1a), resulting in a negative 

Applied field

Applied field

No applied field

No applied field

Diamagnetic

Paramagnetic

a)

b)

c)

d)

e)

Ferromagnetic (s.s.)

Antiferromagnetic

Ferrimagnetic

Fig. 2.1 – The response of different materials to magnetisation (after Tarling and Hrouda, 1993). The left 
column shows the magnetisation that a substance receives when in a magnetic field (red arrows) whilst the 
right column shows the magnetisation after the field has been removed (black arrows). (a) Diamagnetic 
minerals showing a weak magnetisation in the opposite direction. (b) Paramagnetic minerals showing weak 
field in the same direction. (c) Ferromagnetic (s.s.) minerals showing a strong field in the same direction 
both with and without an external magnetic field. (d) Antiferromagnetic minerals showing a weak field 
but no magnetisation. (e) Ferrimagnetic minerals showing an induced and remanent magnetisation in the 
same direction to the external field but weaker than ferromagnetic (s.s.) minerals.
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susceptibility. In contrast, paramagnetic materials are somewhat more affected by a magnetic 

field. They display a slightly stronger, non-permanent magnetisation parallel to the applied field, 

resulting in a positive susceptibility. This occurs because of the presence of unpaired electrons at 

the atomic scale. However, the individual magnetic ions do not interact magnetically. As such, the 

alignment is subsequently lost when the external magnetic field is removed. In both paramagnetic 

and diamagnetic minerals, the strength of the induced magnetisation is directly related to the 

strength of the applied field. This is represented by the equation M=KH where M is the induced 

magnetisation, H is the applied field and K is the susceptibility measured in SI units (Tarling and 

Hrouda, 1993).

Ferromagnetic substances include those commonly thought of as magnetic (e.g. iron, nickel 

and magnetite). They have much higher susceptibilities than paramagnetic and diamagnetic 

minerals as the atomic moments exhibit very strong interactions. Ferromagnetism is a behaviour 

typical of the first transition series of elements (NB. ferromagnetism senso lato is commonly 

used to describe this behaviour, but ferromagnetism senso stricto is also used as a subdivision, 

discussed below).These substances are able to retain a magnetisation after the external field has 

been removed, a property known as spontaneous magnetism. This happens because the electron 

spins become spontaneously coupled and all of the individual spin magnetisations become aligned 

(Dunlop and Özdemir, 1997). In some elements, the electron spins of adjacent cations become 

directly coupled (ferromagnetism (s.s.), Fig. 2.1c); however, when other elements of the transition 

metals combine, such as the oxides, the presence of an intermediate anion results in a linkage, 

where the directions of the electron spins in the adjacent cations are reversed. This results in no 

net magnetism in the absence of an external field, and a slight positive magnetisation when a field 

is applied (Fig. 2.1d). Substances that behave in this way are termed antiferromagnetic. If one 

lattice is more strongly magnetised, a net magnetic field can be created in the mineral grain in the 

absence of an external magnetic field (Fig. 2.1e). These substances are known as ferrimagnetic.

One of the remarkable properties of ferromagnetic grains is their ability to be influenced by 

very low magnetic fields. This can occur because the magnetisation within a grain can divide 
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into a number of small regions called domains, separated by transition zones called Bloch walls, 

in order to keep magnetostatic energy to a minimum (Fig. 2.2). For a full discussion on domain 

theory see O’Reilly (1984), Tarling and Hrouda (1993) and Dunlop and Özdemir (1997). In 

the absence of an external magnetic field, domains would ideally be arranged in such a way that 

the direction of magnetisation is opposite, thereby cancelling each other out. However, crystal 

imperfections can serve to ‘pin’ Bloch walls allowing a net magnetisation to be retained. In the 

presence of an external magnetic field, translation of the Bloch walls can cause the domains 

to become progressively aligned until the saturation magnetisation is reached (the maximum 

magnetisation a ferromagnetic grain can accommodate).

The number of domains that can form in a ferromagnetic grain is primarily affected by its 

a)
b)

c) d)

L
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d

Fig. 2.2 – Responses to the change in domain structure of ferromagnetic minerals (after Dunlop and 
Özdemir, 1997). (a) SD structure with widely separated positive and negative poles. (b) Two domain 
structure with less pole separation and more localised flux linkages. (c) Four domain structure. (d) Closure 
domains in a two-domain structure.
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size. In larger grains, more than one domain may form. This type of grain is therefore called a 

multi-domain (MD) grain (Fig. 2.2c and d). The Bloch wall translations allow these grains to be 

easily affected by magnetisation even at low magnetic fields, and they are generally referred to as 

being magnetically ‘soft’. The energy required to form domains increases as grain size decreases. 

Below a certain size (1µm for magnetite) only one domain will form. This type of grain is referred 

to as a single-domain (SD) grain (Fig. 2.2a). It is magnetically easy to change the magnetisation 

in an MD grain as all that is required is Bloch wall translation. SD grains, in contrast, can only 

be changed by rotating the magnetisation axis itself which is a magnetically difficult process that 

requires high field strengths (Moskowitz, 1991). As such, these grains are generally referred to as 

being magnetically ‘hard’. In addition, crystal lattice imperfections can affect some MD grains. 

These reduce the ability of neighbouring grains to interact. This can cause behaviour more similar 

to SD grains and is therefore termed pseudo-single domain (PSD).

2.3. types of anisotropy

Whilst in the majority of cases, AMS is used as a direct measurement of the petrofabric 

of rock or sediment. In reality, AMS is highly complex and controlled by a number of factors. 

Hence, the AMS may not always directly reflect the grain fabric. These factors are discussed 

below:

2.3.1. Shape

Shape anisotropy is common in ferromagnetic minerals and occurs when the susceptibility 

ellipsoid has the same orientation and aspect ratio as the grain itself (Borradaile and Jackson, 

2010). This is because of the presence of self-demagnetising fields which strongly affect the 

susceptibility. In the presence of an external magnetic field, the alignment of the electron 

spins result in the creation of north and south magnetic poles at opposite ends on the grain 

surface. These poles move as far apart as possible to keep magnetostatic forces to a minimum. 

Consequently, the susceptibility ellipsoid has the same shape as the grain (Tarling and Hrouda, 
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1993). This effect becomes increasing prevalent in smaller grains. As such, SD grains are usually 

completely dominated by shape anisotropy (Dunlop and Özdemir, 1997). However, even larger 

MD grains are affected by shape anisotropy as spontaneous magnetisation will always generate a 

demagnetising field.

2.3.2. Magnetocrystalline anisotropy

Crystalline anisotropy occurs mostly in paramagnetic minerals, but it can also form in some 

ferromagnetic (s.s.) and ferrimagnetic grains when the south-demagnetising fields are absent 

or too low to be important (Borradaile and Jackson, 2010). It arises because the magnetic ions 

in the crystal lattice interact with one another and with neighbouring non-magnetic ions. The 

nature and strength of this interaction depends on the orientation in the crystal lattice (Dunlop 

and Özdemir, 1997). As result, the magnetic moment is greatest along specific directions. This 

direction is referred to as the ‘easy axis’ or ‘easy plane’ of magnetisation (Tarling and Hrouda, 

1993). Most minerals, especially chain and sheet silicates, tend to form elongate or platy grains. 

As a result, the crystallography determines both the AMS and the grain-shape. They have greatest 

susceptibility in an orientation subparallel to their long axis and a minimum susceptibility at 

a high angle to the basal plane (Borradaile and Werner, 1994). Therefore, the AMS fabric and 

grain fabric are not necessarily mutually exclusive (e.g. Cifelli et al., 2005; Cifelli et al., 2009) but 

commonly yield compatible AMS fabric patterns (see Section 2.5.2).

2.3.3. effects of grain size

Grain size can have a significant impact on the anisotropy of the grain. The AMS of MD 

grains is largely controlled by shape or magnetocrystalline anisotropy. As such, the principal 

susceptibility axes normally coincide with the grain shape. SD grains, on the other hand, can 

cause problems as they can display inverse magnetic fabrics (Potter and Stephenson, 1988). When 

a weak field is applied along the long axis of the grain (the normal AMS procedure), it cannot 

induce a magnetisation as only high strength fields can change the magnetisation (Section 2.2). 
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Therefore, the grain effectively has zero susceptibility along its long axis but greatest susceptibility 

when a field is applied at an angle perpendicular to it. This is effectively the inverse of the pattern 

seen in the shape anisotropy of MD grains. The effects of SD grains on AMS fabrics has been 

investigated in several cases (e.g. Stephenson et al., 1986; Potter and Stephenson, 1988) and if not 

recognised, erroneous interpretations may result. 

2.3.4. Magnetic interactions

In some igneous rocks, magnetic interactions between the individual ferromagnetic grains 

can be important (Hargraves et al., 1991). It was seen that, even if the grains within the rock are 

isotropic, an anisotropic AMS fabric can still be produced because of the ability of ferromagnetic 

grains to interact when sufficiently close to each other. However, Gaillot et al. (2006) examined 

this further and discovered that magnetic interactions are negligible once grains are spaced by 

a distance larger than the mean grain size. The vastly lower ferromagnetic components of most 

sedimentary rocks (Tarling and Hrouda, 1993) mean the effects of distribution anisotropy are 

likely to be negligible.

2.4. Determination of the aMS Fabric

AMS is calculated by lowering a specimen (cube or cylinder) into an induction coil 

assemblage through which a weak AC current is applied (see Appendix A). This current creates 

a temporary magnetic field around the sample, therefore inducing a magnetisation. At the same 

time, a neighbouring sensory coil measures changes in the ambient magnetic field. The sample 

is rotated about an axis in three orthogonal orientations. As almost all rocks are anisotropic, the 

induced magnetisation will vary depending on the orientation of the sample with respect to the 

magnetic field. This results in variation in the induced magnetic field measured by the sensory 

coil. By this means, the ability of the sample to become magnetised (magnetic susceptibility) and 

variation depending on the direction of the applied field (anisotropy) can be quantified.
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 Once recorded, this susceptibility data can be resolved through a variety of matrix equations 

(e.g. Girdler, 1961; Jelínek and Kropáček, 1978; Tauxe, 1998; Owens, 2000) which serve to 

calculate the eigenvalues and eigenvectors, and resolve the six independent elements of the 

second-rank tensor that defines the AMS of a sample. This can be represented by a magnitude 

ellipsoid (Nye, 1964) with minimum (K3), intermediate (K2) and maximum (K1) susceptibility 

axes, such that K1≥K2≥K3 (Fig. 2.3). This can be compared to the strain ellipse used in structural 

geology and, in many cases, the orientation of the AMS ellipsoid and the strain ellipse can be very 

similar (Borradaile and Jackson, 2010).

2.4.1. Susceptibility parameters

A variety of statistical calculations have been proposed to deal with susceptibility data (see 

Tarling and Hrouda, 1993 for review). In all studies, mean susceptibility (Kmean) is calculated by 

the equation:
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This provides a mean value of the integral of the directional susceptibility over the entire 
specimen (Nagata, 1961). It allows the direct comparison of susceptibility between different 
samples and may be used to indicate the dominant magnetic mineralogy within the specimen 
(Tarling and Hrouda, 1993). 

A variety of parameters have been developed (see Tarling, 1983 pp. 18). In this thesis, the 
shape of the ellipsoid is characterised using the lineation (L) and foliation (F) parameters of Khan 
(1962) and are calculated as: 
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These values are based on the lineation of Balsley and Buddington (1960) and foliation of 
Stacey (1960) but have subsequently been normalised against the mean susceptibility, following 
the work of Khan (1962). These values effectively represent a ratio between the principal 
susceptibility axes. They can be readily plotted and displayed visually on a Flinn-type plot, 
similar to those typically used in structural geology (Flinn, 1962; Flinn, 1965) (Fig. 2.4a). 

As an alternative to F/L parameters, the shape parameter (T), is also used to define the shape 
of the susceptibility ellipsoid (Jelínek, 1981), given by:  
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This provides a mean value of the integral of the directional susceptibility over the entire 

specimen (Nagata, 1961). It allows the direct comparison of susceptibility between different 

samples, and may be used to indicate the dominant magnetic mineralogy within the specimen 

(Tarling and Hrouda, 1993).

A variety of parameters have been developed for characterising the fabric (see Tarling, 1983 

pp. 18). In this thesis, the shape of the ellipsoid is characterised using the lineation (L) and 

foliation (F) parameters of Khan (1962) and are calculated as:

and

These values are based on the lineation of Balsley and Buddington (1960) and foliation of 

Stacey (1960) but have subsequently been normalised against the mean susceptibility, following 
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This is commonly preferentially used over other shape parameters as all three principal 

susceptibility axes are used in its calculation. T will always return a value between -1 and 

1. Oblate (disk-shaped) ellipsoids will correspond to 0 < T ≤ 1 whilst prolate (rod-shaped) 

correspond to negative values -1 < T ≤ 0. 

The degree of anisotropy of a sample was traditionally measured by the anisotropy degree 

(P) (Nagata, 1961). This was altered, however, by Jelínek (1981) to include all the principal 

susceptibility values and the mean value rather than just the maximum and minimum values. The 

corrected anisotropy degree (Pj) is now universally adopted and is given by:

the work of Khan (1962). These values effectively represent a ratio between the principal 

susceptibility axes. They can be readily plotted and displayed visually on a Flinn-type plot, similar 

to those typically used in structural geology (Flinn, 1962; Flinn, 1965) (Fig. 2.4a).

As an alternative to F/L parameters, the shape parameter (T), is also used to define the shape 

of the susceptibility ellipsoid (Jelínek, 1981), given by: 

 T and Pj are commonly plotted together to give a graph (e.g. Fig. 2.4b) that displays 

comparable information on both shape and magnitude. These diagrams allow a clear distinction 

between magnitude and shape and are generally considered an alternative to L/F Flinn-type plots 

(Fig. 2.4a). To allow direct comparison with pre-existing studies, both Pj-T and L/F plots are used 

in this thesis.

2.4.2. Graphical representation of aMS directional data

Direction data is commonly plotted onto lower-hemisphere, equal-area stereographic 

projection allowing three dimensional representations of the data (Fig. 2.3). The orthogonal 
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 T and Pj are commonly plotted together to give a graph (e.g. Fig. 2.4b) that displays 
comparable information on both shape and magnitude. These diagrams allow a clear distinction 
between magnitude and shape and are generally considered an alternative to L/F Flinn-type plots 
(Fig. 2.4a). To allow direct comparison with pre-existing studies, both Pj-T and L/F plots are 
used in this thesis. 

2.4.2. Graphical representation of AMS directional data 

Direction data is commonly plotted on to lower hemisphere, equal area stereographic 
projection allowing three dimensional representations of the data (Fig. 2.3). The orthogonal 
orientations of the maximum (K1), intermediate (K2) and minimum (K3) susceptibility axes are 
plotted as squares, triangles and circles respectively. It is considered good practise to aim to 
analyse 8 – 12 sub-samples per site where possible in order to get a good representative AMS 
fabric. Every subsample from each site is typically plotted on to the stereonet which can be used 
to display a first approximation of the shape of the ellipsoid. Rapid distinction can subsequently 
be made between oblate, triaxial and prolate ellipsoids (Fig. 2.3), and other data can be 
simultaneous plotted (e.g. cleavage, striations, fold axes, bedding etc.). In addition, 95% 
confidence ellipsoids are commonly plotted along with the mean susceptibility axes for each site. 
These are normally plotted as larger circles, triangles and squares representing the mean site K1, 
K2 and K3 axes. 

Data on the stereonet can be rapidly analysed visually and will typically lie between three 
end-members (Fig. 2.3). Where the susceptibility ellipsoid is prolate, the K1 axes will tend to 
group whilst K2 and K3 axes will form a girdle 90° from the maximum direction (Fig. 2.3c). 
Oblate ellipsoids typically show well grouped K3 axes, whilst K1 and K2 axes form a girdle 90° 
from the minimum direction (Fig. 2.3a). In most cases, this girdling defines a magnetic 
‘foliation’ which may follow a cleavage or bedding plane. Triaxial ellipsoids typically form 
distinct groups of axes with no girdling of the data (Fig. 2.3b). 
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orientations of the maximum (K1), intermediate (K2) and minimum (K3) susceptibility axes are 

plotted as squares, triangles and circles respectively. It is considered good practise to analyse 8 – 

12 subsamples per site where possible in order to get a good representative AMS fabric. Every 

subsample from each site is typically plotted on to the stereonet which can be used to display a 

first approximation of the shape of the ellipsoid. Rapid distinction can subsequently be made 

between oblate, triaxial and prolate ellipsoids (Fig. 2.3). Other data (e.g. cleavage, striations, fold 

axes, bedding etc.) can be simultaneously plotted for comparison. In addition, 95% confidence 

ellipsoids and the mean susceptibility axes are commonly plotted for each site. 
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Data on the stereonet can be rapidly analysed visually and will typically lie between three 

forms (Fig. 2.3). Where the susceptibility ellipsoid is prolate, the K1 axes will tend to group whilst 

K2 and K3 axes will form a girdle 90° from the maximum direction (Fig. 2.3c). Oblate ellipsoids 

typically show well grouped K3 axes, whilst K1 and K2 axes form a girdle 90° from the minimum 

direction (Fig. 2.3a). In most cases, this girdling defines a magnetic ‘foliation’ which may follow 

a cleavage or bedding plane. Triaxial ellipsoids typically form distinct groups of axes with no 

girdling of the data (Fig. 2.3b).

Fig. 2.3 - The plotting of anisotropy directional data on a stereographic projection showing an oblate (a), 
triaxial (b) and prolate fabric (c) (after Tarling and Hrouda, 1993). The maximum (K1), intermediate (K2) 
and minimum (K3) susceptibility axes are plotted as squares, triangles and circles respectively.
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2.5. Magnetic properties of sedimentary rocks and rock-forming minerals

Sedimentary rocks are normally made of a variety of minerals, each with different magnetic 

properties. Ferromagnetic minerals (e.g. haematite and magnetite) have the greatest susceptibility. 

If these are present in a rock, they normally control both the anisotropy and susceptibility (Fig. 

2.5). When these minerals are almost absent, the magnetic fabric is normally controlled by the 

crystal lattice orientations of paramagnetic or diamagnetic minerals (Rochette, 1987). In very 

weakly magnetic rocks that are absent of ferromagnetic minerals and have very low concentrations 

of paramagnetic minerals, diamagnetic minerals can dominate (Owens and Rutter, 1978), and the 

susceptibilities will be negative.

Tarling and Hrouda (1993) suggested that, as a general rule of thumb and assuming 

paramagnetic minerals are common constituents (>10%), the anisotropy and susceptibility will be 

controlled by the following:

1. The ferromagnetic fraction if the susceptibility is higher than 5000 ×10-6.

2. The paramagnetic fraction if susceptibility is lower than 500 ×10-6. 

0 100
0

100

a) b)

L %

F %

Fig. 2.4 – The graphical representation of AMS parameters (after Tarling and Hrouda, 1993; Borradaile 
and Jackson, 2010). (a) Plot of the degree of lineation (L) and foliation (F) based on the classic Flinn plot 
used in structural geology (Flinn, 1962; Flinn, 1965). The relationship to Pj and Tj are also shown. (b) Plot 
of T and Pj. Oblate ellipsoids have positive values whilst prolate ellipsoids have negative values.
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3. Both the ferromagnetic and paramagnetic fraction, if the susceptibility is between 500 

and 5000 ×10-6.

The diamagnetic fraction if the susceptibility is negative (Hrouda and Kahan, 1991). 

Interpretation of the magnetic mineralogy in this way is only a first-order guide as rocks 

can be more complex. As such, it is essential that analysis of the individual components be 

undertaken.
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Fig. 2.5 – The contribution of various minerals to the mean susceptibility (Kmean) of a sample depending 
on their concentration (after Hrouda and Kahan, 1991 and the references within).
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2.5.1. Ferromagnetic minerals

Most ferromagnetic grains originate in igneous or metamorphic rocks but are subsequently 

eroded and incorporated into sediments as detrital grains. In addition, ferromagnetic minerals can 

also grow in sediment during diagenesis (e.g. Rathore, 1979; Schieber and Ellwood, 1988) or can 

be produced by micro-organisms (e.g. Moskowitz et al., 1993). Of particular importance for this 

study are magnetite and haematite. Magnetite is a common detrital mineral in sedimentary rocks, 

particularly where basic igneous rocks are being eroded (Tarling and Hrouda, 1993). Haematite 

is much more chemically stable in oxidising conditions and can form either as a detrital mineral, 

commonly associated with partial haematisation of other iron-bearing minerals in oxidizing 

environments, or it can form as an authigenic coating around detrital grains.

Magnetite (Fe3O4) is a common mineral in sedimentary rocks. It will dominate both the 

susceptibility and anisotropy even if only present at low concentrations (≥ 0.5 %) because of its 

high susceptibilities (e.g. 2.8 S.I. for MD magnetite)(Tarling and Hrouda, 1993). The Curie 

temperature of pure magnetite is 578 °C; however, this falls if impurities are present. For example, 

the Curie temperature of some titanomagnetites is 150 °C (Dunlop and Özdemir, 1997). An 

important feature of pure magnetite is the presence of the Verwey transition (Verwey, 1939; 

Verwey and Haayman, 1941) at -155 °C. Below this temperature, magnetite will transform from 

a cubic to orthorhombic structure and subsequently displays a lowered magnetic susceptibility.

Magnetite grains display shape anisotropy. When present in sedimentary rocks, their 

c

ab
a)

K1

K1

K
2

K
2

K 3

K 3

b)

c)

Grain shape
MD grain AMS 

ellipsoid
SD grain AMS 

ellipsoid

Fig. 2.6 – The effect of the domain shape on the susceptibility ellipsoid. (a) The original grain shape. (b) 
The AMS ellipsoid of MD grains showing normal behaviour. (c) The AMS ellipsoid of SD grains showing 
inverse behaviour.
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interpretation is therefore relatively straightforward (e.g. Rees, 1965; Ellwood, 1980). However, as 

discussed in Section 2.3.3, grain size can have a significant effect on the AMS and the subsequent 

interpretation of the fabric. Small magnetite grains (<1 µm) only possess a single-domain. This 

results in principal susceptibility axes that are reversed (Potter and Stephenson, 1988; Borradaile 

and Puumala, 1989) (Fig. 2.6). The susceptibility axes can switch, as such an oblate fabric (Fig. 

2.7a) where K3 sits perpendicular to the foliation/lineation (defined by the K1 and K2) can 

become a linear fabric where K1 lies perpendicular to K2 and K3 (Fig. 2.7b). This, if not correctly 

recognised, can have drastic implications for the interpretation of the AMS fabric. Inverse fabrics 

can normally be easily identified through comparisons with macroscopic sedimentological 

or structural indicators (e.g. palaeoflow indicators, bedding, cleavage etc.). Where this is not 
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Fig. 2.7 – The behaviour of SD and MD ferromagnetic grains and their appearance on a stereonet (after 
Tarling and Hrouda, 1993). Where the long axes of grains are randomly distributed within a plane (a), 
MD behaviour would result in an oblate AMS fabric whereas SD behaviour would result in a prolate AMS 
fabric. Where the long axis of grains are aligned vertically (b) MD behaviour would result in a prolate 
fabric whilst SD behaviour would result in an oblate fabric.
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possible, the unique response of SD grains to an external magnetic field (as discussed in Section 

2.2) can be used to determine its presence through rock magnetic experiments (see Section 2.6).

2.5.2. paramagnetic minerals

Weathering causes the physical and chemical breakdown of rocks. This process can lead to a 

concentration of particulate residues (e.g. quartz) and the formation of secondary minerals, such 

as paramagnetic phyllosilicates (clay minerals). As such, clay minerals (e.g. chlorite, illite, kaolinite 

etc.) are very common in sedimentary rocks. Being paramagnetic, these minerals do not carry a 

magnetic remanence but can be effectively used in AMS studies (e.g. Borradaile et al., 1986; Hirt 

et al., 1993; Lüneburg et al., 1999). Paramagnetic minerals typically have low susceptibilities 

(around 5 × 10-4 SI) (Tarling and Hrouda, 1993). As such, their properties can easily be obscured 

if ferromagnetic minerals are present. An important feature of paramagnetic minerals is that 

susceptibility decreases with temperature according to the Curie-Weiss law. However, pure 

examples of paramagnetic minerals are rare. Impurities are common and, if present during 

heating, they can result in the growth of new minerals (Just and Kontny, 2012). 

Paramagnetic minerals display crystalline anisotropy. Although this is not a direct function 

of the shape of the grain, they can readily be used as petrofabric indicators. This is because they 

split readily along crystallographic axes. This is particularly useful in the case of the mineral 

biotite, where the arrangement of the cleavage planes produces anisotropic crystals, and the AMS 

is a direct reflection of the shape of the grain (Ballet et al., 1985). Other phyllosilicate minerals 

(e.g. chlorite) have dominantly oblate anisotropies where K3 lies within 5° of the basal planes 

(c-axis). This was shown by Cifelli et al. (2005) and (2009) who compared the AMS fabric of 

clay minerals with the analysis of neutron diffraction poles (a direct petrofabric indicator). It was 

found that the K3 axes of the AMS fabric coincided perfectly with the poles to the basal planes of 

the chlorite minerals.
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2.5.3. Diamagnetic minerals

Diamagnetic minerals (e.g. quartz and calcite), despite being very common and normally 

making up the bulk of rock or sediment, have very weak, negative susceptibilities (typically -1 × 

10-5). They therefore only become important when ferromagnetic minerals are completely absent 

and paramagnetic minerals are virtually absent (less than 1% of the total volume) (Tarling and 

Hrouda, 1993). Diamagnetic minerals produce inverse AMS fabrics in a similar way to those 

produced in SD magnetite (Section 2.5.1). As such, the susceptibility axes are switched. The 

K1 axis lies at 90° to the foliation plane defined by the K2 and K3 axes. Therefore, erroneous 

interpretation can result if diamagnetic fabrics are not properly recognised. 

The identification of a diamagnetic contribution is relatively straightforward as susceptibility 

values of such minerals are always negative (because of reasons explained in Section 2.2). 

However, interpretation can be more problematic when minute paramagnetic or ferromagnetic 

contributions exist (e.g. Rochette, 1988; Hrouda, 2004). Anisotropy values near zero can be 

anomalously high (Hrouda and Kapička, 1986; Rochette, 1987; Biedermann et al., 2013), 

because of the way anisotropy is calculated. Although this is not thought to affect fabric 

orientations (Hrouda, 2004; Callot et al., 2010), its effect can cause problems when calculating 

the anisotropy parameters. In addition, the crystallographic structure of some diamagnetic 

minerals (e.g. calcite) can cause further complications (Rochette, 1988; de Wall et al., 2000). In 

spite of this, various studies have effectively characterised tectonic deformation in diamagnetic 

rocks (e.g. Hamilton et al., 2004; Callot et al., 2010; Borradaile et al., 2012).

2.5.4. Summary

Although AMS is held as a fast, objective method of measuring the petrofabric of rock or 

sediment, its interpretation can be complex because of the variety of different behaviours of 

different magnetic minerals. Ferromagnetic minerals normally display shape anisotropy (e.g. 

MD magnetite) and can provide a direct reflection of the petrofabric, often both in terms 

of direction and degree of alignment. Paramagnetic minerals (e.g. clays) display crystalline 
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anisotropy. Although this is not a direct reflection of grain shape, it is often directly comparable 

to the petrofabric. However, fine grained ferromagnetic minerals (e.g. SD magnetite) can produce 

inverse fabrics which, if not correctly recognised, could result in erroneous interpretations. 

As such, identification of the contributors to the fabric is vital in all AMS studies. In this 

thesis, a suite of rock magnetic experiments are employed. The primary aim is to determine the 

relationship of the AMS fabrics to the depositional processes occurring within the sediment. 

Additional fabric measurements (e.g. clast fabric analysis) and the analysis of structural and 

sedimentological features (e.g. folds, faults, stretching lineations and striations) are undertaken 

where possible, so that the validity of the AMS technique can be determined.

2.6. Determination of the magnetic mineralogy

A first order approximation of the mineralogy can be given from the mean susceptibility 

of the samples (see Fig. 2.5 and Section 2.5). However, it is often the case that more detailed 

magnetic mineralogical investigations are needed before the source of the fabric can be 

determined. The rock magnetic experiments used in this thesis to evaluate the magnetic 

mineralogy of the samples are discussed below. In these experiments, the magnetic induction is 

measured by Tesla (T) or millitesla (mT), whilst the magnetisation (J), is measured in ampere-

metre (A/M).

2.6.1. temperature versus low field susceptibility

The investigation of the variation of bulk magnetic susceptibility with temperature can 

be used as a powerful technique for the identification of magnetic minerals (e.g. Hrouda et 

al., 1997a; Stevenson et al., 2007; Petronis et al., 2011). High-temperature susceptibility 

investigations typically involve the bulk susceptibility measurements of powdered specimens in 

a non-magnetic furnace. The sample is heated in a stepwise manner from room temperature. At 

each increment, the low field magnetic susceptibility is measured. The variation in susceptibility 
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can subsequently be used as a proxy for the magnetic mineralogy or to investigate compositional 

and phase changes that take place on heating or cooling (Pokorný et al., 2011).

Paramagnetic minerals (e.g. biotite) normally display a decrease in susceptibility with 

increasing temperature following a hyperbola (in accordance with the Curie-Weiss law, Fig. 

2.8a, 2.9a and 2.10b). If ferromagnetic minerals are present, the Curie point can usually be 

approximated (Fig. 2.8b). The Curie point is the temperature at which super exchange forces are 
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no longer effective and the substance behaves paramagnetically. For example, pure magnetite (Fig. 

2.8b) has a Curie point of 580 °C. Above this temperature, susceptibility drops and the mineral 

behaves paramagnetically. However, the Curie temperature for ferrimagnetic grains is variable and 

can gradually decrease with increasing impurities in the matrix (e.g. falling to 150 °C for some 

titanomagnetites).

Temperature versus low field susceptibility analysis can also give a crude proxy of grain 

size. Some minerals, particularly fine grained (SD) magnetite and haematite, show enhanced 

susceptibility just prior to the Curie point; a feature known as a Hopkinson peak (Hopkinson, 

1890). The recognition of this peak can be an indicator of SD sized grains. However, an increase 

in susceptibility prior to the Curie point can also result from the growth of new magnetic mineral 

phases on heating (Just and Kontny, 2012). This effect can be minimized by flooding the sample 

chamber with argon gas during heating to prevent oxidation reactions. Even if this is done, 

however, mineral reactions can still be observed (e.g. Just and Kontny, 2012). The growth of 

new magnetic phases is also seen on heating samples dominated by paramagnetic minerals (Fig. 

2.10a). This can cause an increase in susceptibility with increasing temperature, in spite of the 
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sample being dominantly paramagnetic at room temperature. This effect of this is also seen on 

cooling where significantly higher susceptibility curves can be observed. As such, the presence of a 

Hopkinson peak is not necessarily diagnostic of SD behaviour, but it is enough to warrant further 

investigation if present.

Investigations into the variation of low-field susceptibility at low temperatures is also used 

as a technique for the identification if magnetic minerals. Following the procedure of Richter 

and van der Pluijm (1994), this is undertaken by cooling a sample to 77 K (Kelvin) in liquid 

nitrogen and measuring the bulk susceptibility every 18 seconds during warming to room 

temperature. Paramagnetic minerals will display a hyperbola (following the Curie-Weiss law). 

This results in a decrease in susceptibility with increasing temperature (Fig. 2.9b). In contrast, 

ferromagnetic minerals (e.g. magnetite) are characterised by a Verwey Transition (Verwey, 1939). 

For example, magnetite will pass through the Verwey Tranition at approximately -152 °C on 

cooling, during which it will undergo a change in crystal structure that results in an abrupt 

decrease in susceptibility (Fig. 2.9a). Above the Verwey Transition, ferromagnetic minerals behave 

independently of temperature (Richter and van der Pluijm, 1994).

Temperature versus low field susceptibility data is normally displayed on standard line 

graphs either with absolute or normalised susceptibility. Low-temperature susceptibility data 

is traditionally displayed as separate graphs that plot the normalised reciprocal (K0/K) versus 

temperature (Fig. 2.9). This effectively inverts the shape of the curve and transforms it into a 

straight line (e.g. Richter and van der Pluijm, 1994). However, it can also be shown on the same 

graph (e.g. Fig. 2.10) to allow direct comparison with the high temperature versus susceptibility 

data.

2.6.2. Varying field susceptibility

The variation of field strength with susceptibility can also be used to provide constraints 

on the interpretation of the magnetic mineralogy. The theory of low-field AMS is based on the 

assumption that there is a linear relationship between magnetisation and the magnetising field 
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(Hrouda, 2011). Whilst this is valid for diamagnetic minerals, paramagnetic minerals and pure 

magnetite, some minerals (e.g. titanomagnetite, haematite and pyrrhotite) can show very strong 

field variation (Hrouda, 2002; Hrouda, 2009). Therefore, by measuring the bulk susceptibility 

at incremental field strengths, ranging from 5 – 700 A/M, an indication of the presence of these 

minerals can be determined. Whilst this method is not diagnostic, it is a rapid, non-destructive 

way of indicating the presence of some ferromagnetic phases.

2.6.3. aF, arM and SIrM demagnetisation and the Lowrie-Fuller test

The ferromagnetic component of the susceptibility can be further investigated through 

remanence based methods (see Dunlop and Özdemir, 1997 for review). Of these, alternating 

field (AF) demagnetisation techniques can be used to examine the coercivity of a sample (how 

easily it can be magnetised). During AF demagnetisation, a sample is exposed to an alternating 

magnetic field, with a waveform that progressively decreases in magnitude with time. This peak 

field is applied at progressively higher levels up to 120 mT or until the sample is demagnetised. 

The AF demagnetisation value needed to half the original remanence value is called the medium 

destructive field (MDF). 

Manipulation of the remanent magnetism is brought about either by realigning the domain 

grain walls (magnetically easy) or by rotating the magnetisation (magnetically difficult). As 

such, grains which have multiple domains are relatively easy to magnetise whilst grains with just 

a single domain are much harder (see Section 2.2). Therefore, the coercivity of a mineral can 

directly reflect its grain size (Fig. 2.11a). The maximum coercivity for a given mineral occurs 

within the SD range and normally decreases with increasing grain size as the grain subdivides 

into domains. However, composition can also affect coercivity as some minerals (e.g. haematite) 

display much higher values. Minerals with low coercivities (e.g. MD magnetite) can be referred 

to as magnetically ‘soft’ and display a low MDF. In contrast, minerals with high coercivities (e.g. 

SD magnetite and haematite) are referred to as being magnetically ‘hard’ and have much higher 

MDFs or may not respond at all to AF demagnetisation.
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To examine the coercivity spectra, the natural remanent magnetisation (NRM) can be 

demagnetised. Alternatively, a magnetisation can be induced into the sample and subsequently 

demagnetised with an AF field. Applying a magnetic field to a sample under isothermal 

conditions will result in an isothermal remanent magnetisation (IRM). A large magnetic field 

will force grain rotation in SD particles or domain wall rotation in MD particles and saturation 

may be reached. This is referred to as the saturation isothermal remanent magnetisation 

(SIRM). In addition, an anhysteretic remanent magnetisation (ARM) can be imparted on a 

sample by applying a progressively decaying large alternating field (AF) whilst at the same time 

applying a smaller constant DC field across the sample. ARM is often used as an analogue for 

thermoremanent magnetisation, which involves the application of an external magnetic field 

during cooling from temperatures above the Curie point of the minerals (Moskowitz, 1991). The 

randomising effects of the AF are thought to be similar in each (Dunlop and Özdemir, 1997). 

As such, ARM is often used to eliminate the need for heating and the risk of associated chemical 

alterations (e.g. Banerjee and Mellema, 1974).

 The experimental results of Lowrie and Fuller (1971) revealed distinct differences in the 

shape of the demagnetisation curve of the SIRM and TRM (or ARM) depending on whether SD 

or MD grains were present (Fig. 2.11b). A subsequent Lowrie-Fuller test was proposed to permit 

a rapid identification of rocks dominated by SD grains (which were desirable carriers of the NRM 

for palaeomagnetic studies). It was suggested that if the MDF of the ARM was less than the MDF 

of the SIRM, MD grains were dominant. In contrast, if the MDF of the ARM was greater that 

the MDF of the SIRM, SD grains would be dominant in the sample.

 In practice, the test is not totally reliable. Subsequent studies (e.g. Dunlop et al., 1973; 

Johnson et al., 1975; Bailey and Dunlop, 1983) revealed that grains much larger than SD size 

gave an SD-type Lowrie-Fuller test. Importantly, Heider et al. (1992) observed this behaviour 

in grains up to 100 µm, leading to the conclusion that the test result is not a simple indicator of 

grain size or domain state as was originally hoped. However, the exact conditions of Heider et 

al.’s test are unlikely in natural settings, and the Lowrie-Fuller test is still considered a useful grain 
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size discriminator for magnetite (Xu and Dunlop, 1995; Dunlop and Özdemir, 1997). It is used 

in this thesis to complement the other rock magnetic experiments. Similar information on grain 

size can also be obtained from analysis of the shape of the demagnetisation curves themselves (Fig. 

2.11a).

2.6.4. IrM acquisition curves

An alternative means to examine the coercivity spectrum of the sample can be undertaken 

through analysis of the IRM acquisition (Fig.2.12). This involves exposing a sample to an external 

magnetising field for a short time and measuring the magnetic moment. The strength of the field 

is increased in a stepwise manor until the sample reaches saturation (SIRM) (Butler, 1992). The 

magnetic field is then reversed along the same axes, and a field is applied in the opposite direction 

in the same manor until the magnetic moment returns to zero; a procedure known as the back 
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field IRM (BIRM). The results are often considered comparable to full hysteresis measurements 

and can be used when the equipment needed for this is not available.

Magnetically ‘soft’ minerals (e.g. MD magnetite) will typically reach saturation at relatively 

low strength magnetic fields. In contrast, high coercivity, magnetically ‘hard’ minerals will reach 

saturation at much higher field strengths (e.g. Day et al., 1977; Argyle and Dunlop, 1990). For 

example, magnetite will generally reach the saturation magnetisation at 300 mT, whilst haematite 

requires fields in excess of 2.5 T (Lowrie and Heller, 1982)(Fig. 2.12). As such, IRM acquisition 

curves can be used as a useful indication of the presence of haematite in a sample.

2.6.5. Summary 

Determination of the magnetic mineralogy is crucial in any AMS study. A first order 

approximation can be obtained from analysis of the mean susceptibility; however, more 

detailed rock magnetic experiments are often required, particularly where a mixed magnetic 

mineralogy is suspected. The investigation of temperature versus susceptibility can be used as 

a reliable distinction between paramagnetic and ferromagnetic components, particularly when 

cryogenic methods are used. The growth of new mineral phases can obscure the results from 

high temperatures, but the Curie-Weiss parabola can normally readily be distinguished from the 

ferromagnetic Verwey transition at low temperatures. If ferromagnetic components are suspected, 

either through relatively high mean susceptibility values, Curie-point estimates or the presence of 

anomalous ‘inverse’ fabrics, then remanence based investigations can be used. AF demagnetisation 

and IRM acquisition can provide excellent indications of domain state (SD or MD) and can 

reveal the presence of haematite. Only once the origin of the magnetic fabric is determined can 

reliable interpretations be made as to the physical processes that formed it.

2.7. aMS of sedimentary rocks

AMS has been used as a technique for determining three-dimensional petrofabric in 
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sedimentary rocks by various authors (Rees, 1961; Griffiths et al., 1962; Hamilton, 1963; Rees, 

1965). There is now a good understanding of the application of AMS to a variety of sedimentary 

deposits, including those from marine (e.g. Piper et al., 1996; Kissel et al., 1997), glacial (e.g. 

Shumway and Iverson, 2009; Thomason and Iverson, 2009) and aeolian environments (e.g. 

Lagroix and Banerjee, 2002; Bradák, 2009). In almost all cases, the AMS fabric directly reflects 

the conditions and processes that formed the sediment (Tarling and Hrouda, 1993). However, 

fabrics from sedimentary rocks are prone to secondary alteration and remagnetisation. Shortly 

after deposition, a variety of factors (both diagenetic and tectonic) can affect the fabrics (see 

Tarling and Hrouda, 1993 for review). What follows is a review of the current literature behind 

the formation and preservation of AMS fabrics in the sedimentary record.

2.7.1. primary sedimentary aMS fabrics

In a subaqueous environment, the alignment of minerals is controlled primarily by 

gravitational and hydrodynamic processes. When deposition occurs in still water on a flat surface, 

gravitational settling is the only significant force and causes platy grains to become aligned 

parallel to the depositional surface. This gives rise to a strongly oblate fabric confined to the 

bedding plane. The K1 and K2 axes will girdle about the bedding plane, whilst the K3 axes will lie 

perpendicular to this surface (Hamilton and Rees, 1970).

In nature, completely still water is rare and hydrodynamic disruption is common. For 

example, currents acting on the sea floor can greatly affect grain alignment. This process has 

been investigated experimentally under laboratory conditions (e.g. Rees, 1961; Rees and 

Woodall, 1975). Typically, if a current is present, the long axis of grains will rotate and become 

preferentially aligned parallel to the direction of flow. As such, magnetic lineations (K1 axes) 

will develop which subsequently reflect current flow directions. Strong currents may result in an 

imbrication of K1 axes away from the bedding plane. This can produce a magnetic lineation in 

an up-flow dip (King, 1955; Rees and Woodall, 1975; Parés et al., 2007). In some cases, K1 axes 

have been observed lying normal to the palaeoflow direction (e.g. Piper et al., 1996). This has 
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been interpreted to reflect grain rolling on its long axes perpendicular to flow under certain flow 

regimes and is considered rare. Hence, AMS has effectively been used to reconstruct palaeoflow 

directions in a variety of settings (e.g. Rees et al., 1968; Ellwood, 1980; Kissel et al., 1997; Parés 

et al., 2007; Pueyo Anchuela et al., 2013).

Soft-sediment deformational processes can also have a significant impact on primary 

depositional fabrics, e.g. slumping (Schwehr and Tauxe, 2003). Here, stress acting on the 

sediment can cause grains to rotate. This results in the alignment of long axes parallel to and 

short axes perpendicular to the shear plane. AMS has also been particularly useful in determining 

palaeoflow from debris flows (e.g. Gravenor, 1986; Archanjo et al., 2006). AMS lineations were 

observed to form parallel with palaeoflow directions of the debris flow, and an imbrication of K1 

away from palaeoflow is often seen. This pattern is similar to those produced in some extrusive 

igneous rocks, particularly tuffs which can give ‘sedimentary’ fabric patterns (e.g. Ellwood, 1982; 

Incoronato et al., 1983). There have been various studies of the AMS fabrics of deep sea turbidites 

(e.g. Ellwood and Ledbetter, 1977; Taira and Lienert, 1979; Dall’olio et al., 2013). In these 

situations, lineations are typically seen interpreted to form parallel to the depositing current.

2.7.2. post-depositional effects

Whilst most AMS fabrics are controlled by the primary depositional mechanisms, post-

depositional processes can have a significant impact on fabrics formed during sedimentary 

processes (e.g. Borradaile and Tarling, 1981; Borradaile and Tarling, 1984; Kissel et al., 1986; 

Averbuch et al., 1992). This can result from a variety of complex biological, chemical and physical 

factors (see Tarling and Hrouda, 1993 for review). For example, bioturbation within the sediment 

can result in a weakening of the fabric strength (Chernow et al., 1986), although in these 

situations, the original magnetic lineation is often still preserved.

With increasing depth, gravity continues to try to rotate grains towards the horizontal which 

can act to make a fabric more oblate. As the sediment becomes increasing compacted, pore space 

and permeability are reduced and the grains’ ability to rotate is restricted. After this, the most 
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significant mechanism that will affect the fabric are diagenetic changes in the mineralogy. The 

growth of new minerals during diagenesis can affect AMS fabrics even if not strongly magnetic 

themselves. For example, they may disrupt adjacent grains if their growth exceeds the available 

space (Tarling and Hrouda, 1993). However, the original palaeocurrent can still be extracted in 

most cases even if this has occurred (e.g. Schieber and Ellwood, 1988). New magnetic minerals 

can also form from iron-bearing paramagnetic minerals (e.g. biotite and hornblende). In many 

cases, these can fill the pre-existing shape of the original mineral and provide fabric orientations 

that are often the same as the original grain (Tarling, 1983).

2.7.3. tectonism

AMS has been shown to be very sensitive to tectonic reorientation, especially if it takes place 

prior to cementation (Tarling and Hrouda, 1993). In these situations, deformation is solely a 

result of the mechanical rotation of grains at low hydrostatic pressures and temperatures (e.g. 

Kissel et al., 1986; Cifelli et al., 2009). In this way, tectonic fabrics can be observed in sediments 

that otherwise show no other evidence of deformation. Grain rotation is more restricted if the 

rocks are cemented. In these situations, greater pressure and more intense deformation is generally 

required to modify primary fabrics. Phyllosilicate minerals are particularly prone to this and 

can more readily rotate into new stress fields than larger ferromagnetic grains. In some cases, it 

has even been possible to link AMS to strain in a quantitative way (e.g. Kligfield et al., 1981; 

Borradaile, 1987, 1988; Hrouda et al., 1997b). In higher-grade metamorphic rocks, the original 

mineralogy can be modified completely and new minerals can form whose fabrics are controlled 

by the ambient stress field at the time of metamorphism.

Various studies have been undertaken to show how sedimentary fabrics are affected by 

tectonic deformation (e.g. Borradaile and Tarling, 1981; Borradaile and Tarling, 1984; Kissel 

et al., 1986; Averbuch et al., 1992; Borradaile and Henry, 1997) (Fig. 2.13). The incipient 

deformation of mudrocks from the Southern Pyrenean Foreland Basin was investigated by Parés 

et al. (1999). They showed that the progressive development of an overprinting tectonic fabric 
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2.8. applications to glacial sediments

A summary of literature where AMS has been applied to glacial sediments is presented 

in Table 2.1. The AMS technique was first applied to glacial sediments by Fuller (1962). In 

this study, AMS fabrics of till were compared with clast macrofabrics (widely considered an 

N N N N N N

Sedimentary Intermediate Tectonic

Compression axis

Type I Type II Type III Type IV Type V Type VI

K1

K2

K3

Fig. 2.13 – The effect of incipient deformation on primary AMS fabrics. Sedimentary fabrics (Type I) 
typically display oblate AMS fabrics. In response to horizontal compression, K1 axes will cluster parallel 
to fold axes (Type II). If horizontal extension occurs associated with the compression, a girdle fabric may 
form between K2 and K3 axes (Type III). Tectonic fabrics (Type IV to VI) are when the K1 axes have 
migrated 90° from bedding to sit normal to cleavage plane.

could be identified in rocks that otherwise showed no mesoscopic evidence of deformation. 

Starting with an oblate sedimentary fabric (Fig. 2.13, Type I), the first evidence of tectonic 

deformation is characterised by the clustering of K1 axes normal to the tectonic shortening 

direction (Fig. 2.13, Type II) and preservation of the K3 axes perpendicular to bedding. This 

results in a dominantly triaxial fabric pattern, even in rocks dominated by phyllosilicate minerals. 

This is because a magnetic lineation can be produced through the intersection of basal planes 

(as discussed in Section 2.5.2). Subsequent deformation at higher tectonic strain results in the 

deviation of K1 and K2 axes away from the bedding plane, ultimately forming a ‘tectonic’ fabric 

(Fig. 2.13, Type III – VI). If strain is purely compressional, then this tectonic fabric may form a 

circular girdle parallel to the rock cleavage (Fig. 2.13, Type V). However, lineations may also form 

in an orientation perpendicular to the direction of horizontal shortening (Fig. 2.13, Type IV and 

VI).



Chapter 2 - AMS Theory

43

Reference Title Deposit Location Techniques used Magnetic 
carrier Synopsis 

(Fuller, 
1962) 

A magnetic fabric in till Barrington 
chalk pit 

Cambridge, UK AMS, clast fabrics ?Magnetite First ever application of AMS to till. AMS fabrics have the same 
orientation as clast fabrics. Suggests that magnetic fabric could 
prove a useful tool in glacial sediments and provide an indication 
of flow direction in the parent glacier or ice sheet. 

(Stupavsky 
et al., 
1974a) 

Paleomagnetism and 
magnetic fabric of the Leaside 
and Sunnybrook Tills near 
Toronto, Ontario 

Leaside till 
and 
Sunnybrook 
till 

Toronto,  
Canada 

Palaemagnetism, 
AMS 

Unknown A stable primary remanent magnetism of detrital origin (DRM) 
can be measured from the till to characterise the pole at 
deposition. North and NW K1 orientations in the same 
orientation as previous clast macrofabrics suggesting ice flow to the 
NW 

(Stupavsky 
et al., 
1974b) 

Paleomagnetism of the Port 
Stanley Till, Ontario 

Port Stanley 
till 

Wheatley, 
Ontario, Canada 

Palaemagnetism, 
AMS 

Unknown A stable DRM is measured to provide pole at deposition. AMS 
lineations occurred parallel to the interpreted ice flow direction 
and is unrelated to the DRM. 

(Stupavsky 
and 
Gravenor, 
1975) 

Magnetic fabric around 
boulders in till 

Port Stanley 
till 

Port Alma, 
Ontario, Canada 

AMS Unknown AMS was measured in the till surrounding a large boulder. 
Variation in strength of the fabric lead the authors to an 
interpretation that pressure on the upstream of the boulder caused 
the release of a water slurry resulting in the preferred orientation of 
clasts and AMS fabric patterns. 

(Boulton, 
1976) 

The origin of glacially fluted 
surfaces - observations and 
theory 

Various 
Recent 
deposits 

Iceland, 
Spitsbergen, 
Norway, and the 
Alps 

Clast fabrics, AMS Unknown Uses magnetic fabrics and clast fabrics to investigate flute 
formation. Dipping magnetic fabrics on the flute crest were 
interpreted to represent the movement of material horizontally 
and upwards during flute formation. 

(Eyles et 
al., 1987) 

Depositional controls on the 
magnetic characteristics of 
lodgement tills and other 
glacial diamict facies 

Various sites 
from around 
Lake Ontario 

Canada Facies analysis, 
clast fabrics, 
Palaemagnetism, 
AMS 

Unknown Investigated the AMS characteristics of tills produced by 
lodgement, rainout and resedimentation processes. Concluded 
that AMS can offer considerable assistance in genetic studies of 
massive diamictite facies. 

(Stewart et 
al., 1988) 

Nature and origin of 
corrugated ground moraine 
of the Des Moines lobe, Story 
County, Iowa 

late 
Wisconsinan 
till 

Story County, 
Iowa 

 

Facies analysis, 
clast fabrics, AMS 

Unknown Investigated the origin of corrugated ground. Till and pebble 
fabric were found to be similar and strong. Along with the 
presence of other indicators (e.g. striations, boulder pavements) 
indicated a lodgement origin. 

(Principato 
et al., 
2005) 

Glacial-Marine or Subglacial 
Origin of Diamicton Units 
from the Southwest and 
North Iceland Shelf: 
Implications for the Glacial 
History of Iceland 

Various 
recent 

Southwest and 
north Iceland 
shelf 

Facies analysis, 
microfabric, 
radiocarbon 
dating, 
foraminiferal 
assemblage data. 

Unknown Used a range of proxies to investigate the origin of the diamicton. 
Subglacial tills were observed to have a low inclination K3 axes in a 
consistent direction whilst the K3 axes of glaciomarine diamictites 
were steeper and more random. 
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(Archanjo 
et al., 
2006) 

AMS and grain shape fabric 
of the Late Palaeozoic 
diamictites of the 
Southeastern Parana Basin, 
Brazil 

Late 
Palaeozoic   
Itararé 
Group 

South-eastern 
Paraná Basin, 
Brazil 

AMS, microfabric, 
rock magnetic 
experiments 

phyllosilicates, 
minor SD 
magnetite 

Observed scattered magnetic lineations around a subhorizontal 
foliation plane. Interpreted the diamictites to be sub-aqueous mass 
flow, largely base on previous publications. AMS fabrics were 
therefore interpreted to represent palaeoflow directions of the mass 
flows. 

(Hooyer et 
al., 2008) 

Magnetic fabric of sheared 
till: A strain indicator for 
evaluating the bed 
deformation model of glacier 
flow 

Various  late 
Wisconsin-
age basal tills 

Lab-based AMS (ring shear 
deformation), rock 
magnetic 
experiments 

Magnetite with 
minor 
haematite 

AMS fabric progressively increased in strength with increasing 
shear strains up to a point where ‘steady state’ fabrics were 
reached. K1 axes clustered strongly in the direction of shear 
plunging up glacier.  

(Iverson et 
al., 2008) 

The experimental basis for 
interpreting particle and 
magnetic fabrics of sheared 
till 

Various  late 
Wisconsin-
age basal tills 

Lab-based AMS (ring shear 
deformation) 

Magnetite with 
minor 
haematite 

The experimental procedure behind with interpretations (above) 
and their significance of the results in terms of theories of particle 
rotation. 

(Shumway 
and 
Iverson, 
2009) 

Magnetic fabrics of the 
Douglas Till of the Superior 
lobe: exploring bed-
deformation kinematics 

Douglas Till, 
Miller Creek 
Formation 

Douglas 
County, 
Wisconsin, USA 

AMS, microfabric Magnetite 
(after Hooyer 
et al., 2008) 

Based on comparisons with Hooyer et al. (2008), the tills were 
interpreted to have been subglacially deformed under variable 
strains. K1 axes were generally parallel to flow but large variation 
over short distances is interpreted to represent a heterogeneous 
deforming bed. 

(Thomason 
and 
Iverson, 
2009) 

Deformation of the 
Batestown till of the Lake 
Michigan lobe, Laurentide 
ice sheet 

Batestown 
Member, 
Lemont 
Formation 

Illinois, USA AMS, microfabric, 
micromorphology 

Magnetite 
(after Hooyer 
et al., 2008) 

Highly variable fabric strengths were observed. Based on 
comparisons Hooyer et al. (2008), parts of the till do not contain 
fabrics strong enough to have been deformed under the bed 
deformation model. 

(Gentoso 
et al., 
2012) 

Exploring till bed kinematics 
using AMS magnetic fabrics 
and pebble fabrics: the 
Weedsport drumlin field, 
New York State, USA 

Late 
Wisconsin 
Furnaceville 
Till 

New York State, 
USA 

AMS, clast fabrics,  
rock magnetic 
experiments 

maghaemite K1 axes were observed to be parallel to pebble long-axis 
orientations, plunging gently up-glacier. These were both parallel 
to the drumlin long axes but deviating moderately from flute 
direction. 

(Tylmann 
et al., 
2012) 

The ice/bed interface mosaic: 
deforming spots intervening 
with stable areas under the 
fringe of the Scandinavian Ice 
Sheet at Sampława, Poland 

Unnamed 
Late 
Weichselian 
tills 

Sampława,  
Poland 

Facies analysis, 
AMS 

unknown AMS and clast fabrics are compared in interbedded subglacial tills 
and outwash sediments. K1 axes lie parallel to mean clast fabric 
orientations. The authors use the fabric strength to quantify the 
strain based on comparisons with  Hooyer et al. (2008) 

table 2.1 – Comparison of the published literature on the AMS of glacial sediments.
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alternative fabric indicator), and a magnetic lineation was seen that lay parallel to the mean clast 

fabric orientation. Fuller subsequently suggested that AMS could be used as a proxy for ice flow 

direction. The work of Stupavsky and Gravenor (1975), Stupavsky et al. and (1974a) Stupavsky 

et al. (1974b) supported this idea. As well as investigating the natural remanent magnetisation, 

these authors used AMS to determine the flow directions in Late Wisconsinan tills around Lake 

Ontario. 

Apart from reference to the technique in Boulton (1976), Eyles et al. (1987) was the first to 

apply the technique to till from modern glacial settings. These authors compared AMS fabrics 

produced from modern subglacial tills in Iceland and Pleistocene tills in England with submarine 

rainout diamicton from Pleistocene sediments around Lake Ontario. The subglacial diamictons 

analysed displayed a weakly-developed, flow-parallel AMS fabric, whilst in subaqueous, rainout 

diamictons, a range of fabrics were observed, from oblate to strongly clustered. Tightly clustered 

fabrics were interpreted as resedimented debris flow deposits. From this, Eyles et al. (1987) 

tentatively concluded that subglacial tills display a weaker AMS fabric than diamicton produced 

through mass-flow processes. However, the authors admitted that the results were provisional and 

did not take into account the variables when dealing with tills of different ages and with vastly 

different compositions.

The first application of AMS to pre-Quaternary diamictites was carried out by Archanjo et al. 

(2006). These authors analysed Late Palaeozoic diamictites of the Itararé Group, Brazil. Archanjo 

et al. were also the first to systematically carry out rock magnetic investigations into the AMS of 

diamicts. Instead of a ferromagnetic contribution, which is often assumed, the results revealed 

that paramagnetic clay minerals were controlling both the anisotropy and susceptibility. In spite 

of possibly having a very different magnetic carrier to the AMS, the authors made comparisons to 

the fabric characteristics of Eyles et al. (1987) and interpreted deposition through debris flows. 

Since the late 1980s, it has become increasingly accepted that widespread subsole deformation 

occurs beneath glaciers (Boulton, 1986; Boulton and Hindmarsh, 1987). In addition to processes 

of lodgement and melt-out, subsole deformation is now considered to play a major role in 
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the formation of till (Benn and Evans, 2010). The deforming bed can be thought of as a soft-

sediment shear zone, with similarities to shear zones in tectonically deformed metamorphic rock.

 The work of Iverson et al. (2008) and Hooyer et al. (2008) made a significant contribution 

to the idea that AMS could be used to investigate deformation in subglacial tills. These authors 

used ring-shear experiments to investigate fabric development in tills. When an intact till sample 

was sheared under conditions similar to those expected to be operating at the ice-bed interface, 

it was found that micro-faults develop that facilitate the rotation of the long axis of particles into 

the plane of shear. This gave rise to a preferential alignment of grains (Fig. 2.14) and resulted in 

the formation of K1 axes parallel to the direction of shear and a magnetic foliation plane dipping 

gently up glacier.

It was noted that, although the fabrics became more clustered with increasing shear strains, 

the anisotropy values (Pj) did not appear to change significantly with increasing shear strains. To 

facilitate the interpretation of this clustering, the authors adapted the eigenvalue method of Mark 

(1973). This technique is routinely used in clast fabric analysis to determine fabric strength (e.g. 

Benn, 1994; Benn, 1995; Benn and Ringrose, 2001). Using this analysis, the shape and strength 

of the fabric is represented by the eigenvalue S1, S2 and S3. The strength of the clustering of the 

magnetic lineation is represented by the S1 eigenvalue, where a value of 0.33 means no alignment 

K3

K1

K2

n i u i al w lan

Lo g t d n  flo p e
AMS ellispoid

S ear plane

h

Fig. 2.14 – Schematic relationship between the AMS ellipsoid and the flow of glacier (after Hooyer et al., 
2008; Iverson et al., 2008; Shumway and Iverson, 2009), showing an up glacier K1 dip orientated parallel 
to the longitudinal flow plane. 
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Fig. 2.15 – S1 eigenvalue strengths and AMS fabrics in the Douglas (a) and Batestown (b) Tills versus 
shear strain (after Hooyer et al., 2008; Iverson et al., 2008), obtained by shearing the tills to progressively 
higher strains in a ring shear device. AMS results are presented on to lower-hemisphere, equal-area 
stereographic projections.
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whilst and eigenvalue of 1.0 indicates perfect alignment.

By deforming till in a ring shear device, Iverson et al. (2008) and Hooyer et al. (2008) 

measured AMS fabrics at progressively increasing shear strengths (Fig. 2.15). The S1 eigenvalue 

was observed to increase with increasing shear strains up to moderate values (6–25) where a 

steady state fabric was reached. Using this method, the authors suggested that direct comparisons 

could be made between the AMS fabric and shear strengths of the deforming bed. As such, tills 

that have not been sheared sufficiently to fit in with the bed-deformation model (Boulton, 1986) 

could be detected. This theory was applied to Late Wisconsinan tills from Wisconsin and Illinois 

(Shumway and Iverson, 2009; Thomason and Iverson, 2009). These authors directly compared 

eigenvalues with the ring shear experiments of Iverson et al. (2008). From this, certain tills were 

identified with fabrics that were not strong enough to be consistent with deformation through the 

deforming bed model.

Whilst the eigenvalue method is useful in clast fabrics analysis, its use in the characterisation 

of AMS fabrics should be applied with great caution. Clast fabric analysis involves the direct 

measurement of the long axis of clasts. The eigenvalues reflect this alone. In contrast, the 

eigenvalue of AMS fabrics, as well as being controlled by the degree of alignment, are also 

controlled by the relative proportions of ferromagnetic, paramagnetic and diamagnetic grains. 

Each of these can display both crystalline and shape anisotropy with possible inverse and normal 

fabric patterns. Even in the same section, it is likely that a minor deviation in composition may 

have a significant effect on the eigenvalue and is not necessarily linked to strain. 

As such, doubts can be clast over the ability of the eigenvalue method to quantify strain 

through AMS and genetically identify tills in this manner proposed by Hooyer et al. (2008), 

Iverson et al. (2008) and Shumway and Iverson (2009). Direct comparisons with Iverson et al. 

(2008) and Hooyer et al. (2008) should not be made, especially where the mineralogy has not 

been investigated (e.g. Tylmann et al., 2012). This point is also applicable for the use of AMS 

as a diagnostic tool to distinguish between different facies, such as those presented in Eyles et 

al. (1987). As minor variation in mineralogy can significantly affect the fabric, the strength of 
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sediment from different sources (debris flow and subglacial) should not be directly compared 

unless the magnetic mineralogy is fully investigated.

In spite of this, AMS can provide a reliable indicator of ice-flow direction. In almost all 

cases, magnetic lineations are well correlated with clast other fabric indicators (clast fabrics and 

microfabric investigation) and other flow indicators. The speed, accuracy and objectiveness of 

the technique give it significant potential over other petrofabric indicators, and the technique 

therefore has the potential to make a significant contribution to glacial sedimentology. However, 

before reliable links between AMS and strain and AMS and depositional processes can be made, 

significantly more study is needed.

2.9. Use of aMS in this thesis

In this thesis, AMS samples are collected from three distinct areas, each addressing a different 

aspect of glacial sedimentology, and each connected by the use of the AMS technique. Many 

aspects of this thesis are entirely novel. As such, new methodologies have had to be developed. 

The collection of AMS samples was through a combination of field-based drilling and block 

sampling (as outlined in Appendix A). AMS samples of basal ice (Chapter 3) were collected using 

a portable rock drill. Unconsolidated diamicton from the Pleistocene of North Norfolk (Chapter 

4) were collected through block sampling, followed by laboratory hardening and preparation. 

Finally, Neoproterozoic diamictites of NE Svalbard (Chapters 5 and 6) were collected using a 

combination of field drilling and block sampling. In total 140 sites were sampled with 1690 

individual subsamples. Normally between 8 and 12 subsamples were used to make up a site 

following the procedure outlined in Appendix A. 

Because of the large variation in the strength and shape of the AMS in different minerals, 

particular attention was paid to fully characterising the magnetic mineralogy in each chapter 

(Section 2.6). Thermomagnetic experiments were undertaken by measuring variation in magnetic 

susceptibility through the heating of powdered samples at 6 °C intervals, from room temperature 
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(21 °C) to 700 °C, using the AGICO MFK-1A Kappabridge with a CS4 high-temperature 

susceptibility attachment. Low-temperature susceptibility experiments were conducted using an 

in-house built cryostat system coupled with the MFK-1A Kappabridge. Samples were cooled 

to 77 K in liquid nitrogen, and the bulk susceptibility was measured every 18 seconds during 

warming to room temperature.

The ferromagnetic contribution to the fabric was analysed through IRM acquisition curves, 

AF demagnetisation curves and varying field susceptibility. IRM and BIRM experiments (i.e. 

partial hysteresis loops) were conducted by inducing an external applied field at progressive 

stronger strengths up to a peak of 2.5 T where saturation was obtained. Once saturated, BIRM 

demagnetisation was carried out by applying an increasing field along the –Z axis until the +Z 

magnetisation reached zero. AF-demagnetisation of the NRM, ARM and SIRM experiments 

were conducted by exposing the sample to an alternating magnetic field in a progressive 

stepwise manner up to a 120 mT peak applied field. Both the AF-demagnetisation and IRM/

BIRM acquisition were measured on an AGICO JR6-A dual-speed spinner magnetometer, in 

a magnetically shielded room. The low-field variation of AC susceptibly was measured at fields 

between 5 and 700 A/M following the procedure of Hrouda et al. (2006).
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3.1. Introduction

In this chapter, a novel application of the anisotropy of magnetic susceptibility (AMS) 

technique is presented to examine debris-rich basal ice. The flow of glacier ice can produce similar 

structures to those produced in ductile deformation within rocks (Maltman et al., 2000). The 

analysis of these structures and smaller-scale ice fabrics can provide insight concerning the strain 

history and deformation of glacier ice, since ice crystals are anisotropic (Castelnau et al., 1998) 

and tend to develop a preferred orientation in response to strain. 

The most commonly used method to examine fabrics within glacier ice is the analysis of 

c-axis crystallographic orientations of ice crystals in thin section (e.g. Bader, 1951; Rigsby, 

1958). This has been particularly useful in understanding how ice deforms under stress (Wilson, 

2000; Wilson and Sim, 2002). More recently, the development of automated techniques have 

introduced greater speed and objectivity (Wilen et al., 2003). However, Tison and Lorrain (1987) 

showed that glacier ice can recrystallise over quite short timescales. This can occur either through 

subsequent deformation, or the ice can recrystallise under ambient conditions (Samyn et al., 

2008). As such, the final measured fabric may not represent the cumulative strain but rather a 

more recent recrystallisation event.

Fabric analysis involving the measurement of the AMS (Tarling and Hrouda, 1993) has 

provided considerable insight into depositional (e.g. Ellwood and Ledbetter, 1977; Lagroix 

and Banerjee, 2002; Hooyer et al., 2008) and deformation histories (e.g. Parés et al., 1999; 

Borradaile and Jackson, 2004; Cifelli et al., 2009) of rock and sediment. In recent years the 

technique has provided new and interesting information about various aspects of glaciology, 

including facilitating the interpretation of bed deformation (Hooyer et al., 2008; Iverson et al., 

2008), glacier flow direction (Shumway and Iverson, 2009; Thomason and Iverson, 2009) and 

glaciotectonic history (Fleming et al., 2013) of deformed glacial sediment. Despite the links 

between styles of deformation seen in glaciers to those of rocks and sediment, there is (to our 

knowledge) no published research on the AMS of glacier ice. 
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Glacier ice formed by the firnification of snow, often termed englacial ice (e.g. Hubbard et al., 

2000), is dominated by H2O and is therefore diamagnetic (negative susceptibility) (Lanci et al., 

2001). While the AMS of rock dominated by diamagnetic minerals has been used to investigate 

structural deformation (e.g. Owens and Rutter, 1978; de Wall et al., 2000; Borradaile et al., 

2012), compared to rock that is dominated by ferromagnetic and paramagnetic minerals, the 

relationship to strain is not as well understood, and research into the magnetic anisotropy of H2O 

ice has not been carried out. Unlike englacial ice, there is a zone of ice at the base of glaciers and 

ice sheets which exhibits a distinct set of physical and chemical properties formed by processes 

operating at the bed, commonly referred to as basal ice (Hubbard and Sharp, 1989; Knight, 

1997; Hubbard et al., 2009). This ice is thought to have predominantly formed through processes 

including adfreezing, regelation and hydraulic supercooling (Hubbard, 1991; Hubbard and 

Sharp, 1993; Cook et al., 2006) at the base of glaciers and ice sheets. As such, it has the ability to 

incorporate significant amounts of detrital minerals or subglacial sediment en masse (Hambrey et 

al., 2005). Depending on the composition of the source material, this detrital material is expected 

to contain paramagnetic and ferromagnetic grains that will overwhelm the diamagnetic signal and 

create fabrics which retain more of a signal related to ice deformation. The basal ice of glaciers and 

ice sheets therefore represents a suitable candidate for potential AMS investigations.

Glacier ice flows in response to gravitational forces acting on a sloping ice body; however, this 

flow is resisted by friction at the bed and lateral margins. Being located in the zone between the 

bed and the bulk of the glacier ice, basal ice is shown to be strongly affected by glacial motion 

and is commonly highly deformed (Souchez et al., 2000; Larsen et al., 2010; Samyn et al., 

2010). As such, a variety of structures are produced reflecting compression, extension or simple 

shear, depending on the flow regime of the glacier. Basal ice commonly exhibits a strong ice-

crystal c-axis fabric (Samyn et al., 2008). As a result, one may expect fabrics associated with such 

deformation, as well as being recorded in the diamagnetic ice, to be preserved through a preferred 

orientation of grains within the detrital sediment. In theory, an AMS fabric should therefore 

develop within the detrital component of basal ice that reflects the cumulative strain history.
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AMS has been used to characterise and quantify very weak or subtle mineral fabrics and has 

been widely used in geology as a means for investigating the processes involved in the formation 

of rocks and sediments (see references in Tarling and Hrouda, 1993). It is an important tool in 

understanding how a material deforms in response to tectonic deformation as stress acting on 

the sediment can cause grains to rotate resulting in a preferential alignment (Chapter 2, Section 

2.7.3). In glacial sedimentology, the AMS of subglacial sediments has the ability to reveal subtle 

fabrics relating to ice deformation (Eyles et al., 1987; Shumway and Iverson, 2009; Thomason 

and Iverson, 2009; Gentoso et al., 2012).  As well as various field-based applications, the 

technique has been verified through laboratory testing (Hooyer et al., 2008; Iverson et al., 2008). 

Basal ice generally lies immediately above subglacial sediment and plays an important role in 

its formation through melt-out or lodgement (Benn and Evans, 2010). However, the way that 

sediment particles within the ice respond to strain is not well understood. The application of 

AMS to basal ice offers excellent opportunity for some of these ideas to be investigated. 

In this study, the AMS technique is applied to basal ice exposed at the margin of a surge-

type tidewater glacier in Svalbard. The aims of this study are to (i) characterise the AMS fabric 

by determining the orientation, degree of alignment and shape of the susceptibility ellipsoid, as 

well as the carrier of the magnetic signal (through rock magnetic experiments); (ii) determine the 

relationship of the fabric to other visible strain indicators within the ice at both outcrop scale and 

through the analysis of aerial photographs; and finally (iii) examine the relationship of the fabric 

to the recent surge activity of the glacier. Through these investigations, the potential of the AMS 

technique for the analysis of basal ice is evaluated and future areas in which the technique could 

be applied are suggested. 

3.2. Glaciological and geological setting

Tunabreen is a 33 km-long tidewater glacier located in central Svalbard (Fig. 3.1). The glacier 

drains from the Filchnerfonna and Lomonosovfonna ice caps and flows into Tempelfjorden. The 

surrounding bedrock geology consists of undeformed, gently dipping Permian and Carboniferous 
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Fig. 3.1 - Geological map of Tunabreen and surrounding area, with glaciological structures and magnetic fabric results. Geology redrawn after Dallmann et al. (2009) and Dallmann et al. (2011). Glaciological structures drawn from aerial 
photographs dated July 2004. AMS results are plotted onto lower-hemisphere, equal-area stereographic projections showing the mean susceptibility ellipsoids with the 95% confidence ellipsoids and the magnetic foliation (great circles) derived from 
the K3 orientation. Inset map shows location of study area within Svalbard.
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sediments composed of conglomerate, sandstone and shale of the Billefjorden Group. In turn, 

these are overlain by locally fossiliferous sandstones, carbonates, shales and cherts of the Dickson 

Land Subgroup (Cutbill and Challinor, 1965). These strata were mostly deposited on a stable 

carbonate platform under shallow marine conditions (Harland et al., 1997). 

Radio echo-sounding records indicate that the glacier is polythermal (Bamber, 1987). 

Tunabreen is a surge-type glacier and is the only one in Svalbard known to have surged three 

times, producing a consistent return period of approximately 40 years (Mansell et al., 2012). 

Tunabreen last surged in 2003-2005, during which the terminus advanced by up to two km 

into Tempelfjorden (Benn et al., 2009). Since surge termination, Tunabreen has calved back to 

its present-day position, revealing spectacular and easily accessible exposures of the basal zone of 

the glacier at the lateral margins, including the glacier-bed interface. There are three dominant 

ice facies within the exposures: (i) a banded debris-rich facies composed of alternating bands 

or laminae (1-10 mm thick) of ice containing diamicton and clean bubble-free ice; (ii) a solid 

debris-rich facies composed of diamicton with some stratification (hereafter referred to as ‘banded 

facies’ and ‘solid facies’, respectively (after Hubbard et al., 2009)); and (iii) a clean, bubbly facies,  

hereafter termed ‘englacial facies’ (after Hubbard et al., 2000).

The flow regimes of Tunabreen are indicated through structures exposed at the surface 

of the glacier (see mapped foliation in Fig. 3.1). Ice stratification and longitudinal foliation 

(utilising glaciological terminology of Hambrey and Lawson (2000)) is clearly seen in aerial 

photographs. This stratification, which originates in an orientation defined by the margins of 

the flow boundaries in the accumulation zone, becomes folded as the ice flows. Fold tightness 

increases down-glacier, evolving to isoclinal towards the terminus. Fold limbs are rotated parallel 

to the glacier margins and axial planes lie parallel to glacier flow direction, creating flow-parallel 

structures trending at 5°. These are commonly referred to as longitudinal foliation (Hambrey and 

Lawson, 2000), a phenomenon well known from Svalbard glaciers (e.g. Hambrey and Glasser, 

2003; Hambrey et al., 2005). 

At the height of the most recent surge in 2004, almost the entire length of Tunabreen 
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exhibited intense surface crevassing. Transverse crevasses dominated the pattern, forming 

perpendicular to the longitudinal foliation and glacier flow direction. Tunabreen has a tidewater 

margin and is dominated by a strong extensional flow regime during surges. This is a characteristic 

often seen in other Svalbard tidewater surge-type glaciers (cf. Hodgkins and Dowdeswell, 1994; 

Murray et al., 2003) without the compressional deformation commonly exhibited at the terminus 

of land-terminating Svalbard glaciers (Hambrey et al., 2005). However, towards the terminus, 

the eastern margin of Tunabreen reaches a confluence with the neighbouring Bogebreen, 

Phillippbreen and Von Postbreen. Here, a component of oblique compressional deformation 

is seen through the presence of structures that crop out at the surface which truncate foliation 

and crevasse patterns, interpreted as thrusts (Fig. 3.1). This, combined with a changing coastal 

morphology, results in the deviation of flow at this location from a predominantly southwards 

direction into a SSW direction.

3.3. Methods

Two sections were analysed at the lateral margins of Tunabreen, hereafter referred to as the 

northwest (NW) and southeast (SE) sections (Fig. 3.2). Six sites were chosen from the banded 

basal ice facies, covering both lateral and vertical changes. In order to increase the chances 

of the acquisition of reliable fabrics, sites were chosen where the sediment concentration was 

greater than 10% by volume. Cores were collected during April 2011, utilising the methodology 

described in Appendix A. Sedimentological and structural data were collected in the field using 

standard procedures (cf. Evans and Benn, 2004). Structural data from the measurement of 

mineral lineations were collected in March 2012.

AMS samples were measured following the methodology outlined in Chapter 2, Section 2.9. 

The AMS data was analysed using standard statistical analysis (see Section 2.4.1) involving the 

calculation of the mean susceptiblity in SI units (Kmean), corrected anisotropy degree (Pj), lineation 

(L) and foliation (F) parameters and the shape parameter (T) (Jelínek, 1981).
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Because of the low susceptibility of the samples, careful cleaning and calibration of the 

sample holder was undertaken between each site, as even small amounts of ferromagnetic 

or paramagnetic dust may swamp the susceptibility signal of the samples (Borradaile et al., 

2012). In spite of the Kappabridge being sensitive to 0.5×10-8 with an accuracy of 0.1%, the 

a)

b)

c)

SW

SW

NE

NE

NW SE

Fig. 3.2 - Field photographs of Tunabreen and the sections sampled. (a) NW section at the lateral margin 
of Tunabreen. Blue ice in the right of the photograph represents englacial ice while the basal ice is shown 
by the darker brown horizon in the centre (snowmobile in foreground = 1 metre). Height of section = 15 
metres. (b) Photograph showing the locations of the NW and SE sections taken from the lateral moraine 
of Von Postbreen. (c) SE section showing englacial ice (blue) overlying basal ice (brown and banded). 
Height of section = 30 metres.
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anisotropy values near zero can be anomalously high (Hrouda and Kapička, 1986; Rochette, 

1987; Biedermann et al., 2013). Although this is not thought to affect fabric orientations 

(Hrouda, 2004; Callot et al., 2010), its effect can cause problems when calculating the anisotropy 

parameters. As such, any subsamples with susceptibilities in the range of -5 to 5×10-6were 

discounted, as recommended by Hrouda (2004).

In all AMS investigations, determination of the magnetic mineralogy is of importance because 

of the different fabric characteristics which can be produced by different minerals. The detrital 

component, typically 10-40% volume of sample volume, was extracted from the diamagnetic 

H2O by sublimation, and investigations of the magnetic mineralogy were conducted following 

the methodology outlined in Chapter 2, Section 2.9. The ferromagnetic and paramagnetic 

contributions were analysed through examining the variation of low-field magnetic susceptibility 

with temperature (Section 2.6.1) and the low-field variation of AC susceptibility (Section 2.6.2) 

following the procedure of Hrouda et al. (2006). In addition, the ferromagnetic fraction of six 

samples was analysed through the acquisition of Isothermal Remanent Magnetisation (IRM) 

experiments (Section 2.6.4).

3.4. results

3.4.1. Magnetic mineralogy

The mean susceptibility (Kmean) of the samples range from 9 to 23×10-6 (average 20×10-6, 

Table 3.1). This is well within the paramagnetic realm (see Fig. 2.4, Chapter 2). The magnetic 

susceptibility of the samples in which the detrital sediment was separated from the ice are 96×10-6 

for TB3 and 38×10-6 for TB5, reflecting the absence of diamagnetic H2O.

 Low-temperature susceptibility measurements (Fig. 3.3c) can be used to distinguish 

between the contribution of paramagnetic from ferromagnetic phases, since antiferromagnetic, 

diamagnetic and most ferromagnetic minerals have a temperature-independent susceptibility in 
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the 77 to 295 K temperature range (Richter and van der Pluijm, 1994). The curves show good 

Curie-Weiss temperature dependence, where susceptibility decreases with increasing temperature 

(Nagata, 1961). The ratio of low-temperature/room-temperature versus the mean value of 

room temperature susceptibility are plotted (Fig. 3.3c) and the ratio of all samples is above 3.2, 

indicating a substantial paramagnetic component to the low-field AMS. 

 The variation of low-field susceptibility with temperatures from 20 to 700 °C (Fig. 

3.3b) shows a decreasing susceptibility with increase of temperature on some curves within the 

range of 20 to 250 °C, following Curie-Weiss behaviour (Fig. 3.3bi), whereas others show an 

independent or slight increase in susceptibility within this range (Fig. 3.3bii). Above 250 °C all 

samples show an increase in susceptibility with increasing temperature and exhibit strong peaks 

at 560 °C, presumably indicating either the growth of new ferromagnetic phases on heating or 

the ‘Hopkinson peak’ owing to a minor amount of Fe-Ti oxide present within the sample (See 

Chapter 2, Section 2.6.1).

 The variation of field strength with susceptibility can also be used to provide constraints 

on the magnetic mineralogy (Fig. 3.3c). This experiment works on the principle that diamagnetic 

and paramagnetic minerals exhibit a linear relationship between magnetisation and the 

magnetisation field, whereas the susceptibility of some ferromagnetic minerals exhibit a strong 

field-dependent susceptibility (Hrouda et al., 2006). Non-systematic behaviour is seen in all 

samples in the 0 to 200 A/M range reflecting the high error margin in the measurement of 

susceptibility at these frequencies in low-susceptibility samples. However, above 200 A/M all 

Site N Km K1
K 1  95% 

Error
K2

K 2  95% 
Error

K3
K 3  95% 

Error
L F Pj T

TB2 6 9.04E-06 4/12.5 22/6 160/76 49/19 273/6 49/4 1.018 1.052 1.077 -0.046
TB3 13 2.28E-05 338/26 36/21 243/11 36/21 132/62 35/16 1.017 1.009 1.027 -0.303
TB4 7 1.28E-05 345/15 34/13 254/3 35/12 152/75 18/12 1.022 1.035 1.058 0.227
TB5 12 2.37E-05 355/25 19/14 261/9 71/13 152/63 71/14 1.076 1.024 1.107 -0.512
TB7 11 1.87E-05 2/11 46/9 93/7 46/26 214/77 33/13 1.012 1.025 1.038 0.335
TB8 12 1.89E-05 21/26 35/12 280/21 38/22 157/56 31/7 1.037 1.028 1.066 -0.142

table 3.1 - Mean site AMS data (see Chapter 2, Section 2.4.1 for calculation): N = number of samples; Km 
= mean susceptibility; K1, K2, K3 = orientations (declination and inclination) of the principal susceptibility 
axes with 95% confidence ellipses; L = lineation (L = K1/K2); F = foliation (F= K2/K3); Pj = anisotropy 
degree; T = shape parameter.
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Fig. 3.3 - Rock magnetic experiments. (a) Low-field susceptibility (K) vs. temperature curves for (i) NW 
and (ii) SE sections. In each case, the heating curve is black and the cooling curve is grey. (b) Low-field 
susceptibility vs. Applied field (A/M) curves normalised to the lowest susceptibility value (K/K0) for (i) 
NW and (ii) SE sections. (c) The normalised reciprocal (K/K0) susceptibility vs. temperature for (i) NW 
and (ii) SE sections and (iii) the ratio of the susceptibility at the lowest temperature to the susceptibility 
at room temperature (KLT/KRT), plotted against magnetic susceptibility. (d) IRM experiments showing 
variation in normalised magnetic intensity (J/Jmax) with applied field (T) for (i) NW and (ii) SE sections.
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samples show a field-dependent susceptibility, which increases up to 500 A/M before decreasing. 

This presumably represents a minor contribution to the susceptibility by a ferromagnetic 

component.

 This ferromagnetic component is investigated further through the acquisition of IRM 

(Fig. 3.3d). This works on the principle that the coercivity of a mineral varies with composition 

and grain size (see Chapter 2, Section 2.6.4). For example, the saturation magnetisation of 

haematite is near 3 T while magnetite is fully saturated by 300 mT (Fig. 2.12, Chapter 2). The 

IRM acquisition curves all fail to show complete saturation at 2.5 T indicating the presence of a 

high-coercivity phase, presumably haematite.

3.4.2. anisotropy of magnetic susceptibility (aMS)

Samples yield susceptibility ellipsoids that are predominantly triaxial (Fig. 3.4), where F is 

roughly equal to L, although variation exists between subsamples, ranging from strongly oblate to 
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strongly prolate (possibly in part arising from the high error margins when calculating parameters 

at low susceptibilities (Hrouda, 2004; Biedermann et al., 2013)). The mean corrected anisotropy 

degree (Pj) is relatively high (1.05) (Fig. 3.4a) compared with the typical values within sediments 

dominated by paramagnetic minerals. However, haematite can have very high (>100) anisotropies 

(Tarling and Hrouda, 1993; Guerrero-Suarez and Martín-Hernández, 2012), and this high value 

may reflect the presence of a minor amount of haematite contributing to the anisotropy. 

N

N= 69

K  = 359/201

K  = 089/022

K  = 184/703

95% confidence 
ellipses

K1

K2

K3

Fig. 3.5 - Stereographic projection of AMS results from all samples showing K1 (black squares), K2 (grey 
triangles) and K3 (white circles) with 95% confidence ellipses. 

AMS results are shown on lower-hemisphere, equal-area stereographic projections (Fig. 3.5), 

and the corresponding AMS results from individual sites and their sampled locations are shown in 

Figure 3.6. The mean maximum susceptibility orientation (K1) plunges gently (20°) to the north, 

with a general north-south trend (mean = 359°) (Fig. 3.5). This is subparallel to the dominant 

glacier flow direction, as calculated from the trend of the glacier and the orientation of the 

macroscopic longitudinal foliation. The minimum susceptibility axes (K3) are subvertical, defining 

the pole to the magnetic foliation (K1-K2 plane). At the NW section (close to the western margin 

of the glacier), K1 axes cluster at 20° to 001°, and K3 axes cluster at 30° to 188°. The SE section, 

despite being close to the opposite margin of the glacier, gives broadly similar fabric orientations 

to the SE section, with K1 axes clustering at 20° to 355° and K3 axes clustering at 27° to 097°. 
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3.4.3. analysis of visible structures

In subglacial sediments investigated at other sites, the orientation of magnetic fabrics have 

been shown to reflect glacier-induced simple shear relating to the flow direction of glacier ice 

(Hooyer et al., 2008; Iverson et al., 2008; Shumway and Iverson, 2009; Thomason and Iverson, 

2009; Fleming et al., 2013). Basal ice lies at this crucial boundary between the bulk glacier ice 

and deforming bed, and it has been interpreted to deform similarly in a way. This is strongly 

related to the flow of the glacier (Knight, 1997). Evidence for deformation is seen at both sections 

as a variety of structures including folds, faults and lineations (Fig. 3.7). One of the unique 

features of the study of deformation within glacier ice is that, as opposed to most other geological 

materials, ice is often translucent or transparent. This allows structures to be seen in three 

dimensions through the ice face (e.g. Fig. 3.7f, g and h), aiding analysis and interpretation. These 

structures can be analysed to provide insight into the kinematics of deformation thus providing 

independent verification of the state of strain within the basal ice. As such, comparisons can be 

made with the magnetic fabric to determine its relationship to strain within the ice. 

Folding and boudinage are common within the basal ice at both sections, especially at the 

SE section. Here, the banded ice facies (Fig. 3.7a), which presumably formed at an orientation 

parallel to the glacier bed or overriding obstacles, is highly folded in places (Fig. 3.7d, e and 

f ). Folds are typically steeply inclined to recumbent and strongly asymmetric, with inter-limb 

angles ranging from tight to isoclinal. One interesting, and at first somewhat confusing, aspect 

of these folds is that vergence direction can appear on the two-dimensional ice face to be in both 

directions (e.g. Fig. 3.7d). Folds also occasionally form concentric augen-like rings (Fig. 3.9a). 

The axes of these folds lie in a north-south orientation, generally parallel to the glacier flow 

direction and parallel to the maximum susceptibility orientations (K1). This indicates that rather 

than being purely cylindrical, which is often assumed, folds are highly non-cylindrical in a style 

often referred to as sheath folding (Alsop and Holdsworth, 2004; Alsop and Carreras, 2007; 

Alsop et al., 2007).

 The fabric of the debris and bubbles within the banded ice facies is not planar. In contrast, 
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Fig. 3.7 - Field photographs of typical structures present within the basal ice. (a) Banded debris-rich ice 
facies from which most of the samples were collected showing subhorizontal alternating bands (>1-10 mm) 
of debris-rich and debris-poor ice. (b) Thick (8 metre) section of basal ice at NW section with lenses of 
clean bubbly (englacial) ice. The basal ice is partially obscured by icicles. (c) Banded and solid debris-rich 
basal ice facies thrust over blocks of clean englacial ice. (d) Folded banded ice showing a double vergence 
pattern in the folds. (e) Isoclinal recumbent folds verging to the right. (f ) Close up of isoclinal “Z” fold 
showing vergence to the right. The fold axis can be traced through the ice giving a three-dimensional view 
of the fold. (g) Mineral stretching lineations in debris-poor basal ice above debris-rich horizon. (h) Mineral 
stretching lineations and elongated bubbles on the surface of debris-rich horizons within clean ice.
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a strong linear component is present (Fig. 3.7g and h). Debris is observed to be arranged in linear 

aggregates and is often observed to be strongly smeared along an axis. Lineations, measured at the 

SW section, cluster at 10° to 005° (Fig. 3.8). In places, strongly elongated bubbles are orientated 

in the same direction as the debris lineations (Fig. 3.7h). Debris lineations are also seen to form 

generally parallel to fold axes and almost completely parallel to the magnetic lineation which, in 

most previous studies of AMS of deformed sediments, represents the direction of stretching (e.g. 

Liss et al., 2002; Parés and van der Pluijm, 2002; Cifelli et al., 2005). 

N
N=10

Stretching 
lineation

Mean K  orientation with 1

95% confidence ellipse 

Fig. 3.8 - Mineral stretching lineations and mean K1 orientation for SE exposure with 95% confidence 
ellipses.

Faulting is common which illustrates that, as well as ductile folding, brittle deformation 

has also occurred within the basal ice at both sections (Fig. 3.7b, c). The NW section contains 

a number of faults that are typically orientated north-south to NE-SW, shallow to moderately 

dipping to the east, parallel or subparallel to the glacier margins. At the SE section, faults strike 

in a north-south orientation; however, both dip angle and dip direction are variable. The majority 

of the faults have a reverse offset, but many contain subhorizontal debris lineations on their 

surface. This indicates oblique or even transverse slip in some cases and suggests a transpressional 

glaciotectonic regime. Thrusting has clearly resulted in the tectonic thickening of basal ice. For 

example, this can be seen in Figure 3.7c where banded debris-rich ice has been thrust up over 
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blocks of clean englacial ice.

3.5. Discussion

3.5.1. Control on aMS fabric

The low susceptibility of the samples indicates a volumetrically significant proportion of 

diamagnetic minerals, presumably quartz, calcite and ice. Yet, the presence of paramagnetic and 

ferromagnetic phases provide a positive susceptibility which probably controls the magnetic 

fabric (Tarling and Hrouda, 1993). The dependence of susceptibility on temperature follows 

Curie-Weiss behaviour at low temperatures (cf. Fig 2.9, Chapter 2), suggesting a dominance of 

paramagnetic minerals (Richter and van der Pluijm, 1994). At high temperatures, the increase 

in susceptibility can be attributed to the growth of new ferromagnetic minerals with the peak 

at 550 °C, possibly representing a suppressed ‘Hopkinson peak’ of a minor ferromagnetic 

contribution (Chapter 2, Section 2.6.1). The dependence of the susceptibility on field strength 

could be attributed to a ferromagnetic contribution, since pure paramagnetic minerals yield field-

independent behaviour (Hrouda et al., 2006), but given the low susceptibility and the strong 

dependence of susceptibility with temperature, its influence on the AMS is considered minor. 

The high coercivity picked out by the IRM experiments indicates that haematite most likely 

controls this ferromagnetic contribution. Therefore, the origin of the AMS signal is interpreted 

as having a mixed magnetic mineralogy. This is dominated by paramagnetic phases which, 

given the composition of the material, are likely to be phyllosilicate clays with possibly a minor 

contribution of a high-coercivity ferromagnetic phase, presumably haematite.

The presence of flow parallel magnetic lineations associated with sediment dominated by 

phyllosilicate clay minerals and haematite may at first seem counter-intuitive as both minerals 

typically display crystalline anisotropy, where the maximum susceptibility axis lies in the basal 

plane of the mineral (Chapter 2, Section 2.5.2). As such, K1 orientations are not parallel to 

the long axis of grains but rather depend on the crystallographic structure, with the minimum 
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susceptibility perpendicular to the basal plane. In spite of this, magnetic lineations are common 

in rocks dominated by phyllosilicate minerals and are shown to form parallel to the direction of 

stretching (Parés and van der Pluijm, 2002; Cifelli et al., 2005; Cifelli et al., 2009). Phyllosilicate 

minerals tend break along their basal plane, which when under extensional stresses, become 

disposed about an axis parallel to stretching thus creating a magnetic lineation that is directly 

compatible with fabrics created through shape anisotropy.

3.5.2. relationship of structures to aMS

 The magnetic fabrics show strong apparent correspondence with the orientations 

of macroscopic structures present within the ice. The stratification (mapped in Fig. 3.1 and 

schematically drawn in Fig. 3.9), which would have originally formed in an orientation parallel 

to flow boundaries in the accumulation zone, has been tightly folded forming a longitudinal 

foliation (Fig. 3.9a) under a strong extensional regime. This foliation generally lies parallel to the 

AMS lineation. The close relationship of the strike of the longitudinal foliation and the AMS 

lineation within the basal ice suggests that, as one would expect, the basal ice has been deformed 

by glacier motion.

At the outcrop scale, the banded ice facies within the basal ice have been folded under non-

coaxial stretching and simple shear (Fig. 3.10d). In these conditions, folding initiates during the 

initial stage of shear where the field of compression occurs at a high angle to bedding (Fig. 3.9dii). 

As deformation continues, the strain ellipse rotates to a low angle to bedding and extensional 

processes become dominant, resulting in boudinage (e.g. Fig. 3.10diii). The folds created within 

the basal ice at Tunabreen have axes which are strongly curvilinear (Fig. 3.9a). This represents 

a non-cylindrical style of folding, commonly referred to as sheath folding (Alsop et al., 2007). 

Sheath folds normally form when perturbations during the initial stages of folding are greatly 

exaggerated in high-strain conditions (Cobbold and Quinquis, 1980). As folding progresses, fold 

noses become stretched and elongated, and fold axes rotate towards the direction of shear within 

the ice. Fold axes can eventually becomes parallel or subparallel to the main stretching direction 
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(Fig. 3.10c). Sections perpendicular to the shearing direction are characterised by concentric, eye-

shaped folds and doubly-verging fold directions (Fig. 3.10b). Sheath fold noses lie parallel to the 

orientation of AMS lineations, as fold axes are essentially indistinct from stretching lineations.

Deformation of the ice at Tunabreen has also resulted in the formation of distinct linear 

features within the basal ice (Fig. 3.7g and h). Clusters of debris are smeared out and aligned 

about an axis. The smearing of grains in basal ice has been referred to in the past (e.g. Hubbard 
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and Sharp, 1995; Hubbard et al., 2000), but its relationship to cumulative strain has not. 

Similar lineations are often seen in structurally deformed metamorphic rocks (Twiss and Moores, 

1992; Neves et al., 2005), commonly referred to as stretching lineations. Stretching lineations 

in deformed rocks form in an orientation parallel to the direction of stretching during ductile 

deformation (Ramsay and Huber, 1983). Thus, structural analysis of their orientation can provide 

useful information about the kinematics of deformation and deformational history. 

At Tunabreen, these lineations lie at an orientation parallel to the fold axes of sheath folds and 

the strike of macroscopic surface lineations, and subparallel to the flow direction of the glacier. 

Also, these lineations lie almost completely parallel to the magnetic lineations, (Fig. 3.8) thus 

providing independent verification that these form in an orientation parallel to stretching. As 

such, they are interpreted as stretching lineations. Under high-strain conditions, detrital grains 

within the ice will rotate into the most stable orientation about an axis parallel to stretching, 
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Fig. 3.10 - (a) Photograph of sheath fold within banded ice facies from SE section showing augen pattern 
with concentric rings and double verging folds. (b) Three-dimensional model of sheath folding observed 
at SE section. (c) Interpretation of sheath fold development and associated strain ellipse, showing (i) pre-
deformation and original configuration, (ii) initial folding and (iii) evolved sheath folding and rotation of 
fold axes parallel to flow. S1, S2 and S3 refer to the long, intermediate and short axes of the strain ellipse.
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subsequently forming the lineations. As these lineations are parallel to the interpreted direction 

of stretching, they can be used in a similar way to which they are in structural geology and the 

analysis of tectonically deformed rocks in order to give the kinematics of deformation within the 

ice. 

3.5.3. Kinematics of deformation within the basal ice

The up-glacier dip of K1 is a feature commonly seen within subglacial sediments under simple 

shear (Shumway and Iverson, 2009; Thomason and Iverson, 2009). The mean plunge of the K1 

lineation at 20° up glacier (shown in Fig. 3.5 and drawn schematically in Fig. 3.9 b, c and d) may 

indicate that within the basal ice, as well as pure shear, there is a component of non-coaxial strain 

and simple shear causing the up-dip rotation of K1 orientations, matching the S1 axis of the strain 

ellipse. Ring-shear experiments of subglacial tills subject to simple shear reveal that steady-state 

AMS fabrics develop at strains of 7-30. In these experiments, K1 azimuth lies parallel to shear 

direction and dips 28° up glacier (Hooyer et al., 2008; Iverson et al., 2008). These experiments 

produced almost identical fabric characteristics and clustering patterns to those displayed in 

Figure 3.5. One could argue a similar model for the rotation of grains within basal ice, where slip 

between the grains and the ice keeps particles from rotating through the shear plane (as suggested 

by March, (1932)), therefore rejecting Jeffery rotation (Jeffery, 1922) within ice. However, as 

the magnetic mineralogy of the tills used is different, caution is applied when making direct 

comparisons. Such conclusions should not be made until further laboratory testing on materials 

with a similar mineralogy is obtained.

3.5.4. relationship to surge dynamics

At the NW section (Fig. 3.11a), magnetic lineations lie in an orientation that deviates slightly 

away from the dominant glacier flow direction in this area. If the fabrics formed purely by 

stretching and simple-shear because of friction at the bed, one may expect the magnetic lineations 

to trend parallel to ice flow. However, the flow of the glacier ice is not uniform across the ice 
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surface. At the margins, lateral drag can result in the development of marginal shear zones such 

as those recorded after the 1982-83 surge of Variegated Glacier (Sharp et al., 1988; Lawson et 

al., 1994). At Tunabreen, the deviation of the magnetic lineations from parallel to glacier flow 

is probably caused by the rotation of the strain ellipse away from glacier flow direction at the 

margins under non-coaxial strain (Fig. 3.11bi).

At the SE section (Fig. 3.11a), the orientation of the magnetic lineations cannot be explained 

in the same way, since lateral shear would cause the inclination of lineations in the opposite 

direction to that observed. However, magnetic lineations lie parallel to longitudinal foliation 

identified on aerial photographs at that location, indicating that ice flow has been rotated in the 

opposite direction to that expected. This can be explained by the presence of an irregular pre-

surge carving margin (Fig. 3.10bi). During the surge, local splaying of the ice into an embayment 
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Fig. 3.11- (a) Aerial photograph mosaic of the Tunabreen terminus at surge maximum in 2004 with 
the mean K1 orientation and dip direction (blue arrows) and the location of the sections studied. (b) 
Interpretation of the formation of the magnetic lineations showing (i) 2002 pre-surge configuration and 
irregular margin of Von Postbreen, (ii) 2004 surge maximum showing the orientations of shear in the NW 
section and the lateral spreading and clockwise rotation of surface foliation and magnetic lineation at the 
SE section, and (iii) present configuration of Tunabreen at time of study (2012).
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facilitated the rotation in an anticlockwise direction (Fig. 3.10bii). This is interpreted to have 

caused the slight deviation from overall ice flow direction of both the AMS fabrics and surface 

foliation (Fig. 3.10biii).

3.5.5. The use of aMS for the analysis of deformation within basal ice

This study has shown that the detrital component of basal ice contains sediment from which 

an AMS fabric can be measured. This can be used to provide insight into subglacial processes. The 

magnetic fabric appears to be a direct reflection of the petrofabric of the detrital grains within the 

ice. A magnetic lineation is recorded which lies parallel to the inferred direction of stretching and 

simple shear within the ice. This result provides support for the validity of the AMS of subglacial 

sediment, where magnetic lineations are also seen to form parallel to stretching/shear direction 

within the sediment (Shumway and Iverson, 2009; Thomason and Iverson, 2009; Fleming et 

al., 2013). The potential preservation of AMS fabrics from basal ice to sediment during melt-

out requires further study. However, as an AMS fabric is seen within basal ice, caution should 

be taken when interpreting AMS fabrics in subglacial sediments as being formed solely by bed 

deformation, especially when an origin through melt-out is suspected.

Utilising the methodology described here, the AMS technique can be directly reproduced and 

applied to other glaciers. AMS has several advantages over other petrofabric techniques (Iverson 

et al., 2008). The fabric can be determined relatively quickly, accurately and objectively, and 

the susceptibility ellipsoid can be calculated in three dimensions. AMS represents the volume 

average of many grains in each subsample and many subsamples make up a site. Being sensitive 

to minor changes in the state of strain, investigations of the AMS of basal ice has the potential to 

provide knowledge on the processes occurring at the ice-bed interface, bridging the gap between 

the analysis of visible structures at the surface of the glacier and deformation within subglacial 

sediments. AMS, therefore, has the potential to contribute to the highly debated topic of glacier 

bed deformation. 

AMS has been used to calculate shear strains in deformed rocks and sediment (Borradaile, 
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1988; Borradaile, 1991). The link between the AMS fabric strength (based on the degree of 

clustering of susceptibility axes) and strain has also been investigated within subglacial sediments 

through experimental work with ring shear devices (Iverson et al., 2008). This study showed 

that fabric strength increases with increasing shear strain, up to a point under which steady-

state fabrics were reached. In the future, if the magnetic mineralogy of the ice is relatively 

homogeneous, it may be possible to apply similar experimental tests to the AMS of basal ice 

and thus investigate the link between fabric strength and strain. Also, in contrast to ice-crystal 

fabric studies which measure the c-axis orientation of ice crystals (e.g. Bader, 1951; Tison et 

al., 1994; Wilson and Peternell, 2011), the AMS fabric is dominated by the paramagnetic and 

ferromagnetic proportion of detrital material in the basal ice. Therefore, the study of AMS in 

conjunction with ice-crystal fabric analysis allows the detrital portion of the ice to also be analysed 

which, in contrast to glacier ice, is not subject to recrystallisation under the pressure/temperature 

ranges encountered in glaciers.

At this study site, although AMS has highlighted interesting variation in the state of strain, 

the glacier flow direction was never in doubt. The site was chosen intentionally, as visible 

structures such as the surface longitudinal foliation measured from aerial photographs and the 

orientations of folds and lineations at the outcrop-scale provide a reference frame for comparison 

with the AMS results. This has enabled further interpretations to be made and shows that folding 

style is dominated by sheath folds and lineations which form parallel to stretching within the ice. 

However, one interesting situation in which AMS could be applied is where the flow direction or 

past strain history is not known or is poorly understood. For example, on large ice sheets where 

glacier flow is slow and surface structures are absent or where flow direction is ambiguous (e.g. 

Conway et al., 2002). AMS of basal ice collected from ice cores could potentially be analysed to 

provide insight into shear direction at the base of the ice sheet. The AMS technique could also aid 

research into the subject of massive ground ice, which is thought to originate as the basal portion 

of pre-existing glaciers, often dating back to the Pleistocene, and is often buried and preserved 

in permafrost regions (Waller et al., 2009; Fritz et al., 2011). Here, little is known about palaeo-

ice flow directions; therefore, AMS could potentially provide considerable palaeo-glaciological 
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insight. 

3.6. Conclusions

The AMS fabrics of basal ice and their relationship to deformation during the most-recent 

surge of Tunabreen have been investigated and number of conclusions can subsequently be 

drawn:

•	 The AMS of basal ice can be measured, and the three components of the susceptibility 

ellipsoid can be rapidly calculated in the same way that is commonly done for 

sediment and rock.

•	 Magnetic fabrics at the sections examined are controlled predominantly by the 

preferred alignment of inclusions of detrital sediment within the ice. The susceptibility 

and anisotropy on this sediment is dominated by paramagnetic minerals (presumably 

phyllosilicate clays). In some samples, a high-coercivity phase (presumably haematite) 

is also present, possibly contributing to the fabric.

•	 The folding style within the deformed basal ice is highly non-cylindrical. This is 

not unusual given the high shear strains expected within the deforming ice and 

the perturbations in flow that exist across the glacier profile. Within subglacial 

glaciotectonites, since the deformation of underlying subglacial sediments is largely 

controlled by the overlying ice motion, non-cylindrical folding should be expected.

•	 AMS lineations are parallel to, and independently verified by, the macroscopic 

lineation given by the presence of stretching lineations and the axes of sheath folds. 

The orientation of stretching lineations in basal ice has the potential to be used as a 

proxy for stretching direction within the strain ellipse, in the same way that is used in 

structural geology. 

•	 Magnetic lineations at the NW section have been affected by lateral shear which has 
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caused a minor amount of deviation of the lineations away from being parallel to the 

mean trend of the macroscopic foliation, reflecting this non-coaxial deformation. At 

the SE section, the irregular pre-surge configuration of the contact between Tunabreen 

and Von Postbreen has affected strain patterns and led to the anti-clockwise rotation of 

magnetic lineations, stretching lineations and the macroscopic foliation, resulting in a 

magnetic lineation orientated subparallel to the dominant glacier flow direction.
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4.1. Introduction

Having described above magnetic fabrics in glacier ice, from which basal sediments are 

derived, attention is here focused on the actual sedimentary products released from a former ice 

sheet, in this case the Pleistocene Scandinavian-British Ice Sheet as it impinged on the North 

Norfolk coast. In this chapter, the power of the anisotropy of magnetic susceptibility (AMS) 

technique is investigated for determining the fabric of dynamically deposited glacial deposits and 

the directions of the flows that created them. 

The role of deformable materials beneath glaciers is currently one of the most important 

topics in glaciology, and various authors have suggested that glacier motion is facilitated by 

shearing of the glacier bed (e.g. Alley et al., 1986; Boulton, 1986; Alley et al., 1987). Sub-sole 

deformation is considered to be the primary mechanism for sustaining fast flow in ice streams 

and outlet glaciers and is therefore of great importance for investigations into ice sheet stability 

(MacAyeal, 1992; Clark, 1994). Deformation of the bed has been successfully measured in several 

cases (e.g. Boulton and Hindmarsh, 1987; Boulton et al., 2001; Iverson et al., 2003; Hart et 

al., 2011); however, the study of basal conditions in active glaciers is challenging because of the 

inaccessibility of the bed and the short length of time over which data can be recorded. Instead, 

the primary evidence used to infer dynamic processes has been through the properties of the 

glacigenic sediments and landforms left behind by the large ice sheets that covered much of North 

America and Europe during the Pleistocene Epoch (Licciardi et al., 1998; Piotrowski et al., 2001). 

Glaciotectonism is the structural deformation of the upper horizon of the lithosphere by 

glacial stresses (Slater, 1926; van der Wateren, 2002). Glacially deformed sediment is often 

referred to as a glaciotectonite, a term first introduced by Banham (1977) to describe penetrative, 

subglacially sheared sediments analogous to mylonites in metamorphic rocks. In most studies, a 

wider definition is used to encompass a body of unlithified or weakly lithified sediment deformed 

by glacial stresses (van der Wateren, 2002; Benn and Evans, 2010). Within such sediments, 

distinct structures form such as folds, faults, boudins and fabrics (Hart and Rose, 2001). These 

structures can be analysed on both macroscopic scales (e.g. Hart, 1990; Hart and Boulton, 1991; 
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Lee and Phillips, 2008; Benediktsson et al., 2010; Lesemann et al., 2010) and microscopic scales 

(e.g. van der Meer, 1993; Phillips and Auton, 2000; van der Wateren et al., 2000; Menzies et al., 

2006; Phillips et al., 2007; Phillips et al., 2011) and can provide considerable information about 

the genetic environment and deformational history. For example, in a subglacial environment, 

deformation is typically dominated by simple shear coupled with extreme extension (Hart and 

Boulton, 1991; Kluiving et al., 1991), whilst in proglacial settings, glaciotectonic compression 

may facilitate the formation of structures analogous to fold and thrust belts in an orogenic 

foreland setting (Huddart and Hambrey, 1996; Hambrey et al., 1997; Bennett, 2001; Phillips et 

al., 2008). 

Similar structures can often be seen in both subglacial and proglacial settings and may not be 

readily distinguishable (Phillips et al., 2007). Variation in lithology and the dynamic nature of 

subglacial conditions means that earlier deformation structures can be overprinted (Piotrowski 

et al., 2004; Evans and Hiemstra, 2005). This can make the interpretation of such structures 

difficult. Furthermore, fold structures, similar to those found in glaciotectonic environments, are 

also found in other environments, e.g. slumping on glaciomarine slopes (Kurtz and Anderson, 

1979; Eyles and Kocsis, 1988; Arnaud and Eyles, 2002). This makes the interpretation of specific 

structures ambiguous, and in some stratigraphic sections, the same evidence has been interpreted 

as being formed by very different processes. For example, the soft sediment deformational 

structures in the ‘North Sea Drifts’ of Norfolk, UK are traditionally interpreted as subglacial 

(Banham, 1975) but have also been reinterpreted as slumping in a glaciomarine setting (Eyles 

et al., 1989). The objectivity and usefulness of certain techniques used to study subglacial 

deformation has been doubted (Bennett et al., 1999; Zaniewski and van der Meer, 2005), and it 

is apparent that there is a clear need for objective and quantitative approaches to the analysis of 

strain within glacial sediments.

Fabric analysis involving the measurement of the AMS (Tarling and Hrouda, 1993) has 

provided considerable insight into depositional (e.g. Ellwood and Ledbetter, 1977; Lagroix and 

Banerjee, 2002; Hooyer et al., 2008) and deformation histories (e.g. Parés et al., 1999; Borradaile 
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and Jackson, 2004; Cifelli et al., 2009) of rock and sediment. However, the technique has seldom 

been used in glacial geology until recently (see Chapter 2, Section 2.8).Through comparison of 

AMS with pebble fabrics, Fuller (1962) was the first to suggest that magnetic fabrics could be a 

viable technique for petrofabric analysis. Since then, AMS has been applied to several tills, mostly 

to determine palaeo ice flow directions of Quaternary glaciers and ice-sheets (e.g. Stupavsky et al., 

1974a; Stupavsky et al., 1974b; Stupavsky and Gravenor, 1975; Eyles et al., 1987; Stewart et al., 

1988; Gentoso et al., 2012). 

Recent laboratory work (Thomason and Iverson, 2006; Hooyer et al., 2008) has increased 

confidence in the reliability of the technique as a quick and objective method of examining strain 

within subglacial tills. However, as discussed in Chapter 1, Section 1.5, several key questions 

remain. In particular, no published data exist for the analysis of AMS within glaciotectonites, 

where pre-existing unconsolidated sediment has been glacially deformed such that relicts of the 

original structures remain. In addition, previous research has focussed almost exclusively on tills 

where the AMS signal has been carried by MD magnetite. However, various other magnetic 

contributors have been identified as controlling the magnetic signal in other sedimentary 

rocks (Tarling and Hrouda, 1993; Cifelli et al., 2009; Borradaile et al., 2012). The mineralogy 

of diamict can be highly variable and the AMS fabric of deformed diamict consisting of 

paramagnetic minerals is not known. 

In North Norfolk, England, although exposures provide classic sections from which original 

work on glaciotectonics emerged (Slater, 1926; Banham and Ranson, 1965; Banham, 1977; 

Banham, 1988), considerable debate remains over the pattern of lowland glaciation (Eyles et al., 

1989; Banham et al., 2001; Hamblin et al., 2005; Gibbard and Clark, 2011). In this chapter, 

AMS combined with detailed structural analysis is used to reinvestigate sediment genesis and 

flow vectors in a dynamically-deformed, Mid-Pleistocene diamicton section which has previously 

interpreted as a glaciotectonite (Lee and Phillips, 2008). As well as addressing the issues described 

above, the aims of this chapter are to (i) characterise the AMS fabric by determining the 

orientation, degree of alignment and shape of the susceptibility ellipsoid; (ii) determine the carrier 
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of the AMS signal through the use of rock magnetic experiments; (iii) examine the relationship 

of the AMS fabric to deformation structures preserved within the sediment; and finally (iv) 

construct a model to explain the deformational sequence.

4.2. Geological background

The bedrock geology of North Norfolk consists of gently dipping Cretaceous chalk. 

Pleistocene aged sediments consisting of pre-glacial fluvial and shallow marine deposits overlie 

the Cretaceous chalk, which in turn are overlain by a sequence of tills separated by outwash 

sediments (Banham, 1968). These glacial sediments were previously considered to have been 

deposited by oscillations at the margins of coexisting British and Scandinavian ice sheets during 

the Anglian glaciation (478 – 424 Ka, Marine Isotope Stage 12) (Perrin et al., 1979; Bowen et 

al., 1986; Lunkka, 1994; Fish and Whiteman, 2001). A new glacial lithostratigraphy has been 

proposed (Hamblin, 2000; Rose et al., 2001; Lee et al., 2004; Hamblin et al., 2005), subdividing 

the sequence into four formations: the Happisburgh, Lowestoft, Sheringham Cliffs and Briton’s 

Lane. These authors suggested that the deposition of the tills were associated with an entirely 

British-based, as opposed to Scandinavian, ice sheet (Lee et al., 2002; Hamblin et al., 2005). This 

interpretation has been disputed (Banham et al., 2001; Preece et al., 2009; Gibbard and Clark, 

2011) because of its inability to explain biostratigraphical evidence.

The study site in North Norfolk is located in a cliff section near the village of Bacton 

(National Grid Reference TG 338345; Fig. 4.1). The lithology consists of a stratified diamicton 

sequence, previously referred to as the 3rd Cromer Till (Banham, 1968; Lunkka, 1994) but 

reassigned to the Bacton Green Till Member of the Sheringham Cliffs Formation (Hamblin et 

al., 2005; Lee and Phillips, 2008) through tectono-stratigraphic relationships and petrological 

analyses. Although not directly exposed at the section, further along the coastline, the Bacton 

Green Till Member overlies the Walcott Till Member, previously referred to as the 2nd Cromer Till 

(Banham, 1968; Lunkka, 1994) and an interglacial, fluviodeltaic, glacial outwash sand, assigned 

to the Mundesley Sand Member. The top of the Bacton Green Till Member is truncated by the 
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Stow Hill Sand and Gravel Member of the Britons Lane Formation.

The Bacton Green Till Member consists of a massive to weakly laminated, grey- to brown-

coloured sandy diamicton with horizons of sand and gravel (Fig. 4.2), and Bacton is considered 

the type location for the member (Hamblin et al., 2005). Initial deposition has been suggested 

to have occurred in a subaqueous setting through processes of mass flow, turbidity currents and 

rapid rainout, associated with an ice advance from the north (Lunkka, 1994; Lee and Phillips, 

2008; Phillips et al., 2008). For simplicity, the terminology previously used at the site have 

been adopted and continues to refer to the Bacton Green Till Member, whilst acknowledging 

the subtly different definition of a till sensu stricto (cf. Benn and Evans, 2010) as this evokes 

deposition directly from glacier ice, which is not considered the case for the Bacton Green Till 

Member (Lunkka, 1994; Hamblin et al., 2005; Lee and Phillips, 2008).

Previous authors have suggested that, after deposition, the Bacton Green Till Member was 

glaciotectonically deformed creating the structures observed, associated with an ice advance from 

the west or SW (Lee and Phillips, 2008; Phillips et al., 2008; Scheib et al., 2011). Regional ice 
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Fig. 4.2 - Sedimentary log through the section at the study site, divided into upper and lower series based 
on style of deformation structures and distribution of magnetic fabrics. S1 – S4 refers to horizons with 
sandy layers and sand lenses. A sand-filled crack is shown at the top cutting across deformation structures 
and bedding.
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flow directions across the region, however, are equivocal (cf. Hamblin et al., 2005), and many of 

the structures seen could arguably have been formed in an entirely subaqueous setting without the 

need for glaciotectonic deformation (Eyles et al., 1989). 

At the Bacton locality, Lee and Phillips (2008) concluded that the sequence had been affected 

by three phases of glaciotectonic deformation. Phase 1 was characterised by ductile deformation 

through northward-verging isoclinal recumbent folds. During Phase 2, conditions switched to 

a non-dilated state, leading to brittle deformation through subhorizontal, north-verging thrusts 

and Riedel shears. Slices of the underlying Mundesley Sand Member were thrust into the Bacton 

Green Till Member, forming sand lenses interpreted as augens. Phase 3 deformation resulted in 

the formation of sand-filled fractures, interpreted as hydrofractures, through water escape from 

a confined aquifer. It was interpreted that these north-orientated structures were all associated 

with an ice advance from the SW, loosely fitting in with a regional model which predicted ice 

flow from the west or SW (West and Donner, 1956; Perrin et al., 1979; Fish and Whiteman, 

2001; Scheib et al., 2011). In contrast, investigations of the Bacton Green Till Member from 

other localities have found that the unit exhibits a phase of deformation from the NW based on 

geomorphology, pebble fabrics and macroscopic structures (Hart, 2007), and there is clearly still a 

lack of consensus into the pattern of ice flow across the region.

4.3. Methods

For the analysis of AMS, 21 sample sites were chosen covering both lateral and vertical 

changes within the succession (location shown on Fig. 4.5). The sampled lithologies were mostly 

diamicton or sandy diamicton, classified using the Hambrey and Glasser (2003) modification 

of the Moncrieff (1989) scheme. The till was sampled following the methodology outlined in 

Appendix A. 

 In total, 324 cubes were measured with an average of 19 samples per site. AMS samples 

were measured following the methodology outlined in Chapter 2, Section 2.9. The AMS data 
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was analysed using standard statistical analysis (see Section 2.4.1), involving the calculation of 

the mean susceptibility (Kmean), corrected anisotropy degree (Pj), lineation (L) and foliation (F) 

parameters and the shape parameter (T) (Jelínek, 1981). 

In order to interpret the magnetic fabrics, the magnetic mineralogy must be identified 

(discussed in Chapter 2 Section 2.3), as sediment composed of different magnetic minerals can 

produce very different fabric characteristics. Thermomagnetic experiments were conducted for all 

21 samples by investigating the variation of low-field magnetic susceptibility with temperature 

following the methodology outlined in Section 2.7.1. In addition, the ferromagnetic fraction of 

six samples was analysed through AF-demagnetisation of the natural remanent magnetisation 

(NRM) (see Section 2.6.3) and the acquisition of Isothermal Remanent Magnetisation (IRM) 

(see Section 2.6.4). Thin sections were prepared of samples BG3, BG13, BG16 and BG21. These 

were impregnated with an epoxy resin, cut and polished using standard procedures and examined 

under polarised transmitted light.

Structural data was collected in the field. The unconsolidated nature of the diamicton 

provided access to a three-dimensional view through excavation. Linear data (fold axes and 

stretching lineations) were measured as plunge and trend, whilst planar data (bedding, faults, fold 

axial planes and sand-filled cracks) were measured as strike and dip. The contacts around sand 

lenses were measured and the trends of the lenses were calculated by the fit of great circles to the 

poles.

4.4. results

4.4.1. Magnetic Mineralogy

The mean susceptibility (Kmean) (Table 1; see Chapter 2, Section 2.4.1 for derivation) of the 

samples range from 0.05–0.27×10-3 (average 0.13 ×10-3) (in the SI system), and the corrected 

degree of anisotropy (Pj) varies between 1.007 and 1.09 (average 1.033). These values indicate 
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that the paramagnetic fraction provides a major contribution to the susceptibility with little 

contribution by ferromagnetic phases (Rochette, 1987; Borradaile and Henry, 1997). 

The variation of low-field susceptibility with temperature was also used to investigate the 

magnetic mineralogy (Fig. 4.3). Low-temperature susceptibility (Fig. 4.3c) experiments yield a 

temperature-dependent behaviour on heating from 77–295 K as predicted by the Curie-Weiss 

law of paramagnetic materials (cf. Fig. 2.9, Chapter 2). Antiferromagnetic, diamagnetic and 

ferromagnetic (s.s.) materials yield a temperature-independent susceptibility in the range used in 

the low-temperature experiments (77–295 K). These results indicate that paramagnetic minerals 

are controlling the susceptibility and the anisotropy of the sediments. 

Curie-point estimates and phase transitions of magnetic minerals may be identified from 

examination of the high temperature susceptibility variation (Fig. 4.3a). Low-field susceptibilities 

remain constant or decrease smoothly up to 400 °C (following Curie-Weiss behaviour); after 

Site N
Km 

x10-3 K1
K 1  95% 

Error
K2

K 2  95% 
Error

K3
K 3  95% 

Error
L F Pj T Height 

(m)

BG1 19 0.135 171/5 42/4 79/21 42/6 273/68 7/4 1.036 1.039 1.047 0.878 3.3
BG2 19 0.192 354/48 22/4 86/23 22/4 253/64 4/4 1.005 1.025 1.032 0.680 3.6
BG3 19 0.191 117/1 26/5 26/20 26/8 211/71 9/5 1.004 1.021 1.027 0.700 3.1
BG4 20 0.113 333/26 52/5 243/1 52/7 125/87 7/5 1.002 1.025 1.031 0.856 3.6
BG5 18 0.101 243/0 35/4 333/12 36/6 151/78 11/4 1.002 1.009 1.012 0.582 5.4
BG6 18 0.133 91/20 27/4 358/8 27/3 248/69 4/3 1.004 1.037 1.046 0.781 2.1
BG7 15 0.267 335/8 15/4 245/4 15/4 129/82 4/4 1.008 1.025 1.034 0.517 5.5
BG8 20 0.015 212/8 64/28 304/16 64/19 94/72 28/20 1.001 1.006 1.007 0.723 12.6
BG9 20 0.073 96/2 25/14 6/4 25/23 211/86 24/12 1.004 1.005 1.009 0.130 13.4
BG10 20 0.119 281/7 32/6 191/1 32/6 94/83 7/6 1.004 1.018 1.024 0.599 14.1
BG11 17 0.071 86/7 32/9 355/13 31/12 202/75 14/9 1.003 1.011 1.015 0.567 11.0
BG12 16 0.077 96/2 28/9 6/4 28/16 209/86 17/9 1.003 1.008 1.012 0.421 9.2
BG13 20 0.166 355/19 28/3 94/26 28/3 233/57 4/3 1.004 1.035 1.043 0.798 2.4
BG14 15 0.104 29/25 13/5 120/1 13/4 212/65 6/4 1.026 1.060 1.090 0.384 3.0
BG15 20 0.145 0/2 25/5 91/31 25/5 268/59 6/5 1.006 1.024 1.032 0.622 2.2
BG16 28 0.166 35/4 41/5 126/22 41/7 295/68 7/5 1.002 1.027 1.033 0.833 6.3
BG17 18 0.107 358/2 30/5 90/34 30/9 265/56 11/6 1.007 1.036 1.047 0.673 6.2
BG18 20 0.130 162/7 8/4 252/1 11/8 353/83 11/4 1.018 1.024 1.043 0.153 6.4
BG19 20 0.055 68/52 24/12 335/2 40/16 243/38 37/13 1.019 1.025 1.044 0.134 10.9
BG20 20 0.119 254/37 32/6 157/10 32/6 54/51 7/6 1.004 1.018 1.024 0.599 11.9
BG21 19 0.061 248/5 27/15 157/4 24/15 27/84 26/5 1.010 1.024 1.035 0.407 14.8

table 4.1 - Mean site AMS data for the Bacton Green Till Member (see Chapter 2, Section 2.4.1 for 
calculation): N = number of samples; Km = mean susceptibility; K1, K2, K3 = orientations (declination and 
inclination) of the principal susceptibility axes with 95% confidence ellipses; L = lineation (L = K1/K2); F = 
foliation (F= K2/K3); Pj = anisotropy degree; T = shape parameter; height (m) = stratigraphic height above 
base at which 
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Fig. 4.3 - Rock magnetic experiments. (a) Low-field susceptibility (K) vs. temperature curves. In each 
case, the heating curve is black and the cooling curve is grey. (b) AF-demagnetisation curves with the 
normalised magnetisation intensity (J/Jmax) plotted against the demagnetising field (mT). Samples BG2, 
BG3 and BG14 reveal a well defined characteristic remanent magnetism that decays to the origin with 
average medium destructive fields at 50–60 mT. Samples BG14, BG20 and BG21 do not respond to 
AF-demagnetisation. (c) Temperature vs. the normalised reciprocal (K/K0) susceptibility. Paramagnetic 
susceptibility is a function of temperature and follows the Curie-Weiss law (Kp = C/(T-θ)) with C = 
Curie constant, T is temperature, θ is the paramagnetic Curie temperature. The K/K0 transforms a 
paramagnetic curve into a straight line, with an intercept that defines the paramagnetic Curie temperature. 
Ferromagnetic materials have no susceptibility dependence above the Verwey transition (~120 K) and plots 
as a straight line of zero slope. (d) Normalised (J/Jmax) acquisition of isothermal remanent magnetisation 
(IRM) experiments with (i) IRM acquisition and (ii) Backfield IRM acquisition. See Fig. 4.5 for sample 
locations.
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which, susceptibilities increase before decreasing rapidly above 550 °C. Cooling curves are 

irreversible and show a strong increase in magnetic susceptibility. This pattern suggests the 

formation of secondary magnetic phases at temperatures above 400 °C (cf. Fig. 2.10, Chapter 2), 

but this may also be because of a minor amount of single-domain (SD) magnetite being present 

within the samples that results in a suppressed Hopkinson Peak near the Curie point of low Ti- 

titanomagnetite (Hopkinson, 1890; Dunlop and Özdemir, 1997). 

To better constrain mineralogy of any ferromagnetic contribution, AF-demagnetisation of 

the NRM (Fig. 4.3b) and the acquisition of IRM experiments (Fig. 4.3d) were performed (See 

Chapter 2, Section 2.6.3 for explanation). Of the 6 sites examined, 3 sites, all from the lower 

series (Fig. 4.5), responded well to AF-demagnetisation and yielded a MDF of 50–60 mT (Fig. 

4.3b). This indicates that a low-coercivity phase, probably MD magnetite, is present carrying the 

remanent magnetism (Dunlop and Özdemir, 1997). Sites BG20 and BG21 from the upper series 

(Fig. 4.5) and from the sand lens (BG14) did not respond to AF-demagnetisation. Similarly, IRM 

acquisition curves are typically shallow (Fig. 4.3d), and these samples do not reach saturation 

until after 2.5 T (Fig. 4.3d). This suggests that in addition to MD magnetite, a very minor high 

coercivity phase is also present (presumably haematite).

In thin section, the samples are composed of a range of clasts in a clay-silt matrix. Clasts 

are predominantly quartz with a small proportion of shell fragments and other lithics. They are 

typically granule- to sand-sized, angular to rounded and have no apparent preferred alignment of 

long axes. Haematite grains are present, but other opaque minerals are rare. Pigmentary haematite 

is sometimes observed obscuring a clay-rich matrix. The paramagnetic fraction, largely controlling 

the AMS, is therefore likely to be within this matrix. This, based on X-ray diffraction (XRD) 

analysis of the North Norfolk tills (Kazi, 1972), is likely to be a combination of chlorite, kaolinite 

and illite.

4.4.2. anisotropy of magnetic susceptibility (aMS)

All samples yield susceptibility ellipsoids where F > L (i.e. dominantly oblate) (Table 1 
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and graphically represented in Fig. 4.4a and b). The corrected degree of anisotropy (Pj) versus 

mean susceptibility (Km) is shown in Figure 4.4c and reveals that the shape of the fabric is not 

dependent on the strength of susceptibility, which may be the case if different magnetic mineral 

phases were controlling the susceptibility at different sites. Figure 4.4a shows a graphic display of 

magnetic lineations (L%) verses magnetic foliation (F%). Strongly prolate ellipsoids lie near the 

L axis, strongly oblate ellipsoids lie near the F axis, and triaxial fabrics lie near the centre of the 

diagram. Also shown (Fig. 4.4b) are the conventionally used T/Pj plots which show an alternative, 

albeit criticised (Borradaile and Jackson, 2004), method of displaying ellipsoid shape. In both 

plots, ellipsoids are within the oblate to triaxial realm.

Lower hemisphere stereographic projections of the AMS results, with spatial references to 

the site at which the sample was taken, are shown in Figure 4.5. The minimum susceptibility 

axes (K3) are perpendicular to the bedding, defined by the K1-K2 plane. These are mostly steeply 

Fig. 4.4 - Variation of AMS parameters for all samples showing upper series (black circles), lower series 
(white circles) and sand lens (black and white circles). (a) L% vs. F% (magnetic lineation vs. magnetic 
foliation). (b) Shape parameter (T) vs. anisotropy parameter (Pj). (c) Anisotropy parameter (Pj) vs. 
susceptibility (K). 
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Fig. 4.5 - Sketch of the cliff section at Bacton (no vertical exaggeration) with magnetic fabrics for all sites showing the three mean principal susceptibility axes plotted on to lower hemisphere stereographic projections.
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plunging to vertical and show a gently dipping magnetic foliation of variable strike. Magnetic 

lineations are defined by the K1 axes, which reveal a clear separation between the upper and 

lower series. In the lower series, the majority of magnetic lineations trend north-south with mean 

magnetic lineations clustering at 002° and plunging 6° (Fig. 4.6a), whilst in the upper series there 

is a switch in trend to east-west and mean magnetic lineations cluster at 267° and plunging 6° 

(Fig. 4.6b).

Fig. 4.6 - Stereographic projections of the mean long (K1), intermediate (K2) and short (K3) susceptibility 
axes of all sites sampled form (a) the upper series and (b) the lower series.

4.4.3. Visible structures

Post-depositional deformation has affected the original sedimentary lamination producing 

a variety of structures. These can be analysed using standard structural techniques and can be 
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used to compare strain directions with those calculated from magnetic fabrics. Deformation has 

taken place in both brittle- and ductile-like manners. There is a vertical change in the styles of 

deformation as is seen in the magnetic fabrics, and as a result, they are divided into the upper and 

lower series accordingly.

4.4.3.1. Folding and limb attenuation

Folding and boudinage is common throughout the section (Fig. 4.7, 4.8 and 4.9). Within 

the lower series, the original sedimentary layering of the stratified diamicton has been strongly 

attenuated resulting in laterally discontinuous “stringers” of sand (Fig. 4.7b). These stringers 

typically lie in a north-south orientation and are folded in places (e.g. Fig. 4.7a). Folds are 

typically steeply inclined to recumbent and asymmetric, with inter-limb angles ranging from tight 

to isoclinal. Vergence of these folds seems to be in both directions (Fig. 4.7c): a characteristic 

typical of sheath folding (Kluiving et al., 1991; Alsop and Holdsworth, 2004). The axes of these 

sheath folds are typically moderately to highly curvilinear with axial planes parallel to subparallel 

to the stratification. Measurements of fold axes (Fig. 4.9a) show a range of orientations with a 

distinct clustering plunging 16° to 016°. This orientation is subparallel to the mean lineations of 

the magnetic fabrics in the lower series (Figs. 4.5a and 4.6).

Within the upper series (Fig. 4.11), the boudinage of more competent sandy horizons has 

also resulted in sand stringers and folding is common. Folds are typically moderately inclined to 

recumbent, with interlimb angles ranging from close to isoclinal. Folding styles are more irregular 

and axial planes cannot be traced throughout the section. The opposing sense of vergence, seen 

in the two-dimensional cliff face in the lower series, is less common, and an apparent vergence to 

the SE (on the two-dimensional cliff face) dominates (Fig. 4.11a, b and d). Sheath folding is still 

prevalent with axes slightly to highly curvilinear, and there is evidence for superimposed folding 

(Fig. 4.11e). Stereographically, fold axes produce a girdle of orientations in a plane dipping to the 

west, with a weak clustering in the NE quadrant (Fig. 4.9b). AMS fabrics within the upper series 

yield lineation data that generally clusters ENE-WSW (Fig. 4.6b). This fits on the girdle of fold 
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Fig. 4.7 - Photographs of the typical structures associated with the ductile deformation of the lower series. 
(a) Isoclinal recumbent sheath fold showing parasitic folds around the hinge. Pencil marks the trend of the 
fold axis. (b) Series of highly curvilinear sheath folds with highly attenuated, boudinaged limbs forming 
sand “stringers”. (c) Sheath folding resulting in a double vergence pattern and “eye” shaped lenses of 
sand. (d) Subhorizontal bedded sand passing into highly attenuated folds. (e) Cm-scale parasitic fold on a 
m-scale sheath fold overprinted by Phase 3 steeply brittle faulting.
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axes and is generally parallel to the vergence directions observed.

4.4.3.2. Stretching lineations

Within the lower series, stretching lineations are observed on the surfaces of bedding (Fig. 

4.10). In some cases, these lineations form a striped pattern, where relief on the bedding surface 

stays roughly the same (e.g. Fig. 4.10a and b), whilst in other cases they mark steps in the position 

of the surface (e.g. Fig. 4.10c and d). Stretching lineations, measured from the lower series, form 

a tight cluster plunging 03° to 016° (Fig. 4.9c). This lies at almost exactly the same orientation 

as the clustering of the axes of sheath folds (Fig. 4.9a) and the mean direction of the magnetic 

lineations (Fig. 4.6a).

a)

b) c.i) c.ii)

Obscured
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brittle faults

Massive, structureless 
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Fig. 4.8 - (a) Field sketch of the styles of deformation within the lower series, with diamicton (white) and 
sand (yellow). Ductile structures include isoclinal, recumbent sheath folds with highly attenuated and 
boudinaged limbs. Also seen are the effects of Phase 3 brittle deformation, showing conjugate normal faults 
under tensile stresses. (b) Stereographic projections of magnetic and structural data taken from location. (c) 
Stereographic projection of AMS fabric data from (i) BG15 and (ii) BG1.
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4.4.3.3. Sand lenses

Lenticular bodies of sand exist within both the lower and upper series. Within the lower 

series, three main lenses are observed, with a maximum height of 80 cm (Fig. 4.12). They are 

surrounded by sand layering (S1 in Fig. 4.2), which can clearly be seen to wrap around the 

lens, above and below. The contacts with the sand layering are parallel, and there is no evidence 

for erosion as would be expected if a subaqueous origin, through channel erosion and fill, was 

envisaged. Each of the three main lenses originates from separate sand horizons and are formed 

in progressively lower beds to the NW of the section (Fig. 4.12c). Interbedded diamicton can 

be seen to pinch out above and below the lenses, and thicken between lenses. Minor folding is 

evident in the zones on either side of some of the lenses (right of Fig. 4.12a). Partial excavation 

reveals that long axes are continuous into the exposure and are likely to be linear in form, with 

azimuths trending roughly NE-SW (Fig. 4.12c). 

The sand lenses in the upper series show different characteristics (Fig. 4.13). They typically 

Fig. 4.9 - Stereographic projection of Phase 1 and 2 structural data collected from the lower and upper 
series. (a) Fold axes from the lower series. (b) Fold axes from the upper series. (c) Stretching lineations 
from the lower series.
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have a greater degree of asymmetry and do not show the underlying and overlying stratification 

that characterises sand lenses from the lower series. Sand horizons, at the same stratigraphic level 

as the lens, are not planar or continuous and form tail-like patterns, which presumably were 

once connected to bedding and now appear to trail behind the lens (e.g. Fig. 4.13c), indicating 

movement top to the right and shear kinematics to the east.

AMS fabrics were analysed from the middle sand lens in the lower sequence (sample BG14, 

Fig. 4.12d). This had a more clay-rich matrix than the others which facilitated sampling and was 

more suitable for magnetic analysis. A strong clustering of the K1 axes are observed, plunging 

25° to 029°, in an orientation parallel to nearby stretching lineations on bedding surfaces and 

subparallel or slightly inclined to the axial trend of the lenses.

Fig. 4.10 - Photographs of stretching lineations associated with Phase 1 ductile deformation of the lower 
series. (a) Stretching lineation on the bedding surface of a sand layer within the diamicton. (b) Stretching 
lineation at the axis of a sheath fold orientated parallel to the axis of the fold, suggesting shear into the 
exposure in spite of apparent vergence to the left. (c) Impregnated block of diamicton showing stretching 
lineation on the bedding surface giving an apparent vergence direction to the right. Brown colouration 
denotes haematite staining. (d) Stretching lineation showing pronounced stepped nature orientated parallel 
to the axis of the sheath fold.
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Fig. 4.11 - Photographs and sketch of Phase 2 structures within the upper series. (a) Excavated fold axis 
of an isoclinal, recumbent fold illustrating how the unconsolidated nature of the sediment facilitates 
the collection of structural measurements. (b) Cliff section showing disharmonic folds with a dominant 
vergence direction to the left. (c) Sketch of a typical section of the upper series showing the styles of 
folding with diamicton (un-shaded) and sand (shaded). (d) Isoclinal, recumbent fold within a sand 
layer showing pronounced thickening around the hinge and attenuation and thinning of the limbs. (e) 
Refolding of a sand lens, suggesting a progression of the strain field from extension to compression as a 
result of the overprinting of deformation events.



Chapter 4 - AMS of a glaciotectonite

99

4.4.3.4.  “Brittle” structures

The term fault is used to describe sediment that has failed in a brittle-like manner with 

deformation isolated along discrete centimetre-scale shear zones separating blocks of undeformed 

sediment (or with at least unrelated deformation). Faults are located throughout the section and 

typically are both extensional (Fig. 4.14a, b and d) and occasionally reverse (Fig. 4.14c). They can 

clearly be seen to cut the gently dipping isoclinal folding and limb attenuations and, as a result, 

must post-date the original structures. 

Most of the faults are moderately to steeply dipping (>70 °) and, in places, form in two 

dominant orientations that have an opposite sense of displacement, constituting a conjugate pair 

(Fig. 4.14d and e). Displacement is low, up to 10 cm in the upper series but typically less than 2 

cm in the lower series. Other than the conjugate pairing, the faults show a range of orientations 

and produce no consistent pattern in terms of shear in any particular direction (Fig. 4.14f ). The 

faults are distributed within the sand lamination and probably continue into the diamicton, but 

a lack of markers make displacements difficult to discern. Deformation along fault planes takes 

place in zones ranging from <0.5 mm to >5 cm (Fig. 4.14b). It probably occurs by the means of 

grain rolling, boundary sliding and the breaking of weak bonding cements that may have formed: 

a process commonly referred to as granular flow (Twiss and Moores, 1992). This process is 

probably analogous to the faults produced in sand box models (McClay and Ellis, 1987). In some 

larger fault zones, displacement occurs along a network of smaller shears rather than distributed 

evenly across the zone.

As deformation is confined to the faulted zones, the bounding blocks have not been 

pervasively deformed during this event, which suggests that the AMS fabric has been largely 

unaffected; however, the deformation associated with the formation of the bands has gently tilted 

the strata. As such, the orientations of axial planes of folds and foliations have also been somewhat 

reorientated. Therefore, their imbrications cannot be used as kinematic indicators for direction 

of shear. Similarly, imbrications of the magnetic lineations cannot be used solely to determine 

kinematics as has been done in previous AMS studies of sheared till (e.g. Iverson et al., 2008; 
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Fig. 4.12 - Photographs and sketches of sand lenses from the lower series with structural and AMS data. (a) Photograph of sand lens from the lower series with asymmetry and parasitic folding, suggesting shear influenced formation to the south. (b) 
Photograph of sand lens with clay matrix where AMS sample BG14 was collected. (c) Sketch of sand lenses across the lower series. Each lens originates from its own sand horizon at progressively lower intervals to the right of the photo. Attached are 
stereographic projections with poles to the contacts (black crosses) around the outside of lens with great circle fitted to indicate the axial trend of the lens (stars). (d) Stereographic projection of sample BG14 showing the (K1), intermediate (K2) and 
short (K3) axes of the susceptibility ellipsoid from all subsamples.
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Shumway and Iverson, 2009; Thomason and Iverson, 2009). 

4.4.3.5. Sand-filled fractures

Sand-filled structures were observed in the upper series at one location (Fig. 4.15). The largest 

is 4 metres in height, up to 30 mm in width and extends to the top of the exposure. The sand 

is fine to medium and is of a similar composition to sand elsewhere within the sequence. The 

fractures are typically planar in form and dip steeply to the WSW, at the same orientation as 

nearby faults. They are usually irregular in form and deviate slightly across bed boundaries where 

they sometimes splay into surrounding diamicton, e.g. the sand “intrusion” in Figure 4.15. The 

thickness of sand within the fractures varies to up to 30 mm, and there is a general increase in 

thickness towards the top.

The sand-filled fractures are at the same orientation as faults within the immediate vicinity. 

They are steeply inclined (>70 °) and have a reverse offset which displaces stratification on either 

side of the fracture by up to 10 cm. As they overprint previous structures, they must post-date the 

phases of ductile deformation, and their orientation suggests formation during or after faulting. 

As with the faults, their orientation bears no relationship to the local stress conditions inferred by 

previous structures, and as deformation is restricted to a discrete zone, they are not likely to have 

any major effect on the AMS fabrics other than minor tilting.

4.5. Interpretations

4.5.1. Magnetic mineralogy

Investigations into the magnetic mineralogy reveal that a range of mineral phases are 

present; however, the strong temperature dependence of susceptibility in accordance with 

Curie-Weiss behaviour indicate that the AMS signal is controlled by the paramagnetic fraction. 

AF-demagnetisation and IRM acquisition reveal that high- and low-coercivity ferromagnetic 

phases are present, presumably low-Ti titanomagnetite and haematite; however, susceptibility 
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and thermomagnetic experiments indicate that these are not in sufficient quantities to dominate 

the AMS signal. The identification of low-Ti titanomagnetite and haematite, whilst they are not 

controlling susceptibility, do suggest a strong potential for further palaeomagnetic investigations 

utilising secular variations in the Earth’s magnetic field as a relative dating tool (cf. Butler, 1992). 

Petrological examination reveals that the coarser components are largely diamagnetic quartz and 

shell fragments which have a negligible susceptibility when other paramagnetic and ferromagnetic 

phases are present. The paramagnetic carrier must therefore lie within the clay matrix. Previous 

XRD analysis has revealed that the clay mineralogy of the Norfolk tills is dominated by chlorite, 

illite and kaolinite; therefore, the AMS signal is likely to be dominated by these phyllosilicate 

minerals.

Although Iverson et al.’s (2008) AMS fabrics were controlled by magnetite grains, here a 

paramagnetic phase has been identified, probably chlorite, which is controlling the AMS. During 

Fig. 4.13 - Photographs and sketch of sand lenses from the upper series. (a) Asymmetric sand lens with 
tails trailing behind lens to the west with a portion becoming boudinaged. (b) Sketch of the same sand 
lens showing relationship to stratification. (c) Asymmetric sand lens with tails disconnected from the 
surrounding horizons.
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Fig. 4.14 - Brittle structures associated with Phase 3 deformation. (a) Low-angle faults dipping to the 
north showing normal displacement. (b) Close up of fault showing that movement is accommodated 
through a 10 mm wide shear zone, presumably through processes of granular flow. (c) Steeply dipping 
reverse faults showing apparent reverse offset. (d) Photograph and (e) sketch of conjugate faults forming 
at predictable orientations, revealing formation dominated by subhorizontal tensional stresses. (f ) 
Stereographic projection of planes of faults within both the upper and lower series.
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shear, the basal planes of clay minerals will rotate into the most stable orientation. This is parallel 

to the plane of shearing and therefore will tend to be more sensitive to compressive strain and 

produce an oblate fabric. Magnetic lineations can be produced by platy clay minerals (Mattei et 

al., 1997; Parés and van der Pluijm, 2002; Cifelli et al., 2005; Cifelli et al., 2009), where basal 

planes are disposed about a common axis parallel to stretching (Cifelli et al., 2005). Comparisons 

with neutron diffraction measurements have shown that AMS of sediments, where a clay fraction 

is carrying the susceptibility, can successfully be used to quantitatively describe mineral fabrics 

(Cifelli et al., 2009). At the study site, the correlation between the trend of structures (fold axes 

and stretching lineations) with the magnetic lineations (e.g. Fig. 4.8b and c) show that this 

interpretation is also valid. Therefore, the orientations of magnetic lineations, verified through 

structural measurements, are considered an accurate representative of the stretching direction 

during progressive simple shear. 

4.5.2. Deformational style and genesis

The mechanisms of deformation of the North Norfolk Quaternary glacial sequences have 

been debated. Most authors agree that glaciotectonic deformation is responsible for most of the 

structures seen within the Bacton Green Till Member (Banham, 1965; Banham and Ranson, 

1965; Banham, 1988; Roberts and Hart, 2005; Phillips et al., 2008), although Eyles et al. (1989) 

have argued for a subaqueous origin through subaqueous sliding and mass movement. There are 

similarities between both styles of deformation, but the process driving the deformation is distinct 

in each case. In a subglacial environment, deformation is controlled by the movement of the 

glacier, and although perturbations in flow exist, the dominant process of deformation is because 

of simple shear, and the strain pattern should reflect this (Hart and Roberts, 1994). Within areas 

affected by slumping and sliding, deformation would be expected to be restricted to local failure 

planes, and sediments away from these planes are largely undeformed (Hiemstra et al., 2004). At 

Bacton, except for a switch in orientation within the upper series, magnetic fabrics are generally 

consistent (Fig. 4.5), indicating that deformation is largely pervasive throughout the section. This, 

combined with the abundant structures typical of subglacial shear (boudins, sheath folds and 



Chapter 4 - AMS of a glaciotectonite

105

stretching lineations), leads to the interpretation that glaciotectonism is the dominant mechanism 

for ductile deformation at this location.

Glaciotectonism has resulted in a folding style typical of progressive simple shear. 

Compressional deformation dominates the initial stages of shear and folding occurs where there 

are layers with sufficient interlayer contrast in strength. As the shearing progresses, constriction 

becomes dominant and the strain ellipse migrates to a lower angle to bedding, resulting in 

attenuation of fold limbs and boudinage. Folds subsequently become highly asymmetrical and 

attenuated, with axial planes almost parallel to the bedding to the direction of shearing. Under 

these circumstances, fold axes tend to rotate to an orientation parallel to the direction of shearing 

creating a highly curvilinear style folding referred to as sheath folding (Alsop and Holdsworth, 

2004; Alsop et al., 2007).

Fig. 4.15 - (a) Sketch of a sand-filled crack and sand intrusion within the upper series of the Bacton 
Green Till Member with sand within the sand filled crack (yellow), stratification sand (pale yellow) and 
diamicton (white). (b) Photograph of sand filled crack and sand intrusion into diamicton.
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Sheath folding is a phenomenon that is commonly recognised within glaciotectonised 

sediments (e.g. Kluiving et al., 1991; van der Wateren, 1999; Smith, 2000; Lesemann et al., 

2010) and within glacier ice itself (e.g. Hambrey and Huddart, 1995; Goodsell et al., 2002). It 

was also observed within the basal ice of Tunabreen, described in Chapter 3. The recognition 

of sheath folding in the Bacton Green Till Member is key to understanding glacial transport 

directions, as in a two-dimensional section, sheath folding can produce contradictory vergence 

directions. Only through detailed structural measurements can shear direction be calculated. 

This could possibly explain discrepancies between the direction of stretching lineations, pebble 

fabrics and observed vergence directions at other sections, for example, the presence of stretching 

lineations orientated subparallel to fold axes in Phillips et al. (2008) and contrasting fold 

directions and pebble fabric orientations in Hart (2007).

4.5.2.1. Stretching lineations

Stretching lineations form either because of the smearing out of subtle variations in 

mineralogy on the bedding surface or, where they form a stepped nature, as a result of the 

realignment of linear features e.g. axes of parasitic folds parallel to the direction of stretching. 

Similar lineations have been noted by Phillips et al. (2008) within the Bacton Green Till Member 

at a section between West Runton and Sheringham; however, these were attributed to a phase of 

deformation unrelated to folding. Similar lineations have been observed within pre-quaternary 

sections (e.g. Le Heron et al., 2005), and they are generally interpreted to form parallel to the 

direction of shear. Within the section at Bacton, the stretching lineations lie parallel to the 

orientations of sheath folds and magnetic lineations (e.g. Fig. 4.7b and c). It seems probable, 

therefore, that they are linked and support a local strain field within the lower series dominated 

by north-south stretching.

4.5.2.2. Sand lenses

Lenses of sand and chalk have been described in numerous localities along the Norfolk 
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coast (e.g. Hart and Boulton, 1991; Hart, 2007; Lee and Phillips, 2008; Phillips et al., 2008; 

Waller et al., 2011), and several interpretations proposed for their origin (cf. Waller et al., 2011). 

Phillips et al. (2008) suggested, based on heavy mineral compositions, that the sands were derived 

from the underlying Mundesley Sand Member by thrusting and fragmentation during a brittle 

phase of subglacial deformation. However, continuous sand layers and diamicton wrap and 

flow around the lenses (Fig. 4.12a, b and c), consistent with boudinage and inconsistent with 

thrusting. Magnetic lineations from sample BG14, taken from inside a sand lens (Fig. 4.12d), 

reveal stretching in a NNE-SSW orientation, consistent with magnetic lineations and structural 

measurements taken nearby, indicating they formed during the same north-south stretching 

event.

4.5.2.3. Brittle faults

The faults record a brittle phase of deformation that must have occurred after the initial 

phase of ductile deformation as pre-existing structures are overprinted. At the study site, Lee and 

Phillips (2008) recorded low-angle to moderately inclined thrusts and moderately dipping normal 

faults which may be Riedel shears (Riedel, 1929) associated with a glaciotectonic shearing event 

to the north. The orientations of structures, however, provide a challenge to this hypothesis. The 

majority of the faults have a normal offset and form conjugate pairs. They are predominately 

moderate to steeply dipping and show no relationship to strains predicted, either by magnetic 

fabrics or from shear in a specific direction. Low-angle thrusts (P shears) and normal faults (R2 

shears), that typically form in association with Riedel shears, were not observed. Instead, all brittle 

structures were steeply dipping. It is proposed that the simplest explanation for these faults is that 

they occurred during dewatering and lateral extension associated with loading and compaction 

during rapid deposition of sands and gravels of the overlying Briton’s Lane Formation. Under 

these circumstances, faults with a reverse offset can form either by the progressive rotation of 

normal offset faults or through minor flow and remobilisation during loading.



Chapter 4 - AMS of a glaciotectonite

108

4.5.3. revised model of the deformation of the Bacton section

The results presented support previous interpretations that indicate the primary mode 

of deposition was associated with an advancing ice sheet into a glaciolacustrine basin (Lee 

and Phillips, 2008; Phillips et al., 2008). In this interpretation, diamicton was deposited 

by underflows and rainout, and sand laid down as turbidites. all of which was subsequently 

overridden by ice and glaciotectonically deformed. The combined analyses of magnetic fabrics 

and visible structures has revealed that the sequence has been affected by at least two contrasting 

directions of simple shear and extension; therefore, the deformation model of Lee and Phillips 

(2008) can be modified as follows:

Phase 1– Subglacial glaciotectonism and north-south stretching associated with progressive 

simple shear. Pervasive ductile deformation occurring as a result, producing magnetic lineations 

through the disposition of clay mineral basal planes about a common axis, sheath folds, the 

attenuation of fold limbs and the boudinage of sand horizons. 

Phase 2 – Subglacial glaciotectonism and east-west orientated stretching restricted to the 

upper series only. A switch in direction of pervasive ductile deformation occurring as a result, 

causing the realignment of clay minerals and therefore magnetic lineations, and the refolding of 

folds and boudins. The reduction in thickness of deformation may be related to a change in the 

hydrological properties of the sediment or allochthonous thickening of the sedimentary pile.

Phase 3 – Compaction, dewatering and loading of the Briton’s Lane Formation, shortly after 

glacial retreat. Variations in lithology cause inconsistencies in the amount of compaction laterally, 

and stress is accommodated along brittle faults in a less dilated state, to accommodate strain. 

Water and fluidized sand is expelled from the sequence through fractures forming the sand filled 

cracks. 
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4.6. Discussion

4.6.1.  regional ice flow

Magnetic fabrics, stretching lineations and the trend of sheath folds reveal initial stretching 

north-south but switching to east-west, as a result of glaciotectonically induced simple shear. 

Asymmetrical folds and boudins, within the upper series, indicate that this east-west orientated 

stretching is the result of east-directed shear. If it is assumed that this shear is parallel to glacier 

flow (which may not necessarily be the case, as in Piotrowski et al., (2004)), then this would 

indicate east-directed ice flow (Fig. 4.16c). This would support previous work on the Bacton 

Green Till Member and corresponds well to the regional ice flow that deposited the Weybourne 

Town and Lowestoft Till Members (e.g. West and Donner, 1956; Fish and Whiteman, 2001; 

Phillips et al., 2008; Scheib et al., 2011)

More problematic is relating the initial north-south stretching to a particular ice flow 

direction because of the ambiguities of sheath folding and the presence of bedding-parallel 

structures, typical of Phase 1 deformation. Furthermore, previous structures have been 

reorientated during the occurrence of Phase 3. As such, the subtle imbrications of planes and 

lineations cannot reliably be used as kinematic indicators as has been done previously. Lee and 

Phillips (2008) and Phillips et al. (2008) suggested that the retreat of the margin of an ice body 

to the north, allowed ice from the southwest to advance into a temporary basin that was created 

between the two ice sheets . Under this model, northerly-directed shear associated with local 

flow from the SE could be envisaged (option 2 in Fig. 4.16b). However, northerly-directed flow 

seems unlikely given the clast provenance of the glacial deposits of North Norfolk. For example, 

the Weybourne Town Till, which may have been deposited by the ice that deformed the Bacton 

Green Till Member elsewhere (Phillips et al., 2008), has a provenance from the North Sea 

(Hamblin et al., 2005). Other authors suggest that the member was deformed by ice from the 

north, possibly associated with the same south-flowing ice advance that deposited the member 

(option 1 in Fig. 4.16b). As such, two possible ice flow vectors are proposed during Phase 1 
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Fig. 4.16 - Revised model for glaciotectonic deformation of the Bacton sequence. a) Stretching directions 
during shear strain during Phase 1 and Phase 2 deformation. Possible scenarios for ice flow patterns based 
on previous suggestions (Fish and Whiteman, 2001; Phillips et al., 2008; Scheib et al., 2011; West and 
Donner, 1956) during (a) Phase 1 and (c) Phase 2 deformation. Scenarios are based on the assumption 
that ice flow is parallel with direction of simple shear within the sediment which may not necessarily be the 
case.
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which, assuming ice flow is parallel to stretching, could be used to explain the Phase 1 pattern of 

deformation seen at the locality.

Recent numerical modelling (Boulton and Hagdorn, 2006; Hubbard et al., 2009) has 

suggested highly dynamic behaviour of the British and Irish Ice Sheet during the last glacial 

period. Ice was drained largely by a number of transient, switching ice streams, and it is likely that 

similar concepts could be applied to earlier, Middle Pleistocene ice sheets. Dynamic glaciation 

within a single ice sheet could be enough to explain the flow vectors and polyphase deformation 

reported. Moreover, the likely presence of interacting lobes of British ice and Pennine ice provide 

possible scenarios under which the reported flow vectors and polyphase deformation could occur.

4.6.2. The use of aMS for glaciotectonic studies

This study has shown that AMS fabrics reflect the preferred alignment of minerals within 

a glaciotectonite. It therefore directly reflects strain acting on the site through glaciotectonic 

processes. Magnetic lineations are parallel to stretching lineations and the clustering of fold axes, 

which suggest that they reflect stretching during progressive simple shear as a result of subglacial 

glaciotectonism. Therefore, the structural data corroborates the AMS results and supports the 

interpretation that AMS can be used to accurately evaluate strain within glaciotectonites.

The key advantage of AMS over other petrofabric techniques is that strain can accurately and 

rapidly be determined in three dimensions. Utilising the methodology described, blocks can be 

impregnated and cut in a few days, and each subsample cam be measured in the Kappabridge 

in minutes (see Appendix A). As the process is automated, the only potential for error is from 

the initial measurement of the orientation of the sample. The spatial resolution of the AMS 

technique is also far better than pebble fabric and structural measurements. Moreover, fabrics 

from each subsample reflect the volume averaged of many grains within a sample, and an average 

of 18 subsamples is used to calculate mean fabrics from a site. The technique does not rely on a 

lithology where structures can be seen, and can thus be used on the many structureless tills. AMS, 

however, needs to be applied with caution. It is an oversimplification to state that AMS reflects 
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a preferred alignment of the long axis of mineral grains. In reality, tills can have a highly variable 

magnetic mineralogy and because of the different properties of different magnetic minerals (e.g. 

distribution, shape and crystallographic anisotropies) investigating the magnetic mineralogy is 

a critical step when interpreting magnetic fabrics. For example, if a similar mineralogy to that 

of Hooyer et al. (2008) was assumed, fabric strengths may be interpreted as being too weak to 

fit in with the bed deformation model and thus an alternative mode of genesis may have been 

envisaged. The magnetic mineralogy must therefore be investigated fully before interpretations 

can be drawn.

This study adds to the work of AMS for glacial sediments and builds on the work of previous 

authors by showing that AMS can show significant insights into patterns of glaciotectonic 

deformation, where paramagnetic clays dominate the magnetic susceptibility. This study opens 

up new possibilities for the investigations of glaciotectonism, and as the technique can be directly 

repeated and applied to other sections, has potential to add additional constraints on deformation 

styles and ice flow directions within the Quaternary of North Norfolk and elsewhere.

4.7. Conclusions

The sediment genesis and flow vectors of the Bacton Green section have been reinvestigated 

using a combined structural and magnetic approach. A number of conclusions can subsequently 

be drawn that throw light both on the glacial history of North Norfolk and the application of 

AMS to study glacially deformed sediment.

•	 Imprinted in the structures and magnetic fabrics of the Bacton Green Till Member 

are evidence of at least two phases of ductile deformation which formed as a result of 

oscillations of North Sea-and British-based ice during the glaciations of the Anglian 

stage. Initially, north-south orientated stretching affected both the upper and the lower 

series, but was replaced by east-west orientated stretching affecting only the upper 

series.
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•	 Magnetic fabrics are controlled by the preferred alignment of dominantly iron-bearing 

paramagnetic clay minerals. Magnetic lineations are formed by the alignment of the 

basal planes of these clay minerals about a common axis. These lineations are parallel 

to macroscopic structures (stretching lineations and sheath folds) and are an accurate 

representative of the stretching direction during progressive simple shear.

•	 The large amount of stretching within all layers, with no discrete guide planes and 

a lack of a known significant palaeoslope indicates that glaciotectonic deformation 

is responsible for ductile deformation during Phases 1 and 2. In contrast, Phase 3 

brittle structures are dominated by conjugate faults and are unrelated to shear in any 

particular direction. These are interpreted to have formed after glaciotectonism during 

loading, sediment compaction and dewatering.

•	 AMS, corroborated through structural measurements, has revealed subtle variations 

in strain direction presumably relating to ice flow and has given new insights in the 

deformation characteristics not previously possible within a glaciotectonised deposit. 

In particular, the importance of the realignment of linear features parallel to flow, and 

as a result, the interpretation of stretching lineations and the clustering of fold axes has 

been illustrated.

•	 This study has built on the previous work of the examination of AMS of glacial 

sediments and shows that the strain field can be accurately measured within a 

glaciotectonite, where a paramagnetic fraction is controlling the susceptibility. 

This approach can be directly applied to other glaciotectonised localities and has 

the potential to provide significant insights into the sometimes complex history of 

glaciated areas.
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Chapter 5. 

MaGNetIC FaBrICS aS a paLaeOFLOW 
INDICatOr IN Late CrYOGeNIaN GLaCIaL 

DepOSItS IN NOrtheaSt SVaLBarD
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5.1. Introduction

The previous chapter evaluates anisotropy of magnetic susceptiblilty (AMS) fabrics in a 

Pleistocene deposit which is well-understood palaeogeographically. This and the following chapter 

apply the knowledge gained to interpreting Neoproterozoic glacigenic sediments for which the 

palaeogeography is poorly known, but which are exceptionally well-preserved in NE Svalbard. 

In most cases, the AMS studies of glacial sediments have focused on the Quaternary 

sedimentary record, with the notable exception of Archanjo et al. (2006). However, diamictites 

are relatively common within the pre-Quaternary geological record (Hambrey and Harland, 

1981). These diamictites can show similar evidence of glacial deformation to those observed in 

post-Quaternary sediments (e.g. Le Heron et al., 2005; Arnaud, 2012; Busfield and Le Heron, 

2013). However, as many pre-Quaternary glacial sections have undergone diagenetic and 

sometimes tectonic changes, the application of AMS can introduce complications. For example, 

the growth of new diagenetic minerals can disrupt the original fabric (e.g. Schieber and Ellwood, 

1993) and, as AMS is highly sensitive to strain, any tectonic deformation can overprint primary 

fabrics (Averbuch et al., 1992; Parés et al., 1999). However, AMS has been routinely applied 

to the pre-Quaternary record in non-glacial sediment types (e.g. Schieber and Ellwood, 1993; 

Dall’olio et al., 2013) and, in the same way as post-Quaternary sediments, has been shown to 

provide information regarding depositional processes. Therefore, significant potential exists in the 

application of AMS to glacial sediments in the pre-Quaternary record. 

The origin of diamictites within the sedimentary record has been contested (e.g. Harland, 

1964; Eyles and Eyles, 1983; Eyles and Januszczak, 2004). Diamictites are often structureless, 

lacking any diagnostic characteristics, and it is recognised that they can occur in both glacial 

and non-glacial settings. Diamictites of the Cryogenian Period (850 – 635 Ma) are particularly 

debated (Fairchild and Kennedy, 2007). Recorded in this period is evidence of widespread low-

altitude and low-latitude glaciation. There is a general consensus that ice sheets existed on all 

continents at all latitudes in a state referred to as pan-glacial (Hoffman, 2009). This represents 

a climatic scenario that cannot be understood in terms of Quaternary analogues (Halverson 
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et al., 2004). Several contrasting hypotheses have been proposed for these events (summarised 

in Fairchild and Kennedy, 2007), the best known being the “Snowball Earth” hypothesis of 

Hoffman et al. (1998) which postulates an Earth system discontinuity leading to the Earth’s 

surface becoming nearly entirely frozen in one or more global glaciations.

In NE Svalbard, the Cryogenian Polarisbreen Group contains evidence of two separate 

glacigenic units; an older Petrovbreen Member and a younger Wilsonbreen Formation (Fairchild 

and Hambrey, 1984). Both are unmetamorphosed and well-preserved. The Wilsonbreen 

Formation represents the thicker of these deposits and is dominated by diamictites, which 

commonly form structureless units up to tens of metres in thickness. Little is known regarding 

the basin palaeogeography, therefore providing an ideal opportunity to use the AMS technique for 

characterising flow directions in pre-Quaternary sections. 

The aims of this chapter are to (i) characterise the AMS fabric in terms of both shape 

and fabric strength; (ii) interpret the origin of the AMS fabric (sedimentary, diagenetic, or 

tectonic) through comparisons with other petrofabric techniques (clast fabrics); (iii) determine 

the dominant basin palaeoflow direction and reconstruct the palaeogeography; and finally (iv) 

evaluate the potential of the technique for the analysis glacial sediments in the pre-Quaternary 

rock record.

5.2. aMS for Neoproterozoic diamictites

Glacial sedimentation can occur in a variety of environments, any of which could produce an 

array of AMS fabric characteristics (see Chapter 2, Section 2.7.1). The AMS fabrics of subaqueous 

deposition typically produces oblate ellipses, parallel to the bedding plane (Rees and Woodall, 

1975). However, AMS is seen to be very sensitive to weak currents acting on the sea floor (Eyles 

et al., 1987). These can cause the long axis of grains to rotate into a preferred alignment, reflecting 

current-flow directions. In addition, AMS is sensitive to soft-sediment remobilisation. During 

these processes, particles may also rotate into a preferential alignment, parallel to the direction of 
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flow (Gravenor, 1986; Eyles et al., 1987).

In a subglacial environment, the AMS fabrics can be directly related to ice flow. It has been 

shown in Chapter 3 that AMS fabrics in deformed basal ice form lineations parallel to the 

direction of flow. In addition, Iverson et al. (2008) showed, through ring-shear experiments, 

that when an intact till sample was sheared under conditions similar to those expected to be 

operating at the ice-bed interface, micro-faults develop that facilitate the rotation of the long-axis 

of particles into the plane of shear, thus giving rise to preferential alignment of grains. This has 

been shown to be able to be applied to Quaternary tills in North America, to determine former 

ice flow directions (e.g. Shumway and Iverson, 2009). In Chapter 4, the application of AMS to 

glaciotectonised sediments was also investigated. This has revealed fabrics largely similar to those 

seen within subglacial tills. It was discovered that AMS lineations lay parallel to the inferred 

direction of stretching during shear of the sediment.

Diamictites are common throughout the geological record; however, when applying AMS to 

pre-Quaternary sediments, additional complications may exist. Post-depositional processes can 

have a significant impact on fabrics formed during sedimentary processes (e.g. Borradaile and 

Tarling, 1981; Borradaile and Tarling, 1984; Kissel et al., 1986; Averbuch et al., 1992). Shortly 

after deposition, gravity can continue to rotate grains towards the horizontal; however, pore space 

and permeability are reduced as the sediment becomes increasingly compacted and the grains’ 

ability to rotate are restricted. The growth of new minerals during diagenesis can also have an 

effect, even if those minerals are not strongly magnetic (see Chapter 2, Section 2.7.3). However, 

the original palaeocurrent can still be extracted in many cases (Schieber and Ellwood, 1988). 

New magnetic minerals can also form from iron-bearing paramagnetic minerals (e.g., biotite and 

hornblende). These can fill pre-existing void space within the original mineral and therefore yield 

similar fabric orientations in many cases (Tarling, 1983).

As well as diagenetic changes, AMS has been shown to be very sensitive to tectonic 

reorientation, especially if it takes place prior to cementation (Tarling and Hrouda, 1993). 

Various studies have shown how sedimentary fabrics are affected by tectonic deformation (e.g. 



Chapter 5 -Deciphering AMS fabrics in diamictites

118

Borradaile and Tarling, 1981; Borradaile and Tarling, 1984; Kissel et al., 1986; Averbuch et al., 

1992). Parés et al.(1999) investigated the incipient deformation of mudrocks from the Southern 

Pyreneen Foreland Basin. This study showed that the progressive development of an overprinting 

tectonic fabric can be identified in rocks that otherwise showed no mesoscopic evidence of 

deformation. Starting with an oblate sedimentary fabric (see Fig. 2.13, Chapter 2), the first 

evidence of tectonic deformation is characterised by the clustering of K1 axes normal to the 

tectonic shortening direction. Subsequent tectonic strain results in the deviation of K1 and K2 axes 

away from the bedding plane ultimately forming a great circle girdle parallel to the rock cleavage.

Diagenetic and tectonic changes therefore have the potential to affect primary fabrics, 

and as such, their impact on the glacial sediments of the Wilsonbreen Formation need to be 

investigated. In the AMS of glacial sediments, an initial clustering of susceptibility axes is very 

common and normally forms in response to sedimentary processes (Iverson et al., 2008; Gentoso 

et al., 2012; Fleming et al., 2013); therefore, the identification of a tectonic overprint may 

not be straightforward. However, in pre-Quaternary sections with no evidence of macroscopic 

deformation, a tectonic overprint can readily be discounted by comparisons with other palaeoflow 

indicators (e.g. clast fabrics, striations) which, because of their large size, are not as prone to 

tectonic reorientation. 

5.3. Geological background

The Polarisbreen Group NE Svalbard (Fig. 5.1 and 5.2) forms part of the relatively 

undeformed Heckla Hoek succession of the Eastern Tectonic Terrain, which was amalgamated 

in the Caledonian Orogeny (Halverson, 2011). The group sits near the core of a north-south 

trending synclinorium, dissected by conjugate NW-SE and SW-NE strike slip faults (Fig. 5.3 

and see Appendix E for the full detailed geological map). The rocks are mostly uncleaved and 

unmetamorphosed, showing excellent preservation of sedimentary structures at all sites visited.

The history of geological research in NE Svalbard is outlined in Halverson (2011). The 
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Fig. 5.1 - Field photographs of study sites. (a) Dracoisen showing almost the entire Polarisbreen Group. 
(b) Ditlovtoppen showing yellow weathering dolomites of the W2 Member surrounded by diamictites 
of the W1 and W2 Members. (c) Helicopter photograph of Andromedafjellet showing the exposed 
Polarisbreen Group at Reinsryggen. (d) Klofjellet showing upper Elbobreen, Wilsonbreen and lower 
Dracoisen Formations exposed on southern cliffs. (e) Backlundtoppen showing upper Wilsonbreen 
Formation exposure at Pinnsvinfjellet. (f ) Simplified map showing study locations referred to in the text; 
the grey represents area covered by glacier ice.
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diamictites were originally studied by Nordenskiöld (1863), but a glacial origin was not proposed 

until the work of Kulling (1934). Particular attention to the glacigenic rocks was paid by 

Harland and Wilson (1956) and Wilson and Harland (1964), and their significance in terms 

of Earth history proposed (Harland, 1964). More detailed sedimentological analyses followed 

once their global significance was established (Chumakov, 1968; Hambrey, 1982; Fairchild, 

1983; Fairchild and Hambrey, 1984; Fairchild et al., 1989). Following the development of the 

“Snowball Earth” hypothesis (Hoffman et al., 1998), geochemical and stratigraphic analyses of 

Halverson et al, (2004) were interpreted in this light. The presumption of one glaciation for the 

whole Polarisbreen Group was later reversed and two separate glacial events were recognised; an 

older, thinner Petrovbreen Member and younger, thicker Wilsonbreen Formation (Hoffman et al., 

2012). 
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Fig. 5.2 – Summary of the Cryogenian stratigraphy of NE Svalbard with the stratigraphic interval 
investigated in this chapter shown in red (after Wilson and Harland, 1964; Hambrey, 1982; Fairchild and 
Hambrey, 1984; Fairchild et al., 1989). Complete logs of the Wilsonbreen Formation in all sections are 
shown at in Appendix C.
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Although no direct radiometric ages have been obtained for the Wilsonbreen Formation, 

the Dracoisen Formation (overlying the Wilsonbreen Formation) is considered correlative to the 

Maieberg Formation of northern Namibia, supported by chemostratigraphic and biostratigraphic 

evidence, which suggests and age of 635 Ma for the end of the Wilsonbreen glaciation (Halverson 

et al., 2005; Halverson, 2011). The palaeolatitude at deposition is also poorly constrained. 

The only current (published) palaeomagentic data is from the Akedmeikerbreen Group 

(underlying the Polarisbreen Group) which gave tropical palaeolatitudes (~15°) during the mid-

Neoproterozoic (Maloof et al., 2006). 

The Wilsonbreen Formation consists of a 160 - 180 metre, greenish-grey to maroon, massive 

to poorly bedded diamictite-dominated unit overlying pale dolostones of the Slangen (E4) 

Member and underlying the Dracoisen Formation (Fig. 5.2). It is divided into three units (see 

Appendix D): a basal Ormen Member (W1), a Middle Carbonate Member (W2) and an upper 

Gropbreen Member (W3) (Fairchild and Hambrey, 1984). The Formation is dominated by 

poorly stratified, greenish-grey to maroon diamictites (Fig. 5.4a and b); although a number of 

other facies are also seen. These include lenses and interbeds of sandstone and conglomerate (Fig. 

5.4e and f ), rhythmites, and limestone (Fig. 5.4d). The sediments are typically compositionally 

and texturally immature. The coarse component is composed of both intrabasinal clasts 

(including oolitic dolostone, black limestone and chert) and extrabasinal clasts (including 

quartzite, granite, felsite and gneiss) (Fig. 5.4c). These clasts can normally be easily extracted from 

weathered, frost-shattered sections for clast-fabric analysis (Fig. 5.4f ). The sand-sized fraction is 

composed of angular to subrounded grains of quartz, feldspar, muscovite, and rock fragments. 

The fine-grained component grades into a groundmass of dolomicrite with varying proportions of 

quartz and clay minerals (Wilson and Harland, 1964; Fairchild and Hambrey, 1984)

Deposition of the W1 and W3 Members is interpreted to have occurred in a dominantly 

subaqueous, ice-marginal land system. Whether this subaqueous deposition is glaciomarine 

or glaciolacustrine is not clear. Small-scale lakes can produce distinct sequences; however, the 

depositional architecture of large lakes can be similar to that of marine sedimentation (Wilson 
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(Photo: Doug Benn)
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Fig. 5.4 - Typical lithologies sampled. (a) Clast-rich maroon diamictite, Ditlovtoppen (W3). (b) Clast-
poor greenish-grey diamictite, with clast-rich zone in centre interpreted as a current-winnowed surface, 
MacDonaldryggen (W1). (c) Striated boulder pavement within subglacially deposited maroon diamictite 
indicating ice movement to the NW, Ditlovtoppen (W3). (d) Glaciotectonised rhythmites at the W1/W2 
Member boundary showing folding and faulting, Ditlovtoppen. (e) Clast-rich debris flow deposit within 
greenish-grey diamictites, MacDonaldryggen (W1). (f ) Channelised maroon sandstone cutting into 
maroon diamictite, Andromedafjellet (W3). 
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and Harland, 1964; Ó Cofaigh and Dowdeswell, 2001). The heavy oxygen isotope values in the 

dolomitic facies of the W2 Member was used as evidence for strongly evaporative conditions in 

a lacustrine environment by Fairchild et al. (1989). However, a lack of suitable material in the 

rest of the sequence mean that such geochemical data is difficult to obtain from other parts of 

the succession. The construction of the arguments to resolve this issue is beyond the scope of this 

thesis because it rests on a body of data collected by the team as a whole. As such, for the purposes 

of this study, the terms subaqueous and glacioaquatic are used where the distinction between 

lacustrine and marine is ambiguous (as opposed to glaciolacustrine or glaciomarine). 

As well as the distinction between glaciomarine and glaciolacustrine, the distinction between 

subaqueous and subglacial deposition can also be difficult to discern, particularly in massive 

diamict (Benn and Evans, 2010). Locally, the presence of stratified diamictites with debris-

flow deposits suggests a subaqueous origin. However, the presence of possible glaciotectonically 

deformed sediments (Fig. 5.4d) and striated boulder pavements (Fig. 5.4c) suggests ice-grounding 

for at least part of the time during the depositional period. The W2 Member is interpreted to 

have formed during terrestrial and glaciolacustrine conditions in an ice-marginal environment 

and marks a minor retreat phase during glaciations (Fairchild et al., 1989).

Previous palaeoflow information from the Wilsonbreen Formation is lacking because of 

limited spatial coverage of exposures and a lack of palaeoflow indicators regionally (Hambrey, 

1982). It is widely considered that NE Svalbard was contiguous with NE Greenland during 

Neoproterozoic time (Fairchild and Hambrey, 1995). Herrington and Fairchild (1989) identified 

NNE-directed palaeocurrents in turbidites of the early Cryogenian Bed Group 19 of NE 

Greenland and consequently inferred them to represent axial-basin flow. Moncrieff (1988) and 

Moncrieff and Hambrey (1990) investigated the glacigenic Storeelv Formation (equivalent of the 

Wilsonbreen Formation) and concluded dominant ice flow from the SW, based on extensive clast 

fabric analysis.

In NE Svalbard, previous clast-fabric measurements (Fairchild and Hambrey, 1984; 

Dowdeswell et al., 1985) and the occurrence of rare cross-beds, slump folds (Hambrey, 1982) 
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and channel structures suggested that ice may have flowed to the north (Fairchild and Hambrey, 

1995). Within the Bråvika Sandstone Member, exposed to the north of the study site and 

previously considered a lateral equivalent of lowermost Wilsonbreen Formation in the north 

(Halverson et al., 2004) but now considered more closely related to the Elbobreen Formation 

(Hoffman et al., 2012), both planar and cross-bedding is observed throughout, which also lead 

to a tentative interpretation of palaeoflow direction to the north (Halverson et al., 2004). Whilst 

northerly palaeoflow is therefore suspected, the exact orientations and any the variation between 

sites or during the depositional period are unknown.

5.4. Methods

Fieldwork was undertaken in NE Svalbard during the summer 2010 (Ny Friesland), spring 

2011 and summer 2011 (Olav V land) field seasons. In this region, the Wilsonbreen Formation 

is exposed in a series of nunataks (Fig. 5.1). Fieldwork involved detailed sedimentological logging 

(Appendix D), facies analysis, clast-fabric/shape analysis, geological mapping (Appendix E) and 

sample collection. Samples were typically collected from cliff sections that provided the best 

exposure (e.g. Fig. 5.1). The majority of the samples collected for AMS analysis were massive, 

structureless diamictites (Fig. 5.4a and b), but sandstone and siltstone lenses and interbeds were 

also sampled (Fig. 5.4d and f ). The raw field data from the summer 2010 was collected by DB, 

MJH, CTS and MSP prior to the start of the PhD studentship that this thesis forms part of.

The samples were collected following the methodology outlined in Appendix A. In total, 

1295 samples were measured from 113 sites, with an average of 11 subsamples per site. Block 

samples were also collected for thin section analysis. The AMS of samples was measured following 

the methodology outlined in Section 2.9. The AMS data was analysed using standard statistical 

analysis (see Section 2.4.1), involving the calculation of the mean susceptibility (Kmean), corrected 

anisotropy degree (Pj), lineation (L) and foliation (F) parameters and the shape parameter 

(T) (Jelínek, 1981). The magnetic mineralogy of the samples was investigated utilising the 

methodology outlined in Chapter 2, Section 2.9. For some analyses, data was corrected for 
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tectonic tilting by rotation about the bedding strike by the bedding dip. As the plunge of folds 

was negligible (usually <5°), correction for fold plunge was not necessary.

AMS results were subsequently analysed based on the ellipsoid shape (Fig. 5.5). A ‘normal’ 

sedimentary fabric typically produces an AMS ellipsoid where the K3 axis lies normal to the 

bedding plane (e.g. Fig. 5.5a). An ‘inverse’ fabric can be readily identified when the susceptibility 

axes are seen to have switched, such that K1 lies perpendicular to bedding and K3 and K2 plot 

in the bedding plane (e.g. Fig. 5.5b). ‘Anomalous’ fabrics are defined where the K1/K2 plane 

exceeded 25° from the bedding plane (e.g. Fig. 5.5c), such that the fabric displays neither ‘normal’ 

nor ‘inverse’ fabrics characteristics.

EFA63

N=8

N

SL02

N=12

N

DFB2B

N=13

N

a) Normal b) Inverse c) Anomalous

Fig. 5.5 - Styles of AMS fabrics encountered, presented on to showing K1 (black squares), K2 (grey 
triangles) and K3 (white circles) with 95% confidence ellipses and bedding (grey line). (a) ‘Normal’ AMS 
fabric with K3 perpendicular and K1/K2 parallel to the bedding plane. (b) ‘Inverse’ fabric displaying 
K1 perpendicular and K2/K3 Parallel to the bedding plane. (c) Anomalous AMS fabric displaying K2 
perpendicular and K1/K3 parallel to the bedding plane. Data is displayed on lower-hemisphere, equal-area 
stereographic projections.

In order to determine the cause of the anomalous AMS fabrics and the reliability of the 

‘normal’ fabrics, the determination of magnetic mineralogy is of importance as different minerals 

can produce very different fabric characteristics (Tarling and Hrouda, 1993). The rock magnetic 

experiments used in this chapter are outlined in Chapter 2, Section 2.6. Thermomagnetic 

experiments were conducted on 71 sites by examining the variation of low-field magnetic 

susceptibility with temperature (see Section 2.6.1). Demagnetisation of the natural remanent 

magnetisation (NRM), anhysteretic remanent magnetisation (ARM) and saturation isothermal 

remanent magnetisation (SIRM) were carried out on 30 samples, following the approach by 
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Lowrie (1990) and outlined in Section 2.6.3. Finally, Isothermal remanent magnetism (IRM) 

and backfield isothermal remanent magnetisation (BIRM) experiments were conducted on 30 

samples, following the procedure outlined in Section 2.6.4. In addition to the rock magnetic-

experiments, polished thin sections were made of 6 samples for opaque mineral analysis. These 

were examined under polarised transmitted light and reflected light.

Clast fabrics were measured from Dracoisen, Ditlovtoppen and Andromedafjellet at 16 sites 

(Fig. 5.6). At each location, the azimuth and plunge of the long (a-) axis was measured using a 

Brunton compass. Clast fabrics were analysed using the eigenvalue method (Mark, 1973), where 

the data are resolved into three mutually orthogonal eigenvectors (V1, V2 and V3), where V3 is 

normal to the plane of the fabric. The shape of the fabric is represented by the eigenvalue S1, 

S2 and S3. This is represented by three end-members where the fabric can cluster, girdle or be 

isotropic (Benn, 1995). In order to obtain clast fabrics, the lithology had to be sufficiently ‘shaley’ 

and weathered such that the clasts could be separated from the matrix and extracted. Clast-fabric 

measurements were not measured in the southern localities (Klofjellet and Backlundtoppen) 

because of a lack of suitable sites.

5.5. rock magnetism 

Prior to any fabric interpretation, the determination of the magnetic mineralogy is vital 

as different minerals can produce very different fabric characteristics. The susceptibility of 

the samples analysed ranges between 5 and 532 ×10-6 (~267 ×10-6) in SI units (Table 5.1). 

Tarling and Hrouda (1993) suggested that as a general rule of thumb, assuming paramagnetic 

minerals are common constituents (10%), the anisotropy and susceptibility is controlled by (i) 

the ferromagnetic fraction if the susceptibility is higher than 5000 ×10-6; (ii) the paramagnetic 

fraction if susceptibility is lower than 500 ×10-6; and (iii) both the ferromagnetic and 

paramagnetic fraction, if the susceptibility is between 500 and 5000 ×10-6 (Fig. 2.5, Chapter 

2). As the majority of the sites have a susceptibility of less than 500 ×10-6, it is likely that the 

paramagnetic fraction plays an important role (see Chapter 2, Section 2.6). However, because 
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Table 1: Mean site AMS parameters. Normal fabrics (bedding plane paralell or sub-paralell) in black, analous fabrics (significant deviation from bedding plane) in blue and inverse fabrics in red.

Site Date collected Lithology Location Unit Bedding Dip N Km (SI) L F Pj T Fabric

DC11 26/07/2010 79.2062 18.4092 Diamictite Dracoisen W3 351 54 7 108 237 65 15 9 49 24 24 13 141 3 25 7 1.003 1.005 1.008 0.241 Inverse
DC16 29/07/2010 79.2044 18.4142 Diamictite Dracoisen W3 313 55 13 326 121 26 23 12 226 30 74 17 357 49 74 17 1.008 1.001 1.009 -0.84 Intermediate
DC2 24/07/2010 79.2055 18.4020 Diamictite Dracoisen W1 343 51 18 336 350 31 32 11 122 48 32 20 243 25 21 12 1.003 1.005 1.008 0.273 Normal
DC21 29/07/2010 79.2046 18.4099 Sandstone Dracoisen W2 335 49 18 115 139 1 26 14 48 37 30 25 230 53 30 14 1.002 1.001 1.003 -0.078 Normal
DC22 29/07/2010 79.2048 18.4110 Rhythmites Dracoisen W2 343 51 15 232 360 21 54 8 114 47 54 9 254 35 10 9 1.001 1.016 1.019 0.874 Normal
DC3 24/07/2010 79.2056 18.4033 Diamictite Dracoisen W1 343 51 12 71 168 18 30 16 331 72 61 24 76 5 61 23 1.004 1.001 1.006 -0.53 Intermediate
DC4 24/07/2010 79.2056 18.4048 Diamictite Dracoisen W1 343 51 10 216 97 86 46 18 335 2 49 34 225 4 43 10 1.001 1.004 1.005 0.505 Intermediate
DC43 30/07/2010 79.2105 18.4069 Sandstone Dracoisen W3 334 43 9 92 173 5 53 15 74 62 61 26 265 28 60 25 1.002 1.002 1.003 -0.129 Normal
DC44 31/07/2010 79.2105 18.4064 Sandstone Dracoisen W3 334 43 12 454 190 34 35 19 332 50 54 27 86 19 53 28 1.004 1.002 1.006 -0.467 Inverse
DC47B 01/08/2010 79.2056 18.4051 Diamictite Dracoisen W1 334 43 11 284 219 5 17 5 129 3 18 7 12 84 11 6 1.008 1.013 1.022 0.223 Normal
DC5 24/07/2010 79.2057 18.4056 Carbonate Dracoisen W2 341 51 6 123 194 6 51 9 106 16 51 17 308 73 21 13 1.001 1.002 1.003 0.09 Normal
DC57 02/08/2010 79.2153 18.3980 Diamictite Dracoisen W3 334 43 10 272 132 28 27 7 27 26 27 15 261 50 16 7 1.004 1.006 1.01 0.251 Normal
DC6 24/07/2010 79.2056 18.4073 Rhythmites Dracoisen W2 341 51 11 188 131 38 62 17 20 25 62 23 266 43 27 15 1.002 1.024 1.026 -0.844 Normal
DC60 02/08/2010 79.2154 18.3978 Carbonate Dracoisen W2 341 51 12 64 205 4 22 18 301 56 43 20 123 34 43 18 1.002 1.001 1.004 -0.337 Intermediate
DC61 02/08/2010 79.2153 18.3979 Diamictite Dracoisen W2 341 51 17 198 151 22 16 7 50 25 22 16 277 55 23 5 1.004 1.008 1.013 0.299 Normal
DC62 02/08/2010 79.2153 18.3979 Diamictite Dracoisen W3 341 51 10 216 355 4 24 13 86 17 26 15 254 73 22 9 1.004 1.009 1.014 0.448 Normal
DC63 02/08/2010 79.2153 18.3982 Diamictite Dracoisen W3 341 51 18 260 9 25 25 6 133 40 24 7 254 32 7 6 1.002 1.011 1.015 0.657 Normal
DC64 02/08/2010 79.2152 18.3991 Diamictite Dracoisen W3 341 51 12 232 330 4 13 9 60 8 16 12 213 81 17 9 1.006 1.012 1.018 0.339 Normal
DC65 02/08/2010 79.2151 18.4003 Diamictite Dracoisen W3 330 46 18 50 23 47 41 15 114 2 45 35 206 43 40 17 1.003 1.002 1.005 -0.096 Normal
DC66 02/08/2010 79.2151 18.4005 Sandstone Dracoisen W3 330 46 9 119 22 35 23 8 265 33 31 15 145 38 28 10 1.005 1.004 1.009 -0.132 Intermediate
DC7 24/07/2010 79.2058 18.4082 Carbonate Dracoisen W3 341 51 11 239 123 2 64 9 33 3 64 14 239 87 20 8 1.002 1.009 1.012 0.663 Normal
DC70 03/08/2010 79.1993 18.3890 Diamictite Dracoisen W3 341 51 9 430 114 17 20 7 230 54 20 7 14 30 8 7 1.002 1.004 1.006 0.391 Intermediate
DC8 26/07/2010 79.2061 18.4084 Diamictite Dracoisen W3 341 51 10 145 71 30 22 15 187 37 49 14 313 38 48 18 1.005 1.003 1.008 -0.183 Intermediate
DC8 24/07/2010 79.2055 18.4020 Diamictite Dracoisen W1 343 51 14 191 350 4 15 5 85 52 15 4 257 38 6 2 1.004 1.038 1.047 0.814 Normal
DC9 26/07/2010 79.2061 18.4090 Diamictite Dracoisen W3 341 51 18 272 193 16 48 19 87 44 48 30 298 42 30 20 1.002 1.005 1.007 0.402 Normal
DF23 11/08/2010 79.0817 18.4097 Diamictite Ditlovtoppen W2 359 35 10 161 42 26 30 11 166 49 63 18 297 29 62 7 1.007 1.004 1.011 -0.28 Normal
DF24 11/08/2010 79.0818 18.4096 Sandstone Ditlovtoppen W2 001 30 8 50 245 15 20 10 345 35 31 17 136 51 30 10 1.004 1.002 1.006 -0.255 Intermediate
DF25 11/08/2010 79.0816 18.4104 Diamictite Ditlovtoppen W3 004 42 15 357 133 50 62 10 3 29 62 15 258 26 17 11 1.001 1.021 1.025 0.9 Normal
DF26 11/08/2010 79.0815 18.4103 Diamictite Ditlovtoppen W3 001 30 9 368 176 17 30 9 75 34 30 10 288 51 10 9 1.004 1.015 1.021 0.557 Normal
DF27 11/08/2010 79.0813 18.4098 Sandstone Ditlovtoppen W2 001 30 11 52 203 10 35 19 299 31 54 29 98 58 53 19 1.002 1.001 1.003 -0.58 Intermediate
DF28 11/08/2010 79.0813 18.4098 Sandstone Ditlovtoppen W2 003 30 13 5 198 21 33 16 93 32 29 16 315 49 25 15 1.054 1.078 1.137 0.177 Normal
DF29 11/08/2010 79.0809 18.4079 Rhythmites Ditlovtoppen W2 003 30 15 197 146 20 39 3 46 26 39 5 269 56 11 3 1.002 1.029 1.035 0.881 Normal
DF30 11/08/2010 79.0809 18.4079 Rhythmites Ditlovtoppen W2 003 30 13 147 174 10 8 2 78 28 9 3 282 60 5 2 1.004 1.036 1.045 0.799 Normal
DF31 11/08/2010 79.0807 18.4077 Diamictite Ditlovtoppen W3 002 39 16 395 139 38 37 8 31 21 38 15 279 45 17 7 1.004 1.012 1.016 0.536 Normal
DF32 11/08/2010 79.0807 18.4077 Diamictite Ditlovtoppen W3 002 39 11 446 98 44 57 16 189 1 57 16 280 46 17 16 1.003 1.009 1.013 0.477 Normal
DF33 11/08/2010 79.0808 18.4034 Diamictite Ditlovtoppen W1 001 30 12 200 178 9 25 8 84 27 25 8 285 61 11 5 1.001 1.005 1.007 0.605 Normal
DFB1A 11/08/2010 79.0824 18.4104 Diamictite Ditlovtoppen W1 004 42 12 216 103 17 20 11 197 14 26 18 325 68 26 10 1.003 1.002 1.006 -0.203 Normal
DFB2A 11/08/2010 79.0819 18.4093 Diamictite Ditlovtoppen W2 004 42 7 186 159 34 15 2 29 43 15 12 269 28 12 2 1.004 1.008 1.012 0.396 Normal
DFB4D 11/08/2010 79.0833 18.4129 Rhythmites Ditlovtoppen W2 004 42 12 435 351 14 16 7 92 40 25 7 256 47 25 10 1.007 1.005 1.011 -0.152 Normal
DFB2B 11/08/2010 79.0833 18.4129 Rhythmites Ditlovtoppen W2 004 42 13 194 85 38 59 4 175 1 59 3 267 52 4 3 1.001 1.011 1.013 0.873 Normal
DFB3 11/08/2010 79.0837 18.4139 Rhythmites Ditlovtoppen W2 004 42 9 150 59 46 13 5 178 26 23 13 287 33 23 4 1.004 1.009 1.013 0.361 Normal
DFB4F 11/08/2010 79.0833 18.4129 Rhythmites Ditlovtoppen W2 004 42 8 579 186 11 44 7 86 39 44 9 289 49 12 7 1.004 1.023 1.029 0.676 Normal
EFA121 20/07/2011 78.9528 18.4257 Sandstone Andromedafjellet EaW2 253 40 12 171 263 42 16 4 160 14 16 7 55 45 7 5 1.005 1.003 1.008 -0.273 Normal
EFA128 20/07/2011 78.9528 18.4257 Diamictite Andromedafjellet EaW3 251 40 7 409 154 24 16 3 259 30 15 2 32 50 4 2 1.005 1.02 1.027 0.578 Normal
EFA134 20/07/2011 78.9528 18.4257 sandstone Andromedafjellet EaW1 253 40 10 406 234 58 9 7 88 24 11 9 349 20 11 7 1.005 1.011 1.017 0.376 Intermediate
EFA137 20/07/2011 78.9528 18.4257 Diamictite Andromedafjellet EaW1 253 40 12 159 108 47 23 13 5 12 31 19 264 40 30 10 1.003 1.004 1.006 0.164 Inverse
EFA146 24/07/2011 78.9528 18.4257 Diamictite Andromedafjellet EaW3 251 40 11 561 190 22 12 6 296 34 13 6 74 48 9 5 1.008 1.01 1.018 0.108 Normal
EFA10 11/07/2011 78.9383 18.4281 Sandstone Reinsryggen W3 256 40 9 496 322 18 14 4 222 27 16 6 82 57 10 5 1.006 1.011 1.018 0.261 Normal
EFA101 19/07/2011 78.9383 18.4325 Diamictite Reinsryggen W3 256 40 11 521 201 53 12 7 322 21 28 9 64 29 28 10 1.011 1.005 1.016 -0.325 Normal
EFA103 19/07/2011 78.9383 18.4325 Diamictite Reinsryggen W3 256 40 12 533 298 12 12 5 31 13 16 12 165 74 16 4 1.013 1.017 1.031 0.116 Normal
EFA104 19/07/2011 78.9383 18.4325 Diamictite Reinsryggen W3 256 40 12 419 23 16 10 2 289 14 10 4 159 68 5 2 1.007 1.033 1.043 0.658 Intermediate
EFA11 11/07/2011 78.9383 18.4281 Diamictite Reinsryggen W3 256 40 13 536 334 69 25 5 85 8 25 5 177 19 6 4 1.003 1.028 1.034 0.81 Intermediate
EFA42 16/07/2011 78.9386 18.4400 Sandstone Reinsryggen W1 247 48 12 190 45 62 31 5 182 21 31 5 279 17 7 6 1.001 1.003 1.004 0.611 Intermediate

K 3  95% ErrorLat/long K1 K2 K3K 1  95% Error K 2  95% Error

table 5.1- Mean site AMS data for the Wilsonbreen Formation (see Chapter 2, Section 2.4.1 for calculation): N = number of samples; Km = mean susceptibility; 
K1, K2, K3 = orientations (declination and inclination) of the principal susceptibility axes with 95% confidence ellipses; L = lineation (L = K1/K2); F = foliation (F= 
K2/K3); Pj = anisotropy degree; T = shape parameter; Fabric = whether the fabric can be classified as ‘normal’ (K3 perpendicular, K1/K2 parallel to the bedding plane), 
‘inverse’ (K1 perpendicular and K2/K3 Parallel to the bedding plane) or anomalous (K1/K2 deviation by >25° from bedding).
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EFA47 16/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 12 254 314 7 50 6 211 59 50 7 48 30 10 4 1.001 1.018 1.021 0.891 Normal
EFA49 17/07/2011 78.9386 18.4400 Sandstone Reinsryggen W1 247 48 10 223 196 15 6 5 301 44 12 6 91 43 12 5 1.004 1.005 1.009 0.152 Normal
EFA51A 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 10 264 176 41 14 5 284 20 14 6 33 43 7 4 1.004 1.009 1.013 0.355 Normal
EFA55 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 12 218 159 40 12 4 13 45 12 9 264 18 10 4 1.003 1.006 1.003 0.328 Intermediate
EFA56 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 12 408 162 11 17 6 264 44 19 9 62 44 12 6 1.005 1.003 1.014 0.343 Normal
EFA57 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 12 386 193 17 20 8 294 30 19 8 78 54 12 8 1.003 1.008 1.011 0.472 Normal
EFA58 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 8 460 152 0 14 4 243 32 13 4 62 58 6 3 1.007 1.028 1.037 0.61 Normal
EFA59 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 12 389 2 26 36 9 346 42 36 12 114 37 13 9 1.002 1.014 1.017 0.736 Normal
EFA60 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 12 107 107 48 11 6 290 44 25 11 199 1 25 5 1.006 1.006 1.011 -0.001 Normal
EFA63 17/07/2011 78.9386 18.4400 Siltstone Reinsryggen W1 247 48 8 532 70 32 13 5 316 33 12 6 193 41 11 4 1.007 1.032 1.042 0.622 Inverse
EFA64A 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 8 376 330 5 13 4 237 35 13 2 67 55 4 3 1.012 1.033 1.047 0.481 Normal
EFA64B 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 9 262 223 23 27 2 319 12 27 2 74 64 4 2 1.003 1.035 1.042 0.826 Normal
EFA65 17/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 11 412 282 24 15 5 165 45 15 12 30 36 12 5 1.005 1.015 1.021 0.468 Normal
EFA69 18/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 10 349 271 67 12 7 166 6 12 5 74 22 8 4 1.007 1.023 1.032 0.553 Normal
EFA70 18/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 7 641 165 21 12 2 265 23 12 2 38 58 3 1 1.006 1.053 1.065 0.78 Normal
EFA72 18/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 12 377 191 26 19 11 283 4 30 14 20 64 28 9 1.005 1.008 1.012 0.218 Normal
EFA75 18/07/2011 78.9386 18.4400 Siltstone Reinsryggen W1 247 48 12 419 260 38 41 4 163 8 40 5 63 51 6 5 1.004 1.016 1.022 0.573 Normal
EFA81B 18/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 19 325 191 22 24 5 287 14 24 9 47 64 10 5 1.006 1.017 1.023 0.492 Normal
EFA84 18/07/2011 78.9386 18.4400 Diamictite Reinsryggen W1 247 48 10 361 176 37 16 6 276 13 19 11 23 50 16 7 1.004 1.007 1.011 0.215 Normal
EFA92 19/07/2011 78.9383 18.4325 Diamictite Reinsryggen W3 253 40 11 227 190 17 7 5 287 20 7 5 64 63 6 4 1.007 1.008 1.015 0.087 Normal
EFA96 19/07/2011 78.9383 18.4325 Sandstone Reinsryggen W3 253 40 12 464 188 3 17 6 95 37 20 12 282 53 16 6 1.009 1.006 1.015 -0.212 Intermediate
EFK14 26/08/2011 78.8369 18.1534 Diamictite Klofjellet South W3 051 77 10 545 172 61 20 3 315 24 20 3 52 16 4 3 1.005 1.031 1.038 0.731 Normal
EFK19 26/08/2011 78.8369 18.1534 Diamictite Klofjellet South W3 051 77 8 491 96 31 16 5 342 35 16 3 215 40 6 2 1.003 1.059 1.071 0.888 Normal
EFK32 27/08/2011 78.8369 18.1534 Sandstone Klofjellet South W1 045 85 11 211 342 5 27 5 79 52 27 15 248 38 15 5 1.002 1.004 1.006 0.457 Intermediate
EFK35 27/08/2011 78.8369 18.1534 Diamictite Klofjellet South W1 045 85 12 402 299 52 8 4 118 38 9 7 208 0 8 3 1.005 1.019 1.026 0.549 Normal
EFK40 27/08/2011 78.8369 18.1534 Diamictite Klofjellet South W1 045 85 12 480 320 61 16 3 123 28 16 4 127 7 5 3 1.007 1.046 1.058 0.736 Normal
MC1 26/04/2011 78.7673 18.2150 Diamictite Mcdonaldryggen W1 275 33 11 337 2 33 11 6 235 56 16 8 103 25 16 8 1.004 1.002 1.006 -0.286 Normal
MC13 26/04/2011 78.7673 18.2150 Diamictite Mcdonaldryggen W1 275 33 12 277 203 22 25 8 303 25 26 12 76 56 13 9 1.002 1.005 1.007 0.413 Normal
MC14 26/04/2011 78.7673 18.2150 Diamictite Mcdonaldryggen W1 275 33 12 92 221 27 77 25 334 37 77 34 104 41 57 24 1.001 1.004 1.006 0.542 Normal
MC15 26/04/2011 78.7673 18.2150 Sandstone Mcdonaldryggen W1 275 33 13 39 69 49 49 8 223 38 49 11 323 13 12 8 1.002 1.015 1.018 0.778 Inverse
MC19 26/04/2011 78.7673 18.2150 Sandstone Mcdonaldryggen W1 275 33 13 12 187 55 41 10 88 6 42 12 354 35 15 10 1.001 1.032 1.045 0.489 Intermediate
MC1B 26/04/2011 78.7673 18.2150 Diamictite Mcdonaldryggen W1 275 33 10 241 19 6 18 3 285 34 18 6 117 56 6 3 1.004 1.011 1.016 0.495 Normal
MC20 26/04/2011 78.7673 18.2150 Diamictite Mcdonaldryggen W1 275 33 12 366 248 1 24 7 58 90 24 12 158 0 13 6 1.002 1.007 1.01 0.504 Intermediate
MC22 26/04/2011 78.7673 18.2150 Sandstone Mcdonaldryggen W1 275 33 9 126 200 9 18 6 106 11 18 12 348 68 12 7 1.003 1.005 1.008 0.243 Normal
MC23 26/04/2011 78.7673 18.2150 Sandstone Mcdonaldryggen W1 275 33 10 323 269 36 3 2 17 24 8 2 133 45 8 2 1.006 1.008 1.015 0.117 Normal
MC6 26/04/2011 78.7673 18.2150 Diamictite Mcdonaldryggen W1 275 33 10 239 357 26 8 5 95 17 13 7 214 58 13 5 1.006 1.006 1.012 -0.034 Intermediate
MC9 26/04/2011 78.7673 18.2150 Diamictite Mcdonaldryggen W1 275 33 12 208 228 3 10 3 320 35 10 8 133 55 8 2 1.005 1.01 1.016 0.317 Normal
EFB74 05/08/2011 78.7193 18.1642 Sandstone-copinnsvinfjellet W3 246 74 12 91 286 49 27 11 24 7 27 14 120 40 16 10 1.001 1.007 1.009 0.655 Intermediate
EFB75 05/08/2011 78.7193 18.1642 Sandstone-copinnsvinfjellet W3 246 74 13 96 18 13 62 18 113 21 62 14 258 65 20 14 1.001 1.004 1.006 0.533 Intermediate
EFB79 05/08/2011 78.7193 18.1642 Sandstone-copinnsvinfjellet W3 246 74 10 265 335 9 14 5 69 23 33 13 227 65 33 7 1.004 1.003 1.008 -0.085 Intermediate
EFB80 05/08/2011 78.7193 18.1642 Diamictite pinnsvinfjellet W3 246 74 11 348 350 9 5 3 120 76 60 3 259 10 60 4.1 1.017 1.001 1.021 -0.885 Tectonic
EFB81 05/08/2011 78.7193 18.1642 Diamictite pinnsvinfjellet W3 246 74 12 515 153 5 8 5 253 62 17 6 61 27 17 5 1.01 1.01 1.021 -0.013 Normal
EFB83 05/08/2011 78.7193 18.1642 Diamictite pinnsvinfjellet W3 246 74 11 398 2 15 21 8 263 51 22 16 103 35 18 8 1.006 1.009 1.015 0.164 Normal
WG3 27/04/2011 78.7189 18.1661 Diamictite pinnsvinfjellet W3 246 74 9 283 320 27 17 5 184 54 17 8 61 21 9 5 1.004 1.01 1.014 0.461 Normal
WG5 27/04/2011 78.7189 18.1661 Diamictite pinnsvinfjellet W3 246 74 9 583 5 18 7 3 253 49 17 5 109 35 17 5 1.019 1.016 1.035 -0.078 Normal
EFB84 05/08/2011 78.7193 18.1642 Diamictite pinnsvinfjellet W3 246 74 10 301 10 24 12 3 108 18 16 6 232 59 12 3 1.003 1.006 1.01 0.301 Intermediate
SL02 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 336 318 23 10 4 227 2 13 8 131 67 14 5 1.007 1.002 1.01 -0.467 Intermediate
SL03 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 283 61 11 8 3 228 79 14 8 331 2 14 3 1.012 1.008 1.02 -0.222 Inverse
SL04 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 10 254 259 51 21 3 125 30 23 18 21 23 23 11 1.008 1.004 1.013 -0.317 Intermediate
SL05A 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 213 187 15 6 4 83 44 15 6 291 43 15 4 1.008 1.004 1.012 -0.288 Intermediate
SL06 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 9 361 348 23 38 4 187 66 39 5 81 7 10 5 1.004 1.011 1.015 0.467 Normal
SL06B 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 281 7 30 6 5 134 39 12 6 252 37 11 5 1.007 1.006 1.013 -0.04 Intermediate
SL12 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 121 330 22 16 5 207 52 16 6 71 29 6 5 1.004 1.008 1.012 0.333 Normal
SL13 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 308 1 5 5 4 264 53 13 5 95 36 13 4 1.009 1.006 1.014 -0.198 Intermediate
SL14 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 240 339 44 5 3 186 42 6 3 83 14 3 2 1.006 1.008 1.014 0.177 Normal
SL'5 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 244 345 8 13 3 251 26 13 6 91 62 58 4 1.004 1.015 1.02 0.549 Intermediate
SL7 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 12 217 22 26 3 2 223 62 3 3 117 9 3 2 1.006 1.017 1.024 0.467 Intermediate
SL'9 24/04/2011 78.7061 18.1593 Diamictite Slangen South W1 240 82 11 253 296 22 28 3 45 39 28 2 184 43 3 3 1.001 1.02 1.021 1.024 Intermediate
EFB25 01/08/2011 78.7040 18.1234 Diamictite Orman South W3 243 45 10 150 278 42 30 20 35 27 53 21 147 37 51 20 1.004 1.002 1.006 -0.377 Intermediate
EFB54 02/08/2011 78.7295 18.1706 Sandstone K-B Ridge W3 270 65 12 197 8 27 16 9 142 53 14 7 266 23 14 5 1.006 1.015 1.022 0.445 Intermediate
EFB56 02/08/2011 78.7295 18.1706 Diamictite K-B Ridge W3 270 65 7 691 297 79 16 2 181 5 16 4 90 10 5 2 1.006 1.018 1.024 0.509 Normal

table 5.1- Continued.
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ferromagnetic minerals can produce contrasting fabric patterns, their influence needs to be 

determined. 

Two dominant rock magnetic characteristics have been identified from the data. The results 

are grouped into those taken from sediments where the matrix is greenish-grey and those where 

the matrix is reddened (maroon).

5.5.1. Greenish-grey sediments

Representative examples of the variation of low-field susceptibility versus temperature from 

the greenish-grey sediments are shown in Figure 5.7. The susceptibility versus temperature 

in the high temperature range on heating and cooling is shown in Figure 5.7i, whilst the 

normalised low-temperature (77 K to 295 K) range and the heating curve from the normalised 

high-temperature susceptibility variation is shown in Figure 5.7ii. All samples reveal strong 

temperature-dependent susceptibility. In the low-temperature range (Fig. 5.7ii), samples typically 

show a decrease in susceptibility with increasing temperature, generally following the Curie-Weiss 

law (cf. Fig. 2.8, Chapter 2). Samples MC14 (Fig. 5.7a) and SL14 (Fig. 5.7b) decrease from a 

normalised susceptibility of 2.2 and 2.9 K/K0 respectively whereas EFA60 (Fig. 5.7c) decreases 

from a lower value of 1.6 K/K0. 

In the high-temperature range, the Curie-Weiss behaviour is less apparent. Samples typically 

show a decrease in susceptibility up to 200 °C, after which susceptibility increases. A sharp 

increase is seen in samples SL14 (Fig. 5.7b) and EFA60 (Fig. 5.7c) at 500 °C, followed by a sharp 

fall representing the Curie point at 570 °C. After this temperature, the susceptibility falls to a 

value slightly below the susceptibility at room temperature (0.9 K/K0). 

Any ferromagnetic components can be further investigated in BIRM/IRM acquisition 

experiments and through the demagnetisation of the NRM, ARM and SIRM. IRM acquisition 

experiments are based on the principle that the coercivity of a mineral varies with composition 

and grain size (see Chapter 2, Section 2.6.4). The greenish-grey sediments (Fig. 5.9) show 
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Fig. 5.7 - Susceptibility   vs. temperature curves for greenish-grey (a-c) and maroon (d-f ) sediments. (i) Low-field absolute susceptibility (K) vs. temperature curves during heating (black line) and cooling (grey line). (ii) Low-field susceptibility (K) 
normalised to room temperature (20 °C) vs. low-temperature (-196 - 20 °C) and high-temperature (20 - 700 °C) during heating (black line).
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complete saturation by 0.5 mT and are demagnetised through the BIRM by -0.08 mT. 

Demagnetisation of the NRM, ARM and SIRM are shown in Figure 5.8b. All samples show 

demagnetisation of the SIRM and ARM to 0.2 J/Jmax by 120 mT peak AF-demagnetisation field. 

In contrast, the demagnetisation of the NRM reveals sporadic behaviour. The medium destructive 

field (MDF) of the SIRM and ARM typically varies between 20 mT and 40 mT. The MDF of the 

SIRM is greater than the MDF of the ARM in all three samples (Fig. 5.8b).

5.5.2. Maroon sediments

Representative examples of the variation of susceptibility with temperature from the maroon 

sediments are shown in Figure 5.7d, e and f. The normalised low-temperature curves (Fig. 5.7ii) 

display similar characteristics to the greenish-grey sediments. All samples show temperature-

dependent susceptibility and follow Curie-Weiss behaviour (cf. Fig. 2.8, Chapter 2). In the low-

temperature segment, Sample DFB2B (Fig. 5.7dii) and EFK35 (Fig. 5.7fii) decrease from 2.9 and 

2.6 K/K0 respectively, whereas sample EFA104 (Fig. 5.7eii) decreases from 1.8 K/K0.

In the high-temperature range, samples typically show a decrease in susceptibility up to 200 

°C, after which, a gradual increase is seen up to 500 °C. After this, a sharp increase occurs and a 

Curie point can be seen in DFB2B (Fig. 5.7d), EFA104 (Fig. 5.7e) and EFK35 (Fig. 5.7f ) at 565 

°C, 548 °C and 565 °C, respectively. At higher temperatures, the susceptibility drops to 0.7 to 0.5 

K/K0.

IRM and BIRM acquisition curves of the maroon sediments (Fig. 5.9) reveal incomplete 

saturation at 2.5 mT. The SIRM reaches zero at far higher BIRM fields than those required for 

the greenish-grey sediments. Samples EFA104 and EFK35 and DFB2B demagnetise by -0.23, 

-0.24 and -0.55 mT respectively, requiring much stronger fields than those for the greenish-grey 

sediments. This indicates the presence of a higher coercivity phase in these samples (cf. Fig. 2.12, 

Chapter 2).

Demagnetisation behaviour of the maroon sediments (DFB2B, EFA104 and EFK35 in Fig. 
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5.8a) typically show sporadic behaviour on demagnetisation of the NRM (as with the greenish-

grey sediments, cf. Fig. 5.8b). However, a significant difference is seen in the AF-demagnetisation 

behaviour of the ARM and SIRM. The ARM MDF is 62 mT, 65 mT and 42 mT respectively. 

These values are far higher value than that for the greenish-grey sediments (20 mT - 40mT). AF-

demagnetisation fails to activate grains even at 120 mT, also indicating the presence of a high-

coercivity phase(s).

Induction (T)

N
or

m
al

is
ed

 i
nt

en
si

ty
 (

J/
J

)
m

ax

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5

0
0

0.2

0.4

0.6

0.8

1

a)

b)
DFB2B

EFA104

EFK35

EFA60

MC14

SL14

-0.1-0.2-0.3-0.4-0.5-0.6

Maroon sediments

Greenish-grey 
sediments

Fig. 5.9 - Normalised (J/Jmax) acquisition of isothermal Remanent Remagnetisation (IRM) experiments 
with (a) IRM acquisition and (b) Backfield IRM acquisition for greenish-grey samples (un-filled symbols) 
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5.6. anisotropy of magnetic susceptibility 

5.6.1. Fabric shape

The majority of the samples yield oblate susceptibility ellipsoids where F>L (Mean F =1.007, 

Mean L=1.001) (Table 5.1; Fig. 5.10), but some are strongly prolate to strongly oblate (Fig. 

5.10b). The mean corrected anisotropy degree (Pj) is 1.008 and varies from 1.004 to 1.137 (Table 

5.1). Figure 5.10a shows the variation of Pj with K, revealing no apparent correlation between 

magnetic susceptibility and anisotropy degree. The exception to this is the two samples that have 

very low susceptibilities. Here the anisotropy degree is anomalously high (up to 15% anisotropy). 

This can be explained by the high errors when calculating these parameters at low susceptibilities 
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(Hrouda, 2004; Biedermann et al., 2013). Also shown (Fig. 5.10c) are the conventionally used T/

Pj plots, which show an alternative method of displaying ellipsoid shape. In both plots, ellipsoids 

range from the prolate to oblate field; however, the majority lie in the oblate field.

5.6.2. Fabric orientation

Lower hemisphere stereographic projections, with reference to the sites from which the 

samples were taken, are shown in Figure 5.3. The majority of susceptibility ellipsoids yield a fabric 

pattern where the K3 lies perpendicular to bedding and the magnetic foliation (K1/K2) plane plots 

on or close to the bedding plane. However, a broad distribution of fabric patterns can be observed 

which can be interpreted as ‘normal’, ‘inverse’ or ‘anomalous’ fabrics types (Fig. 5.5).

 ‘Normal’ fabrics are those with a predominantly oblate ellipsoid where the K3 lies 

perpendicular or almost perpendicular to the bedding plane (e.g. Fig. 5.5a). As such, the magnetic 

foliation (defined by the K1/K2 intersection) lies on or close to the bedding plane. ‘Inverse’ fabrics 

(e.g. Fig. 5.5b) are defined as those where the susceptibility axes have switched (cf. Fig. 2.7, 

Chapter 2). As such, K1 is normal to the bedding plane and K3 lies on the bedding plane (defined 

by K2-K3 axes) (Ferré et al., 2004). Anomalous fabrics (e.g. Fig. 5.5c) are defined as those where 

K1/K2 plane deviates from bedding by an angle greater than 25°. An angle greater than this value 

is considered more than what one would expect to see during depositional processes, through 

either the deformation of sediment subglacially (Thomason and Iverson, 2009; Fleming et al., 

2013), by slumping (Schwehr and Tauxe, 2003) or during mass flow deposition (Eyles et al., 

1987). 

At Dracoisen, Ditlovtoppen and Andromedafjellet (Fig 5.6a, b and c) in the north, the 

majority of the fabrics display ‘normal’ fabric characteristics (i.e. the mean K3 lies parallel to the 

pole to bedding). The majority of the fabrics show good apparent correlation with clast fabrics 

(Fig. 5.6) (see discussion below). However, to the south, the numbers of anomalous fabrics (i.e. 

those do not conform to ‘normal’ fabric characteristics) are seen to increase. 
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5.6.3. Fabric orientation after removal of ‘inverse’ and anomalous results

In order to fully evaluate the fabrics in terms of their depositional significance, the anomalous 

fabrics were removed and the fabrics were corrected for the tectonic tilt of the bedding. Focus 

is paid on the sections to the north for the reasons explained in Section 5.8.2. Figure 5.6 

shows representative fabric examples from Dracoisen (Fig. 5.6c), Ditlovtoppen (Fig. 5.6b) and 

Andromedafjellet (Fig. 5.6a). K1 shows a range of orientations, but a dominant north-south 

pattern can be seen. The mean fabric orientations are shown in Figure 5.11a. Andromedafjellet 

(Fig. 5.11c), Ditlovtoppen (Fig. 5.11b) and Dracoisen (Fig. 5.11a) show mean K1 values of 04° to 

006°, 07° to 178° and 11° to 173° respectively. Confidence ellipses are typically large for K1 and 

K2, and the shape parameter (T) indicates mostly oblate fabric patterns. A weak clustering of K1 

orientation is seen with data plotting in a north-south or NNW-SSE orientation.

5.7. Clast fabrics

14 Clast fabric site measurements were taken from Andromedafjellet, Dracoisen and 

Ditlovtoppen and the data are summarised in Table 5.2. Clast fabric data are also plotted on to 

stereonets, corrected for bedding tilt and compared to AMS fabrics and sedimentary logs (Fig. 

5.6). Clast a-axis orientations show moderate to strong preferred orientations, typically in north-

south orientations. In all cases, the V1/V2 plane of the eigenvectors (plane perpendicular to V3 

eigenvector) lies parallel or close to parallel to the bedding plane. In addition, the clast fabrics 

table 5.2 - Clast fabrics data table, analysed using the eigenvalue method (Mark, 1973) where the data is 
resolved into three mutually orthogonal eigenvectors (V1, V2 and V3). The shape and strength of the fabric 
is represented by the eigenvalues S1, S2 and S3.

Fabric Date collected Lithology No Location Unit S1 S2 S3 K

1 24/07/2010 79.205486 18.4023 Diamictite 50 Dracoisen W1 343 51 184 4 86 61 276 29 0.527 0.4161 0.0582 0.1189
2 24/07/2010 79.205502 18.4025 Diamictite 50 Dracoisen W1 343 51 168 22 60 38 281 44 0.6537 0.2849 0.0614 0.5414
4 02/08/2010 79.214812 18.3997 Diamictite 50 Dracoisen W2 342 50 343 1 75 55 363 46 0.4676 0.3144 0.218 0.8672
7 26/06/2010 79.205612 18.4047 Diamictite 50 Dracoisen W2 326 40 174 16 82 8 328 72 0.5393 0.3656 0.095 0.3185
8 28/07/2010 79.204788 18.4111 Diamictite 50 Dracoisen W1 338 40 151 19 37 48 155 35 0.5885 0.3496 0.0619 0.3009
9 29/07/2010 79.205612 18.4047 Diamictite 50 Dracoisen W2 320 65 144 40 17 35 264 30 0.4956 0.3337 0.1707 0.5906

11 09/08/2010 79.079457 18.3908 Diamictite 50 Ditlovtoppen W1 26 32 44 10 139 26 296 62 0.4684 0.4188 0.1128 0.0852
12 09/08/2010 79.083092 18.4135 Diamictite 50 Ditlovtoppen W3 003 30 162 23 65 17 302 61 0.6081 0.2988 0.0931 0.6094
13 09/08/2010 79.082364 18.4111 Diamictite 50 Ditlovtoppen W3 003 30 184 14 81 42 289 45 0.6053 0.3256 0.0691 0.4001
17 12/08/2010 79.080193 18.403 Diamictite 50 Ditlovtoppen W3 004 42 136 30 39 13 289 57 0.6976 0.2658 0.0366 0.4864

5 04/08/2010 79.083643 18.4148 Diamictite 50 Ditlovtoppen W3 003 30 151 20 58 9 305 68 0.5119 0.353 0.1351 0.3393
6 08/04/2010 79.083197 18.4129 Diamictite 50 Ditlovtoppen W3 003 30 178 5 84 32 276 57 0.7026 0.2179 0.0795 1.4904

15 21/07/2010 78.9386 18.440 Diamictite 50 Andromedafjellet W1 247 48 150 17 258 46 45 39 0.5717 0.2388 0.1895 3.7718
16 21/07/2010 78.9383 18.433 Diamictite 50 Andromedafjellet W3 253 40 192 10 285 13 67 74 0.4809 0.3801 0.139 0.2336

Eignevectors Eigenvalues

Lat/long S1 S2 S3Bedding
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often correlate well with the corrected AMS fabrics.

The mean fabric directions from all a-axis measurements at each sample area, compared with 

the mean AMS fabric directions, are shown in Figure 5.11i and ii. At Dracoisen (Fig. 5.11aii), the 

mean V1 vector lies at 11° to 149°. The V1/V2 plane lies close to horizontal dipping slightly (02°) 

to the south (171°). At Ditlovtoppen (Fig. 5.11bii), the mean V1 vector lies at 01° to 160°. The 

V1/V2 plane dips slightly (03°) to the SW (267°). Finally at Andromedafjellet (Fig. 5.11cii), the 

mean V1 vector dips 13° to 172° and the V1/V2 plane dips (27°) to the west (110°). 

5.8. Interpretation

5.8.1. Magnetic mineralogy

Tarling and Hrouda (1993) suggested that if samples yield susceptibilities less than 500 × 10-6 

and have paramagnetic minerals as common constituents (>10%) then the anisotropy is likely 

to be controlled by paramagnetic mineral phase(s) (see Chapter 2, Section 2.6). However, this 

is only a general rule as many examples exist where ferromagnetic minerals are interpreted to be 

predominant if susceptibilities are below this value. The mean susceptibility of the samples in this 

study is 267 ×10-6 SI, which lies within the paramagnetic realm (cf. Fig 2.5, Chapter 2). However, 

whilst the majority of samples display ‘normal’ fabrics, the presence of anomalous and locally 

‘inverse’ fabrics suggests the presence of a different magnetic phase contributing to the fabric in 

these cases.

Investigations into the variation of susceptibility with temperature (Fig. 5.7) reveal a decrease 

in susceptibility with increasing temperature. This follows the Curie-Weiss law in the majority 

of cases, without any indication of a Verwey Transition at 120 K (see Chapter 2, Section 2.6.1). 

This is commonly interpreted to indicate a major contribution of paramagnetic phases to the 

anisotropy and susceptibility (Richter and van der Pluijm, 1994; Cifelli et al., 2005; Cifelli et al., 

2009). However, at temperatures above 200 °C, Curie-Weiss behaviour ceases and susceptibility 
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is seen to increase with increasing temperature. A sharp increase is seen in some samples above 

500 °C and what could be interpreted as a Hopkinson peak (Section 2.6.1) is displayed. This may 

have arisen from the growth of new ferromagnetic mineral phases from iron-bearing silicates on 

heating. However, this does not explain all of the observed behaviours. Therefore, it is apparent 

that at least in some cases, ferromagnetic minerals are also present within the sample. Curie points 

for the samples typically range from 550 °C to 570 °C in the majority of cases indicating the 

presence of a Ti-poor titanomagnetite.

The ferromagnetic component is explored further using BIRM/IRM acquisition and AF-

demagnetisation experiments. The results for these vary depending on the colour of the matrix 

of the sample. IRM acquisition curves for the maroon sediments display very high coercivities, 

and do not saturate fully until after 120 mT. Similarly on the BIRM, sediment coercivity is 

often greater than 0.5 mT. The behaviour is fairly typical of a high-coercivity phase, presumably 

fine maghaemite/haematite (Chapter 2, Section 2.6.4). The AF-demagnetisation curves can also 

be used to estimate grain size of the ferromagnetic component (Dunlop and Özdemir, 1997). 

The greenish-grey sediments typically show a MDF of 20 to 40 mT. This is typically within the 

MD and PSD grain size ranges for titanomagnetite (cf. Fig. 2.11, Chapter 2). The sediments 

typically display higher MDF of > 50 mT suggesting a predominance of SD grain sizes in the 

ferromagnetic component.

We can therefore conclude that the majority of the samples displaying ‘normal’ fabric are 

predominantly controlled by paramagnetic minerals with only a minor contribution from the 

ferromagnetic phases (titanomagnetite, maghaemite). A paramagnetic susceptibility in diamictites 

is usually attributed to clay phyllosilicate minerals (Archanjo et al., 2006; Fleming et al., 2013). 

Phyllosilicate minerals (e.g. chlorite) display crystalline anisotropy, where the direction of 

anisotropy depends on the crystalline lattices of the mineral. Such minerals tend to preferentially 

break into sheets, with K3 lying perpendicular to the basal plane of the mineral. Lineations can be 

created in such materials through the intersection of the basal planes (See discussion in Chapter 

4, Section 4.5.1).This can occur either through primary sedimentary processes (e.g. shearing 
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associated glaciotectonism (as discussed in Chapter 4) or through secondary tectonic overprinting 

(e.g. extension in a rift basin (Mattei et al., 1997)).

5.8.2. Cause of anomalous and ‘inverse’ fabrics

Whilst the majority of the fabrics yield ‘normal’ fabric patterns where K3 lies perpendicular to 

bedding, both ‘inverse’ and anomalous fabrics are also present (Fig. 5.5 and Table 5.1). ‘Inverse’ 

fabrics can be explained by the presence of SD ferromagnetic grains controlling the anisotropy 

and susceptibility (Chapter 2, Section 2.5.1). This is because most ferromagnetic minerals have a 

fabric shape that is strongly dependant on grain size and grain shape. In large MD particles, the 

K1 axis is parallel to the long axis of grains (i.e. body diagonal) causing shape anisotropy. However, 

as SD grains cannot be magnetised along their long axis because of magnetic constriction, they 

have effectively zero susceptibility along this axis and a maximum susceptibility along their 

short axis. This can cause susceptibility axes to effectively switch and can lead to erroneous 

interpretations if not recognised.

As the susceptibility axes are effectively switched, ‘Inverse’ fabrics can easily be identified 

(Fig. 5.5b). In a ‘normal’ fabric, K3 lies perpendicular to bedding, whereas in an ‘inverse’ fabrics, 

K1 lies perpendicular to bedding and K2/K3 lie in the bedding plane (cf. Fig. 2.7, Chapter 2). 

AF-demagnetisation curves and IRM/BIRM acquisition curves reveal the presence of a high-

coercivity phase, presumably SD titanomagnetite or maghaemite in some samples. These fabrics 

probably arise from the presence of anomalously high proportions of SD titanomagnetite 

or maghaemite compared with the phyllosilicate clay minerals. Some of the ‘inverse’ fabrics 

display anomalously high bulk susceptibilities. For example, DC44 and EFA63 have a bulk 

susceptibility of 454 ×10 -6 and 532 ×10 -6 respectively, well above the mean of 267 ×10-6 SI. 

In these samples, a volumetrically high amount of SD grains can be inferred, which dominates 

both the anisotropy and susceptibility over the paramagnetic signal, causing the ‘inverse’ fabric. 

However, inverse fabrics are not necessarily associated with high susceptibilities. In some sites 

(e.g. MC15), SD-behaviour can occur even though the mean susceptibility of site is low (39 ×10 
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-6 SI). In thin section, the sample is seen to be composed of a relatively pure quartz arenite, thus 

lacking a significant amount of clay minerals. This allows any minute ferromagnetic component 

to dominate susceptibility and anisotropy, in spite of the sample exhibiting a susceptibility that is 

well within the paramagnetic realm (cf. Fig. 2.5, Chapter 2). 

The cause of the anomalous fabrics is difficult to ascertain as they often are characterised by 

fabric patterns that lie between ‘inverse’ and ‘normal’ fabrics. One explanation is that, if both 

SD and MD magnetite are present in the sample, fabrics will not necessary be either ‘normal’ or 

‘inverse’. Instead, intermediate fabrics may form (Rochette et al., 1992; Stephenson, 1994). Ferré 

(2002) observed that intermediate fabrics can start to form when the ‘inverse’ component reaches 

~20%. Intermediate fabrics normally result in one or more axes switching whilst the others 

remain constant. As such, several possible fabric patterns can result (cf. Ferré, 2002). This may 

be an explanation for some of the anomalous fabrics, especially where one axis has switched (e.g. 

SL02, Fig. 5.5c). 

Anomalous fabrics may also be the result of remagnetisation during diagenesis or tectonism. 

AMS has been shown to be highly sensitive to even weak tectonic strains (e.g. Kissel et al., 1986; 

Cifelli et al., 2009). Within the study site, there is an increase in the proportion of anomalous 

fabrics relative to ‘normal’ fabrics in the south (Fig. 5.3d, e and Table 5.1). This coincides with 

steeper regional bedding, tighter folding and associated faulting at this location. Tectonic strain 

may be higher in this zone given its location to the core of the regional Caledonian synclinorium. 

Whilst there is an absence of evidence for mesoscopic deformation, any increase in tectonic strain 

within the rock at this location may have overprinted the primary AMS fabrics. 

The development of a tectonic AMS fabric has been studied in a variety of cases (e.g. 

Borradaile and Tarling, 1981; Borradaile and Tarling, 1984; Kissel et al., 1986; Averbuch et al., 

1992) and is discussed in Chapter 2, Section 2.7.3. The initial stages of deformation are typically 

characterised by a clustering of K1 axes on the bedding plane, in an orientation perpendicular to 

the plane of shortening (cf. Fig. 2.13). Further strain results in a deviation of K1 and K2 axes away 

from the bedding plane and into a new foliation plane, with K3 perpendicular to cleavage (Parés 
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et al., 1999). Fabrics in the south typically display a greater degree of clustering (Fig. 5.6c and d) 

and, in some cases, K1 axes appear to deviate away from bedding in a pattern similar to that seen 

during incipient tectonic deformation. 

In the southern locations (Klofjellet and Backlundtoppen, shown in Fig. 5.3d and e) because 

of (i) an increase in the number of AMS results displaying either anomalous behaviour or 

evidence of tectonic overprinting; (ii) observations of a greater degree of tectonic deformation; 

and finally (iii), a lack independent palaeoflow indicators (e.g. clast fabric results), the effect of 

tectonic deformation cannot be ruled out. As such, these fabrics cannot be reliably interpreted 

in terms of their depositional significance and are omitted from the following palaeoflow 

interpretation. Instead, focussed is placed on the northern locations.

5.8.3. primary sedimentary fabrics

After removal of anomalous and ‘inverse’ fabrics, the AMS fabrics of the northern localities 

(Dracoisen, Ditlovtoppen and Andromedafjellet) show strong correlation with clast fabrics (Fig. 

5.6). In the majority of cases, the K1 axes lie close to the mean eigenvector of the clast fabric. The 

mean AMS fabric and clast fabric from all sites at Dracoisen, Ditlovtoppen and Andromedafjellet 

are shown in Figure 5.11. The AMS fabrics show a weak clustering of K1 axes in a north-south 

orientation at all three locations and displays strong correlation with the mean eigenvalues of 

the clast fabric. Clast fabrics are considered to be a primary, as any evidence for any meso- or 

microscopic deformation associated with tectonic reorientation is absent (Dowdeswell et al., 

1985). As the size of the clasts are larger (>5 cm), mechanical reorientation is considered very 

unlikely. The close relationship between AMS fabrics and clast fabrics is common in Quaternary 

tills (e.g. Fuller, 1962; Gentoso et al., 2012) as both the macro-and microscopic component of 

till can behave in a similar manner in response to glacial shear. The close correlation of the AMS 

to clast fabrics, as well the wide spread of AMS vectors that display no apparent relationship with 

tectonic strain, suggest a primary, depositional origin for the AMS fabric at these sites.

The origin of the fabrics was probably controlled by sedimentary processes occurring during 
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deposition. Glacial environments, especially ice-marginal environments, of which deposition of 

the Wilsonbreen Formation is interpreted (Fairchild and Hambrey, 1984; Harland et al., 1993), 

are typically highly dynamic (see Chapter 1, Section 1.2). Advance/retreat cycles are common 

within ice-marginal settings, often leading to a large variety of depositional facies that form under 

different glacio-depositional regimes. A large component of the deposition of the Wilsonbreen 

Formation can be accounted for by subaqueous deposition (Fairchild and Hambrey, 1984). 

However, evidence for periodic ice-grounding and the deposition of subglacial sediments is 

seen in the upper Wilsonbreen Formation (Fig. 5.12, Location 1) by possible glaciotectonised 
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sediments (Fig. 5.4d) and striated boulder pavements (Fig. 5.4c). These are analysed in detail in 

the following chapter (Chapter 6).

The AMS fabrics of subglacial sediments are normally interpreted to form in response to the 

shear imparted by the overriding ice on the sediment (Shumway and Iverson, 2009; Thomason 

and Iverson, 2009; Gentoso et al., 2012). In a subglacial environment, deformation is typically 

dominated by shear and a strong extensional regime (Hart and Boulton, 1991; Kluiving et al., 

1991). As such, AMS fabrics typically form where the K1 lies parallel to the direction of shear and 

K3 lies perpendicular to the shear plane. This pattern has been seen in both the debris-rich basal 

ice of active glaciers (Chapter 3) and also within subglacially deformed sediments (Shumway and 

Iverson, 2009; Thomason and Iverson, 2009; Fleming et al., 2013). Iverson et al. (2008) also 

demonstrated this experimentally through ring shear experiments. Micro-faults were observed 

within the till that rotated grains into a preferential alignment under March rotation (March, 

1932). K1 orientations in subglacially deformed sediments are therefore interpreted to represent 

palaeo-ice flow direction (Fig. 5.12b).

In areas that lack evidence of ice-grounding, subaqueous deposition is interpreted as being the 

dominant mode of deposition (Locations 2 and 3, Fig. 5.12). Here, evidence for rainout (e.g. Fig. 

5.4b) and sediment remobilisation as slumps and debris flows is seen (e.g. Fig. 5.4e). This style 

of deposition commonly produces diamicton that are difficult to distinguish form subglacial tills 

(Benn and Evans, 2010). Within subaqueous sediments, AMS fabrics may record the palaeoflow 

direction of sediment remobilisation events e.g. debris flows (Eyles et al., 1987; Archanjo et 

al., 2006). In these settings, particles become realigned parallel to the flow direction because 

of hydrodynamic forcing and shear during flow (Gravenor, 1986), as summarised in Figure 

5.12c. The subsequent mean K1 lineation is typically interpreted as an indication of palaeoflow 

(Archanjo et al., 2006). 

In some areas, diamictites were probably deposited through rain-out from floating ice (Fig. 

5.12a). In theory, one may expect the resulting fabric pattern to be largely oblate where grains 

lie on a girdle about a bedding plane (see Chapter 2, Section 2.7.1). However, AMS fabrics are 
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shown to be affected by even weak currents (Rees and Woodall, 1975) and purely oblate AMS 

fabric patterns are rare (Eyles et al., 1987). Current re-working is common in ice-marginal 

subaqueous environments because of the discharge of large volumes of water through subglacial 

conduits at the grounding-line. Oblate fabrics with a linear clustering of K1 axes are commonly 

produced parallel to the palaeoflow direction of the current (Eyles et al., 1987). It is therefore 

interpreted that AMS lineations in these settings probably represent the palaeoflow of bottom 

currents (Location 3, Fig. 5.12). 

In summary, after the omission of anomalous data, the AMS fabrics are interpreted to 

represent palaeoflow associated with primary depositional processes (Fig. 5.12). Where subglacial 

grounding is suspected, AMS fabrics are interpreted to reflect the glacier shear direction associated 

with ice flow. Where glaciomarine deposition is suspected, the AMS fabrics are interpreted to 

represent the palaeoflow of bottom water currents or sediment remobilisation events (e.g. debris 

flows). A full characterisation of fabrics in relation to different depositional processes is beyond 

the aims of this chapter. However, in the following chapter (Chapter 6), AMS is combined 

with facies analysis and structural geology to investigate specific features of the Wilsonbreen 

Formation.

5.9. Discussion

5.9.1. Implications for palaeogeography

Within the southern localities, the high volume of anomalous fabrics with possible evidence 

of tectonic influence precludes reliable palaeocurrent determination from these locations. 

However, in the northern localities (Dracoisen, Ditlovtoppen and Andromedafjellet), the close 

agreement between clast fabric and AMS fabric indicates that the flow is related to depositional 

processes (Fig. 5.13). Whilst these fabrics may be caused by different processes (subglacial 

shear, debris flows), the AMS fabrics of different facies associations are shown to be generally 

concordant (see Chapter 6, Section 6.5.1). As such, a dominant palaeoflow direction in a north-



Chapter 5 -Deciphering AMS fabrics in diamictites

149

south orientation is interpreted for the basin at these locations.

AMS has accurately determined the fabric throughout the succession at several sites; however, 

in order to reconstruct basin palaeogeography it is important to determine whether this dominant 

north-south azimuth denotes flow to the north or flow to the south. One method by which this 

can be done is through the investigation of minor deviations in the K1/K2 planes from bedding. 

Iverson et al. (2008) noticed, through laboratory experimentation using ring shear devices, that 

during the subglacial shear of till, an up-glacier dip in the K1, effectively tilting the magnetic 

foliation plane away from the direction of shear (cf. Fig. 2.15, Chapter 2). Similar imbrication 

is also seen in sediment deposited as debris flows or in a current (Rees and Woodall, 1975). 

Identification of this subtle deviation of the K1 from the bedding plane could, in theory, be used 

as an indicator of flow direction (whether north or south). However, this up-glacier dip is not 

Zone of unreliable 
AMS data 

Zone of reliable 
AMS data

Mean K  (non-1

sedimentary 
source)

Interpretative 
palaeoflow from 
AMS

Interpretative 
palaeoflow from 
clast fabrics

Dracoisen

Fig. 5.13 - Interpreted palaeoflow direction across the basin showing the mean azimuth of unreliable AMS 
at Klofjellet and Backlundtoppen (red arrow) and the mean azimuth of reliable AMS (black arrow) and 
clast fabric (blue arrow) in at Andromedafjellet, Ditlovtoppen and Dracoisen.
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always observed in applied examples (e.g. Shumway and Iverson, 2009; Fleming et al., 2013) 

possibly because of minor rotation during compaction and dewatering processes. 

In the AMS fabrics of NE Svalbard, a subtle dip of K1 axes to the south is seen at Dracoisen 

and Andromedafjellet. This could be interpreted as flow to the north; however, because of the 

variety of processes that may have formed these fabrics (e.g. subglacial shear, current reorientation, 

sediment remobilisation), an imbrication alone may not be considered sufficient to warrant this 

interpretation. However, the previous interpretations of palaeoflow within the basin typically 

also suggest dominant flow from the south. For example, in the contiguous sediments of NE 

Greenland, ice flow from the SW was inferred from clast fabrics (Moncrieff, 1988), and basin 

axial flow to the NNE was interpreted from overlying turbidites (Herrington and Fairchild, 

1989). In Svalbard, previous clast fabric measurements, striated surfaces and cross bedding have 

led authors to suggest movement from the south or SE (Hambrey, 1982; Fairchild and Hambrey, 

1984; Halverson et al., 2004). This is supported by the interpretations of the facies architecture 

presented in Chapter 6. It is therefore suggested that, in keeping with pre-existing research, a 

dominant palaeoflow from the south is most likely (Fig. 5.13). 

5.9.2. Use of aMS as a palaeoflow indictor of glacial sediments in the pre-

Quaternary rock record

AMS is a reliable fabric indicator offering several advantages over other fabric techniques 

(summarised in Iverson et al., 2008). Whereas microscopic optical analysis of grain-fabric 

normally only measures the fabric in two dimensions, AMS provides a three-dimensional 

indicator of strain direction and possibly magnitude. Furthermore, in contrast to grain and clast-

fabric analysis which documents the orientation of one grain or clast at a time, AMS reflects 

the volume average of many grains within a sample; therefore the inherent variability that may 

be seen under single-grain analysis is reduced. AMS is often compared with clast fabrics and 

microscopic grain-fabric analysis. However, one of the main caveats of direct measurements of 

particle orientations is the possibility of human bias (Drake, 1977; Benn and Ringrose, 2001). 
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In contrast, AMS is considered non-subjective; the main uncertainty arises from the orientation 

process of the sample (Iverson et al., 2008).

In other disciplines, AMS has been used to calculate shear strains in deformed rocks and 

sediment (Borradaile, 1991). Iverson et al. (2008) identified a link between AMS fabric strength 

based on the degree of the clustering of the susceptibility axes and strain. With increasing shear 

strain, AMS fabrics became more asymmetric. K1 orientations were observed to rotate towards 

the direction of shear (see Fig. 2.15, Chapter 2). At shear strains above 8, K1 orientations become 

tightly clustered and steady-state fabrics were reached, and further increases in shear strength did 

not result in any further increase in fabric strength. It was suggested that this could be used as a 

genetic indicator to identify tills that have not been sheared to strains compatible with the bed-

deformation model of glacier flow. 

This study, however, has highlighted several caveats as to why direct comparison with strain 

may not be possible. AMS fabrics are observed to be highly dependent on magnetic mineralogy 

(Tarling and Hrouda, 1993) such that even small variations in sediment composition may 

result in a different fabric shape, irrespective of shear strain. In this study, the presence of SD 

titanomagnetite/maghaemite grains has resulted in the formation of ‘inverse’ and possibly 

anomalous fabrics in some cases. If the presence of SD ferromagnetic grains are not correctly 

recognised and interpreted through rock magnetic experiments, erroneous interpretations 

may subsequently result (Ferré, 2002). With further study, the interpretation of ‘inverse’ and 

intermediate fabrics in terms of their primary significance may be possible from remanence-based 

methods involving the analysis of the anisotropy of anhysteretic remanent magnetisation (AARM) 

(McCabe et al., 1985) and the anisotropy of isothermal remanent magnetism (Stephenson et 

al., 1986; Tarling and Hrouda, 1993). However, for the purposes of this study, once identified, 

anomalous fabrics were removed and are not included in subsequent palaeoflow interpretations.

This chapter has also highlighted additional problems in the interpretation of glacial AMS 

fabrics in the pre-Quaternary record. As AMS is very sensitive to strain, sedimentary fabrics have 

the potential to be overprinted by a tectonic fabric, even if minor evidence for meso- or micro-
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scale deformation is absent. This is inferred to have to been the case in some sites in the south, 

where a subtle increase in tectonic strain may have affected sedimentary fabrics such that a reliable 

palaeocurrent signature cannot be resolved.

In spite of this, in the northern localities, after the identification and removal of anomalous 

fabrics, AMS fabrics show a strong correlation with clast a-axis orientation and bear no apparent 

resemblance to regional tectonics structures. The AMS fabrics at these sites are therefore 

interpreted as primary palaeoflow indicators. As such, this study has shown that the application 

of AMS to the Neoproterozoic glacial record in Svalbard has provided an independent palaeoflow 

indicator in an area that is otherwise lacking palaeoflow data from other proxies. From this, a 

dominant palaeoflow direction to the north has been identified from three locations in Olav IV 

land (Andromedafjellet, Ditlovtoppen and Dracoisen). To our knowledge, this is the first time 

AMS has been applied to Neoproterozoic glacigenic sediments for palaeocurrent reconstructions. 

This technique can be applied to other well-preserved, undeformed Neoproterozoic diamictites 

and has the potential to increase our understanding of Neoproterozoic glacial palaeogeography.

5.10. Conclusions

The AMS of diamictites from the late-Cryogenian Wilsonbreen Formation have been 

measured (for the first time) and interpreted for their palaeoflow significance. A number of 

conclusions have been drawn:

•	 AMS fabrics of the Wilsonbreen Formation typically reflect the preferential alignment 

of paramagnetic phyllosilicate clay minerals. In some cases, a minor contribution of 

titanomagnetite and maghaemite contributes to and may locally control the AMS 

fabric.

•	 AMS fabrics show strong correlation with clast fabrics and are therefore considered 

primary depositional fabrics that reflect the original palaeoflow direction. The 

mean direction of both data sets from sites at Andromedafjellet, Dracoisen, and 
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Ditlovtoppen yield northerly orientated vectors.

•	 Grains have been rotated into a preferential alignment by primary depositional 

mechanisms and processes. Where subglacial activity is suspected, this resulted through 

shear of the sediment by the overriding ice producing glacier-flow parallel AMS 

lineations. In glaciomarine sediments, AMS fabrics reflect down slope remobilisation 

and re-working by bottom water currents.

•	 AMS has accurately constrained the fabric throughout the succession from several sites, 

and has provided a much improved understanding of palaeoflow across the region. The 

results from the AMS, verified through comparisons with clast fabrics reflect northerly 

orientated palaeoflow vectors. Based on a subtle dip of K3 lineations and previous 

independent palaeoflow indicators from the area and contiguous sediments in NE 

Greenland, a dominant palaeoflow to the north is interpreted. 
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6.1. Introduction 

Massive diamictites, such as those that dominate the Wilsonbreen Formation, are inherently 

difficult to interpret (Eyles and Januszczak, 2004). This is in part because they can be associated 

with various depositional environments: both glacial (glaciomarine, glaciolacustrine, subglacial, 

proglacial) and non-glacial (Dowdeswell et al., 1985). The extensive research on the Wilsonbreen 

Formation to date has provided a broad depositional interpretation (e.g. Fairchild and Hambrey, 

1984). However, doubts exist over the precise glacio-depositional regimes that occurred and their 

association with Neoproterozoic climatic conditions. 

In the previous chapter (Chapter 5) it was shown how anisotropy of magnetic susceptibility 

(AMS) can be used to reconstruct basin palaeoflow direction within the formation. In this 

chapter, a specific example is shown as to how the AMS data can be used, in combination with 

a range of other techniques including facies analysis and structural geology, to reconstruct the 

depositional environments of the Wilsonbreen Formation. A full environmental interpretation of 

the entire sequence is beyond the scope of this chapter as this rests on the body of data collected 

by the team as a whole. Instead, this chapter focuses on a particular aspect of the stratigraphy: the 

origin of the soft-sediment deformation features observed at the W2/W3 Member boundary at 

Andromedafjellet, Reinsryggen, Ditlovtoppen and Dracoisen (Fig. 6.1). However, for the reader’s 

interest, additional sedimentary data is presented in Appendix D that covers the entire succession, 

including the sections to the south.

The Wilsonbreen Formation has previously been suggested to form in both subglacial and 

glaciomarine environments (Harland et al., 1993). Glacioaqueous deposition has been suggested 

through the occurrence of dropstones, mass-flow deposits and turbidites (Fairchild and Hambrey, 

1984; Fairchild et al., 1989), whilst terrestrial glaciation and ice-grounding has been interpreted 

by the presence of striated boulder pavements (Chumakov, 1968; Chumakov, 1978) and a 

preferred alignment of clasts (Hambrey, 1982; Fairchild and Hambrey, 1984). However, doubt 

has been cast on the use of clast fabrics alone to distinguish between different depositional facies 

(e.g. Bennett et al., 1999). This is because similar fabric patterns can be produced during both 
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sediment remobilisation (e.g. debris flows) and subglacial deformation.

Since the 1980s, when the previous interpretations of the depositional environments 

of the Wilsonbreen Formation were made, there have been significant new advances and 

improvements in the understanding of glacial depositional processes. This has partly arisen 

from the high number of studies on modern glacial environments, which has significantly 

improved the understanding of the processes leading to the deposition of till (see references in 

Benn and Evans, 2010). In addition, there is now a greater knowledge of landform assemblages 

associated with different depositional environments (e.g. Evans, 2005), which enables reliable 

palaeoenvironmental interpretations to be made from the modern sedimentary record. 

Furthermore, the application of detailed facies descriptions that emphasise palaeoenvironmental 

reconstructions has resulted in much improved understanding of terrestrial and marine glacial 
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processes and their implications for glacier thermal regimes (Hambrey and Glasser, 2012).

There have also been advances in the understanding of the possible modern analogues for 

Neoproterozoic glaciations. An example is the Antarctic McMurdo Dry Valleys (Atkins and 

Dickinson, 2007; Hambrey and Fitzsimons, 2010) which have been suggested as analogues for 

unusual lacustrine carbonates that occur within parts of the Wilsonbreen Formation and display 

geochemical signatures that are indicative of evaporative regimes (Fairchild et al., 1989; Bao et 

al., 2009). Whereas in the past many of the modern analogous for glacial sedimentation were 

restricted to terrestrial settings, access to subsurface data such as sediment cores and geophysical 

data, is now available and has revealed much information about glacial depositional processes in 

the marine record (e.g. Powell and Domack, 1995). In particular, there is now a large research 

archive on the Cenozoic glaciomarine record offshore Antarctica (e.g. Hambrey and Barrett, 

1993; Anderson, 1999; Hambrey et al., 2002; Ó Cofaigh et al., 2007; Dowdeswell et al., 2008; 

Davies et al., 2012), which could potentially be considered an analogue of Neoproterozoic 

glacioaqueous successions. 

The understanding of deformation structures (e.g. glaciotectonites) produced by both cold-

based and polythermal glaciers are now also better understood (van der Wateren, 2002; Aber and 

Ber, 2007). Glaciotectonic structures are common in both modern and Quaternary sediments; 

however, they have also been observed in many pre-Quaternary sediments (e.g. Le Heron et 

al., 2005; Benn and Prave, 2006; Busfield and Le Heron, 2013). Analysis of these can provide 

considerable information about genetic environments and deformational histories. 

Utilising this current understanding of depositional environments, combined with the 

novel application of the AMS technique as developed in this thesis, significant opportunities 

exist for palaeoenvironments of the Wilsonbreen Formation to be investigated. The aims of this 

chapter are to (i) categorise the lithofacies observed within the succession in terms of their facies 

associations; (ii) determine the origin of the soft-sediment deformation features (glaciotectonic 

or slumping); (iii) using a combination of AMS and clast fabric analysis, identify strain vectors 

within the sediment so that former ice flow directions can be determined; and finally (iv) 
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construct a depositional model to explain the deformation and associated deposition of the 

sequence.

6.2. Methods

Sections through the Wilsonbreen Formation (See Fig. 5.2, Chapter 5 for the stratigraphic 

location) were examined at Dracoisen, Ditlovtoppen, Andromedafjellet and Reinsryggen in 

NE Svalbard (Fig. 6.1 and 6.2) during the summer 2010 and 2011 field seasons. Sections were 

analysed following the lithofacies approach, originally developed for fluvial sediments by Miall 

(1977) and adapted for glacial sediments by Eyles et al. (1983). Descriptions of diamictites were 

classified using the scheme developed by Moncrieff (1989) and modified by Hambrey (1994), 

based on the documentation of the relative proportions of gravel, sand and mud (silt and clay), 

estimated by eye. In this scheme, diamictites are defined as rocks that contain 1-50% gravel with 

a matrix comprising greater than 10% of sand, mud or both sand and mud.

The morphology of the clasts were analysed and surface features were identified. This method 

has previously been shown to provide useful parameters for establishing transport pathways 

of glacial clasts (Boulton and Hindmarsh, 1987). It involved the measurement of the shape, 

roundness and texture of 50 randomly selected clasts from 8 sampling sites in diamictites of the 

W2 and W3 Members. Clast shape was determined by measuring the long (a), intermediate (b) 

and short (c) axes of individual clasts. This data is displayed on triangular diagrams following the 

methodology of Sneed and Folk (1958). All clast data were plotted using a modified version of 

the TriPlot program developed by Graham and Midgley (2000). Clast roundness was measured 

by assigning clasts to six categories ranging from very angular to well rounded (Krumbein, 1941). 

The percentages of very angular and angular clasts are used to make the RA-index. Also analysed 

were the percentages of well-rounded and rounded clasts, which were used to make the RWR-

index. Finally, the C40 index was analysed which was defined by the percentage of clasts with a c:a 

ratio of ≤ 0.4.
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Co-variant plots, displaying C40-index versus RA-index, have been suggested as a useful 

method of distinguishing different clast pathways (e.g. Benn and Ballantyne, 1994). The C40 

RWR-index is also plotted, based on the procedure of Lukas et al. (2013). In order to provide 

a control for the sample variation, fields from modern glacial regimes of a similar glacial 

environment were taken from data published in Hambrey and Glasser (2012).

AMS samples were collected using a combination of field-drilling and block sampling 

(outlined in Appendix A). The samples were measured following the methodology outlined 

in Chapter 2, Section 2.9. The AMS data were analysed using standard statistical techniques 

(see Section 2.4.1). This involved the calculation of the mean susceptibility (Kmean), corrected 

anisotropy degree (Pj), lineation (L) and foliation (F) parameters and the shape parameter (T) 

(Jelínek, 1981). The magnetic mineralogy of the samples has been previously investigated in 

Chapter 5, utilising the methodology outlined in Chapter 2, Section 2.9. Where possible, three-

dimensional clast fabric measurements were taken following the methodology outlined in Chapter 

5, Section 5.5. 

Structural analysis has been undertaken during both field-based investigations and during 
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subsequent lab-based microscopic investigations of thin sections. In this chapter, the term 

soft-sediment deformation is used to distinguish rock that has been deformed through primary 

processes (e.g. slumping and glaciotectonism) from rock that has been deformed tectonically. 

Although, it is acknowledged that some of this primary deformation is not necessary strictly “soft” 

as some of the facies were semi-consolidated prior to deformation (Section 6.4.2).

The microscopic analysis of structures has proved useful in characterising and providing 

insights concerning the processes operating during subglacial deformation (Menzies, 2000). Much 

of the seminal work in this field has been inspired by soil science concepts, and hence much 

terminology comes from this field under the term ‘micromorphology’ (e.g. van der Meer, 1993; 

Menzies, 2000; Carr, 2001). Others have adopted an approach derived from structural geology 

and petrology (e.g. Phillips et al., 2002; Busfield and Le Heron, 2013), and the technique is 

referred to as the analysis of microstructures. Investigations in the field of micromorphology have 

resulted in a surge of publications; however, the technique can be somewhat subjective, and many 

of the features identified are not specific to any one environment.

For this chapter, an adapted form of micromorphology is employed for the analysis of the 

deformed glacial sediments within the study site, where focus is placed on structural analysis 

and interpretation of the clearly visible features (mostly faults and folds). Polished thin sections 

of deformed rhythmites were obtained from Andromedafjellet and Ditlovtoppen. These were 

orientated parallel to the dominant ice flow orientation where possible and were analysed using a 

standard petrographic microscope at low magnification, under plane- and cross-polarised light.

6.3. results 

Previous facies descriptions and interpretations of the Wilsonbreen Formation have been 

made in detail by Fairchild and Hambrey (1984) and are summarised in Harland (1993). For 

the purposes of this thesis, additional facies descriptions and interpretations have been made to 

build on this previous research. Facies are grouped into those showing evidence of soft-sediment 
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deformation versus those that are relatively undeformed. 

6.3.1. Undeformed and associated facies of the Wilsonbreen Formation

The undeformed facies can be subdivided into those from the W3 Member including: (1a) 

diamictite and conglomerate facies and (1b) sandstone facies (summarised in Table 6.1) and the 

W2 Member including: (2a) diamictites and conglomerates, (2b) rhythmites and stromatolite 

facies sheet, (2c) channelised sandstones and conglomerates and (2d) dolocreted sandstones, 

mudstones and evaporites (summarised in Table 6.2).

6.3.1.1. Undeformed facies of the W3 Member

6.3.1.1.1. Diamictite and conglomerate facies (1a)

 Diamictite (Dm, Ds) represents the bulk of the Wilsonbreen Formation. Including 

the diamictites of the deformational facies (Section 6.3.2), they make up over 80% of the 

stratigraphy. This facies is dominated by greenish-grey or maroon, clast-poor, sandy diamictites 

(Fig. 6.3a, b and d); however, clast-rich and sand-poor varieties occur locally. Grains are typically 

poorly sorted and are rounded to angular (predominantly subrounded). 

 Clasts make up between 3-10% of the facies, although all proportions up to gravel is 

present locally. The majority of clast types are considered intrabasinal (60-80%) and can be 

matched with the underlying strata, particularly the Elbobreen and Backlundtoppen Formations 

(dolostone, limestone, chert, breccia and siltstone). The remainder are extrabasinal and some have 

an unknown source area. Of these, coarse-grained pink granites are most common, but other 

granites, basalts, banded gneisses, quartzites and amphibolites are also seen. A wide range of sizes 

are encountered and boulders >80 cm are observed locally. A variety of surface textures can also 

be seen on the clasts. Striations are common on the fine-grained lithologies, affecting up to 28% 

of the clasts and can be orientated randomly or can form subparallel sets. Facets are common 

(affecting up to 50% of clasts) and a carbonate crust is seen locally, irrespective of clast lithology. 
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Facies Description Lithofacies codes Interpretation

Diamictite 
and 

conglomerates
(1a)

Massive and stratified diamictites, consisting of 
poorly-sorted, subangular to subrounded, intrabasinal 
and extrabasinal clasts in a fine-grained sandy
matrix, sometimes with a well-pronounced haematite 
staining. Intercalated with lenses of conglomerate, 
sometimes displaying channel geometries.

Dm
Ds

Gm
Gs
Sm
Ss

Subaqueous deposition from either (i) rainout from a 
high concentration of debris-rich ice bergs or (ii) from 
sediment-laiden efflux jets at close to the grounding line 
of a glacier or ice-sheet. Conglomerate facies represent 
erosional lags or mass flow deposits. In places (e.g. at 
Dracoisen), the sediment architecture suggests 
deposition as a grounding-line fan. 

Lenticular 
and tabular 
sandstones

(1b)

Pale yellow to greenish-grey, moderate- to well-
sorted sandstones, consisting of quartz with minor 
feldspar and lithic fragments. Bed thickness is 
normally 0.1 to 1 metres thick and can display either 
channel-like and lenticular or tabular geometries. 
Rare cross-bedding and ripple lamination.

Sm 
Ss
Dm
Ds
Gm
Gs

Proximal subaqueous deposition through the release of 
debris from subglacial conduits at the grounding-line 
fan, which can progress into subaqueous channels in a 
more distal location. Tabular sandstones interpreted as 
deposition as a subaqueous outwash fan.

table 6.1 – Summary of the lithofacies that make up the undeformed W3 facies.

Dm = Massive diamictite; Ds = Stratified diamictite; Gm = Massive conglomerate; Gs = Stratified conglomerate; dominant lithofacies (in bold); associated 
lithofacies (in italics).
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Wispy lamination

Wispy lamination 
in overlying 
diamictite
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Fig. 6.3 – Field photographs of the typical sediments associated with subaqueous facies associations of the 
W3 Member. (a) Clast-poor muddy diamictite horizon from Reinsryggen, displaying wispy undulating 
sand-rich lamination. (b) Massive maroon, clast-poor intermediate diamictite from Dracoisen showing a 
patch of clast-rich diamicton. (c) Channelised sandstone grey sandstone body cut into massive diamictite 
from Reinsryggen. (d) Massive friable, maroon, clast-rich sandy diamictite from Dracoisen. (e) Lenticular 
conglomerate (mass flow deposit) within massive diamictites forming part of the grounding-line fan at 
Dracoisen.
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The sand fraction is composed of predominantly subangular quartz with minor dolostone, 

mica and other lithic fragments. Heavy minerals are common and are mostly composed of pyrite, 

haematite or magnetite. They often form separate, subangular to rounded grains which suggest 

a detrital origin. This is presumably derived from the weathering and erosion of the igneous and 

metamorphic lithologies; however, secondary growth of haematite and pyrite is seen in places. 

The silt fraction grades into a dolomicrite groundmass with varying proportions of quartz and 

clay minerals. This is commonly obscured by a well-developed haematite staining, particularly 

pronounced in maroon diamictites. 

Bedding is poorly developed and can usually only be seen where diamictites are interbedded 

with associated facies (e.g. conglomerates and sandstones). Where it is seen, bed thickness ranges 

from 2 to 5 metres. Subtle ‘wispy’ stratification is seen in some cases (e.g. Fig. 6.3a). This is 

normally defined by subtle changes in the sand content of the diamictite matrix and is sometimes 

associated with colour change or mottling. 

Conglomerates (Gm, Gs) are commonly associated with the diamictites (e.g. Fig. 6.3e). 

These form either as isolated lenses or continuous sheets up to 50 cm thick. They can be laterally 

extensive and remain fairly uniform in thicknesses, or they can be discontinuous and lenticular in 

form. Some show subtle reverse grading, whilst others have a sharp undulating base with evidence 

of erosion and channel forms. Normal grading into overlying massive diamictites is seen locally. 

The clast fraction (50-90%) is composed of similar lithologies to the diamictites. They are angular 

to rounded (predominantly subrounded), and sorting is poor to medium. The matrix is typically 

a medium to poorly sorted, fine to coarse sand, and is composed predominantly of angular quartz 

grains, sometimes surrounded by a muddy dolomicrite.

Both diamictites and conglomerates are easily traced along sections; however, because of a 

lack of identifiable characteristics, correlation between sections is generally not possible. Where 

two-dimensional exposure exists, beds can show pronounced thickness variation along strike. 

For example, a distinct change in dip is seen within diamictite and conglomerate beds of the W3 

Member at Dracoisen (Fig. 6.4). Above the W2 Member, the beds are seen to dip 10° steeper 
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than the regional bedding and show apparent thickening to the east, along the two-dimensional 

section.

6.3.1.1.2. Sandstone facies (1b)

Pale yellow to greenish-grey, moderate- to well-sorted sandstones (Sm, Ss) make up 4-8% 

of the Wilsonbreen Formation. These are often interbedded with diamictites and form laterally 

continuous sheets or discontinuous lenses (e.g. Fig. 6.3c). Bed thicknesses varies widely, from thin 
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Fig. 6.4 – The grounding-line fan at Dracoisen. (a) Field photograph of grounding-line fan (photo: IJF). 
(b) Interpretative sketch of grounding-line fan rotated to horizontal showing inclined debris flow and 
diamictite beds in the W3 Member.
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(<10 cm) up to several metres. 

Grain size is mostly fine to medium but can be highly variable. Quartz predominates the 

grains in the majority of cases (>95%), defining a quartz arenite, with minor feldspar, dolomite 

and other lithic fragments. Outsized clasts are common and are composed of the same lithologies 

as those contained in the surrounding diamictites. Opaque minerals are observed in thin-

section and are composed predominantly of subrounded grains of haematite and magnetite with 

local development of authigenic pyrite. Both silica and carbonate cements are seen and quartz 

overgrowths are common at grain boundaries. A silty-sand matrix with varying proportions of 

dolomicrite, clay minerals and quartz, sometimes obscured by a haematite cement is also seen in 

places. The proportion of this matrix relative to encompassing grains varies considerably from 

being almost absent up to near greywacke proportions.

Bedding geometry is typically either channel-like and lenticular (e.g. Fig. 6.3c) or laterally 

extensive and planar. The contacts with overlying and underlying diamictites are mostly sharp. 

The channel-like sands display erosive bases that cut into underlying diamictites. A wave-rippled 

top is sometimes developed. Stratification is typically wavy and discontinuous where seen, but can 

be chaotic in places. In addition, both trough and planar cross-stratification is locally developed, 

particularly in the sands displaying channel geometries. 

6.3.1.2. Lithofacies interpretation 

Following the arguments of Hambrey (1982), the presence of laterally extensive diamictites, 

with evidence of both faceted and striated clasts, suggests unequivocally that the debris was 

glacially transported. The occurrence of faceted and striated clasts is generally interpreted to 

represent transportation in the traction zone of a sliding ice mass (e.g. Boulton, 1978). The 

subtle stratification, close association with facies typical of subaqueous deposition and a lack of 

associated subglacial facies (boulder pavements, subglacial and glaciofluvial sands and gravels 

and glaciotectonic deformation) suggest that deposition occurred in a subaqueous glacial 

environment.
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Although stratification occurs locally, the majority of the diamictites are massive with no 

internal structure: a common problem in the interpretation of diamictites (Eyles and Januszczak, 

2004). In a subaqueous interpretation, thick structureless diamictites can be associated with 

deposition through the release of sediment from a high concentration of debris-rich icebergs 

(e.g. Dowdeswell et al., 1994; Syvitski et al., 1996), or from sediment-laden efflux jets close to a 

grounding line. The subtle stratification can be interpreted as the product of minor subaqueous 

current reworking and subsequent removal of fines during rainout deposition of diamictite from 

floating ice. 

Massive conglomerate can be interpreted either as erosional lags or as debris-flow deposits. 

Lags can form in subaqueous environments during periods of non-deposition or times of 

increased bottom water flow. In these situations, finer material can be removed by bottom water 

currents (e.g. Powell, 1984). Within the subaqueous facies associations, conglomerates displaying 

reverse grading and sharp contacts with overlying diamictites are interpreted as lags. In contrast, 

those that have lenticular or channel-like geometries and display grading are interpreted as 

mass flows. These are common in both glaciomarine and glaciolacustrine environments where 

deposition occurs on a slope (Laberg and Vorren, 1995; Eyles and Eyles, 2000; Hambrey and 

McKelvey, 2000). Local slopes can be readily created in such environments, particularly in the 

proximal zone close to the grounding line (Powell, 1990). Here, the emergence of sediment-laden 

jets from subglacial tunnels can result in high rates of deposition. As such, local topographic highs 

and associated slopes can develop at the grounding line. In these settings, sediment remobilisation 

events, such as debris flows, can occur in tectonically quiescent basins where the bathymetry is 

otherwise flat. 

At Dracoisen, the distinctive architecture consisting of thickening beds of diamictite and 

conglomerate towards the south suggests the presence of a grounding-line fan (Fig. 6.4). Here, the 

debris flow deposits can be interpreted as periodic slope failure events that travel down from the 

grounding line. The Interbedded massive diamictites are interpreted through rainout deposition 

from sediment-laden efflux jets that emerge from subglacial channels, combined with background 
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sedimentation from icebergs.

Interbedded sandstones provide further support for a subaqueous interpretation. Channelised 

sandstones (Fig. 6.3c) are a common feature of glacioaqueous deposition (e.g. Le Heron et al., 

2013a) and are particularly associated with the development of grounding-line fans (Powell, 

1990). Here, sorted sands are derived from subglacial channels emerging out of the grounding 

zone. These can build up and develop into a subaqueous outwash fan. Within the sandstone 

facies, the channelised sandstones are interpreted as representing subaqueous channels emerging 

from the grounding line. In places where the sands form more extensive sheet-like geometries, 

deposition as part of a subaqueous outwash fan is interpreted. 

6.3.1.3. Palaeoenvironmental interpretation

Therefore, an ice-marginal, subaqueous glacial landsystem is proposed for the deposition of 

the undeformed W3 Member lithofacies. Deposition is interpreted to have occurred in a location 

proximal to a grounding line for at least part of the time. In this setting, massive diamictites 

form through a combination of rainout from a high concentration of debris-rich icebergs and 

the settling of material from efflux plumes at the grounding line. High rates of sedimentation 

resulted in the development of local palaeoslopes and the formation of a grounding-line fan (Fig. 

6.4). Here, sediment remobilisation events resulted in the emplacement of debris flows deposits. 

In addition, subaqueous currents, possibly created by emerging subglacial or englacial channels, 

resulted in the formation of lag deposits and the associated deposition of lenticular and planar 

sands as subaqueous channel deposits and as part of outwash fans.

6.3.1.4. Undeformed facies of the W2 Member

6.3.1.4.1. Diamictites and conglomerate facies (2a) 

Diamictite (Dm, Ds) and conglomerate (Gs, Gm) (e.g. Fig. 6.5a) are common within the W2 

Member and make up 20 – 60% of the stratigraphy. Diamictite beds can be up to several metres 
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Fig. 6.5 – Field photographs of the typical sediments associated with the W2 Member lithofacies. (a) 
Massive, clast-poor, muddy diamictite (Andromedafjellet). (b) Conglomerate horizon showing large clasts 
of oolitic dolostone, black limestone and red granite in a sandy matrix (Reinsryggen). (c) Stromatolite 
limestone horizon showing domal forms located within a sandstone bed (Dracoisen) (photo: IJF). 
d) Laminated carbonate horizon showing microbial undulations, cut by a minor tectonic fault. (e) 
Undisturbed sand/silt – carbonate rhythmite (Reinsryggen). (f ) Coarse, poorly cemented sandstone with 
well-sorted, well-rounded grains. (g) Buff-yellow, dolocreted vuggy sandstone horizon (Andromedafjellet ). 
(h) Brecciated stromatolitic horizon within fluvial sandstones (Dracoisen) (photo: IJF).
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thick and are interbedded with several facies that are unique to the W2 Member (described 

below). The beds typically display tabular geometries and can be traced laterally along strike. They 

are mostly massive and have sharp contacts with overlying and underlying facies. Conglomerates 

(Gm, Gs) are uncommon within the diamictites but are more typically associated with the 

sandstone lithofacies (2c). Where present, they form discontinuous, isolated layers or lenses that 

are up to 30 cm thick. They are compositionally and texturally similar to the diamictite lithofacies 

(1a) and display an erosive base. 

The diamictite lithofacies of the W2 Member have significantly lower clast-matrix ratios 

(1-5%) compared with the diamictite lithofacies of the W3 Member (1a). In addition, the 

proportion of sand in the matrix is less. As such, the diamictite displays a much more friable 

weathering pattern (Fig. 6.5a). They are almost exclusively maroon, although minor maroon-

grey mottling occurs locally, which is particularly pronounced at the contacts with overlying or 

underlying sand-rich facies. The clasts are up to pebble-sized and larger clasts are virtually absent. 

Despite this, the diamictites are compositionally and texturally very similar to those of the W3 

Member. 

6.3.1.4.2. Rhythmite and stromatolite facies (2b) 

Maroon-brown, rhythmically laminated, sand/silt-carbonate sediments (Fl) are a common 

feature of the W2 Member at all localities (Fig. 6.5e). In some places (e.g. Andromedafjellet), 

they occur interbedded with diamictites. In others, they are associated with sandstone, carbonate 

and stromatolitic facies. At Reinsryggen, a channelised sandstone lens (10 cm) is located within 

the rhythmites which displays a current-rippled top (Fig. 6.2a). Bed thickness is variable, ranging 

from 0.1 to 3 metres, and the geometry is typically planar and laterally continuous, although 

correlation between Reinsryggen and Andromedafjellet (sites 2 km apart) was not possible. Local, 

small-scale intraformational folding and brecciation is also developed.

The rhythmites are typically characterised by alternating layers of silt/sand and carbonate, 

although many variants occur in detail. The thickness of each couplet ranges from <1 mm to 
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Facies Description Lithofacies codes Interpretation

Diamictites
and 

conglomerates
(2a)

Massive, poorly-bedded diamictite with occasional 
conglomerate. Exhibiting distinctly lower clast-
matrix ratios than diamictites of the W3 Member. 
Clasts are poorly-sorted, subangular to subrounded 
and are both intrabasinal and extrabasinal. Clasts sit 
in a fine-grained, sandy matrix, sometimes with a 
well pronounced haematite staining.

Dm
Gm
Gm
Gs
Sm
Ss

Subaqueous deposition during a glacial advance 
phase through the rainout of debris from floating 
ice. Lower clast proportion may suggest smaller, 
more restricted glaciers than those associated with 
the deposition of the diamictites of the subaqueous 
lithofacies (1a). Conglomerates are interpreted as 
lag deposits and infrequent debris flow deposits.

Rhythmites
and 

stromatolites
(2b)

Maroon-brown, rhythmically laminated, sand/silt-
carbonate sediments, displaying alternating layers 
of silt-sand and carbonate <1 mm to 20 mm thick,
consisting of  medium to poorly sorted, subangular 
to subrounded quartz  in a fine-grained, opaque 
dolomicrite matrix. Often associated with 
stromatolitic carbonate displaying distinct domal or 
bulbous structures.

Fm
Fl

Dm
Ds
Sm
Ss

Lacustrine deposition during a glacial retreat phase. 
The lamination reflects daily, meteorological or 
annual variations in sediment discharge into a lake. 
Domal laminated carbonates are interpreted as 
stromatolites, forming in predominantly quiescent 
shallow water conditions or ephemeral streams 
when present in cross stratified sands.

Sheet and 
channelised 

sandstones and 
conglomerates

(2c)

Pale yellow-grey sandstone and conglomerate 
bodies displaying either channel-like and lenticular 
or tabular geometries. Sandstones composed
predominately of sub-angular quartz in a silty
matrix although well-rounded varieties occur 
locally. Rare cross bedding and ripple lamination 
are observed.

Sm 
Ss

Gm
Gs
Dm
Ds

Glaciofluvial deposition in an ice-marginal, 
predominantly terrestrial setting. The channelised 
sandstones reflect deposition from braided streams, 
possibly emerging from the ice margin. Sheet 
sandstones possibly represent outwash sands. Well-
rounded varieties indicate aeolian deposition.

Dolocreted 
sandstones,

mudstones and 
evaporites (2d)

Typically thin (10 cm) intervals occurring within 
sandstone and mudstones where a dolomicrite 
matrix can be readily distinguished. Evaporite  
pseudomorphs are shown by a cm-dm-scale vuggy 
texture, with vugs are lined by dolomite crystals.

Sm 
Ss 
Fl

Fm
Dm
Ds

Following the interpretation of Fairchild et al. 
(1989), the dolocretes and evaporate pseudomorphs 
are interpreted as flooplain deposits. These form 
during glacial retreat phases during periods of 
aridity and increased evaporation.

table 6.2 – Summary of the lithofacies that make up the undeformed W2 facies.

Dm = Massive diamictite; Ds = Stratified diamictite; Gm = Massive conglomerate; Gs = Stratified conglomerate; Sm = Massive sandstone; Ss= Stratified 
sandstone Fm = Massive mudstone/siltstone; Fl = Laminated mudstone/siltstone; dominant lithofacies (in bold); associated lithofacies (in italics).
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20 mm and is quite variable over short vertical distances. At the base of each couplet is a sand-

silt horizon which sometimes displays evidence of loading and an erosional base. The grains are 

predominantly composed of medium to poorly sorted, subangular to subrounded quartz with 

rare lithics and opaque minerals. These sit in a fine-grained, opaque dolomicrite matrix that 

displays a well-developed haematite staining. At the top is a dolomicrite with rare fine sand and 

silt. It displays local normal grading and has a prominent haematite staining at the base, but 

this becomes less prominent towards the top. Lenses of coarse-grained, poorly-sorted sand occur 

locally. These are composed of quartz, lithics and opaque minerals and have loaded bases which 

can be associated with minor, small-scale (<2 cm) synsedimentary faulting. Outsized clasts are 

rare but were observed at several localities. These are seen to puncture the underlying layers but 

overlying layers on-lap. 

Stromatolitic carbonates are seen within the W2 Member at all sites. These form yellowish-

grey to maroon, laminated horizons that are typically associated with the dolomitic sandstones 

(e.g. Fig. 6.5c). The lamination displays distinctive irregular microbial forms (Fig. 6.5d). These 

can form part of larger domal or bulbous structures (Fig. 6.5c) and were observed up to 5 cm in 

diameter. Evidence of brecciation is seen through dispersed centimetre-scale stromatolite flakes in 

overlying cross-bedded sandstones (e.g. Fig. 6.5h). The stromatolites are composed predominantly 

of micrite with varying proportions of sand grains. This sand fraction is composed primarily of 

poorly-sorted, subangular to subrounded quartz, which varies in grain size from coarse to very 

fine. The lamination is formed through the intercalation of layers rich in siliciclastic grains with 

those of a cleaner micrite. The former are commonly associated with minor haematite staining. 

This results in a maroon discoloration that is observed within the encompassing micrite matrix.

6.3.1.4.3. Sheet- and channelised sandstone and conglomerate facies (2c) 

Pale yellow- and grey-weathering sandstone (Sm, Ss) and conglomerates (Gm, Gs) are 

common within the W2 Member (Fig. 6.5b and f ). These display both channelised and sheet-

like geometries and are generally between 0.1 and 1 metres thick. Grain size is predominantly 
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medium to coarse but grades into the associated pebbly sandstones and conglomerates in places 

(Fig. 6.5b). The grains are composed primarily of subrounded to subangular quartz with minor 

feldspar and lithic fragments in a fine-grained matrix. In comparison with subaqueous sandstones 

of the W3 Member, the ratio of grains to matrix is considerably lower. Conglomerates are similar 

in texture and composition to those seen elsewhere.

In places, these sands form distinct lenses with channel geometries. Here, an erosive base 

is seen with occasional lags. Trough cross-stratification is common as well as smaller scale 

uni-directional cross-lamination. Outsized clasts are prevalent, typically constituting <5% of 

the sediment although this is higher in some areas and can shown normal grading. In places, 

particularly where sands overlie or are positioned adjacent to stromatolitic lithologies, intraclasts 

of stromatolitic carbonate are common. A small channelised sandstone body with a current-

rippled top was identified within rhythmites at Reinsryggen (Fig. 6.2a). In other areas sandstones 

are observed to form laterally extensive, sheet-like geometries up to 2 metres thick. The structure 

can be massive, planar-stratified and cross-stratified. At the Ditlovtoppen section, medium to 

well-sorted, cross-bedded sheet sandstones were observed that display medium to well-rounded, 

frosted grains.

6.3.1.4.4. Dolocreted sandstone, mudstone and evaporite facies (2d) 

Dolocreted sandstones (Sm, Ss) and mudstones (Fm) (e.g. Fig. 6.5g), originally identified and 

described in detail by Fairchild et al. (1989), can be identified as a separate facies occurring within 

sandstones or within discrete beds within siltstones. Dolocreted units are typically thin (10 cm) 

and can form at multiple intervals within a bed. The sand fraction is typically compositionally 

similar to those associated with facies 1a, but dolocreted sandstones can be readily distinguished 

by the presence of a dolomite-rich matrix in which skeletal grains can float freely. 

Beds of maroon friable mudstone occur locally. These are up to 1 metre thick and are 

commonly intercalated with thin sandstone units. They are typically composed of a dolomicrite 

with varying proportions of quartz, clay minerals and lithics and are similar in appearance and 



Chapter 6 - Late Cryogenian glaciotectonism

175

composition to the matrix of the diamictite lithofacies (2a). Discrete dolocreted horizons occur 

locally where displacive dolomite is observed. These can display a concretionary appearance with a 

compaction drape of surrounding mudstones. In places, a cm-dm-scale vuggy texture is observed. 

These vugs are lined by dolomite crystals. A similar vuggy texture is also seen at certain intervals 

within the rhythmites and sandstones. A distinctive metre-scale unit of stromatolitic dolomite and 

dolocreted sandstone, that displays a brecciated base, is seen at Dracoisen. This was interpreted 

by Fairchild et al. (1989) as an evaporite dissolution breccia. It has possibly the heaviest oxygen 

isotope signatures in the geological record (Bao et al., 2009) and the dolocretes likewise typically 

have heavier oxygen isotope compositions than non-glacial Neoproterozoic dolomites.

6.3.1.5. Lithofacies interpretation 

The diamictites and conglomerate lithofacies seen within the W2 Member are lithologically 

similar to those associated within the diamictite and conglomerate lithofacies of the W3 

Member (1a). These probably formed in a similar way, in a subaqueous environment, through 

predominantly rainout process. The appearance of such facies suggests that the glacial input into 

the basin continued during the deposition W2. However, the presence of other facies such as 

stromatolitic carbonates and rhythmically laminated sediments with no outsized clasts suggest 

that sustained ice-free periods existed during deposition. 

The carbonate bearing lithologies of the W2 Member were extensively investigated by 

Fairchild et al. (1989) who made detailed comparisons with the hyperarid McMurdo Dry Valleys 

of Antarctica. The carbonate-siliciclastic couplets were regarded as a diagnostically lacustrine style 

of sedimentation. The heavy oxygen isotope values in the dolomitic facies were used as evidence 

for strongly evaporative conditions in a lacustrine environment. The identification of dolocretes 

and collapse brecciation provide further support for evaporative conditions. Channelised 

sandstone and conglomerates are consistent with fluvial and glaciofluvial deposition under 

terrestrial conditions.
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6.3.1.6. Palaeoenvironmental interpretation

Therefore, an ice-marginal pro-glacial and glaciolacustrine landsystem is proposed following 

the interpretations of Fairchild and Hambrey (1984) and Fairchild et al. (1989). In this scenario, 

diamictites and conglomerates formed during glacial advance phases. The lower clast composition 

of diamictites could suggest that the contribution of clasts through ice-rafting is lower than that 

of the W3 Member facies. This may indicate that a lower density of icebergs were present which 

were possibly related to smaller, more restricted glaciers. 

Rhythmites and stromatolites presumably represent glacial retreat phases, but the presence of 

rare till pellets and outsized clasts, interpreted as dropstones, suggest that glaciers not completely 

removed from the landsystem. Deposition occurred under predominantly stable, shallow-water 

conditions which allowed the development of stromatolites and rhythmites. Periodic aridity 

resulted in the formation of evaporites, dolocretes and floodplain muds. During this, proglacial 

streams, possible draining from the ice margin, resulted in the deposition of channelised and 

sheet-like sands and gravels as glaciofluvial deposits. The identification of cross-bedded, medium 

to well-sorted sands with frosted grains may, in addition, indicate possible aeolian deposition.

The intercalation of these lithofacies associations suggests that the deposition was highly 

variable. Similar, variability within glacial secessions have been observed in other Cryogenian 

glacial deposits (e.g. Allen and Etienne, 2008; Le Heron et al., 2011; Le Heron et al., 2013b) and 

could be interpreted as the waxing and waning of glaciers or ice sheets.

6.3.2. Deformational facies associations

The Deformational Facies Associations (Fig. 6.6 and Table 6.3) are observed immediately 

above the W2 Member at Reinsryggen, Ditlovtoppen and Andromedafjellet, but are absent 

from Dracoisen. They can be subdivided into: (3a) deformed rhythmites, (3b) diamictites, (3c) 

sandstones and conglomerates and (3d) boulder pavements.
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6.3.2.1. Facies description

6.3.2.1.1. Deformed rhythmite facies (3a)

Evidence for extensive disruption and deformation of rhythmites are seen at Ditlovtoppen 

and Andromedafjellet in the uppermost part of the W2 Member, at the boundary with the W3 

Member. The deformed rhythmites display extensive folding and faulting at both micro and 

i) j)

k) l)

Recumbent folding of yellow 
rhythmites

Isoclinal, recumbent folds 
within maroon rhythmites

Normal faulting of 
maroon rhythmites

Dropstone

2 cm carbonate 
lamina

Glaciotectonic thrust fault

Folded rhythmites

Brecciation of carbonate 
layers at core of fold

10 cm

15 cm

20 cm

5 cm

Fig. 6.6 – Field photographs of the typical sediments associated with the deformational facies associations: 
(a) is from Reinsryggen, (b)-(k) are from Ditlovtoppen and (l) is from Andromedafjellet. (a) Clast of black 
limestone from a massive diamictite bed showing a faceted, polished surface with several sets of striations. 
(b) Boulder pavement showing a large faceted granite clast overlain by mottled, friable diamictite (photo: 
DB). (c) Subglacial diamictite showing large, faceted dolostone clast within a massive diamictite bed with 
a fold picked out by mottling, overlain by massive diamictite (photo: MJH). (d) Subglacial diamictite beds 
with horizon displaying mottling in sheared horizons (photo: IJF). (e) Deformed rafts rhythmite from 
the W2 Member within massive friable diamictite (photo: DB). (f ) Inclined fold at the top of deformed 
rhythmites displaying brecciation of individual carbonate lamina (photo: IJF). (g) Glaciotectonic thrust 
at the W2/W3 Member transition, showing partial raft formation (photo: MJH). (h) Folded and faulted 
rhythmite overlain by friable diamictites of the W3 Member (photo: MJH). (i) Recumbent fold with 
rhythmites with smaller-scale parasitic folds (photo: IJF). (j) Glaciotectonic thrust fault within deformed 
rhythmites (photo: DB). (k) Isoclinal recumbent folding with maroon rhythmites (photo: DB). (l) Steeply 
dipping normal faults causing displacement of a 2 cm carbonate lamina within deformed rhythmites. 
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Facies Description Lithofacies codes Interpretation

Deformed 
rhythmites 

(3a)

Intercalated silt-sand-carbonate rhythmites exhibiting 
both ductile (recumbent folds) and brittle (normal 
and reverse offset faulting and brecciation) 
deformation. Exhibits an increase in intensity of 
deformation towards the top. Often overlain by 
massive diamictite with intraclasts and lenses of the 
underlying rhythmite.

Fl(d)
Dm

Dm(d)
Fl

Quiescent subaqueous sedimentation during an ice retreat 
phase. Overridden by grounded ice during an ice advance 
phase and glaciotectonised by an ice advance to the north. 
The increase in apparent deformation reflects strain 
profile through the sediment. Rhythmite lenses are 
interpreted as rafts, dislocated from underlying sediments 
and emplaced within a subglacial till.

Diamictites
(3b)

Massive diamictite, occasionally exhibiting deformed 
stratification (Fig. 8b) showing strong, consistent 
clast fabric and AMS fabrics. Predominantly sub-
rounded to SA clasts (low Ra-RWR, Fig. 11). Often 
associated with lenticular sandstone and 
conglomerate (below).

Dm
Dm(d)
Sm(d)
Ss(d)
Fl(d)
Fm(d)

Subglacial debris originating through subglacial erosion 
and transportation. When associated with other subglacial 
facies, massive diamictites are interpreted as subglacial 
tills deposited by grounded ice. If associated with glacio-
aqueous facies it may also form in subaqueous 
environment.

Lenticular 
sandstones

and 
conglomerates

(3c)

Lens shaped sandstone and conglomerate bodies (<1
m – 5 m thick) occurring with massive diamictite. 
Sometimes show internal stratification with cross-
stratification and rare climbing ripples. Commonly 
show visible disruption around margin such as 
folding and faulting. Surrounding diamictite often 
envelops the lens.

Gm(d), Gs(d)
Sm(d), Ss(d)

Fl(d)
Fm(d)
Dm

Dm(d)

Subglacial channel deposits during ice-grounding. 
Deposits may have initially eroded into underlying 
sediments as Nye channels. Subsequently deformed and 
sheared during as part of the subglacial till mosaic.

Boulder 
pavements

(3d)

Prominent surfaces within otherwise massive 
diamictites containing a high proportion of large 
(>10 cm diameter) clasts with consistent striations 
(NW-SE). Clasts commonly display stoss-and-lee 
forms, often with a facetted upper surface. Strong, 
consistent AMS and clast fabrics.

Gm
Dm

Dm(d)

Formed through subglacial deposition and erosion by 
either (i) a period of erosion at the ice-bed interface and 
faceting and realignment of clasts because of the 
overriding ice, or (ii) decoupling within the bed at a
décollement surface, within sediment.

table 6.3 – Summary of the lithofacies that make up the deformational facies association.

Dm = Massive diamictite; Ds = Stratified diamictite; Gm = Massive conglomerate; Gs = Stratified conglomerate; Sm = Massive sandstone; Ss= Stratified 
sandstone Fm = Massive mudstone/siltstone; Fl = laminated mudstone/siltstone; (d) =deformed; dominant lithofacies (in bold); associated lithofacies (in 
italics).
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macroscopic scales, but they otherwise compositionally and texturally correspond well to the 

undisturbed rhythmites of the undeformed W2 Member facies. At Ditlovtoppen, a 2 metre-

thick zone of deformed rhythmites are observed which pass into overlying diamictites of the 

W3 Member (Fig. 6.6h). The deformed zone can be traced 200 metres laterally along strike and 

is exposed on several buttresses. Deformed rhythmites are also seen at Andromedafjellet in a 1 

metre-thick zone that is located beneath massive maroon diamictites of the W3 Member. The 

rhythmites are composed of 2–10 mm silt/sand – carbonate couplets with a slightly greater sand 

fraction than those at Ditlovtoppen. 

6.3.2.1.2. Diamictites facies (3b)

Massive diamictites (Dm) are commonly associated with the deformational facies associations. 

They are typically located immediately above the W2 Member at Reinsryggen, Andromedafjellet 

and Ditlovtoppen but are also seen higher in the succession at Reinsryggen and Andromedafjellet. 

Diamictites of the deformational facies association are similar both compositionally and texturally 

to the diamictites of a subaqueous origin. They are composed of a poorly sorted mix of clasts 

(both intrabasinal and extrabasinal) in a matrix dominated by fine-medium quartz, with minor 

lithics. However, differences can be seen through subtle textures and fabric and by their close 

association with the other deformational facies associations. 

Clast-matrix ratios and composition are variable, but both ratios and the proportion of 

extrabasinal clasts are typically higher than in the diamictite lithofacies of the undeformed W3 

Member. At Ditlovtoppen, for example, a granite-rich horizon is seen in diamictites above the 

W2 Member with a clast-matrix ratio above 40%. The clasts consist predominantly of granule- to 

pebble-sized, subangular to subrounded red granites. Immediately overlying deformed rhythmites 

of the W2 Member at the same section, diamictites contain subangular fragments of rhythmite 

and carbonate. Diamictites of the deformational facies association commonly display a fissile 

weathering pattern and are almost exclusively maroon, although mottling occurs locally (e.g. Fig. 

6.6c and d); in other cases, the diamictites are massive. Diamictites of the deformational facies are 
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commonly associated with deformed lenses of sandstone and conglomerate (3c).

6.3.2.1.3. Sandstone and conglomerate facies (3c)

Occurring within the diamictites are lenses of maroon and pale yellow-grey sandstone (Sm, 

Ss) and conglomerate bodies (Gs, Gm). These are generally less than 2 metres in diameter but are 

locally up to 25 metres (Fig. 6.8). The sandstone is predominantly medium grained; however, the 

lenses are locally much finer. In addition, conglomerates occur locally, either as isolated lenses or 

as dispersed clasts within sandstone lenses. Sands are typically poorly sorted and are dominated by 

subangular to subrounded grains of quartz, lithic fragments and opaque minerals in a fine-grained 

matrix of varying proportions (5 - 20%).

Contacts with surrounding diamictites are typically sharp, although a 5 cm-thick reduced 

zone is seen occasionally within the maroon diamictite that envelops the lenses. The structure is 

either massive or can display subtle stratification (Fig. 6.8c). This is commonly seen to be folded 

and faulted. Some lenses appear less deformed and display subtle cross lamination with rare 

climbing ripples (Fig. 6.8d). At Reinsryggen, small (2 - 4 metres wide) deformed sandstone lenses 

are overlain by a large 10 metre-wide sandstone body (Fig. 6.8). This has a distinctive erosive base 

and truncated top at the boundary with a nascent boulder pavement (Fig. 6.8a).

6.3.2.1.4. Boulder pavements (3d)

Boulder pavements occur at two localities within the Wilsonbreen Formation. At 

Ditlovtoppen (Fig. 6.7), a distinct boulder pavement is seen 2 metres above the contact with 

deformed rhythmites of the W2 Member. It is composed of a boulder conglomerate with clasts 

predominantly 10-20 cm, but up to 50 cm in diameter. Clast lithologies are mostly dolostone, 

but other intrabasinals and extrabasinals are present. They are clast-supported but sit in maroon 

sandy matrix that is composed of fine-grained, subangular quartz and lithics in a silty-sand 

matrix. Clasts at the top surface of the pavement show a faceted top. On which, unidirectional 

striations are present that are orientated parallel to the bedding plane and trend at 130° to 72°. 
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Overlying the boulder pavement is a massive, maroon diamictite which has similar compositional 

and textural characteristics to the diamictites of the deformational facies association (3b). 25 

metres along strike, the boulder pavement changes to a granite-rich horizon that contains clasts 

concentrations of over 30%.

A similar boulder pavement is seen at Reinsryggen (Fig. 6.8), occurring 30 metres above the 

contact with the W2 Member. In contrast to the boulder pavement at Ditlovtoppen, the clasts 

are matrix-supported and concentrations are distinctly lower (10%). The clasts sit in a maroon 

sandy diamictite with a silty-sand matrix which has the same composition as that from diamictites 

of the deformational facies association (3b). 40 metres along-strike to the north, the boulder 

pavement lies at the top of a 30 metres wide channelised maroon sandstone body composed of 

poorly-sorted, fine-grained subangular quartz. Clasts show a faceted top surface (Fig. 6.8b), but 

striations were not observed at this locality.

N
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Above boulder pavement

Below boulder pavement

Boulder pavement

Friable sheared diamictite

Sandy diamictite

Striations
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c) i) ii)
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P  = 1.016j
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Fig. 6.7 – The boulder pavement at Ditlovtoppen. (a) Field photograph of the boulder pavement 
showing faceted, striated clasts overlain by friable diamictite (photo: MJH). Equal-area, lower-hemisphere 
stereonets from (b) above the boulder pavement and (c) below the boulder pavement showing (i) AMS 
results and (ii) clast fabric orientations.
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Fig. 6.8 – Interpretative sketch and photographs of deformational facies associations at Andromedafjellet. (a) Field photograph and subsequent interpretative sketch displaying a boulder pavement overlying a subglacial diamictite with lenticular 
sands and channel structures. (b) Faceted granite clast at the top of a clast-poor boulder pavement, overlain by massive maroon diamictite. (c) Conjugate faulting and folding of wispy lamination surrounding a sandstone lens. (d) Sandstone lens 
with displaying disrupted, overturned cross-stratification. 
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6.3.2.2. Clast shape analysis of diamictites

Figure 6.9 shows the results from systematic clast shape analysis of massive diamictites from 

the Wilsonbreen Formation. Ternary shape diagrams and roundness histograms for the massive 

diamictites of the W2 and W3 Members are shown in Figure 6.9b. The C40 index, defined by 

the percentage of clasts with c:a ratios ≤ 0.4, is seen to be relatively low, ranging from 28% to 

60%. This therefore indicates that a large proportion of the clasts are can be defined as ‘blocky’ 

as opposed to platy or elongate. In all sites, the majority of the clasts sit in the subangular to 

subrounded realm. Very angular and well-rounded clasts are rare or absent in all cases. The clast 

shape results of massive diamictite of the deformational facies associations (Fig. 6.9bii, iv, vi and 

viii) do not show any distinct difference in clast shape when compared to massive diamictites 

from the undeformed facies of the W3 Member (Fig. 6.9bi, iii, v and vi).

Covariance plots of RWR-C40 and RA-C40 for massive diamictites are shown in Figure 6.9c. 

A close spread of data is seen in both plots which reflect the consistent low to medium C40 

values and very low RA and RWR values at all sites. Figure 6.9d shows the results from modern 

control sites at polythermal Svalbard glaciers (Fig. 6.9di) and cold Antarctic glaciers (Fig. 6.9dii) 

(Hambrey and Glasser, 2012). As a general rule, in warm and polythermal glaciers, clasts that 

have been derived through supraglacial transport paths typically display high C40 and RA, but low 

RWR values. In contrast, clasts derived through subglacial transport paths typically display low 

C40 and RA values and low RWR values. Finally clasts, derived through fluvial transport pathways 

typically display medium C40, low RA and medium RWR values. Within the Wilsonbreen 

Formation, the clasts plot within the subglacial realm. This suggests that the clasts have been 

derived through subglacial pathways.

6.3.2.3. Macrostructural analysis

The rhythmites of the deformation facies association (3a) display a variety of soft-sediment 

deformation features at the macroscopic (outcrop) scale through the occurrence of folding and 

faulting (Fig. 6.10). An increase in intensity of deformation is seen towards the top, and the 
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Fig. 6.9 – Clast morphological data. (a) Visual representation of triangular diagrams showing blocky, platy 
and elongate end members (after Benn and Ballantyne, 1993). (b) Clast shape (triangular diagrams) and 
roundness (histograms) data for massive diamictites from the Wilsonbreen Formation. (c) Covariance plots 
for all data from the Wilsonbreen Formation and (d) Modern control sites for comparison (after Hambrey 
and Glasser, 2012) showing variation in RA vs. C40-index from (i) polythermal glaciers in Svalbard (Midre 
Lovénbreen, Austre Lovénbreen and Austre Brøggerbreen) (ii) cold glaciers in Antarctica (Antarctic Dry 
Valleys and James Ross Island).
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rhythmites pass into massive diamictites (3b). At the base of the facies, deformation is typically 

small-scale and is characterised by the occurrence of conjugate faults, showing both low-angle and 

high-angle reverse offset. Some display possible Riedel shear geometries (Riedel, 1929) (e.g. Fig. 

6.11b). The offset along faults is typically low (up to several cm). In addition, small-scale thrust-

faults and augen-like structures are seen.

The offset along conjugate brittle faults and thrusts increases upwards in the section towards 

the boundary with the diamictite. Larger-scale recumbent folds are seen on the 0.2-1 metre scale 

(Fig. 6.6f, i and k). Smaller-scale parasitic folding is sometimes seen on fold limbs. Fold vergence 

is typically to the north, although precise measurement is typically not possible because of a lack 

of three-dimensional exposure. Larger-scale thrusts are also observed showing displacement of 50 

cm and over (Fig. 6.6g and j), and southerly dips prevail.

The boundary with the overlying diamictites is typically transitional. At the top of the 

deformed rhythmites, north-verging, low-angle reverse faults are observed (Fig. 6.6g and j), some 

showing displacement over 1 metre. At Ditlovtoppen (Fig. 6.10a and b), dolomite rafts occur at 

the boundary between the diamictites and the rhythmites, showing internal folding and faulting 

and brecciation e.g. (Fig. 6.10b). In places, overlying diamictites are seen to envelop 0.5–2 metre 

lenses of deformed rhythmite (Fig. 6.6e).

Diamictites of the deformational facies association are typically similar in structure to those 

of a subaqueous origin (1a). The key difference is the close relationship of other deformed 

facies within the deformed facies association and the presences of rafts of underlying units and 

deformed lenses. For examples, at Reinsryggen (Fig. 6.8) the diamictites beneath the boulder 

pavement contain deformed lenses of sandstone and conglomerate bodies (e.g. Fig. 6.8 c and d). 

The surrounding diamictite displays a weak fabric that appears to envelope the lens structure. 

Wispy lamination is sometimes seen immediately surrounding the lenses, showing evidence 

for small-scale folding and faulting (Fig. 6.8c). The sandstone lenses themselves are massive 

or stratified. If present, the stratification is commonly undulating and folded and faulting is 

common, especially at the margins of the lenses. 
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Fig. 6.10 – Interpretative sketches of deformational structures at the W2-W3 Member transition at 
Ditlovtoppen. (a) Deformed rhythmite showing conjugate, brittle faulting becoming progressively 
brecciated and disrupted towards the top. Overlain by a deformed dolostone raft with internal faulting and 
brecciation that passes into a subglacial diamictite. (b) Deformed rhythmites with rafts becoming detached 
and becoming incorporated into the overlying subglacial diamictite with sheared lenses of siltstone and 
sandstone.
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6.3.2.4. Microstructural analysis 

Evidence of intense folding and faulting in the deformed rhythmite facies is also seen 

microscopically (Fig. 6.12). Deformation has taken place in both brittle and ductile manners. 

This is determined in part by the composition. Rhythmite couplets composed of carbonate 

display brittle deformation, often breaking into fragments separated by faults (Fig. 6.12a and b). 

In contrast, the silt-sand component of the rhythmite is seen to behave in a ductile manor and is 

commonly folded and fills in the space between the carbonate layers. This is clearly seen in Figure 

6.12b where the rhythmite displays a close monocline structure. At a large scale, the bed appears 

to be folded; however, microscopic analysis reveals that the folding is partially facilitated through 

faulting. Brittle deformation has occurred within the carbonate lamella which produces tabular 

fragments, whilst the silt-sand fraction has undergone predominantly ductile deformation.

Faulting within the deformed rhythmites can appear chaotic in places (e.g. Fig. 6.12a) and 

the analysis of fault kinematics can be difficult; however, high-angle reverse faults and low-angle 

normal faults (Fig. 6.12d) dipping to the south are common. These could be interpreted as R1 and 

R2 Riedel shear geometries, associated with shear to the north. Low-angle thrusts are also present 

typically dipping to the south (Fig. 6.12a). In places at the boundaries between faulted carbonate 

laminae, a network of sand-filled veins can be observed microscopically (e.g. Fig. 6.12b). Sand 

within these veins has the same composition as the silt-sand component of the rhythmite couplet, 

but typically contains less of the silt fraction. 

An increase in the amount of folding and faulting is seen up to the boundary with the 

overlying diamictite. Figure 6.12d shows a highly deformed rhythmite taken from close to this 

boundary at Andromedafjellet. Sand within the rhythmites displays an augen-like geometry with 

asymmetric tails suggesting shear to the north. On either side of this augen structure, a low-angle 

shear zone dipping to the north separates the augen from the surrounding sandy lamination. 
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Site Lithology Location Unit Bedding Dip No Km (SI) L F Pj T
DC2 79.2055 18.4020 Diamictite Dracoisen W1 343 51 18 336 350 31 32 11 122 48 32 20 243 25 21 12 1.003 1.005 1.008 0.273
DC5 79.2057 18.4056 Carbonate Dracoisen W2 341 51 6 123 194 6 51 9 106 16 51 17 308 73 21 13 1.001 1.002 1.003 0.09
DC57 79.2153 18.3980 Diamictite Dracoisen W3 334 43 10 272 132 28 27 7 27 26 27 15 261 50 16 7 1.004 1.006 1.01 0.251
DC6 79.2056 18.4073 Rhythmites Dracoisen W2 341 51 11 188 131 38 62 17 20 25 62 23 266 43 27 15 1.002 1.024 1.026 -0.844
DC61 79.2153 18.3979 Diamictite Dracoisen W2 341 51 17 198 151 22 16 7 50 25 22 16 277 55 23 5 1.004 1.008 1.013 0.299
DC62 79.2153 18.3979 Diamictite Dracoisen W3 341 51 10 216 355 4 24 13 86 17 26 15 254 73 22 9 1.004 1.009 1.014 0.448
DC63 79.2153 18.3982 Diamictite Dracoisen W3 341 51 18 260 9 25 25 6 133 40 24 7 254 32 7 6 1.002 1.011 1.015 0.657
DC65 79.2151 18.4003 Diamictite Dracoisen W3 330 46 18 50 23 47 41 15 114 2 45 35 206 43 40 17 1.003 1.002 1.005 -0.096
DC7 79.2058 18.4082 Carbonate Dracoisen W3 341 51 11 239 123 2 64 9 33 3 64 14 239 87 20 8 1.002 1.009 1.012 0.663
DF25 79.0816 18.4104 Diamictite Ditlovtoppen W3 004 42 15 357 133 50 62 10 3 29 62 15 258 26 17 11 1.001 1.021 1.025 0.9
DF26 79.0815 18.4103 Diamictite Ditlovtoppen W3 001 30 9 368 176 17 30 9 75 34 30 10 288 51 10 9 1.004 1.015 1.021 0.557
DF29 79.0809 18.4079 Rhythmites Ditlovtoppen W2 003 30 15 197 146 20 39 3 46 26 39 5 269 56 11 3 1.002 1.029 1.035 0.881
DF30 79.0809 18.4079 Rhythmites Ditlovtoppen W2 003 30 13 147 174 10 8 2 78 28 9 3 282 60 5 2 1.004 1.036 1.045 0.799
DF31 79.0807 18.4077 Diamictite Ditlovtoppen W3 002 39 16 395 139 38 37 8 31 21 38 15 279 45 17 7 1.004 1.012 1.016 0.536
DF32 79.0807 18.4077 Diamictite Ditlovtoppen W3 002 39 11 446 98 44 57 16 189 1 57 16 280 46 17 16 1.003 1.009 1.013 0.477
DFB2A 79.0819 18.4093 Diamictite Ditlovtoppen W2 004 42 7 186 159 34 15 2 29 43 15 12 269 28 12 2 1.004 1.008 1.012 0.396
DFB4D 79.0833 18.4129 Rhythmites Ditlovtoppen W2 004 42 12 435 351 14 16 7 92 40 25 7 256 47 25 10 1.007 1.005 1.011 -0.152
DFB4F 79.0833 18.4129 Rhythmites Ditlovtoppen W2 004 42 8 579 186 11 44 7 86 39 44 9 289 49 12 7 1.004 1.023 10.29 0.676
EFA121 78.9528 18.4257 Sandstone Andromedafjellet W2 253 40 12 171 263 42 16 4 160 14 16 7 55 45 7 5 1.005 1.003 1.008 -0.273
EFA128 78.9528 18.4257 Diamictite Andromedafjellet W3 251 40 7 409 154 24 16 3 259 30 15 2 32 50 4 2 1.005 1.02 1.027 0.578
EFA146 78.9528 18.4257 Diamictite Andromedafjellet W3 251 40 11 561 190 22 12 6 296 34 13 6 74 48 9 5 1.008 1.01 1.018 0.108
EFA10 78.9383 18.4281 Sandstone Reinsryggen W3 256 40 9 496 322 18 14 4 222 27 16 6 82 57 10 5 1.006 1.011 1.018 0.261
EFA103 78.9383 18.4325 Diamictite Reinsryggen W3 256 40 12 533 298 12 12 5 31 13 16 12 165 74 16 4 1.013 1.017 1.031 0.116
EFA92 78.9383 18.4325 Diamictite Reinsryggen W3 253 40 11 227 190 17 7 5 287 20 7 5 64 63 6 4 1.007 1.008 1.015 0.087

Lat/long K1 K 1  95% Error K2 K 2  95% Error K3 K 3  95% Error

table 6.4 - Mean site AMS data. No = number of samples; Km = mean susceptibility; K1, K2, K3 = orientations (declination and inclination) of the principal 
susceptibility axes with 95% confidence ellipses; L = lineation (L = K1/K2); F = foliation (F= k2/k3); Pj = anisotropy degree; T = shape parameter; Fabric = whether 
the fabric can be classified as ‘normal’ (K3 perpendicular, K1/K2 parallel to the bedding plane), ‘inverse’ (K1 perpendicular and K2/K3 parallel to the bedding plane) or 
anomalous (K1/K2 deviation by >25° from bedding).
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6.3.2.5. AMS and clast fabric analysis

6.3.2.5.1. AMS fabric 

AMS results (Table 6.4) are shown on lower-hemisphere, equal-area stereographic projections 

(Fig. 6.2) linked to the corresponding locations on the log from where the samples were taken. 

In Chapter 5, it was shown that, in most samples, the AMS was controlled by paramagnetic 

minerals. A minor anomalous SD ferromagnetic source was identified in some samples (Chapter 

5, Section 5.8.2) and were omitted from subsequent analysis. Samples are typically oblate to 

triaxial with a mean corrected anisotropy degree (Pj) of 1.011 (Table 6.4). The mean AMS 

orientations from samples within the study area at all sites are shown in Figure 6.13a. The 

mean (K1) plunges gently (5°) to the SSE at a mean azimuth of 158°, and the mean minimum 

susceptibility axis (K3) is subvertical (85° to 325°), defining the pole to the magnetic foliation (K1-

K2 plane), whilst the mean intermediate susceptibility axis (k2) plunges gently to the NNE (01° to 

068°). 

 Variation in azimuth of the mean K1 axes is seen within the stratigraphic section at some 

sites. For example, at Ditlovtoppen (Fig. 6.2c) a possible shift in fabric orientation is seen. AMS 

fabrics at the top of the W2 Member typically lie in a north-south orientation, whilst higher in 

the sequence a shift is seen to predominantly NW-SE orientated K1 azimuths. In spite of this local 

variation, the dominant fabric trend lies in a north-south orientation at all sections. 

In addition, the AMS fabric is shown from diamictites associated with the boulder pavements 

(Fig. 6.7 and 6.8). Figure 6.8 shows the AMS fabric from above and below the boulder pavement 

at Dracoisen. Here, the AMS K1 lineations is completely parallel to both the c-axis clast fabric 

orientation and the trend of striations (mean K1 = 10°/122°). Sample DF31, from below the 

boulder pavement, has a slightly stronger anisotropy (Pj = 1.016) and degree of clustering than 

sample DF32 from above the boulder pavement (Pj = 1.013). The AMS fabrics associated with 

the boulder pavement at Reinsryggen are shown in Figure 6.8. Here, the AMS lineation trends 

07° to 020° beneath the pavement but switches to 12° to 307° above the pavement.
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Fig. 6.11 – Interpretative sketches of hand specimens from the deformed rhythmites at Andromedafjellet. 
(a) South-verging thrust fault with pop-up structures within a mottled silt/sand – carbonate rhythmite. (b) 
Predominantly ductile deformation in low-carbonate rhythmites, showing inclined boudinaged lamination 
cut by low-angle normal faults and shear zones dipping to the north, and high-angle reverse faults dipping 
to the south. (c) Extensive brittle and ductile deformation of rhythmites dominated by north-dipping, 
low-angle normal faults.
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 The mean AMS for samples taken from subaqueous facies and deformational facies 

associations are shown in Figure 6.14. In the AMS fabrics taken from the subaqueous facies 

associations (Fig. 6.14b), K1 trends at 10° to 160° and k3 trends 80° to 342°. The corrective 

anisotropy degree (Pj) is 1.011, but considerable variation occurs between sites. The mean trend 

of the deformational facies association (Fig. 6.14a) is almost parallel. Here, K1 trends at 01° to 

157° and K3 trends 88° to 273°, and the mean anisotropy degree is slightly higher (Pj=1.014), but 

the overall fabric patterns are very similar and show consistent orientations (Fig. 6.2).

6.3.2.5.2. Clast fabric 

Clast fabric data, corrected for regional tilt, are shown in Figure 6.2 with reference to the 

location on the log from which the sample was taken. The mean directions are shown in Figure 

6.13. In all cases, the V1/V2 plane lies parallel or almost parallel to the bedding plane. In the 

majority of cases, the clast fabrics show good correlation with the AMS fabrics. At Ditlovtoppen 

for example (Fig. 6.2c), the same shift in trend is seen from predominantly north-south to NW-

SE upwards in the sequence. Here, the mean long-axis clast vector (V1) trends at 03° to 158° 

at almost the exact same orientation as the mean K1 AMS vector (Fig. 6.13). Eigenvalues are 

typically high, ranging from 0.5 to 0.7 (Table 6.5).

6.4. Interpretation of deformational lithofacies

6.4.1. Origin of the deformational structures

The facies that show evidence for deformation can be grouped into a deformational facies 

association (summarised in Fig. 6.15 and Table 6.3). The style of deformation within the 

Wilsonbreen Formation shows strong evidence for being primary; however, tectonic deformation 

can result in the production of sometimes similar structures. The interpretation of such structures 

can be difficult in situations where both tectonic and soft-sediment deformation has occurred 

(e.g. Williams et al., 1969). As such, the possibility of tectonic deformation must first be 
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Fig. 6.12 – Microstructural analysis of deformed rhythmites. (a) Recumbent fold structure in faulted 
rhythmites, Ditlovtoppen. (b) Recumbent fold within deformed rhythmite at Ditlovtoppen showing 
brittle deformation and brecciation of carbonate horizons and ductile flow of sand-silt horizons, with sand-
filled veins interpreted as hydrofractures cutting brecciated carbonate horizons. (c) Conjugate faulting in 
deformed rhythmites from Andromedafjellet. (d) Intense deformation from rhythmites at the boundary 
with overlying diamictite from Andromedafjellet displaying augen-like silty sand lens cut by low-angle 
shear zones. 
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discounted.

Within the Wilsonbreen Formation, a tectonic origin can be ruled out for several reasons. The 

deformation is localised and does not cross-cut beds. It occurs within distinct horizons where, 

based on sedimentary structures, a relationship to depositional processes can be demonstrated. 

Furthermore, the deformation is not dependent on lithology but varies stratigraphically through 

the section. For example, both deformed and undeformed rhythmite varieties are seen at different 

stratigraphic levels. Finally, although the rocks have been folded into a syncline during the 

Caledonian Orogeny, pervasive tectonic deformation is absent and there is no associated cleavage 

formation. The folding pattern is not consistent with the Caledonian trend. Instead, the folds are 

either chaotic or show dominant vergence to the north.

Primary deformation in glacial environments can occur in a number of ways (see Chapter 

1, Section 1.2). In a subglacial environment, sediments typically undergo simple shear processes 

associated with glacier flow (Hart and Boulton, 1991; Kluiving et al., 1991). Although minor 

deviation in shear direction can occur (Piotrowski et al., 2004), this shear is normally parallel to 

the flow of the glacier. Within a proglacial environment, in contrast, glaciotectonic compression 

may facilitate the formation of structures analogous to fold and thrust belts in a compressive 

setting (Huddart and Hambrey, 1996; Hambrey et al., 1997; van der Wateren, 1999; Bennett, 

NN N
N=287 N=452 N=452

a) b) c)

P  = 1.011j

K = 158/051 K1 = 58/031

Fig. 6.13 – Fabric comparisons from all sites within the studied section. (a) AMS fabrics rotated to 
horizontal showing K1 (black squares), K2 (grey triangles), K3 (white circles) and mean K1 (large black 
square) with 95% confidence ellipses. (b) Clast a-axis orientations from all sites (small black squares) with 
mean eigenvector (large black square) rotated to horizontal. (c) Rose diagram showing dip direction of 
clast a-axis orientations (10° intervals).
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Fabric Lithology No Location Unit S1 S2 S3 K

2 79.205502 18.4025 Diamictite 50 Dracoisen W1 343 51 168 22 60 38 281 44 0.6537 0.2849 0.0614 0.5414
8 79.204788 18.4111 Diamictite 50 Dracoisen W1 338 40 151 19 37 48 155 35 0.589 0.3496 0.0619 0.3009

12 79.083092 18.4135 Diamictite 50 Ditlovtoppen W3 003 30 162 23 65 17 302 61 0.6081 0.2988 0.0931 0.6094
13 79.082364 18.4111 Diamictite 50 Ditlovtoppen W3 003 30 184 14 81 42 289 45 0.6053 0.3256 0.0691 0.4001
17 79.080193 18.403 Diamictite 50 Ditlovtoppen W3 004 42 136 30 39 13 289 57 0.6976 0.2658 0.0366 0.4864

5 79.083643 18.4148 Diamictite 50 Ditlovtoppen W3 003 30 151 20 58 9 305 68 0.5119 0.353 0.1351 0.3393
6 79.083197 18.4129 Diamictite 50 Ditlovtoppen W3 003 30 178 5 84 32 276 57 0.7026 0.32179 0.0795 1.4904

16 78.9383 18.433 Diamictite 50 Andromedafjellet W3 253 40 192 10 285 13 67 74 0.4809 0.3801 0.139 0.2336

Eigenevectors Eigenvalues

Lat/long V1 V2 V3Bedding

table 6.5 – Data table of clast fabrics analysed using the eigenvalue method (Mark, 1973) where the data is resolved into three mutually orthogonal eigenvectors 
(V1, V2 and V3). The shape and strength of the fabric is represented by the Eigenvalues S1, S2 and S3.
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2001; Phillips et al., 2008). 

Primary deformation in glacial environments is not necessary a direct result of the 

deformation by ice. It is also common in both glaciolacustrine and glaciomarine settings and is 

normally associated with sediment remobilisation events, such as slide, slumps or mass flows. 

Because of high rates of sediment deposition and rapid changes in depositional environments, 

local palaeoslopes can develop even in basins with no regional palaeoslope. For example, 

grounding-line fans can readily develop in front of grounded ice. Here, rapid deposition of 

sediment can occur at efflux points where subglacial melt-waters exit the glacier and experience 

a sudden drop in flow velocity (Powell, 1990; Bennett et al., 2002). In such environments, slope 

failure can occur, resulting in sediment remobilisation through slides or slumps. These can evolve 

into mass flows and produce debris flow deposits.

Both subglacial deformation and sediment remobilisation can result in similar structures; 

therefore, interpretation can be ambiguous (Arnaud and Eyles, 2002). However, as deformation 

processes in each case are different, analysis of the strain profile can reveal deformational 

N N

a) Deformational lithofacies b) Subaqueous lithofacies 

N=125
N=162

P  = 1.014j

P  = 1.009j

Fig. 6.14 – Comparisons of AMS fabrics rotated to horizontal showing K1 (black squares), K2 (grey 
triangles), K3 (white circles) and mean K1 (large black square) with 95% confidence ellipses. (a) All 
AMS subsamples from the deformation facies. (b) All AMS fabrics from the subaqueous facies. The 
deformational facies show a very slightly stronger anisotropy degree (Pj = 1.014) than the subaqueous 
facies Pj = 1.009. However, this is not considered significant.
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mechanisms (e.g. Busfield and Le Heron, 2013). Glaciotectonic deformation typically results in 

an upwards increase in intensity of deformation towards the ice-bed interface (e.g. Boulton and 

Hindmarsh, 1987; Hart and Roberts, 1994; Evans et al., 2006) as shown in Figure 1.2a, Chapter 

1. In contrast, slide and slump deposits typically display a decrease in deformation intensity away 

from a failure horizon, and the highest cumulative strains are recorded at the base (Hart and 

Roberts, 1994; Hiemstra et al., 2004), as shown in Figure 1.2b, Chapter 1.

Deformation of the sediments within the Wilsonbreen Formation shows an upwards increase 

in intensity in most cases. This is particularly well seen in the deformed rhythmites (e.g. Fig. 

6.10). At the base of the deformed sequence, the rhythmites are characterised by small-scale 

conjugate faulting. Upwards in the section, the degree of disruption increases. At the top, the 

rhythmites pass into a massive diamictite which contains isolated lenses of the underlying 

rhythmite (e.g. Fig. 6.6e). In addition, there is a close relationship of deformation with other 

structures typical of subglacial deposition and deformation (e.g. subglacial channels and boulder 

pavements). As such, the structures associated with the deformational facies association are 

interpreted to be have been produced by glacially induced shear. 

6.4.2. Origin of the deformed rhythmites

The deformed rhythmites of the deformational facies association can therefore be interpreted 

as a glaciotectonite. Prior to deformation, these rhythmites were originally both structurally 

and compositionally the same as the rhythmites of the undeformed W2 Member (see Section 

6.3.1.4.2). Therefore, the original deposition of the unit is interpreted to have occurred in a 

glaciolacustrine environment with the lamination reflecting daily, meteorological or annual 

variations in sediment discharge into a lake. The deformation of the rhythmite can be associated 

with a glacier advance. During which, the sediments were glaciotectonically deformed through 

simple shear associated with the motion of the overriding ice.

Deformation has occurred in both ductile and brittle manners. The style of which appears to, 

at least in part, be controlled by composition. The carbonate fraction displays brittle deformation, 
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whilst the silt-sand matrix deforms in a ductile manner (e.g. Fig. 6.12a and b). This can be 

explained by early cementation of the carbonate horizon, prior to glaciotectonism. This is also 

consistent with the occurrence of carbonate intraclasts in undeformed sediments. The brittle 

faults typically form conjugate pairs or can appear chaotic and show no uniform pattern in shear 

in any particular direction. However, high-angle normal faults and low-angle reverse faults are 

identified in places. These display possible Riedel shears geometries which may highlight simple 

shear processes. In addition, the presence of sand veins in-between the faulted carbonate lamella 

suggests that the sand fraction was subject to liquefaction and remobilisation during folding, 

possibly as hydrofractures: a common feature of subglacially deformed sediments (Phillips et al., 

2013). 

The diamictites of the deformational facies associations that overlie these deformed rhythmites 

are interpreted to have formed in a subglacial environment. These would have formed as a 

subglacial traction till through a variety of processes, such as lodgement, frictional retardation and 

melt-out (Benn and Evans, 2010). The transitional contacts and consistent fabric orientations (see 

W2-W3 boundary on Fig. 6.2d) between the rhythmites and the overlying diamictites suggests 

the deposition of both deposits occurred during the same glacial advance.

6.4.3. Origin of sandstone and conglomerate lenses within diamictites

Lenses of sand and gravel within massive diamicton are a common feature of subglacial 

traction tills (e.g. Hart and Roberts, 1994; Evans and Campbell, 1995). A variety of mechanisms 

have been proposed for their formation (see review in Waller et al., 2011), which generally involve 

either the entrainment of the sand through thrusting or folding from an underlying layer (e.g. 

Hart and Boulton, 1991) or the melt-out of sand from the overlying basal ice (e.g. Hoffmann 

and Piotrowski, 2001). A thrust origin is considered unlikely, as a cohesionless block under high 

pour-water pressures and shear stress (as typical of subglacial regimes) would quickly disaggregate 

(Waller et al., 2011). This problem can be overcome if the sediment is frozen prior to entrainment 

(Menzies, 1990; Waller et al., 2011) as may be the case if it was affected by permafrost. If this 
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Fig. 6.15 – Summary diagram showing the deformational facies association referred to in Table 6.3: (3a) glaciotectonised rhythmites, (3b) subglacial diamictite with 
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permafrost was relatively warm (close to but slightly below the pressure-melting point), the lens 

may be able to actively deform whilst maintaining cohesion. Alternatively, sands and gravels can 

be produced subglacially by the deposition of sorted sediments flowing within subglacial channels 

at the ice-bed interface (Alley, 1991; Clark and Walder, 1994). Although being originally fluvial 

in origin, these deposits can be cannibalised and deformed by the array of processes associated 

with the formation of a subglacial traction till (Hart, 1998; Evans et al., 2006; Benn and Evans, 

2010), and they can subsequently become incorporated as deformed lenses in otherwise massive 

diamicton.

Within the sandstone lenses of the deformed facies association, a mechanism through 

thrusting of pre-existing sands is unlikely owing to the lack of similar sands lower down in the 

sequence. Furthermore, the identification of channel-like geometries on some of the lenses 

with deformed cross-bedding is consistent with a glaciofluvial origin (Fig. 6.8). For example, 

the large channelised sandstone body occurring immediately below the boulder pavement at 

Reinsryggen (Fig. 6.8a) has geometry typical of a subglacial channel. Therefore, the sandstone and 

conglomerate lenses of the deformational facies associations are interpreted as subglacial channels, 

some of which have been deformed and incorporated into a subglacial traction till, whilst others 

remain undeformed such that their depositional geometries are preserved.

6.4.4. Development of the boulder pavements 

Boulder pavements are a feature commonly associated with subglacial environments (e.g. 

Boyce and Eyles, 2000) and are generally considered diagnostic. Different mechanisms have 

been proposed for their formation. The most straightforward is that they represent the former 

position of the ice-bed interface (Benn and Evans, 2010). Here, the combined effects of 

subglacial meltwater and glacier sliding may be responsible for the removal of fines leading to 

a concentration of larger clasts (Boyce and Eyles, 2000). However, Clark (1991) and Boulton 

(1996) suggested that pavements could also form within the deforming bed itself, as a result of 

excavation at the base of the deforming layer.
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At Ditlovtoppen, the boulder pavement is characterised by a prominent surface on which sits 

a high concentration of large clasts (>10cm) with facetted tops and uni-directional striations. In 

the diamictite beneath the surface, clast fabrics are relatively strong (S1 eigenvalue = 0.69) (Fig. 

6.7c), and have a mean V1 eigenvector parallel to the striations on the pavement surface. AMS 

fabrics are also relatively strong (Pj = 1.016) and the mean K1 vector lies exactly parallel to the 

both V1 and the striations. This suggests that the underlying diamictite was subglacially deformed 

either before or during the formation of the pavement by ice flowing in the same direction. In 

the overlying diamictite, the clast fabric and AMS fabrics have similar strengths (S1 = 0.51 and Pj 

= 1.013), and the direction is consistent with the mean V1 eigenvectors from the diamictite from 

below the boulder pavement.

This switch in fabric strength along with the presence of the striated pavement may arise 

from simple variation in the relative contributions of the processes operating to form a subglacial 

traction till (e.g. lodgement, meltout and frictional retardation). However, as the surface is very 

prominent and can be traced for several hundred metres along strike, it could be interpreted as 

being more significant. The boulder pavement possibly marks a period of non-deposition where 

erosional and deformational processes dominate over depositional ones within the deforming bed 

mosaic. As such, the diamictite beneath the boulder pavement sits in the deforming zone for a 

longer period of time resulting in the higher fabric strengths observed.

The boulder pavement at Reinsryggen occurs at a similar height to the one at Ditlovtoppen; 

however, it is not clear whether they represent the same event. At Andromedafjellet (2 km 

from Reinsryggen) the boulder pavement is not seen, instead at the same stratigraphic level are 

the rhythmites of the deformational facies association (3b). The boulder pavement is similar 

in appearance, but the boulder concentration of the surface is lower and striations were not 

observed. At the top of the boulder pavement, a large sand-filled subglacial channel cuts into the 

diamictite. This presumably formed by meltwater at the ice-bed interface.

Boulder pavements are common in subglacial sediments and highlight the wide variety 

of processes that are simultaneous occurring during the formation of a subglacial traction till. 
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Importantly for Neoproterozoic palaeoclimatic interpretations, its occurrence and the associated 

subglacial channel deposits could have significant implications for the interpretation of the 

thermal regime of the glacier. This is because the occurrence of these features indicates the 

presence of water at the ice-bed interface, suggesting that warm-based conditions were present for 

at least part of deposition.

6.5. Discussion

6.5.1. palaeoflow and depositional architecture 

AMS fabrics are interpreted to represent palaeoflow associated with primary depositional 

processes. This is based on the close relationship to clast fabrics and the lack of penetrative 

deformation (discussed in detail in Chapter 5, Section 5.8.3). Where subglacial grounding is 

suspected, AMS fabrics are interpreted to reflect the preferential alignment of grains resulting 

from simple shear of the sediment occurring parallel to ice flow. Where glaciomarine deposition 

is suspected, the AMS fabrics are interpreted to represent the palaeoflow of bottom water currents 

or sediment remobilisation events (e.g. debris flows). Clast fabrics reveal orientations that closely 

match that of the AMS fabrics and can be interpreted in the same way.

The mean fabric orientation lies predominantly in a north–south azimuth in both the 

deformational facies association and subaqueous facies association. However, whether the 

associated flow was to the north or south is often difficult to determine (see Chapter 5, Section 

5.9.1). The dip of the K1 axes from subglacially deformed till has been used in previous studies 

(e.g. Hooyer et al., 2008; Thomason and Iverson, 2009). Iverson et al. (2008) showed that 

during subglacial shear of till, an up-glacier dip in the K1 develops. As such, the dip direction 

could potentially be used to estimate shear direction. The 5° dip of K1 could indicate flow to the 

south; however, in the light of the typical variation in the data and the possible errors during 

measurement and rotation, this is not considered reliable in its own right. 
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The sediment architecture supports the interpretation of flow to the north. The deformational 

facies are thickest at Reinsryggen and thin to the north. These are absent at Dracoisen; instead, 

a grounding-line fan is observed (Fig. 6.4). This is supportive of previous interpretations of 

palaeoflow (Fairchild and Hambrey, 1984; Halverson et al., 2004) and from the contiguous 

sediments of NE Greenland (Moncrieff and Hambrey, 1988; Herrington and Fairchild, 1989). 

Flow can therefore be interpreted to be predominantly to the north. The consistent north 

trending fabric data and consistent sediment thickness (see Appendix D) may indicate that the 

exposed sections lie along the axis of a northerly flowing ice stream within a larger ice-mass, 

possible of ice-sheet proportions.

6.5.2. Depositional model 

The close association of subaqueous, subglacial, and glaciofluvial conditions suggests that 

deposition occurred in an ice-marginal environment, although significant variation occurs 

throughout the succession. The widespread coverage of the Wilsonbreen Formation (with 

contiguous deposits in NE Greenland) and the large range of both intrabasinal and extrabasinal 

clasts suggests that deposition occurred predominantly from a large, widespread, possibly 

continental-scale ice sheet. Evidence of subglacial deformation through glaciotectonism and 

deformed subglacial facies, suggests the presence of a deformable bed for at least some periods 

during deposition. Deformable beds are traditionally associated with wet-based ice sheets and 

glaciers where the basal conditions are at or above the pressure melting point. However, recent 

evidence from the Antarctic Dry Valleys of glaciotectonised substrate at cold-based glaciers 

has challenged this view (Atkins and Dickinson, 2007; Hambrey and Fitzsimons, 2010). 

Nevertheless, the presence of widespread striated and polished clasts, low RA and C40 values (Fig. 

6.9c), striated boulder pavements and the intercalation of subglacial channel deposits suggest 

meltwater at the base. Furthermore, the presence of thick, massive rainout diamictites suggests 

deposition from ice with a relatively high bed-load, more akin to warm-based polythermal 

conditions. Therefore, whilst it is difficult to fully determine thermal conditions, it is likely that 

the ice was warm-based for significant periods during deposition.
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Modern analogues, illustrating the range of conditions seen within the Wilsonbreen 

Formation, are not well known. Indeed, because of the range of lithofacies present and 

subsequent palaeoenvironmental interpretations that can be made, it is unlikely that any one 

single analogue can be used solely. The deposition of thick, massive diamictites such as those 

associated with the Wilsonbreen Formation and many other Neoproterozoic glacial successions 

were traditionally thought to be rare. However, recent sedimentological investigations from 

boreholes and geophysical data in marine environment have suggested several locations where 

thick sequences of glacial sediments are currently forming. Possible modern analogues exist in 

the fjordal deposits of East Greenland. Here, thick deposits of massive diamictites are formed 

under a sikkusak model (Dowdeswell et al., 1994; Syvitski et al., 1996), where the rapid influx of 

icebergs in a topographically constrained fjordal system results in a high density of icebergs with 

residency times of 2-years. However, within the Wilsonbreen Formation, the widespread coverage 

of deposits and lack of supraglacial material, points to deposition in a lowland basin.

The Cenozoic glacial record of the Antarctic Ice Shelf displays similar sequences to those 

displayed in the Wilsonbreen Formation and despite being pre-Quaternary, they are well-

constrained. Although previously thought to be largely cold-based, it is now thought that a 

significant subglacial drainage network exists beneath the present-day Antarctic ice sheet (Siegert 

et al., 2005; Wingham et al., 2006; Fricker et al., 2007) and there is significant evidence of direct 

deposition by a warm-based ice sheet during the Cenozoic (Hambrey et al., 2002; McKay et 

al., 2009). The Antarctic Dry Valleys region could also provide an explanation for the unusual 

carbonate-diamictite facies interactions seen in the W2 Member, interpreted to be associated with 

widespread glacial retreat and subsequent aridity. Comparisons between the Antarctic Dry Valleys 

and the W2 Member carbonates are discussed in Fairchild et al. (1989).

Based, on lithofacies interpretations, analysis of the sequence architecture (Fig. 6.16) and 

through comparisons with modern glaciological settings, a three-stage depositional model can 

be constructed to explain the sedimentation associated with the deformational facies of the 

Wilsonbreen Formation and is summarised in Figure 6.17. 
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Stage 1 (t1) Following on from the glacioaqueous sedimentation of the W1 Member, the W2 

Member is characterised by ice-marginal terrestrial and proglacial sedimentation associated with 

a period of aridity and/or sea level fall, following the interpretation of Fairchild et al. (1989). This 

resulted in the deposition of rhythmites and stromatolites in proglacial lakes during glacial retreat 

phases and diamictites and conglomerates during glacial advance stages. Periods of aridity resulted 

in evaporative conditions and the precipitation of evaporites and dolocretes. Meltwater from the 

ice-margin resulted in the formation glaciofluvial river systems and ephemeral streams, depositing 

the sandstone and conglomerate bodies.

Stage 2 (t2) – A major advance of an ice sheet from the south, presumably triggered by 

changes in climatic conditions (e.g. reduced aridity), caused widespread glaciotectonism of the 

upper W2 Member rhythmites. Continued deposition of debris in a subglacial environment led 

to the formation of subglacial tills at Reinsryggen, Andromedafjellet and Ditlovtoppen. Meltwater 

from warm-based ice resulted in the deposition of subglacial channel sands and gravels, which 

were subsequently deformed and incorporated into the subglacial deposits as part of a subglacial 

traction till. Periodic décollement between the ice-sheet and the bed resulted in the formation 

of striated bolder pavements. In front of the grounding line, high rates of deposition as a result 

of efflux at the glacier margin led to the development of a grounding-line fan, with associated 

sediment remobilisation through mass-flow deposits interbedded with rainout diamictites.

Stage 3 (t3) - A retreat of the grounding line to the south resulted in predominantly 

subaqueous glacial deposition to the north. Massive, subaqueous diamictites were deposited 

through a combination of debris settling from sediment plumes originating from subglacial 

conduits at the grounding line and the rainout of debris from a high density of debris-rich ice 

bergs. Subglacial meltwater resulted in the formation of subaqueous channels and fans which 

emerged from the grounding line and flowed into the basin. This resulted in the deposition of 

submarine channel and outwash sand deposits. Periodic ice-sheet grounding events, possibly 

triggered by external orbital forcing or internal dynamics, resulted in the deposition of subglacial 

tills at Reinsryggen and Ditlovtoppen.
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6.5.3. The use of aMS for the investigation of Neoproterozoic glaciotectonism

After the removal of anomalous sites (as discussed in Chapter 5, Section 5.8.2), AMS has 

been identified as a reliable tool for the identification of fabric within Neoproterozoic diamictites 

and deformed sediments. In this chapter, an example has been provided as to how these data 

can be used in combination with more traditional sedimentology techniques to reconstruct the 

deformational environments within the Wilsonbreen Formation.

 AMS is shown to give very similar fabric patterns to those produced through the 

measurement of clast fabrics. However, AMS has several advantages over traditional methods of 

identifying fabric. In contrast to grain and clast fabrics, which typically measure only one clast 

or grain at a time, AMS reflects the volume average of many grains within a subsample, and each 

site is made up of several subsamples, thereby reducing the inherent variability that is seen under 

single-grain analysis. Finally, as the measurement of AMS is automated, the only associated errors 

that can arise occur during sample collection.

This result from this chapter corroborates the findings of the previous chapters and supports 

the interpretations that AMS is a reliable method in the determination of palaeoflow (e.g. 

Fuller, 1962; Thomason and Iverson, 2009; Gentoso et al., 2012). However, other authors 

have suggested the use of AMS as a tool to identify genetic criteria from otherwise massive 

diamictites (e.g. Eyles et al., 1987; Hooyer et al., 2008; Iverson et al., 2008). Iverson et al. (2008) 

investigated AMS development in subglacial sediments through ring-shear experiments. When till 

was sheared under the same conditions expected at the bed of glaciers or ice sheets, AMS fabric 

strength increased with increasing shear strain up to a threshold where steady-state fabrics were 

reached. However, as discussed in Chapter 5, Section 5.9.2, the inherent variability of magnetic 

mineralogy makes direct comparison to this experiment unlikely to be possible. 

This problem is illustrated in Eyles et al. (1987) who identified that the strongest AMS fabrics 

in glacial diamictons formed under glaciomarine conditions as a result of reorientation through 

current activity or during sediment remobilisation. The AMS fabrics of subglacial sediments were 

actually seen to be weakly related to ice flow. Importantly, these interpretations were made on 
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tills from different sections and the magnetic mineralogy from these studies was not investigated. 

Subglacial tills were sampled from modern glacial environments (Breidamerkurjokull, Iceland) 

whilst glaciomarine examples were taken from Pleistocene tills (around lake Ontario, USA). As 

variability resulting from changes in magnetic mineralogy was not investigated, significant doubts 

are cast on the reliability of such interpretations.

Within the AMS results of the Wilsonbreen Formation, comparisons between fabrics from 

the deformational facies association with fabrics from subaqueous facies associations show no 

significant difference in strength or direction. Therefore, the use of AMS as a genetic indicator 

in the Wilsonbreen Formation has not been possible. A similar pattern is seen in the analysis of 

clast fabrics of the Wilsonbreen Formation. No significant difference is observed between those 

interpreted as subglacial and those interpreted as glaciomarine. Clast fabrics, traditionally used as 

a diagnostic criterion for subglacial deformation or deposition has similarly been shown to be not 

as reliable as was previously thought and remains controversial (Bennett et al., 1999). 

Although casting doubt on the use of AMS as a genetic indicator, this study does indicate 

that AMS can provide useful constraints on palaeoflow directions across the basin. Through the 

analysis of AMS fabrics, independently verified and compared with clast fabrics, a dominant ice 

flow direction towards the north can be interpreted across the basin. This has enabled accurate 

palaeoenvironment reconstructions to be made in an area that is otherwise lacking palaeoflow 

indicators.

6.6. Conclusions

Detailed investigations of the deformational facies of the Wilsonbreen Formation have been 

undertaken utilising facies analysis, structural geology and fabric analyses. In summary, from the 

interpretations made above, the following conclusions can be drawn:

•	 A range of soft-sediment, deformational structures are seen within the Wilsonbreen 

Formation. Through detailed sedimentological and structural analysis, these are 
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shown to be primary in origin, relating to deformation and deposition in a subglacial 

environment. 

•	 Although diamictites are difficult to interpret on their own, based on the analysis 

and interpretation of associated facies, a deformational facies association has been 

developed that can aid interpreting depositional environments from Neoproterozoic 

glacial sections.

•	 AMS and clast fabrics can be effectively analysed and interpreted from the 

Wilsonbreen Formation. Although the ability of AMS and clast fabrics to elucidate 

depositional environments has previously been suggested, no significant difference 

is seen in fabric shape or strength between diamictites associated with subglacial 

deformation and diamictites associated remobilisation or current reworking. In spite 

of this, AMS can be used as an effective palaeoflow indicator. A dominant northerly 

alignment is seen in both AMS and clast fabrics, which based on analysis of the 

sediment architecture and comparisons with pre-existing work, is interpreted to 

represent flow to the north. 

•	 Deposition of the Wilsonbreen Formation occurred in a low-relief, sedimentary basin 

affected by ice-sheet scale glaciation. Deposition occurred dominantly in subaqueous, 

subglacial and terrestrial settings in an ice-marginal environment, possibly associated 

with a north flowing ice stream. The top of the W2 Member marks major glacier 

advance across the basin associated with the glaciotectonic deformation of lacustrine 

rhythmites. Subglacial sediments were subsequently deposited in a dominantly 

subglacial environment in the south and a subaqueous environment in the north.
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7.1. Introduction

This thesis presents the findings of a study into the potential use of the anisotropy of 

magnetic susceptibility (AMS) technique in assisting in the analysis of the formation and 

deformation of glacial sediments. AMS and other magnetic characterisation techniques have been 

combined with sedimentological and structural approaches in order to provide a comparative 

basis to support the results of the analysis. This approach has been applied to a representative 

range of different environments including modern (Chapter 3), Quaternary (Chapter 4) and 

Neoproterozoic examples (Chapter 5 and 6). Each chapter has addressed a different aspect of 

glacial sedimentology, each connected by the use of the AMS technique. The key outcome is that 

there is a strong correlation between AMS and traditional techniques (e.g. structural features, clast 

fabric analysis) in each of the areas of study. These corroborate the validity of the technique and 

suggest that there is sufficient potential to warrant further studies. The new contributions made in 

this study will serve to increase both the understanding of the AMS technique and the processes 

that go into the formation and subsequent deformation of glacial sediments.

7.2. empirical findings

The research questions posed in Chapter 1 have been answered in the following chapters. In 

addition, each chapter has included its own specific aims and objectives that not only relate to 

the technique, but attempt to elucidate a particular area of glacial sedimentology. The empirical 

findings from each chapter can be summarised as follows.

7.2.1. Chapter 3 - aMS of basal ice

AMS has been applied (for the first time ever) to debris-rich basal ice to examine deformation 

associated with surge behaviour of a tidewater glacier in Svalbard. Previous attempts to measure 

small-scale deformation in ice normally involve optical techniques such as measurement of the 

crystallographic c-axis of ice crystals. However, ice-crystals are known to be particularly prone 
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to recrystallisation. Therefore, rather than representing deformation during flow, the fabric may 

represent a recent recrystallisation event . In contrast, AMS measures only the detrital grains. As 

ice is diamagnetic, its contribution to the AMS fabric is negligible. It is therefore thought that 

the AMS of basal ice has significant potential to be used as a tool to measure fabrics, without the 

recrystallisation problems associated with standard optical analysis.

Through the analysis of AMS and visible the structures (faults, sheath folds and stretching 

lineations), the basal ice at Tunabreen is interpreted to be highly deformed. Under the shear 

associated with the movement of the glacier, detrital paramagnetic mineral grains rotate into a 

preferential orientation creating a magnetic lineation (K1) parallel to the direction of maximum 

extension within the ice. This direction is independently supported by the known overall flow 

direction of the glacier and the presence of pre-existing structures (stretching lineations, folds and 

faults). It can therefore be concluded that an AMS fabric can be measured in basal ice.

The analysis of AMS of the basal ice at Tunabreen has provided interesting new insights into 

the processes associated with the surge of the glacier. The K1 axes are observed to have an up-

glacier plunge (20°), similar to that of deformed subglacial sediments (e.g. Shumway and Iverson, 

2009; Thomason and Iverson, 2009).This suggests that strain within the basal ice was non-coaxial 

and involved a large component of simple shear. In addition, the AMS samples taken from the 

NW margins have K1 axes that deviate slightly away from the mean ice-flow direction. This is 

interpreted to have occurred because of resistance at the glacier margin, resulting in a deflection of 

the magnetic lineations in response to change in orientation of the strain ellipse. 

At the SE section, similar deviation in K1 orientations are observed; however, these are 

interpreted to have arisen because of flow perturbations associated with an irregular fjord margin. 

An embayment in the lateral moraine of the neighbouring glacier (Von Postbreen) is observed 

in the pre-surge aerial imagery. This is interpreted to have resulted in local clockwise rotation of 

ice-flow at the margins during the surge which subsequently caused the rotation of the magnetic 

lineations.
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Although seminal, this study has shown that the application of AMS to basal ice has excellent 

potential. In addition, the study has provided interesting insights into the behaviour of the glacier 

during surges and has increased the knowledge of how fabrics within subglacial sediments can be 

inherited from glacier ice. Finally, it has revealed a new research area where the AMS technique 

can be applied. Significant opportunity exists for the use of this technique at other glaciers and 

various key glaciological issues could be investigated (See section 7.5.1).

7.2.2. Chapter 4 - aMS of a glaciotectonite

AMS has been applied (for the first time) to study deformation within a glaciotectonite. 

The sequence, exposed by coastal erosion at Bacton in Norfolk, England, can be divided into an 

upper and lower series. In both series, analysis of the AMS reveals that K3 axes form perpendicular 

to bedding, which is subhorizontal, whilst K1 and K2 axes are parallel to bedding. K1 axes lie 

parallel to macroscopic structural indicators such as folds, faults and stretching lineations. It was 

concluded that the AMS fabric resulted from the preferential alignment of predominantly iron-

bearing paramagnetic clay minerals, which had rotated under conditions of progressive simple 

shear.

The large amounts of visible deformation in all layers, coupled with a lack of failure horizons 

within the sediment, led to a glaciotectonic interpretation, in line with previous interpretations of 

the area (e.g. Banham, 1988; Hart, 1990; Lee and Phillips, 2008). However, the presence of both 

ductile and brittle structures, refolded folds and switching AMS fabric orientations, suggested 

that the deformation was complex. The ductile folding and dominantly north-south magnetic 

lineations in the lower series are interpreted to have arisen from north-south orientated stretching. 

In contrast, dominantly east-west magnetic lineations and refolded folds in the upper series are 

interpreted to represent east-west stretching in response to a switch in the ice flow direction. 

It was concluded that the sequence has undergone at least two phases of glaciotectonic 

deformation as a result of oscillations of North Sea-and British-based ice during the glaciations 

of the Anglian Stage. Initially, north-south orientated stretching affected both the upper and 
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the lower series. Assuming, stretching was parallel to ice-flow, and bearing in mind wider 

palaeogeographic constraints, this is interpreted to represent to an ice advance from the north. 

This was subsequently was replaced by east-west orientated stretching affecting only the upper 

series in response to an ice advance from the west.

This study has built on the previous work on the investigation of AMS of glacial sediments 

and shows that the strain field can be accurately measured within a glaciotectonite, in which a 

paramagnetic mineralogy is controlling the susceptibility. The study has also revealed important 

conclusions in regards to deformation styles in glaciotectonites. Detailed analysis of structures has 

revealed sheath folding is prevalent, which was previously unrecognised in north-Norfolk sections. 

The approach adopted in this chapter can be directly applied to other glaciotectonised localities, 

both in Norfolk and elsewhere. In this way, the technique has the potential to provide significant 

insights into the sometimes complex history of glaciated areas (for future recommendations, see 

Section 7.5.2).

7.2.3.  Chapter 5 - Deciphering aMS fabrics in diamictites

AMS has been applied to Neoproterozoic diamictites (for the first time) to investigate 

depositional processes and palaeoflow directions from the Wilsonbreen Formation, in NE 

Svalbard. A wide range of fabric characteristics were observed. As well as normal sedimentary 

fabrics, inverse and anomalous behaviour was also identified locally. To determine the cause 

of this behaviour, detailed rock magnetic investigations were undertaken. In most cases, a 

paramagnetic mineralogy dominated the AMS, but a minor contribution of fine grained SD 

magnetite is observed in some samples resulting in the anomalous fabrics. Additional anomalous 

fabrics were found in the southern localities as a result of increased tectonic deformation in this 

region. In spite of this, primary AMS fabrics can still be distinguished as the anomalous fabrics 

are easily identified and omitted.

The remaining AMS fabrics show excellent correlation with clast fabrics and are therefore 

considered to be primary and reflect depositional processes. Where subglacial activity is suspected, 
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the AMS fabrics are interpreted to have formed because of subglacial shear as a result of the flow 

of the over-riding ice. These fabrics are therefore interpreted to represent the palaeo-ice flow 

direction. In other areas, subaqueous deposition is suspected and the fabric is interpreted to have 

been created either through downslope resedimentation processes or through current reworking. 

Consequently, the susceptibility axes can be used to reconstruct the palaeoflow directions across 

the region. The results from both the AMS and clast fabrics reflect north-south palaeoflow 

vectors. Based on previous independent palaeoflow indicators (e.g. cross-bedding, fold vergence, 

grounding-line fan architecture) and published data on contiguous sediments in NE Greenland, a 

dominant palaeoflow to the north is interpreted. 

This study has shown that, although additional complications can be present when 

investigating AMS in Neoproterozoic diamictites (e.g. the effects of SD magnetite and tectonic 

remagnetisation), after detailed rock magnetic analysis and careful interpretation, primary AMS 

fabrics can successfully be delineated. This technique can be applied to other well-preserved, 

undeformed Neoproterozoic successions and has the potential to increase our understanding of 

Neoproterozoic palaeogeography.

7.2.4. Chapter 6 - Neoproterozoic glaciotectonism

An example is presented as to how AMS, in combination with facies analysis, structural 

geology, and clast fabric analysis, can be used to investigate the origin and significance of 

deformational structures within the Wilsonbreen Formation. Although difficult to interpret on 

their own because of their often massive nature, glacial diamictites and associated facies were 

categorised into facies associations (deformed and undeformed). Of this, a deformational facies 

association was established which was subdivided into: (1) Deformed rhythmites displaying both 

brittle faulting and ductile folding, interpreted to have resulted from glaciotectonic disruption 

and simple shear associated with an ice advance; (2) Massive diamictites, interpreted as a 

subglacial traction till; (3) Interbedded sand and gravel lenses, interpreted as subglacial channel 

deposits, incorporated into a subglacial traction till; and (4) Boulder pavements, interpreted to 
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represent a former ice-bed interface, associated with periodic décollement at the ice-bed interface 

of a warm-based ice-sheet.

Investigations of the AMS fabric within these facies reveal that K1 axes lie predominantly 

in a northerly orientation, parallel to pebble fabric orientation. This matches the overall 

palaeoflow directions concluded in Chapter 5 and it is interpreted to reflect dominantly northerly 

orientated shear associated with a dominant ice flow direction to the north. Because of inevitable 

variations in the proportions of magnetic minerals in the diamictites, accurate characterisation 

of depositional processes through AMS fabric alone is not possible. However, once a subglacial 

origin has been identified, AMS can easily, quickly and accurately be used to establish fabric 

orientations related to the deforming ice.

Through the use of facies, structural, and clast fabric analyses in combination with AMS 

analysis, it is concluded that deposition of the Wilsonbreen Formation occurred in an ice-

marginal environment under predominantly subaqueous, subglacial and terrestrial settings. 

Glaciotectonic deformation at the top of the W2 Member (see Chapter 6, Section 6.5.2) 

marks a major glacial advance across the basin. Spatial variation is identified in the depositional 

architecture. In the south, diamictite deposition occurred in a predominantly subglacial 

environment. In contrast, the north was dominated by more distal deposition in a predominantly 

subaqueous environment. 

This study has provided an example of how AMS, in conjunction with traditional 

sedimentological techniques, can be used to investigate particular issues in Neoproterozoic 

research such as the interpretation of deformed lithofacies. Through this study, a greater 

understanding of both the depositional environments and the palaeogeography of a 

Neoproterozoic sedimentary basin have been gained.

7.3. Key findings for the use of aMS in glacial sediments

In addition to the empirical findings of each chapter presented above, the following 
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conclusions can be drawn with respect to the use of AMS for glacial sediments, in answer to the 

particular issues raised in Chapter 1, Section 1.5.

7.3.1. The relationship between aMS and deformation within glacier ice

The relationship between AMS and glacier ice was explored in Chapter 3. It was shown that 

AMS could successfully be measured in basal ice and the results could be used to show insight 

into ice deformation. The AMS fabric of the basal ice at Tunabreen revealed an up-glacier dip 

of the K1 lineations at 20° in an orientation parallel to the direction of ice flow. This pattern is 

almost exactly the same as that observed and in laboratory experiments of sheared till (Hooyer 

et al., 2008; Iverson et al., 2008) and within subsequent analysis of Quaternary subglacial tills 

(e.g. Shumway and Iverson, 2009; Thomason and Iverson, 2009). As such, it is interpreted to 

reflect the strain ellipse of the deforming basal ice. Within subglacial sediments, AMS fabrics 

are interpreted to reflect the long axes of grains, rotated into preferential alignment as a result of 

simple shear processes in response to the flow of the glacier. In Chapter 3, it was determined that 

a similar pattern is developed in basal ice, suggesting that deformation processes that are occurring 

within the sediment are similar to those occurring within the overlying basal ice.

7.3.2. The aMS response of paramagnetic mineralogies to subglacial shear

Until this thesis, all of the AMS investigations of subglacial deformation within diamicts has 

either been on tills with a mineralogy dominated by ferromagnetic minerals, or the magnetic 

mineralogy has not been identified (See Chapter 2, Tab.2.1). However, the magnetic mineralogy 

is likely to vary considerably depending on the source material being eroded. The resulting 

diamict can have a highly variable mineralogy accordingly. In this thesis, a paramagnetic 

mineralogy has been identified in subglacial tills and the response of the fabric in relation to shear 

has been investigated.

It was stated in Chapter 4, that the paramagnetic Bacton Green Till, Norfolk produced 

predominantly oblate fabric patterns. However, distinct clustering of the K1 axes were observed 
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defining a magnetic lineation parallel to the direction of shear within the sediment. A similar 

pattern is seen in the Neoproterozoic diamictites of NE Svalbard. In most cases paramagnetic 

phyllosilicate clays (Chapter 5 and 6) also dominated the AMS. Here, a similar clustering of K1 

axes was seen which lies in an orientation parallel to the clast fabric orientation.

In contrast to ferromagnetic grains, where the AMS is directly controlled by the shape of the 

grain, the AMS of paramagnetic minerals is controlled by the arrangement of the crystal lattice. 

In spite of this, the fabrics produced in each are often compatible. This is because phyllosilicate 

minerals (e.g. chlorite, illite) tend to preferentially break along crystallographic axes. In rocks 

dominated by extensional tectonics (e.g. Parés and van der Pluijm, 2002; Cifelli et al., 2005; 

Cifelli et al., 2009), these grains are observed to girdle about an axis parallel to the direction of 

maximum stretching. A similar process is interpreted to occur in subglacial deformed sediments 

under shear. A lineation results from the girdling of the basal planes of phyllosilicate minerals 

about an axis parallel to maximum stretching (i.e. the long axis of the strain ellipsoid). This thesis 

has shown that AMS can be used as a reliable indicator of deformation in subglacial sediments 

where a paramagnetic mineralogy is controlling the AMS fabric.

7.3.3. The use of aMS in the study of glaciotectonites

Prior to this study, no published data exists for the application of AMS to glaciotectonites, 

where pre-existing unconsolidated sediment has been glacially deformed such that relics of the 

original structure remain. As discussed in Section 7.2.2, at Bacton, Norfolk, the AMS fabrics 

reflect the preferred alignment of minerals within a glaciotectonite. It is interpreted to directly 

reflect the strain imparted on the site through glaciotectonic processes. Magnetic lineations are 

parallel to stretching lineations and the clustering of fold axes, which suggest that they reflect 

stretching during progressive simple shear as a result of subglacial glaciotectonism. Therefore, the 

structural data corroborates the AMS results and supports the interpretation that AMS can be 

used to accurately evaluate strain within glaciotectonites.
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7.3.4. The preservation of primary fabrics in pre-Quaternary glacial sediments

Most of the previous literature on the analysis of subglacial sediments has focussed on the 

Quaternary geological record. In this thesis, it has been demonstrated that AMS can readily be 

applied to pre-Quaternary successions. However, this thesis has also highlighted that additional 

complications can be introduced, specifically relating to diagenetic processes or remagnetisation 

during subsequent tectonic deformation. Despite this, AMS is routinely used in other areas of 

sedimentology to the determine palaeoflow directions in pre-Quaternary deposits (e.g. Schieber 

and Ellwood, 1988), and in most cases, primary AMS fabrics can be readily determined (Tarling 

and Hrouda, 1993). 

Within the Neoproterozoic diamictites of NE Svalbard, primary AMS fabrics can be 

identified at the northern localities. However, tectonic overprinting is recognised in some areas to 

the south. Here, some sampled sites displayed AMS fabrics where the K1 axes deviated away from 

the bedding plane, onto a plane parallel to the regional fold trend. This fabric is interpreted to 

represent an intermediate tectonic fabric where the original sedimentary fabric has been affected 

by tectonic overprinting (see Fig. 2.13, Chapter 2). This interpretation matches the observation 

of greater evidence of macroscopic tectonic deformation in these areas through steeper fold limbs, 

and evidence of tectonic faulting. 

In contrast, the northern localities (Reinsryggen, Andromedafjellet, Ditlovtoppen and 

Dracoisen) reveal primary fabrics and evidence of tectonic deformation is mostly absent. Here, 

the AMS fabrics show a strong correlation with clast a-axis orientation and bear no apparent 

resemblance to regional tectonic deformation. Therefore, the AMS fabrics from these sites can be 

interpreted as being related to depositional processes. This suggests that the application of AMS to 

the Neoproterozoic glacial record in Svalbard, as presented in this thesis, provides an independent 

palaeoflow indicator in an area that is otherwise lacking. From this, a dominant palaeoflow 

direction to the north has been established.

It can therefore be concluded that AMS can successfully be applied to Neoproterozoic 

diamictites. As such, excellent opportunities exist for the technique to be applied to other similar 



Chapter 7 - Syntheses and conclusions 

221

sequences where tectonic deformation is minor and information on primary palaeoflow can be 

established. However, detailed rock magnetic investigation and comparison with other proxies are 

needed before full interpretations can be made. 

7.3.5. Distinguishing depositional processes based on aMS characteristics

It has been suggested that the AMS could be used as a genetic indicator of depositional or 

deformational processes (Eyles et al., 1987; Iverson et al., 2008). Clast fabrics have been used 

by some in a similar way (e.g. Dowdeswell et al., 1985; Benn, 1995). This typically involves 

the analysis of the degree of clustering of a-axis clast fabric measurements. Some have doubted 

the ability of the use of clast fabrics as genetic fingerprinting alone (e.g. Bennett et al., 1999); 

however, it is generally considered that in combination with other proxies, clast fabrics have the 

ability to provide considerable constraint over depositional processes. 

In some cases, a correlation between fabric strength with strain and therefore depositional 

environment has been identified (e.g. Benn, 1994). It may be tempting to think that AMS can 

be used to measure similar correlations. However, this thesis has highlighted important reasons 

why this may not be possible. Whilst clast fabrics anisotropy relies on the direct analysis of the 

a-axis of clasts, the magnetic anisotropy can be highly variable depending on both the magnetic 

mineralogy and size of the constituting grains. Different magnetic minerals can produce different 

fabric characteristics (see Chapter 2.3). Thus, the relative proportions of these minerals will 

produce distinctly different AMS fabric characteristics that may not necessarily be linked to 

strain. Whilst this thesis has shown that AMS can provide constraints on deformational processes, 

because of the large variation in the composition of glacial diamicts, the ability of AMS to 

quantitatively determine strain magnitude is unlikely (see section 7.4).

7.4. Implications of research

Glacial sediments, particularly diamicts, are inherently difficult to interpret because of their 
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massive, non-diagnostic character. For this reason, significant controversy and debate surrounds 

many diamict sequences in the literature. The AMS technique has been previously been shown 

to have significant potential in determining subtle fabrics from massive diamicts and providing 

insight into depositional processes. However, several important research questions still remained. 

In this thesis, through the application of the technique to a variety of different settings from 

the modern, Quaternary and Neoproterozoic, some of these questions have been answered and 

understanding of the technique has been furthered.

It has been shown that AMS has several advantages over other petrofabric techniques. It can 

readily be used in a variety of glacial materials from debris rich basal glacier ice to unlithified 

sediments and rock. AMS can also be used where other fabric indicators are lacking or are not 

possible to measure. For example, it can be used in cemented diamictites, where traditional clast 

fabric analysis is not possible. In addition, it could prove to be particularly useful in the study of 

basal glacier ice as it targets only the paramagnetic and ferromagnetic contributions to the fabric. 

Therefore, the diamagnetic ice, which is prone to recrystallisation in ambient strains and may give 

erroneous results, is not measured. 

 Certain limitations are also highlighted. Comparisons of fabric strength between studies 

and even between sites in the same region can be problematic because of the inherent variability 

in the mineralogy of glacial sediments. A reoccurring theme throughout this thesis has been 

the importance of accurate determination of the magnetic mineralogy. This is because a subtle 

different mineralogy can affect fabric shape and strength without necessarily being linked to 

strain. Hooyer et al. (2008) had suggested the use of the technique as a tool to identify tills not 

deformed to sufficient strengths to fit in with the bed deformation model. However, because 

of the mineralogical variability identified in different tills, direct comparison to this should be 

avoided. The same is true for the identification of genetic criteria based on AMS (Eyles et al., 

1987). In addition, the effect of post-depositional processes can also significantly influence both 

fabric strength and direction. Tectonic deformation can alter fabric patterns resulting in the 

creation of anomalous fabrics that can no longer be linked to depositional processes.
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 These limitations are not new to AMS studies (Borradaile and Jackson, 2010) and can be 

largely overcome by detailed investigations into the cause of the magnetic signal and comparison 

of the AMS fabric with independent fabric indicators. Because of the different response of 

different magnetic minerals, it is important that the magnetic mineralogy is investigated as 

part of the AMS study. Through this, the cause of the AMS can be determined and anomalous 

fabrics identified and omitted. In addition, the relationship of the fabric to strain or flow should 

be independently verified through comparisons with other techniques (e.g. clast fabrics, fold 

analysis) where possible.

Once this has been undertaken, this study has shown that AMS can be a particularly effective 

petrofabric tool. AMS represents a quick, accurate and objective method of characterising grain 

fabric. In conjunction with other techniques (facies analysis, structural geology), it can provide 

significant information on several current issues in glacial geology.

7.5. recommendations for future research

This thesis has built on pre-existing research and has furthered the knowledge of the AMS of 

glacial sediments. However, it has also brought attention to areas where further study is required. 

In addition, potential new research areas in which AMS could be applied have been highlighted. 

These could provide significant information for current problems in glacial sedimentology and 

glaciology.

7.5.1. Debris rich basal ice

The identification of an AMS fabric related to strain in basal glacier ice (Chapter 3) is a 

significant discovery. Basal ice is observed at the base of almost all glaciers and ice sheets on Earth. 

It forms at the critical zone between the ice bed and the bulk of the glacier ice and is shown to 

be strongly affected by glacial motion. The traditional optical techniques of fabric analysis can be 

problematic because of the recrystallisation processes that can occur in ice. Therefore, AMS has 
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significant potential to be used, in addition to crystallographic optical measurements, as a tool to 

measure strain within basal ice.

It is critical to note, whilst significant advances have been made, in order to fully test the 

ability of AMS to measure deformation within basal ice, further detailed study is required which 

is beyond the scope of this study. In particular, investigation of the effects of variation in the 

relative proportions of ice and sediment is needed. In addition, an investigation into the effects of 

sediments with a different mineralogy is also required. These will both help determine additional 

variables, other than strain, that may affect AMS fabric development in basal ice. Finally, 

laboratory verification similar to that of Iverson et al. (2008) for till could be applied to basal ice. 

This would facilitate more accurate comparisons with strain and would significantly strengthen 

the reliability of the results.

Once these variables have been established, the AMS technique could be useful in assessing 

a wide range of glaciological issues. An interesting study would be to test whether fabric strength 

can be quantified with strain and whether vertical changes in fabric strength can be measured. 

One would assume that strain would be greatest at the ice-bed interface and decrease upwards 

away from the bed. However, one possible mechanism of basal ice formation involves progressive 

accretion of new ice to the base of the glacier (e.g. Hubbard, 1991; Goodwin, 1993; Hubbard 

et al., 2009). In this model, the newest basal ice would be at the ice-bed interface. Therefore, 

cumulative strain would in fact be low in the newly accreted basal ice and increase upwards as 

older basal ice is met that has spent longer in the deforming zone. If the relationship between 

AMS and strain could be identified, which may be possible if the magnetic mineralogy of the 

basal ice remains consistent, AMS could help determine the importance of this mechanism in 

basal ice formation. 

AMS may also be able to help in the recognition of past surges in glaciers. Surge-type 

behaviour is common in many Arctic glaciers. They are easily recognised whilst they are taking 

place, yet the recognition of past surges can be difficult. The number of surge type glaciers is 

currently debated. For example, in Svalbard, some authors have suggested as little as 13% (Jiskoot 
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et al., 2000) whilst other suggest as many as 90% (Lefauconnier and Hagen, 1991) of glaciers 

could be surge-type. AMS, combined with use of structural geology and other studies (e.g. water 

stable isotopes), could provide information on the deformation styles within the basal ice of 

surge-type glaciers. Through this, it may be possible to develop a set of diagnostic criteria which 

can be used for the recognition of past surges imprinted in the basal ice. 

AMS could also prove to be particularly useful in the investigation of strain in ice where 

other information on flow direction is lacking. For example, the study of massive ground ice 

in permafrost regions (e.g. Waller et al., 2009; Fritz et al., 2011). Much of this ice is thought 

to have originated from the basal portion of pre-existing glaciers and ice sheets dating back 

to the Pleistocene. The study of the AMS of this ice could provide an indication of its origin, 

and the palaeoflow directions of the ice that it was associated with, enabling more accurate 

palaeogeographical reconstructions. 

7.5.2. Glaciotectonism and Quaternary glacial deposits

The results from Chapter 4 highlight the ability of the AMS technique to accurately evaluate 

strain within glaciotectonites. This approach can be adapted to other glaciotectonites along the 

north Norfolk coast and has the ability to provide constraints on palaeoflow directions across the 

region. Glaciotectonites are not only common in north Norfolk. They have been identified in 

many other glaciated regions, and there is significant opportunity for AMS to be applied globally.

As well as indentifying past ice flow directions, the application of AMS, in the manner 

presented in this thesis, has the potential to increase our understanding of how sediment deforms 

during glaciotectonism. One interesting area where this could be applied is in the identification 

of proglacial versus subglacial glaciotectonism (compare and contrast subglacial and proglacial 

environments in Fig. 3, Chapter 1). Subglacial glaciotectonism occurs when the ice is directly 

overlying the sediment. Consequently, deformation within the sediment is dominated by simple 

shear processes. In contrast, proglacial glaciotectonism occurs when sediment is bulldozed in 

front of a glacier and the structures produced are often considered analogous to those in fold and 



Chapter 7 - Syntheses and conclusions 

226

thrust belts. Here, compressional deformation dominates and distinctly different AMS fabrics in 

each environment are expected. In a subglacial environment, one may expect the K1 axes to be 

sub-horizontal, parallel to the direction of ice flow. In contrast, proglacial glaciotectonism may 

result in k1 orientations perpendicular to glacier flow, with the magnetic foliation dipping steeply 

reflecting the horizontal shortening associated with compressional deformation. 

7.5.3. Neoproterozoic diamictites

The potential of AMS analysis for the study of Neoproterozoic diamictites has been 

highlighted in Chapters 5 and 6. Diamictites from the Neoproterozoic period have been a 

source of controversy since they were first identified. With the advocacy of the Snowball Earth 

Hypothesis, their importance in terms of extreme climatic perturbations in the Earth’s history is 

now widely recognised. Many Neoproterozoic glacial deposits have attracted intense geological 

research (see reviews in Fairchild and Kennedy, 2007). Despite this, considerable debate exists 

around the origin and significance of many of these diamictites. This thesis has identified that 

AMS could be used alongside the various other techniques currently used to study these deposits 

and may provide considerable palaeogeographic information.

The Tillite Group of NE Greenland (Hambrey and Spencer, 1987) is considered to be very 

similar to the Polarisbreen Group of NE Svalbard. The two formations are generally thought 

to have originally been contiguous and formed in the same sedimentary basin (Fairchild and 

Hambrey, 1995). Being similarly undeformed and possibly representing a different part of the 

basin, the depositional sequence here is of particular interest. A study, similar to that presented 

in Chapter 5 and 6 which utilises the AMS technique, combined with a modern understanding 

of glacial depositional environments, could provide significant information on palaeoflow. This 

would enable a better understanding on the basin palaeogeography and palaeoenvironments.

Neoproterozoic diamictites are not only restricted are very widespread and have been 

discovered on 23 palaeocontinents (see articles in Copons et al., 1997). In many cases, these 

diamictites are similarly well-preserved and are also relatively undeformed. In many of these 
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locations, significant opportunity exists for the use of AMS to unravel palaeoflow information 

from these deposits.
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APPENDIX A –AMS SAMPLING AND MEASUREMENT

A.1. Introduction

AMS can be measured in a wide range of materials, both consolidated and unconsolidated. 

The sampling techniques are typically similar to those in used in palaeomagnetic analysis, and the 

same samples can normally be used for both applications. Ideally, samples would be sphere-shaped 

to remove any effects of the shape of the samples; however, spheres are difficult to manufacture 

and orientate. Instead, cylinders or cubes are normally used (Fig. A.1). These cylinders normally 

have a diameter of 2.5 cm and a height of 2.1 cm, whilst the cubic samples normally have sides of 

2 cm.

Lithified rock is usually sampled by two main methods: by drilling directly in the field or by 

collecting and orientating a block of rock in the field and drilling later in the lab (Section 4.1). 

However, unconsolidated sediment is soft, and it normally cannot be drilled, therefore alternative 

methods needed to be developed to sample unconsolidated diamicton. In addition, as the 

application of the AMS technique to basal ice is completely new, a sampling strategy had to be 

devised. In the following, the sampling procedure in each study is outlined.
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Fig. A.1 – The standard-sized subsamples used in AMS analysis. The Kappabridge is designed to measure 
either (a) cubes with sides of 2 cm or (b) cylinders with a 2.5 cm diameter x 2.1 cm height. The axes 
x, y and z represent the specimen frame axes at which the AMS results are initially presented prior to 
reorientation to geographic coordinates (after Collinson, 1983).
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A.2. Basal-ice sampling

To measure the AMS of basal ice (Chapter 3), suitable samples had to first be collected. 

These samples needed to be the correct size and shape (either cylinders or cubes). They need to be 

accurately orientated so that their geographical vectors can be re-established after measurement. In 

addition, they needed to be transported back to the University of Birmingham’s Rock Magnetic 

Laboratory, and measured in a Kappabridge at room temperature. Both of these need to be done 

without the sample melting or the sample markings being lost. Meeting these requirements posed 

a significant challenge.

A.2.1. Sample collection

It was decided that the easiest way to collect samples was to use a petrol-powered portable 

rock drill (Fig. A.2b). This could easily be transported to the site (Fig. A.2a) by snowmobile 

and could be used remotely, without the need for an external power source, down to the low 

temperatures (-20°C) that were encountered. Sampling sites were selected where the detrital 

sediment concentration exceeded 10% (Fig. A.2c). This was to maximise the chance of obtaining 

reliable AMS fabrics which are dominated by either ferromagnetic (s.l.) or paramagnetic minerals. 

Suitable areas of basal ice were selected and the portable rock drill was used to obtain a core of 

basal ice. In contrast to drilling lithified rock, drilling fluids were not needed for cooling. This is 

because, the material being drilled was dominantly ice, and as such, any heat created resulted in 

melt of the ice and the creation of self-cooling fluids. Normally, core length was restricted to <5 

cm, since if this was exceeded the core became prone to fracturing and becoming lodged in the 

drill barrel prior to orientating. This would have resulted in a loss of the original orientation. The 

cores were orientated using a Pomeroy Orienting Fixture with attached Brunton compass (Fig. 

A.2d). A fiducial mark was placed on the core using non-magnetic wire. As temperatures were 

well below freezing, samples could be subsequently transported back to the laboratories at UNIS, 

Svalbard (Fig. A.2e) and stored in a cold room at -20 °C, ready for sample processing.
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A.2.2. Sample processing

In a cold room, the sample orientation was extrapolated along the length of the core using a 

permanent marker. The samples were then cut into cylinders of 2.1 cm length (Fig. A.2f ), using 

a non-magnetic, diamond-tipped circular rock saw. As with field drilling, cooling fluids were not 

required. The samples were subsequently transported back to the University of Birmingham’s 

Rock Magnetic Laboratory. Samples were packed in an insulated container, cooled to −78.5 °C 

with dry ice. 2.5 kg of dry ice was used, which was sufficient to keep the samples below freezing 

for the duration of the flight. On arrival at the University of Birmingham, the samples were 

placed in a freezer at -20 °C ready for AMS analysis.

A.2.3. Diamicton sampling

As with the sampling of basal ice, the sampling of unlithified diamicton (Chapter 4) required 

the development of a sampling strategy. Unlithified diamicton cannot be drilled because it is 

too soft and readily disaggregates. Previous attempts at sampling unlithified diamicton have 

involved the use of cylindrical sample holders (e.g. Shumway and Iverson, 2009; Thomason and 

Iverson, 2009) These are directly pushed into the sediment by hand and subsequently orientated 

(Fig. A.3a). This method was initially adopted; however, it was soon found that because of the 

high compaction of the sediment, a sampling-induced anisotropy was created, as has previously 

been encountered (e.g. Copons et al., 1997; Gravenor et al., 1984); therefore, an alternative 

methodology was developed.

A.2.4. Sample collection

Whilst the sediment was unconsolidated, it was sufficiently compacted for a block to be 

Fig. A.2 - Photographs of the field sampling procedure for basal ice. a) The study site at Tunabreen 
showing the location at which the samples were collected. (b) Drilling into the basal ice using a portable 
petrol-powered rock drill. (c) Drill hole within the debris-rich basal ice. (d) The author measuring the 
orientation of a drill core using a Pomeroy Orienting Fixture. (e) Basal ice cylinders, stored in a cold room 
at -20 °C. (f ) An example of a basal ice AMS subsample, showing a foliated fabric with several larger clasts 
on the top surface.
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excavated without disaggregation. A 20 cm excavation was made into the cliff face to remove 

any till which may have been affected by surface processes (Fig. A.3b). A block of sediment 

(approximately 20 cm × 10 cm × 10 cm), was isolated from the surrounding till. A flat surface 

was made on the frontal face and measurement of the orientation of that surface made with a 

Brunton compass through a fiducial mark drawn with a non-magnetic blade (Fig. A.3c). The 

block was subsequently separated from the surrounding till and wrapped in plastic wrap, and 

transported back to the University of Birmingham’s Rock Magnetic Laboratory (Fig. A.3d).

A.2.5. Sample processing

Once in the laboratory, blocks were left to air dry over a period of 1 week. As the blocks were 

still unconsolidated, subsequent hardening was needed before sample suitable for AMS analysis 

could be made. Samples were hardened initially using a sodium silicate solution. As it is non-

magnetic, mixes ready with water and the cementation process does not affect grain alignment, 

sodium silicate routinely used to harden samples in palaeomagnetic analyses (e.g. Théveniaut and 

Freyssinet, 1999). The sample was soaked in a diluted solution consisting of one part sodium 

silicate solution to 2 parts water and left to air dry. After this, a final layer of epoxy resin was 

added to the outside of the sample (Fig. A.3e). This did not penetrate more than 5 mm into the 

block, but it created a waterproof membrane and added integrity to the sample during water 

drilling. Markings on the block were extrapolated around the sample so that the geographic 

orientation could be reconstructed after measurement. The blocks were subsequently wet cut 

on a circular saw into 20 cm slices (Fig. A.3f ). After this, a further layer of concentrated sodium 

silicate was added to the newly created surfaces. The slices where subsequently dry cut into cubes 

Fig. A.3 – Photographs of the field sampling procedure for diamicton. (a) The initial sampling 
methodology adopted involved pushing a cylindrical sampling holder directly into the diamicton, Note: 
this technique was abandoned when a sampling induced anisotropy was detected. (b) The adopted 
sampling technique showing the excavation of a block of diamicton close to the hinge of an isoclinal 
recumbent fold. (c) Orientating the sample with a fiducial mark. (d) Samples wrapped in cling film ready 
to be air-dried. (e) A diamicton sample after sodium silicate impregnation and coating in epoxy resin, 
showing the engravings of the fiducial mark. (f ) Fingers of sediment being re-impregnated with resin, 
partway through the cutting process. (g) Final cubic specimen of 20 × 20 × 20 cm ready for subsequent 
measurement in the Kappabridge.
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Fig. A.4 – Photographs of the field sampling procedure for diamictite. (a) Field photograph of geologist 
collecting AMS samples through field drilling. (b) AMS block sample with fiducial mark. (c) Block sample 
attached to the drilling table ready for field drilling. Note the drilled surface is not horizontal and hence 
requires an additional rotation stage during reorientation. (d) Example drill cores from a site ready to be 
cut into 2.1 cm cylinders. (e) Final cylinders ready for subsequent measurement in the Kappabridge.
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(20 cm × 20 cm × 20 cm), ready for AMS measurement (Fig. A.3g).

A.3.  Diamictite Sampling

The Diamictites were generally well lithified, and as such, standard sampling procedures 

could be used, involving both field drilling and the collection of block samples for subsequent 

lab drilling (Chapter 5 and 6). Field drilling (Fig. A.4a) is generally more labour-intensive whilst 

in the field, but sample transport is facilitated and there is a time-saving later in the laboratory 

Therefore, field-drilling was used over block sampling where possible. However, field drilling 

requires a reliable source of running water, and because of the weight of the drill, is not suitable 

where long distances have to be walked. In addition, not all lithologies were suitable for field 

drilling. Some samples were partially friable and shattered during drilling. Hence, a combination 

of field drilling and block sampling (Fig. A.4b) was used for the diamictites in this thesis.

A.3.1. Sample collection

Field-drilled samples were obtained through the use of a portable petrol-powered rock drill 

fitted with a non-magnetic diamond tipped drill bit (Fig. A.4a). A continued stream of water, 

collected from snow melt, was flushed through the drill bit to facilitate cutting and minimize 

heat. The cores of rock obtained measured up to 6 cm in length (Fig. A.4c). These were 

subsequently orientated using a Pomeroy Orienting Fixture with attached Brunton compass by 

scratching a fiducial mark along one side of the core. The cores were separated from the outcrop 

and transported back to the laboratory. 

Where field drilling was not possible, block samples were also collected for later drilling under 

laboratory conditions. These were collected by identifying an in-situ rock sample, ideally (20 cm 

× 10 cm × 10 cm) or big enough to obtain at least 8 subsamples (Fig. A.4b). A flat surface was 

identified and the sample was orientated using a Brunton compass by the drawing of a fiducial 

mark. The block was subsequently separated from the outcrop using a combination of hammers 
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and chisels and transported back to the laboratory for subsequent analysis. Collection was 

facilitated by the frost-shattered nature of most lithologies in the area.

A.3.2. Sample processing

To obtain subsamples, block samples first had to be drilled in the laboratory. This was 

undertaken using a 24.5 mm-diameter, diamond tipped drill bit. Prior to drilling, the fiducial 

mark drawn on to the specimen was extrapolated along the top surface of the sample. The block 

was subsequently secured to a mounting surface and drilled from above (Fig. A.4c).Hence, the 

top surface of the block is not necessary horizontal, and the drilling effectively takes place at 

an angle. This means that an additional reorientation step needs to be added to correct for this 

tilt (Section 5). The axis and degree of this rotation is calculated by the measurement of the 

new strike and pitch of the surface, following the procedure of Owens (1994). After drilling, 

cores were subsequently extracted and the orientation arrows on the top surface (Fig. A.4d), 

extrapolated down the entire length of the core. Both the field- and laboratory-drilled cylinders 

were subsequently cut into 2.1 cm-long cylindrical subsamples with a non-magnetic diamond-

tipped circular saw, ready for AMS analysis (Fig. A.4e).

A.4. AMS measurement procedure

The AMS was normally measured using an AGICO KLY-3 Kappabridge operating at 875 

Hz with a 300 A/m applied field at the University of Birmingham and an AGICO MFK-1A 

Kappabridge operating at 976 Hz with a 200 A/m applied field at New Mexico Highlands 

University. Each subsample was placed into the Kappabridge sample holder and measured in 

three orthogonal orientations. In each orientation, the sample was lowered into the Kappabridge 

and rotated through 360° about an axis. During this, the variation in magnetic susceptibility was 

measured, enabling the determination of the AMS. In addition, a single measurement of the bulk 

susceptibility was undertaken. This process was repeated for all subsamples making up a site.
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Particular care and attention had to be taken for the measurement of the basal ice samples 

(Chapter 3). The AMS samples were stored at -20°C in a container adjacent to the Kappabridge, 

but the AMS measurement was undertaken at room temperature. This can be done without 

the sample melting as the measurement of each axis takes less than a minute. Particular care 

and attention was taken to careful cleaning and calibration between each measurement. As the 

susceptibility of the basal was very low, any dust left behind from previous analyses containing 

ferromagnetic (s.l.) grains could potential affect the AMS.

One the AMS has been measured, the subsequent data were analysed in the Anisoft42 

program (obtained from http://www.agico.com/software/winsoft/anisoft/). Here, the data can 

be rotated into the specimen frame based on the strike and dip data collected in the field. The 

data can subsequently be analysed and interpretations made. Samples collected through block 

sampling required an additional step in the rotation process. As laboratory drilling was not 

necessarily perpendicular to the orientated surface, the data had to be corrected prior to the 

geographic coordinates being assigned. This process is outlined in Owens (1994) and involves 

rotating the principal susceptibility axes about the drill table strike, into the original specimen 

frame. Once these steps have been undertaken, the AMS data can subsequent be analysed and 

interpreted.

To characterise the shape and strength of the fabric, the parameters Kmean, Pj, L, F, and T were 

also calculated. Because of the reasons discussed in Section 2.9, the eigenvalue method was not 

used to calculate fabric strength. AMS parameters were compiled both on Microsoft Excel and 

through the Agico Anisoft 4.2 software. AMS data is presented onto lower hemisphere, equal-area 

stereographic projections. 
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APPENDIX B – AMS RESULTS OF THE 
WILSONBREEN FORMATION, SVALBARD

AMS results of the Wilsonbreen Formation at Dracoisen, Ditlovtoppen, Andromedafjellet, 

Klofjellet and Backlundtoppen. The long (K1), intermediate (K2) and short (K3) susceptibility 

axes are plotted as black squares, grey triangles and white circles respectively, displayed on lower 

hemisphere, equal area stereographic projections. Left-hand column represents data uncorrected 

for bedding with the bedding plane shown as a great circled (grey) and pole to bedding (grey 

circle). Right-hand column shows data after rotation about the bedding orientation to horizontal. 
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APPENDIX C – CLAST MACROFABRIC RESULTS OF 
THE WILSONBREEN FORMATION, SVALBARD

Clast fabric results of the Wilsonbreen Formation at Dracoisen, Ditlovtoppen and 

Andromedafjellet, displayed on lower hemisphere, equal-area stereographic projections. (a) Long 

axis clast fabric data (black squares) with bedding plane (black great circle). (b) Long axis clast 

fabric data (black squares) rotated about the bedding plane to horizontal. (c) Contour plot of long 

axis clast fabric data (contour interval = 10). (d) Rose of long axis clast fabric data.
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APPENDIX D – COMPOSITE SEDIMENTARY LOGS 
OF THE WILSONBREEN FORMATION, SVALBARD

Detailed sedimentary logs of the Wilsonbreen Formation of NE Svalbard. Dracoisen and 

Ditlovtoppen logs are drafted from a composite of detailed data collected by MJH, DB, CTS, 

MSP, IJF and EAM during the summer 2010 field season. The MacDonaldryggen log is drafted 

from data from the spring 2011 field season. Logs from Andromedafjellet, Reinsryggen, Klofjellet, 

Backlundtoppen- Kvitfjella ridge, Pinnsvinfjellet, Slangen and Ormen are drafted from data 

collected during the summer 2011 field season. See logs for key.
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APPENDIX E – COMPILATION GEOLOGICAL MAP 
OF NE SVALBARD WITH AMS RESULTS

Geological map of NE Svalbard. Constructed through a compilation of unpublished 

CASP maps from (formerly the Cambridge-Spitsbergen Expeditions) led by W. Brian Harland, 

Geological mapping of Galen Halverson, parts of which is published in Hoffman et al. (2012) 

and subsequent geological mapping undertaken during this thesis. AMS results, displaying the 

long (K1), intermediate (K2) and short (K3) susceptibility axes are plotted as black squares, grey 

triangles and white circles respectively, on lower hemisphere, equal-area stereographic projections.
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PUBLICATION 1 - MAGNETIC FABRICS IN THE 
BASAL ICE OF A SURGE-TYPE GLACIER

Fleming, E.J., Lovell, H., Stevenson, C.T.E., Petronis, M.S., Benn, D.I., Hambrey, M.J., 

and Fairchild, I.J., 2013, Magnetic fabrics in the basal ice of a surge-type glacier: Journal of 

Geophysical Research: Earth Surface, p. 2013JF002798.

Abstract:

Anisotropy of magnetic susceptibility (AMS) has been shown to provide specific useful 

information regarding the kinematics of deformation within subglacially deformed sediments. 

Here we present results from debris-rich basal glacier ice to examine deformation associated with 

glacier motion. Basal ice samples were collected from Tunabreen, a polythermal surge-type glacier 

in Svalbard. The magnetic fabrics recorded show strong correlation with structures within the ice, 

such as sheath folds and macroscopic stretching lineations. Thermomagnetic, low-temperature 

susceptibility, varying field susceptibility and isothermal remanent magnetism (IRM) acquisition 

experiments reveal that the debris-rich basal ice samples have a susceptibility and anisotropy 

dominated by paramagnetic phases within the detrital sediment. Sediment grains entrained 

within the basal ice are inferred to have rotated into a preferential alignment during deformation 

associated with flow of the glacier. An up-glacier directed plunge of magnetic lineations and subtle 

deviation from bulk glacier flow at the margins highlight the importance of non-coaxial strain 

during surge propagation. The results suggest that AMS can be used as an ice petrofabric indicator 

for investigations of glacier deformation and interactions with the bed.
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PUBLICATION 2 - NEW INSIGHTS INTO THE 
DEFORMATION OF A MIDDLE PLEISTOCENE 

GLACIOTECTONISED SEQUENCE IN NORFOLK, 
ENGLAND THROUGH MAGNETIC AND 

STRUCTURAL ANALYSIS

Fleming, E.J., Stevenson, C.T.E., and Petronis, M.S., 2013, New insights into the 

deformation of a Middle Pleistocene glaciotectonised sequence in Norfolk, England through 

magnetic and structural analysis: Proceedings of the Geologists’ Association, v. 124, p. 834-854.

Abstract:

North Norfolk is a classic area for the study of glacial sediments with a complex glaciotectonic 

deformational history, but the processes leading to the formation of some structures can be 

ambiguous. Anisotropy of magnetic susceptibility (AMS) analyses, providing quantitative fabric 

data, have been combined with the analysis of visible structures and applied to the Bacton Green 

Till Member, exposed at Bacton, Norfolk. Thermomagnetic curves, low temperature susceptibility 

and acquisition of isothermal remanent magnetism (IRM) reveal that the magnetic mineralogy 

is dominated by paramagnetic phases. The magnetic foliation is parallel to fold axial planes and 

weakly inclined to bedding, whilst the magnetic lineation is orientated parallel to stretching, 

indicated by the presence of stretching lineations and the trend of sheath folds. Variations in 

the orientation of the magnetic lineation suggest that the Bacton section has been subject to 

polyphase deformation. After subaqueous deposition, the sequence was overridden by ice and 

glaciotectonically deformed which involved stretching initially north–south, then east–west. These 

results show that AMS can be used to detect strain in three dimensions through a glaciotectonite 

where paramagnetic mineralogy is dominant. This approach therefore provides further support 

to the use of AMS as a fast, objective and accurate method of examining strain within deformed 

glacial sediments.
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APPENDIX E - GEOLOGICAL MAP AND ANISOTROPY OF MAGNETIC SUSCEPTIBILITY OF THE WILSONBREEN 
FORMATION, NE SVALBARD




