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Abstract 

Deforming subglacial tills have a significant influence on the dynamics of many glaciers and ice 

sheets; however, due to their inaccessibility and spatial/temporal heterogeneity, laws defining 

their behaviour and rheology are still contentious. A lack of analytical and theoretical continuity 

between exposed relict tills, those under active ice and physical and numerical models using 

artificial analogues is partly responsible for this. Particle fabric, the 3D orientation of individual 

particles, could provide a quantitative link between such approaches; however, inconsistencies 

and weaknesses in data collection, presentation and interpretation have led to conflicting laws 

governing particle dynamics and therefore subglacial till behaviour. 

 

X-ray µCT provides 3D volumetric density maps of till samples at µm-scale, allowing for the 

extraction of true 3D properties for large particle populations (n>5000). Typically, such 

investigations have used sorted or artificial sands locked in resin to simplify particle 

identification; natural sediments however, are compositionally and lithologically heterogenous 

and require a supervised approach. Machine-learning protocols are presented and tested 

alongside a novel method which quantifies the best possible representation of particles within 

a sample. A mean accuracy of 85% is achieved. By applying these protocols to samples taken 

from a variety of active and relict glacier/ice sheet margins, a large database of particle 

properties (n>280k), including orientation, shape, size, 3D position and other experimental 

metrics has been created.  

 

Particle fabrics generated using X-ray µCT are much weaker and subtler than those obtained 

through other methods; therefore a detailed investigation into presentation, statistical 

significance and contextual interpretation of fabric data is conducted. The role of particle 

properties, particularly size and shape is shown to be an important controller of fabric in tills 

and must be carefully considered. By applying targeted analysis based on these considerations 

to sheared and liquefied subglacial tills, a set of criteria for distinguishing strain regime is 

hypothesised. These criteria are subsequently applied to a suite of stacked subglacial tills, 

revealing the µCT fabric signature associated with variations in depth and deformation style. 

The implications for rheological theory and the role of fabric data in glacial sedimentology are 

discussed. 
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Glossary 

When describing fabric data collected using X-ray µCT, the following nomenclature is 

adopted to avoid confusion: 

 

• FabricBCT – Bulk fabric derived from X-ray µCT. Non-spatially partitioned (i.e. 

data is presented for an entire sample, or an isolated component within that 

sample (e.g. all rod-shaped particles). This encompasses a-axis orientations, dips 

and eigenvalues. Usually presented as rose diagrams, stereonets or triplots. 

• FabricSCT – Spatially contextualised fabric derived from X-ray µCT. This refers 

to fabric data taken from a-axes or eigenvalues which is spatially partitioned; this 

is usually manifested through the qualitative interpretation of 3D 

microstructural maps. 

• FabricBPN – Bulk proximity normal fabric – measurement of the orientation of 

particle proximities within an entire sample. Usually presented as sets of semi-

circular rose diagrams. 

• FabricSPN – Spatial proximity normal fabric – the three-dimensional mapping 

of particle proximity locations, and their orientations, aiding in the description 

of force chains within a sample.  

 



1.  Introduction 

1.1 Fabric in Glacial Sedimentology 

The term “fabric” has many uses specific to certain contexts; these are reviewed in 

Chapter 2, and further clarified in the glossary, but a thesis principally concerning fabric, 

must first define it unequivocally: 

 

“Fabric is specifically defined as the geometry of individual particles 

within a sediment body.” 

 

This property has been an integral part of glacial sedimentology (Benn, 2004a) for well 

over a century (Miller, 1884), and has held particular significance since the 

establishment of the deformable bed paradigm. In the mid-70s, it was hypothesised that 

in some cases, hydrological and sedimentological characteristics can account for up to 

90 percent of glacier flow velocity (Boulton and Jones, 1979; Figure 1. 1). In an era where 

glaciers are an integral proxy for a rapidly changing planet, establishing the role of 

climatic fluctuations on glacial flow mechanics is a high priority, and quantifying the 

behaviour of active and relict ice-masses has relied extensively on the examination of 

their sedimentary deposits. 

 

The bed of a glacier is an inhospitable place; difficult to access and heterogeneous at 

most temporal and spatial scales. As a result, it is difficult to characterise and 

instrument, and therefore to completely understand. While this remains the case, the 

significance of deforming subglacial sediments cannot be fully assessed, and it cannot 

be easily separated from basal slip as a mechanism of flow. This is why particle fabric 

has seen increasing use in glacial sedimentology; it provides a quantitative dataset based 

on a series of established physical laws, which can help to characterise the behaviour of 

subglacial tills at multiple scales. It has seen use as an indicator of ice-flow direction (e.g. 

Krumbein, 1939), depositional conditions (e.g. Lawson, 1979) and more recently, 
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mechanical strain experienced by sediment under active ice (e.g. Hart, 1994). However, 

these uses are set against a contentious theoretical background concerning the 

behaviour of individual particles in deforming units of sediment. 

 

 
Figure 1. 1: The components of glacial motion illustrated with, and without, subglacial sediment deformation: 
a) in initial (pre-1970) models, total ice velocity was composed of ice deformation (ID), and basal slip (BS); b) as the 
importance of the subglacial bed became apparent, this model was developed to include subglacial sediment 
deformation (SSD) as a third contributor to total ice velocity. 

 

In sedimentology, fabric data is gathered through a variety of means, discussed in 

Chapter 2. Particle orientations have been measured in the field by hand using a 

compass, in thin-section using a microscope or under polarised light, and quantified in 

the laboratory using ring-shear apparatus. However, there is little overlap between 

approaches used by sedimentologists and engineers, two-dimensional and three-

dimensional data and spatial scales of observation, and this has led to an inconsistent 

approach to the study of fabric. In order to contribute to an improved understanding of 

fabric and its role in characterising subglacial tills, X-ray µCT has been proposed as a 

suitable solution to the problems outlined above.  
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1.2 X-ray Computed Microtomography 

X-ray devices detect variations in the density of matter (e.g. soft tissue and bone) in a 

non-destructive manner. Computed tomography (CT) is an extension of this principle 

developed in the early 1970s by Allan Cormack and Godfrey Hounsfield which earned 

them the Nobel Prize in Physiology or Medicine. Computed tomography introduces a 

rotating stage and post-processing into the X-ray system; instead of an emitter/detector 

assembly acquiring a single two-dimensional X-ray, hundreds of X-rays can be captured 

from every angle as the sample is rotated. The degree of rotation between each 

captured image is a known value and therefore three-dimensional volumetric models of 

density can be generated (Figure 1. 2). 

 

 
Figure 1. 2: A schematic showing the basic functions of an X-ray µCT scanner. 
 

Due to its non-destructive nature, CT was initially developed as a medical technique to 

view organ & cranial trauma and tumour growth - the ability to locate and visualise these 

elements without invasive procedures was a huge step forward in medical technology 

(Carver & Carver, 2006). However, as technology has decreased in price and increased 

in availability, CT has spread to other disciplines requiring non-destructive density 

analysis such as automotive/aerospace engineering, electrical engineering and more 

recently, the geosciences. 

 

CT, and its more advanced, higher resolution method µCT (computed microtomography) 

have facilitated several advancements in multiple geoscientific disciplines; its non-

destructive nature has helped to characterise the spatial density of soil (Petronius et al., 

1982), the interiors of high-value specimens such as fossils (Conroy & Vannier, 1984) 

and meteorites (Griffin et al., 2001) and identified hypothesised micro-cracks in frozen 
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soil (Akagawa & Nishisato, 2009; Bhreasail et al., 2012). For full in-depth reviews the 

reader is referred to Ketcham & Carlson (2001), Mees et al. (2003) and Cnudde & Boone 

(2013); examples of typical outputs from geoscientific uses of X-ray µCT are presented 

in Figure 1. 3, though this is mainly to illustrate the concept of a three-dimensional X-

ray. 

 
Figure 1. 3: Three examples of three-dimensional volumetric models produced using X-ray µCT scans of 
geoscientific specimens:  
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a) shows sulphide and chondrule inclusions in a meteorite, separated into matrix and large components (Griffin et al., 
2012); b) shows the degradation of building materials exposed to weathering (Cnudde & Jacobs, 2004); c) shows a 
characterisation of seasonal varves in lake sediments, and how two-dimensional representations can miss faulting 
only identifiable in three dimensions (Bendle et al., 2015). 

 

Due to its relatively recent adoption by non-specialists, X-ray µCT is seeing rapid 

development and specialisation, including by geologists and sedimentologists to 

produce three-dimensional vector data from a variety of natural Earth materials. 

However, integrating X-ray µCT into a well-established sedimentological framework, 

requires the reliable and accurate “decoding” of X-rays taken of natural specimens. 

Natural sediments, particularly diamicts, are notoriously hard to quantify using X-ray 

images, due to a lack of clear density phases, such as bone/tissue, or steel/plastic. 

Therefore, the initial goal of this investigation is designed to tackle this problem, in order 

to develop X-ray µCT into a method capable of addressing concerns outlined in Section 

1.1. 

 

1.3: Research Questions and Objectives 

The issues identified above, and explored in Chapter 2, are tackled through a series of 

research questions, fully explained in Chapter 3. Each question has several sub-aims 

associated with its completion: 

 

RQ1: How can the quality of X-ray µCT data be maximised through accurate 

segmentation? 

• Develop a method which attaches accuracy values to different segmentations of the 

same X-ray. 

• Apply this method to find the most accurate way of producing structural, and 

therefore fabric data in diamicts. 

 

RQ2: What does particle fabric in subglacial traction tills mean? 

• Determine how, and to what extent, inherent particle properties condition fabric. 

• Link these relationships to theories of particle mechanics, informing particle 

dynamics in subglacial traction tills. 

• Integrate novel multi-scalar data into particle mechanical theory, establishing a link 

between processes and resulting mechanics. 
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RQ3: How can X-ray µCT particle fabric contribute to an increased understanding of 

glacial dynamics and subglacial traction tills? 

• Integrate X-ray µCT fabric data into a sedimentological study at an active glacier 

margin. 

• Apply data and knowledge from this new study to a specific issue associated with 

subglacial traction tills. 

 

These research questions are explored in the following chapters. Chapter 2 highlights 

current weaknesses in theories of subglacial sediment deformation, and how problems 

with the acquisition, presentation and analysis of particle fabric data are associated with 

this. Chapter 3 outlines the research framework of this investigation, and the proposed 

methods for completing project aims, based on knowledge gaps identified in Chapter 2. 

Chapter 4 contains a set of protocols for improving the acquisition of fabric data, 

through the use of machine learning to reliably segment X-rays of subglacial traction till 

to a known accuracy. Chapters 5 and 6 then set out to use this improved quality data, to 

ascertain what fabric actually means; firstly, by applying approaches familiar to glacial 

sedimentologists, and secondly by devising novel processes to utilise the full potential 

of X-ray µCT particle fabric data. Finally, Chapter 7 seeks to integrate this novel data into 

an established macro-sedimentological framework at an active glacier margin, in order 

to address some of the knowledge gaps outlined in Chapter 2. The thesis concludes by 

answering the three research questions introduced in Chapter 3, addresses their 

implications for glaciology, and recommends the next steps for X-ray µCT fabric. 
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2: Particle Fabric in Subglacial 

Sediments 

 

Sediments are granular materials composed of discrete particles. Understanding how 

these particles are arranged under dynamic environmental conditions over a variety of 

temporal and spatial scales is perhaps the most fundamental component of 

sedimentology (Tucker, 2001; Bridge & Demicco, 2008).  

 

Using sediments as a spatial and temporal archive for past environmental processes 

requires their characteristics and behaviour to be correlated with observed processes 

(e.g. Hodge et al., 2009; Lukas et al., 2013; Baker et al., 2015; Bracken et al., 2015; 

Hoffman, 2015); equally, anthropomorphic manipulation of sediments, often in 

engineering contexts, requires an applied knowledge of similar properties (Attewell & 

Farmer, 2012; Desai & Zaman, 2013; Fay et al., 2014; Ferreira et al., 2015; Wang et al., 

2015). One such property, particle fabric, is defined as the geometry of individual 

particles within a sediment body (Benn, 2004a; Knappett & Craig, 2012) and may be key 

to understanding the response of a sediment to external forces. (Piazolo et al., 2002; 

Azéma & Radjaī, 2010; Marques et al., 2014; Narloch et al., 2015).  

 

Homogenous materials such as manufactured polymers have well-defined responses to 

applied forces (Lenk, 2012; Andreev & Schieber, 2015) and can therefore be analysed 

using fabric to a high degree of precision (Sloane et al., 2013). This allows for the 

prediction and reconstruction of force vectors acting on such materials (Oda et al., 1985; 

Ibrahim et al., 2010). However, in spatially and temporally heterogenous natural Earth 

materials these relationships are complex (Hooyer & Iverson, 2000; Benn, 2002; Carr & 

Rose, 2003; Boyer et al., 2011; Damsgaard et al., 2015). As subglacial sediments are 

encoded by subglacial processes and therefore glacial dynamics (Alley et al., 1986; 

Boulton & Hindmarsh, 1987; Evans et al., 2006), this lack of a quantifiable link precludes 

the use of fabric as a precise proxy of deformation in such environments. Evaluating the 
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link between particle fabric and environmental dynamics in subglacial till could have 

wide-ranging implications including improved reconstructions of paleoglaciological ice 

dynamics (e.g. Eyes et al., 2014) and an increased understanding of subglacial processes 

(Christiansen et al., 2014). 

 

This chapter reviews and synthesises the collection, analysis and interpretation of fabric 

data in the context of subglacial tills and identifies key knowledge gaps. Three areas 

requiring review are a) methods associated with data collection & analysis, b) theories 

which explain the behaviour of till and finally, c) the relationship between the two; fabric 

in the context of subglacial sedimentology. However, fabric itself is not a simple term 

and its definition must be reinforced to ensure consistency throughout this thesis. 

 

2.1 Fabric Properties of Sediments 

In this thesis, fabric is specifically defined as the geometry of individual components 

within a sediment body. However, as an overarching term, fabric is often defined as the 

“arrangement” of a sediment (Knappett & Craig, 2012) and is used by academic (e.g. 

Vaughan et al., 2014) and industrial (e.g. Zaini et al., 2015) sectors in different contexts 

for varying purposes. For example, engineers will often include bulk porosity in 

descriptions of fabric due to its role in controlling mechanical response (Fonseca et al., 

2013), while sedimentologists may limit their description to the orientation of the long 

axes of elongate particles as they can reflect flow/strain direction (Phillips et al., 2012). 

This range of parameters underpinning fabric can generate contradictory definitions; by 

reviewing these parameters, those applicable to subglacial sedimentology are selected 

and evaluated to justify the initial definition. 

 

The first distinction to make is between the fabric of individual components (individual 

fabric) and the fabric of a collection of components in a sediment body (structural 

fabric). These parameters can be further subdivided by dimensionality, scale and 

discipline, and this is discussed in Section 2.2. 

 

There are three fundamental parameters which describe the geometric orientation of 

individual objects: 
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1. The orientation of the longest (a-) axis (Benn, 2004a; Figure 2. 1) or ab- plane (Evans 

et al., 2007) of a component described by azimuth and dip (Figure 2. 2). The azimuth 

of an object (Figure 2. 2a) describes the two-dimensional orientation projected onto 

the xy plane relative to north, out of a maximum of 360 degrees. The dip of an object 

(Figure 2. 2b) is the angle of vertical plunge onto the projected xz plane out of a 

maximum of 90 degrees (Krumbein, 1939; Lisle & Leyshon, 2004).  

 
Figure 2. 1: The axes and planes associated with an elongate clast (marked in grey):  
A-axis will always be the longest, followed by b and then c (adapted from Benn, 2004a). 

 
Figure 2. 2: Measuring a) the angle of azimuth (relative to north) and b) angle of dip (relative to 90 degrees) 
(adapted from Hooyer et al., 2008). 
 

2. Contact normals (Knappett & Craig, 2009; Fig. 2.3) describe the vector perpendicular 

to the contact between two particles collected from two-dimensional images, 

usually thin-sections. Contacts are often averaged during processing and best fit 

planes are generated (Nemat-Nasser & Balendran, 2013). 
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3. Branch vectors (Knappett & Craig, 2009; Figure 2. 3) are vectors connecting the 

centroids (a- & b- intersect) of two touching particles (Fonseca et al., 2013). Branch 

vectors are often connected into polygons which can characterise the bulk fabric of 

a large number of grains (Guo & Zhao, 2013). 

 
Figure 2. 3: Parameters typically associated with the measurement of fabric in two-dimensions:  
CN = contact normal, BV = branch vector, VO & PO = void and particle orientations (Fonseca et al., 2013). 

 

These parameters can be described in both two and three dimensions and at a variety 

of scales, although contact normals and branch vectors are impossible to measure in the 

field, and are limited to studies involving engineering or physical models. For example, 

the a-axis orientation of an individual particle may be described in the laboratory using 

a thin-section (micro-scale, two-dimensional) or in-situ using traditional field-scale 

methods (macro-scale, three-dimensional). The commonality is the measurement of 

each individual component rather than summary measurements of samples or units. 

 

Structural fabric is a more holistic term; it includes the directional properties of planar 

features such as faults, fold axes, bedding planes and erosional surfaces (Fossen, 2010), 

the spatial arrangement of material phases (e.g. Dangayach et al., 2015) and the shape 

and size of individual components (e.g. Zhao & Gao, 2015) within a sediment body. The 

term “total fabric” has been used when many directional elements are considered 

simultaneously (Derbyshire, 1976), though this approach has diminished in recent years 

due to a focussing of particle fabric. Structural data is well established as invaluable for 

plane is measured to a reference vertical plane. Furthermore,
as the vector data presented here are orientations without a
specific direction, only one half of the plane need be consid-
ered (i.e. in the x–y plane a vector with an orientation of
3308 to the positive x-axis is equivalent to a vector with an
orientation of 1508 to the same axis). The dataset available
from the micro-CT scans allowed correlations between parti-
cle, contact and void geometries and orientations to be
made, and these correlations were explored by shading the
bins in the rose diagrams, for example by average particle
size.

Angle ł inclination
In three dimensions the orientation of any vector can be

described in spherical coordinates as a combination of two
angles: the azimuth angle, giving the inclination of the
horizontal (x–y) projection to the x-axis; and the angle ł,
which, as illustrated in Fig. 2(a), is the angle between the
vector and the horizontal (x–y) plane (i.e. the zenith angle is
908 ! ł). For axisymmetric or cross-anisotropic samples,
provided the material is isotropic in the horizontal plane, the
frequency distribution of the ł angles for a specimen gives
an indication of the fabric anisotropy. As illustrated in Fig.
2(a), this distribution is determined by considering all the
unit vectors describing the orientations to originate at the
centre of a unit sphere. Then the number of vectors that
intercept the surface of the sphere over an angular increment
of dł are counted and normalised by the total number of
vectors. For an isotropic material the frequency distribution
is determined by considering incremental area dA (Fig. 2(a))
divided by the total surface area of the hemisphere. Ob-
viously, close to the apex of the sphere (for ł values close
to 908) the area dA associated with the angular increment
dł is much smaller than the dA value associated with ł
values close to 08, and so in the isotropic case the resultant
distribution takes the non-linear form illustrated in Fig. 1(b).
For the data presented here the angular increment considered
was 58. In all cases there was scatter in the experimental
data (owing to the finite number of particles and contacts
considered); consequently, for each dataset considered, both
the raw data and the smoothed (filtered) data are presented.
The data were smoothed with the loess method available in

MATLAB (Mathworks, 2011), which uses local regression
with weighted linear least squares and a second degree
polynomial.

Fabric tensor
The fabric tensor is commonly used to describe the

preferred orientation of a dataset of vectors and its asso-
ciated intensity. It takes generally the form of a second-order
symmetric tensor. Following Satake (1982), the fabric tensor
definition used here is

!ij ¼
1

N

XN

k¼1

nk
i nk

j (3)

where N is the total number of vectors in the system and nk
i

is the unit orientation vector along direction i. This defini-
tion of fabric can be applied to different directional vectors
describing the soil packing, including the orientation of the
particle major axes (e.g. Dafalias et al., 2004; Ng, 2004).
However, this definition does not account for the shape of
the particles. A particle whose intermediate axis length is
only slightly bigger than its minor axis length would have
the same contribution to the overall tensor as a particle
whose intermediate axis length is just smaller than its major
axis length. A fabric tensor that considers both particle
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Fig. 1. Schematic diagram of fabric for intact sample, with
indication of main features and vectors used for fabric
quantification: particle orientation (PO), void orientation (VO),
contact normal (CN) and branch vector (BV). Geometrical
definition of CN vector included
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both reconstructing (e.g. Phillips et al., 2008; 2011) and predicting (e.g. Lade & 

Yamamuro, 2015) sediment behaviour at a variety of scales in a range of environments. 

 

Again, structural fabric can be described in multiple dimensions and scales. For example, 

sedimentologists may map all folds and faults exposed at cliff-faces to parameterise 

environmental stresses under ice (macro-scale, two-dimensional) whereas mapping 

three-dimensional pore geometry in small sediment samples using X-ray µCT can help 

identify ebullition pathways for stored greenhouse gases in peat (micro-scale, three-

dimensional). 

 

While structural fabric is certainly important, in order to improve the understanding of 

fabric, and its purpose in subglacial sedimentology, it is logical to review all components 

at the most fundamental level. Describing the geometry of individual particles is more 

“basic” than describing the geometry of structures which are often themselves defined 

by arrangements of such particles. Therefore, including the wider structural, 

compositional and elemental definitions of fabric outlined above is beyond the scope of 

this thesis and could lead to confusion; they are certainly referred to but excluded from 

the definition of fabric outlined below. 

 

Therefore, in this thesis, fabric is defined as the geometry of individual particles within 

a sediment body. This fabric can be described by a variety of parameters, and individual 

measurements are often grouped into structures or averaged; however, all raw data 

collected can be traced back to the quantified geometry of individually identifiable 

components rather than holistic, qualitative or integrated descriptions of sediment 

samples or bodies. The glossary preceding Chapter 1 details some of the more specific 

fabric terms used later in this thesis; these specialised terms will be introduced during 

relevant chapters.  

 

The parameters used to describe the fabric of individual particles explained above are 

consistent and comparable; however, methods used to acquire, present and analyse this 

data can be conflicting. These methods generate all raw data and are central to the 

understanding of particle fabric; the following Section will review existing approaches 

and highlight knowledge gaps for further research. 
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2.2 Data Acquisition and Presentation 

This Section covers the acquisition, presentation and summary analysis, usually through 

statistical tests, of fabric data. Reviewing these methods out of context highlights 

inconsistencies and knowledge gaps from a wider range of literature. However, the 

overarching, often contradictory contexts of sedimentology and engineering are hard to 

ignore. Context will often dictate method, which will in turn limit available presentation 

and analysis options. This is not necessarily a controversy or disagreement between two 

conceptual, approaches, more the consequence of a lack of overlap between contexts. 

 

2.2.1 Measuring sediment fabric 

The most important component of any approach measuring fabric parameters, is 

identifying grains to be measured. Measuring orientations of particles requires the 

accurate identification of such particles’ shape, size and position in space. This is 

relatively simple in the field, where a particle can be examined in three-dimensional 

detail, but can be difficult when separating smaller grains in a thin-section for example. 

Without the accurate identification of particles, approaches detailed below are 

inapplicable. Due to the central role of X-ray µCT, a three-dimensional technique, in this 

investigation, it is logical to separate data acquisition methods into two-dimensional and 

three-dimensional approaches; however, there are other ways to classify these 

approaches, commonly including spatial scale (micro-fabric vs macro-fabric) or context 

(sedimentology vs engineering). 

 

2.2.1a Two-dimensional methods 

Two-dimensional sediment fabric data is most commonly obtained at the micro-scale 

using resin-impregnated thin-sections and micromorphology (Carr, 2004). Analysing 

sediments using micromorphology has revealed details which are absent or ambiguous 

at the macro-scale (Menzies & Maltman, 1992; van der Meer, 1993; 1996; Whalley, 

1996; Menzies, 2000), and has improved understanding of complex interactions 

between erosion, transport and deposition in many environments. 

 

Early analyses of fabric taken from thin-sections focused exclusively on point counts of 

skeleton grains, their apparent a-axis orientations as well as the orientation of bands 
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and foliations (Sitler and Chapman, 1955); measuring such properties at the micro-scale 

revealed the influence of fabric on the macroscopic properties of a sediment such as 

consolidation and diagenesis (eg. Tovey et al., 1995). However, this approach can only 

be applied to thin-sections where particles are visually distinguishable from the 

surrounding matrix which presents problems when analysing fine-grained or 

monomineralic sediments.  

 

 
Figure 2. 4: Quantifying thin-section fabric using different methods: 
a) Microstructural mapping of thin-sections used by Phillips et al. (2011) used to identify the dominant fabric within 
a sample of diamict; b) Metripol system scans of plasmic fabric in iceberg-ploughed sediments used to establish 
relative chronology and deformational process (Linch & van der Meer, 2012). 

 

Digitising photomicrographs or thin-section photographs using a vector-based program 

such as Adobe Illustrator allows for particle a-axis orientations to be quantified and 

presented using microstructural maps and rose diagrams (Figure 2. 4a). This approach 

can help to distinguish fabric domains (groups of similarly oriented particles) which adds 

an element of relative chronology to studies where cross-cutting is visible (Phillips et al., 

2011, 2013), especially relevant in polydeformed tills. Other microstructural features 

such as faults or folds can provide valuable context for the interpretation of these fabric 

domains. However, microstructural mapping also requires thin-sections to be visually 

separated into particles and matrix and any advantages offered by digitisation must be 

considered against the average time & expertise required, often up to 37 hours per 
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section (Carr, 2017 pers. comm). Figure 2. 5 also demonstrates significant deviations in 

fabrics extracted from thin-section compared to a sample block; in thin-section, the 

presence of two distinctive dip modes, inclined opposite one another, fundamentally 

disagrees with the three-dimensional parent fabric which is dominated by horizontal 

dips. This holds significant implications for the reliability of microfabric domains 

reported by Phillips et al. (2011), and indicates the value of three-dimensional fabric 

analysis. 

 

 
Figure 2. 5: A comparison of particle fabrics obtained from microstructural mapping (Phillips et al., 2011a) and X-
ray µCT analysis: 
The top panel shows true particle dips extracted using three-dimensional µCT. Regardless of size fraction and shape, 
horizontal dips dominate. The lower panel shows a virtual thin-section taken from this volume, which generates a 
very different micro-fabric; this demonstrates that two-dimensional fabrics can deviate significantly from three-
dimensional fabrics (Carr, pers comm. 2017; data derived from sample C2T, Spagnolo et al., 2015). 

 

Extracting more complex fabric parameters, such as contact normals (CNs) or branch 

vectors (BVs), requires a more efficient method of image segmentation as the centroids 

of particles must be accurately calculated (Fonseca et al., 2013). Full-colour 

photomicrographs have been successfully converted into binary images using simple 

thresholding approaches (Heilbronner & Barrett, 2014), which have then been analysed 
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using MATLAB to automate the measuring of particle centroids and contacts (Fonseca, 

2011). This has revealed the co-linear response of CNs and BVs to applied stress 

(Fonseca, 2013), and the role of inter-particle stress transmission during loading and 

resultant shearing (Yang et al., 2008). Systematic scanning lines (SSL) methods evaluate 

the overall fabric of a sediment in a similar way, by considering the a-axis directions of 

both pores and particles as bulk components, rather than averaging individual 

measurements. This can give a quick and accurate assessment of holistic orientation 

using thin-sections binarised using the approaches above (Heilbronner & Barrett, 2014). 

 

Crucially, automated approaches outlined above have only been applied to lithologically 

simplistic materials. Sorted sands, photoelastic discs, Schneebeli rods and porous soils 

are all easy to manipulate and segment into two-phase images. Separating unsorted, 

natural sediments is labour-intensive and manual approaches are often used due to the 

shear variability in natural sediments (Stroeven et al., 2005; Phillips et al., 2011; 

Heilbronner & Barrett, 2014). 

 

One method which is more suited to describing the fabric of such natural sediments is 

plasmic fabric. Plasmic microfabric (Brewer, 1975) is a unique method for quantifying 

the fabric of clay particles in a thin-section (invisible to the naked eye) using cross-

polarised light in two dimensions. Patterns revealed by the presence of a cross-polarised 

light source in an optical microscope can reveal fabrics which appear as birefringent 

signals. Omnisepic fabrics for example, can indicate the rolling of larger particles which 

reorient clay domains along their edges; this could provide evidence for ductile 

deformation in a deforming sediment (van der Meer & Menzies, 2011). Similarly, planar 

fabrics such as maesepic plasmic fabric can indicate the discreet failure of sediments 

along shear planes (Carr, 2004). 

 

Metripol systems have been able to quantify plasmic fabrics by standardising the 

birefringent signal; Linch & van der Meer (2012) used this technique to compare the 

relative strength of cross-cutting fabric domains in samples of till, adding an element of 

chronology to deformational analysis (Figure 2. 4b). Discrepancies were noted between 

fabrics identified by eye, and those quantified using the Metripol system - this has 

implications for the use of plasmic fabric as a quantitative tool. 
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While the use of thin-section micromorphology in fabric analysis has revealed much 

about sediments at the microscale, there are two aspects which must be considered, 

particularly in the case of fabric analysis. Firstly, it is impossible to truly represent three 

dimensions in two dimensions. All methods detailed above describe the apparent 

orientations of particles. These orientations are labelled “apparent” as a two-

dimensional thin-section will only be able to capture a slice through a sediment (see 

Figure 2. 5); this means that the true a-axis could exist perpendicular to the thin-

section’s face. Bjrnbom (1977) found that 20% of clast long axes identified in two 

dimensions were not reflected in three dimensions (no apparent orientation) and 15% 

deviated by more than 20°, and Figure 2. 5 further supports this. The only way to 

overcome this issue is to measure sediment fabric from a real three-dimensional 

sample. 

 

The second aspect concerns the methods used to produce a thin-section from a 

sediment block. Bendle et al. (2015) found significant structural differences in sediment 

blocks before and after resin impregnation (Figure 2. 6), which has implications for 

fabric, a property which is essentially controlled by structure. Phillips et al. (2011) 

conducted microstructural mapping on 3 orthogonal thin-sections, identifying cross-

cutting relationships between fabric domains; this essentially provides a high-resolution 

pseudo three-dimensional dataset but still suffers from disturbance and representation 

issues described above, and problems highlighted in Figure 2. 5. True three-dimensional 

fabric is therefore preferred. However, describing three-dimensional fabric, particularly 

in the field, is much more difficult than digitising apparent grain forms in a laboratory, 

and requires a greater degree of consideration. 
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Figure 2. 6: Cross-sectional photomicrographs (x-axis) illustrating the output of a) wet, b) dry and c) impregnated 
sediment samples scanned using X-ray µCT: 
Air-drying samples dramatically lowers the contrast resolution between alternating fine-grained laminae, and sample 
impregnation using resin generates significant structural changes observable in the top part of the sample. 

 

2.2.1b Three-dimensional methods 

Three-dimensional particle fabric data typically comprises the azimuth and dip 

measurements of a particle’s a-axis or ab plane. It is not possible to measure fabric for 

every shape of particle in the field; for example, perfectly spherical particles have no 

distinguishable a, b, and c axes (Figure 2. 1) and therefore will not be sensitive markers 

of orienting processes (Benn, 2004a). Equally, issues of sample size (typically n<50) and 

selection can lower the reliability of results. 

 

Various a:b-axis ratios have been proposed for identifying particles from which to collect 

fabric data (Andrews, 1971), though > 1.5 : 1 or > 3 : 2 is the most common choice in 

both field (Benn, 2004) and laboratory (Hooyer and Iverson, 2000) contexts. This 
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introduces some initial bias through misrepresentation and can be problematic for 

interpretations when compounded with other problems outlined here.  

 

The physical field-measurement of clast fabric is a time-consuming and often laborious 

process; as such, sample populations typically contain <50 clasts. Early methods 

proposed by Krumbein (1939) utilised apparatus that allowed for the relatively precise 

measurement of clasts in-situ although this method only accommodated a narrow size 

fraction of clasts for measurement; an upper limit was imposed by equipment and errors 

were significant at smaller fractions as measurement became more awkward and less 

accurate. Subsequent investigations adopted reference rods and orientometers 

(Holmes, 1941) and later compass clinometers (Kirby, 1969) to improve accuracy and 

practicality (Figure 2. 7).  

 

Standard practise for measuring clast fabric outlined in Benn (2004) and shown in Figure 

2. 7 includes four key criteria for sampling: 

 

 
Figure 2. 7: Measuring clast macrofabric in the field using a compass clinometer:  
a) Azimuth and b) dip data can be collected for either the a-axis or the ab-plane of the clast. Photo: S. Carr. 

 

1. Limiting choice to clasts with an a:b ratio >1.5:1 is important when measuring a-axis 

fabric as these particles are much more likely to be influenced by deformational 
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forces then more blocky or spherical shaped clasts. When measuring ab-planes, is it 

better to sample from the whole population regardless of axial ratio (Evans et al., 

2007). 

2. A constrained range of clast sizes should be selected due to postulated variations in 

fabric strength with particle size. Kjær & Kruger (1998) and Carr & Goddard (2007) 

have found both systematic and random variation in fabric datasets from identical 

locations in different particle size ranges. For the purpose of collecting data, even if 

this relationship is non-systematic, it is vital to keep clast sizes within a known range 

to enable relative comparison and representation.  

3. Particles should be sampled from a small area to eliminate subtle changes in facies 

fabric (Rose, 1974). Fabrics are not representative of an entire facies and variations 

in force strength & type (e.g. the shift from a brittle to ductile deformation regime) 

can occur over small scales, skewing fabric datasets to a “mean fabric” for a facies 

rather than one indicative of processes at that point. This point is covered in more 

detail in Section 2.4. 

4. Clasts which fulfil these 3 criteria must be selected at random (i.e. not selected based 

on their fabric or other variables). 

 

Point 4 is perhaps the most problematic here, for 2 reasons. Firstly, samplers can 

subconsciously select clasts which support an existing hypothesis or fit the general trend 

observed at that site. Secondly, the manner in which grains are selected from a planar 

face is inherently biased. Chandler and Hubbard (2008) observe that clasts aligned 

perpendicular to a face are over-represented relative to those parallel to a face. 

Statistically, clast fabrics measured in the field from sections are skewed to bias in favour 

of particles perpendicular to a sampling face, rather than representing the parent 

population regardless of the strength or orientation (Figure 2. 8): “there are almost no 

situations that occur in reality in which a fabric reconstructed on the basis of clasts 

sampled from a planar face will exactly match its parent population” (Chandler & 

Hubbard, 2008; pp 934).  
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Figure 2. 8: The probability of a particle being exposed at a face (Pe) as a function of clast orientation (w) and shape 
b* (b*=b/a axes) for zero clast dip: 
Clasts arranged with their a-axis perpendicular to the face, i.e. with 0 or 180º dip, have a selection probability of 1.0 
compared to those arranged parallel with probabilities as low as 0.2, depending on particle shape (Chandler & 
Hubbard, 2008). 

 

Chandler & Hubbard (2008) suggest that excavating monoliths or exposing three 

orthogonal faces from a sediment section and measuring the orientation of all particles 

is the only way to ensure the parent fabric is accurately represented through sampling. 

This is a key issue, and one which has implications for every single macrofabric 

investigation conducted, but has never been replicated. 

 

 The conditioning effect of particle shape on sampling likelihood is also revealed by 

Figure 2. 8; however, shape has the potential to bias fabric datasets through inconsistent 

responses to similar stresses. For example, prolate-shaped grains are more likely to 

orient transverse to a principal stress axis (Glen et al., 1957) while blades will 

preferentially orient parallel (Benn, 1995). Inconsistent descriptions of particle shape 

(Blott & Pye, 2008), including the omission of smaller surficial features (Kruger, 1984; 

Neudorf et al., 2015) add further layers of uncertainty to these datasets. The preference 

for sampling prolate particles (a:b ratio >1.5:1) detailed above goes some way to 

ensuring consistency, but this does not distinguish between blades and rods (Zingg, 
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1935), edge rounding (Benn, 2004b), or irregularities (Folk, 1955; Sneed & Folk, 1958), 

identified as crucial characteristics when considering fabric (Benn, 2004a). 

 

Misrepresentation can also appear in three-dimensional macro-fabric datasets due to 

varying sample populations. The 50 clasts, (Benn, 2004) or 30 for clustered fabrics 

(Larsen and Piotrowski, 2003b), typically suggested as sufficient for a representative 

fabric dataset has little quantitative basis. Increasing sample populations using 

traditional methodologies could mean days of work for the collection of one fabric 

dataset; more data points should bring the sampled fabric closer to the parent value 

although it is still unclear at what point this cutoff is reached. Work by Ringrose & Benn 

(1997) and Benn & Ringrose (2001) increased the size of fabric datasets from 50 to 

10,000 through bootstrapping, or resampling, of raw data. They found that fabric 

variability at a single site could be explained by random statistical variation rather than 

significant spatial variations in sediment properties. However, such analysis does not 

improve the quality of datasets by adding additional samples. Nevertheless, it is 

important to reiterate their findings: fabric datasets interpreted as different enough to 

distinguish process may be explained by random variation. Ringrose and Benn (1997) 

confirm that 50 is the absolute minimum number of clasts needed for any form of 

confidence in fabric data. Therefore, sample populations required for robust particle 

fabrics are unfeasibly larger than those currently utilised.  

 

Key points: 

• Low sample populations and the resulting bias undermine many three-

dimensional investigations.  

• Two-dimensional studies are hampered by poor representation of the parent 

population.  

 

Data acquisition errors can propagate during the visual presentation or arrangement of 

the data, although this data presentation stage in itself is not simple and judgements 

are required when choosing how and what to present. 
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2.2.2 Data Presentation 

The presentation and analysis of fabric data has seen extensive development over the 

past ~50 years, although it is important to reiterate the low quality of many datasets 

upon which much of this is based. 

 

2.2.2a Visual presentation 

Many methods exist for the presentation of particle fabric data, both for individual 

populations of particles, comparative studies between particle populations, sediment 

units and even sites. As stated in Section 2.2.1, presenting three-dimensional data in 

two-dimensions (i.e. on a page in an article or textbook) is difficult and requires 

stereographic projection (Phillips, 1960; Lisle & Leyshon, 2004), a technique explained 

in detail here. Summary statistical methods can mitigate these presentation biases 

somewhat, but at the expense of reduced detail. Data collected using manual methods 

and accurate laboratory techniques can all be presented in the same way – as a first 

step, it is important to identify the source of the data before making firm conclusions 

based on its presentation. Two-dimensional fabric data, that is usually a-axis azimuth 

orientation, is typically presented using rose diagrams (Borradaile, 2003a); essentially 

histograms with a circular x-axis (Figure 2. 9).  

 

 
Figure 2. 9: Rose diagrams expressed as folded histograms:  
Identifying patterns (such as the weak NW to SE orientation of the majority of particles) is much more difficult on a) 
histograms when compared to b) rose diagrams. 

 

These rose diagrams can be visually interpreted in the context of other sedimentological 

data (eg. Benn et al., 2004) or subjected to additional statistical analysis. The mean 
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vector approach (Narayan, 1971; Carr & Rose, 2003) can be useful in strongly clustered 

datasets, although for bimodal or complex fabric distributions this statistical method will 

obscure real and significant information (Figure 2. 10). The significance of multimodal 

distributions is currently contentious, especially in subglacial tills, and removing them 

from datasets in favour of an oversimplified mean vector approach may be unwise. 

 

 
Figure 2. 10: Three rose diagrams exhibiting bimodal particle fabrics for populations of over 10,000: 
The mean vector is marked on as a grey arrow extending to the edge of the plot. In all 3 cases, the mean vector 
removes the notion of a bimodal distribution and seriously misrepresents the data. In all three rose diagrams, there 
is a fabric signature parallel to the mean vector, but also one transverse to it. From left to right; n=14421, n=20555, 
n=13280. 

 

It is also important to consider the microstructural method pioneered by Phillips et al. 

(2011) which places rose diagrams alongside spatial maps of fabric locations; this is 

discussed in Section 2.2.1a and shown in Figure 2. 4a, but can greatly enhance the value 

of rose diagrams when fabrics are constrained to certain domains. While a mean vector 

approach can oversimplify a dataset, splitting modes by spatial position within a thin-

section can add another level of detail to visual presentation, and allow for much more 

complex interpretations. However, azimuth is an incomplete measure of the three-

dimensional arrangement of particles. Reducing complex, time dependent three-

dimensional Earth surface processes and sediments to two dimensions results in an 

inevitable loss of signal.  

 

Showing azimuth and dip on the same diagram is important for understanding more 

complex fabric patterns although this can only be conducted if three-dimensional data 

was originally collected. Traditional Cartesian coordinates (x- y- z-) are difficult to 

visualise in two-dimensions and therefore stereographic projection onto a plane is more 

commonly used (Figure 2. 11a). The zero of the z-plane will run through the centre of 

the sphere and forms north, while the equator is the intersection of this plane with the 



Chapter 2: Particle Fabric in Subglacial Sediments  

 57 

sphere (Borradaile, 2003). The similarity of triangles (Leyshon & Lisle, 2004) provides a 

simple algebraic form for projecting and reconstructing stereographic data. For 

example, in Figure 2. 11b, the point p on the sphere is projected onto the plane as a 

function of its dip away from the equator and position relating to north. 

 

 
Figure 2. 11: Stereographic projection: 
A) an example of a stereographic projection. The grey sphere is projected onto the planar circle while maintaining all 
angles within the sphere (image: Wikipedia, https://goo.gl/sCqcGC); b) the point P is projected from the surface of 
the sphere from N (north pole) to the plane tangent to S (the south pole) at point P1 (image: Wolfram Alpha, 
http://goo.gl/7yvYUz); C) An equal area (Schmidt) stereographic net based on a lower hemisphere projection. These 
nets are typically plotted by hand using methods outlined in Lisle & Leyshon (2004). 

 

Numerous methods exist for plotting, though equal area (Schmidt) lower-hemisphere 

stereographic nets are best suited for linear fabric data (Borradaile, 2003). These are 

essentially circular plots with poles and an equator where degrees of dip are 

represented along the equator and azimuth along the primitive. Azimuth is shown by 
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circumferential position while dip is distance from the origin. Each clast will have both 

of these values which is then plotted as a pole (Figure 2. 11c). As each point represents 

a physical particle, contouring highlights clusters of datapoints which can then be 

interpreted (Benn, 2004a). This contouring can help highlight trends in dip as well as 

direction which can be reflective of orienting forces.  

 

Figure 2. 4a shows the integration of a spatial component into fabric analysis through 

microstructural mapping; such presentation allows groups of similarly oriented particles 

to be identified as discrete fabric domains (Phillips et al., 2011a) which can inform a 

detailed deformational history of the sample; for example, the superposition and cross-

cutting of domains can reveal the relative chronology, and absolute direction of 

sediment deformation. This spatial analysis is vital to unlocking a more advanced 

understanding of fabric, but the limitations identified in Figure 2. 5 demonstrate limited 

confidence in fabrics extracted using this method. 

 

2.2.2b Statistical analysis 

Fabric data is three-dimensional, polar and not scalar. This means that the mean, 

median and mode measures are inappropriate (Borridaile, 2003a); this is shown in 

Figure 2. 10 where vector means are often skewed in multimodal fabric datasets. The 

orientation tensor or eigenvalue method (Scheidegger, 1965; Mark, 1974) is the most 

widely used summary statistic in glacial sedimentology (Benn, 1994, 2004) as it largely 

overcomes this problem. Eigenvalues allow the strength and shape of sediment fabrics 

to be easily compared between populations, facilitating quick comparisons.  

 

Such analysis transforms dip and direction values for sets of particles into three mutually 

orthogonal eigenvectors: V1, V2 and V3. The principal eigenvector V1 is parallel to the axis 

of maximum cluster while V3 is oriented normal to the preferred plane of fabric (Benn, 

1994b). The level of clustering around these principal eigenvectors is given by the non-

dimensional and respective eigenvalues (Eq. 2.1): S1, S2 and S3 where: 

 

Equation 2.1:   !" + !$ +	!& = 1 
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It is the ratio of these eigenvalue magnitudes that defines the fabric shape (Watson, 

1966), a concept which provides much more detail than a simple level of anisotropy: 

• Isotropic fabrics of no preferential orientation will have eigenvalues of S1 ≈ S2 ≈ S3. 

• Girdle fabrics where measurements are distributed around a great circle will have 

eigenvalues of S1 ≈ S2 > S3. 

• Clustered fabrics where all measurements are approximately parallel will display 

eigenvalues of S1 > S2 > S3. 

 

Ternary diagrams (Sneed & Folk, 1958) compare fabric datasets from different 

populations using the isotropy index (I = S2/S1) and elongation index (E = 1-S2/S1) shown 

in Figure 2. 12. Others have used flatness and cluster-girdle indices, triangular and biaxial 

plots (Mark, 1974) and logarithmic ratio plots (Woodcock, 1977), although triplots 

remain the most effective (Benn, 2004a). However, in a similar vein to the weakness of 

the vector mean method highlighted in Figure 2. 10, eigenvalues cannot show subtle 

fabrics obtained from large datasets, or complicated fabrics comprised of multiple 

modes (Benn, 2004a). 

 

 
Figure 2. 12: Idealised fabric shapes shown on a general shape triangle:  
This representation uses the isotropy and elongation indices explained in the text. 

 

One way of mitigating against this oversimplification, is to include particle properties in 

fabric datasets. Tensor approaches can be used to weigh fabric against a control variable 
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ISOTROPIC 

# 7. .,'_' -' :' / \  % d 

B 

F 0.8 

$3:$2 
06 

0.4 ~ 

0,2 CGI 0.8 
(S I - 82)  / ( S 1 - 8 3 )  

Fir. l.--Fabric shape represented on the general shape triangle. A) The fabric-shape continuum scaled using the isotropy (I = S3/S~) and elongation (E = 1 -(S2/ 
S,)) indices, and showing 21 ideal fabric shapes. B) The fabric-shape continuum sealed using the tininess (F = $3/S2) and cluster-girdle (CGI = (St-S2)/(Sx-$3)) 
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Woodcock (1977), who used a biaxial diagram analogous to a modified 
Flinn strain plot (Flinn 1962; Ramsay 1967). The diagram is scaled using 
In($2/$3) as the abscissa and In(S,/S2) as the ordinate (Fig. 3A). Isotropic 
fabrics plot at the origin of the diagram, uniaxial clusters along the line 
In($2/$3) = 0, and uniaxial girdles along the line ln(S/S2) = 0. (Planar 
girdles plot at ln(S2/S3) = 0, In(St/S2) = oo; linear clusters at In(S/S2) = 
0, ln(SffS3) = 2 . )  The cluster and girdle axes were regarded by Woodcock 
as end members of a continuum of shapes, and intermediate shapes were 
defined using k values, given by [ln(Sl/S2)]/[ln(S2/S3)]. Fabric strength was 
defined as the deviation of a fabric from isotropy, using ln(SdS3), which 
is inversely proportional to the isotropy index I = $3/S~ described above. 
Significance tests based on values ofln(S~/S3) were described by Woodcock 
and Naylor (1983). 

An important quality of the Woodcock logarithmic ratio plot is that it 
provides a means of interpreting rock fabrics in terms of strain history. If 
it is assumed that particles in a deforming material act as passive rotating 
markers, then the shape of a fabric reflects the deformation ellipsoid rep- 
resenting the cumulative strain (March 1932; Flinn 1962; Owens 1974). 
That is, isotropic materials undergoing uniaxial flattening develop uniaxial 
girdle fabrics and those undergoing uniaxial extension develop uniaxial 
cluster fabrics, the shapes of which are the same as those of the deformation 
ellipsoids. Paths of fabric evolution under other coaxial homogeneous 
strains are represented by lines of equal k values (Woodcock 1977). Graph- 
ical methods have been developed to represent fabric evolution with re- 
spect to fixed reference axes, provided that the axes are coaxial with the 
strain axes and the resultant fabric eigenvectors (Owens 1974; Woodcock 
1977). 

Several factors, however, limit the usefulness of the hiaxial logarithmic 
plot as a general method for analyzing fabric shape. First, because the 
scale is logarithmic, the field of the diagram is infinite with only two 
orthogonal boundaries. In consequence, certain types of fabric are difficult 
to represent, and all perfectly planar or linear fabrics (i.e., those with ln(S,/ 
$3) = ~ or S/S~ = 0) plot an infinite distance from the origin. Second, 

not all rock fabrics develop in response to strain, and many reflect other 
processes such as particle accretion. Third, fabrics that do develop as the 
result of strain often involve complex inhomogeneous deformations, and 
paths of fabric development plot as curves irrespective of the diagram 
used. Fourth, even for coaxial homogeneous stains, the March (1932) 
model of fabric development may be inappropriate, and other particle 
orientation mechanisms may apply (cf. Twiss and Moores 1992). Finally, 
even where the March model applies, the initial fabric and the subsequent 
evolutionary path are seldom known. Thus, the logarithmic ratio plot 
offers few advantages over the general shape triangle, which, with its closed, 
symmetrical field, provides a more versatile tool for analyzing fabric shape. 
If required, k values can be plotted on the general shape triangle as a series 
of curves (Fig. 3B). 

TIlE INTEIIPRETATION OF FABRIC SHAPE DATA: SOME EXAMPLES 

Fabrics from different sedimentary facies often have different shape 
characteristics and plot in distinct fields on all types ofeigenvalue diagrams 
(e.g., Mark 1974; Lawson 1979; Rappol 1985; Dowdeswell et at. 1985; 
Dowdeswell and Sharp 1986; Hart 1994). The general shape triangle is 
the most versatile method for general use, however, because it clearly 
represents the full range of variation of fabric shape on a closed linearly 
scaled continuum. Use of this diagram in analyzing and interpreting data 
on sedimentary fabric is demonstrated below, using examples from sub- 
glacial tills and a variety of slope deposits. 

Subglacial Till 
Debris-Rich Ice and Melt-Out Tills.-The genetic relationship between 

debris-rich basal ice and associated melt-out tills is clearly shown in Figure 
4A using published data from Matanuska Glacier, Alaska (Lawson 1979). 
The fabrics from the basal ice have low isotropy and are extremely elon- 
gate, reflecting rotation of clasts into parallelism with ice flow under high 
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such as particle volume or shape (Marsland, 2013), helping to a) standardise datasets 

and b) identify correlations in fabric with particle properties. A second order symmetric 

tensor, defined by Vermeer and Luger (1982) can take particle shape into account for 

example (Oda et al., 1985). Such tensor analysis has established linear relationships 

between compressive strength and pore isotropy (Oda, 1982), although physical 

methods for delineating porosity in real sediments are often still handicapped by a lack 

of three-dimensional data. A different approach has been taken by sedimentologists 

(e.g. Carr & Rose, 2003; Carr & Goddard, 2007; Hiemstra et al., 2011) to weighing particle 

properties against fabric strength. However, it makes more sense to discuss these 

investigations in the context of particle behaviour in subglacial till (Section 2.3), as they 

are all explicitly glacial investigations. 

 

The variety of presentation techniques reviewed here all have advantages in different 

contexts and must be used very carefully. For example, vector-based statistical analysis 

cannot discriminate between bimodal or multimodal fabrics, common in natural 

sediments (Benn, 2004a). It must also be highlighted that the complex statistical analysis 

performed in an eigenvalue or other fabric tensor-based approach is still only as good 

as the quality of data upon which it relies.  

 

Methodological shortcomings highlighted in Section 2.2.1 can be compounded during 

statistical analysis and misleading patterns may appear due to observer bias or the 

artificial nature of laboratory tests for example. Standardising and improving data 

collection, and then adapting presentation to improved data, will help to unlock the 

signature of complex fabrics from a wide variety of sediments. 

 

Key points: 

• Visual presentation: existing methods are constrained by limits on representing 

three-dimensions and a lack of spatial positioning. 

• Statistical analysis: Eigenvectors are a common way of statistically analysing 

three-dimensional polar data, but they are inadequate in evaluating complex, 

multi-modal fabrics. 
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2.2.3 Summary & Knowledge Gaps 

Critically evaluating the methods for obtaining and presenting fabric data has revealed 

some significant deficiencies in both. This is significant because fabric is a parameter 

directly affected by forces in deforming media. Deforming sediments hold significance 

in a number of areas, not least glacial dynamics, and so by improving the quality of raw 

fabric data and focussing on the most efficient, effective and relevant presentation 

methods for such data, sediment deformation will be better understood. 

 

Two main issues are preventing fabric from being as accurate and useful as possible: 

• There are significant problems with the collection of fabric data. Field-based 

methods can be subjective, have quantified user bias and small sample sizes. 

Laboratory simulations are often two-dimensional in nature using simulated or 

unrealistic conditions to try and isolate variables at the expense of accurate 

representation of reality. Methodological issues are highlighted in Table 2.1; ideal 

solutions are presented although no specific method is detailed. 

• There is a lack of overlap between the disciplines of engineering and sedimentology; 

the use of contact normal and branch vector datasets for example. By addressing 

this lack of overlap, it will become clearer how to best present and interpret new 

fabric datasets while using the strengths of both approaches.  

• There are shortcomings in the presentation and analysis of fabric data; many 

presentation methods cannot accurately describe three-dimensional data, and 

there is little use of spatial components. 

 
Table 2. 1: A summary of the current methodological shortcomings in fabric data collection alongside proposed 
solutions. 

Current obstacle References Proposed solution 
Quantified bias from 
sampling a face 

Chandler & Hubbard, 2008 Measure orientation of every 
particle within a monolith to 
eliminate bias. 

Low sample populations Benn & Ringrose, 2001 Sample populations much 
greater than 50 are required 
for a detailed study of fabric 
patterns.  

Inconsistency in measured 
particle properties 

Kjær & Kruger, 1998; Carr & 
Rose, 2003 

Consistent particle size and 
shape will enable the non-
bias and systematic 
comparison of similar 
datasets. 
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Two-dimensional nature of 
microfabric 

Bjrnbom, 1977 Three-dimensional 
orthogonal thin-sections are 
required to begin interpreting 
three-dimensional particle 
orientations. True three-
dimensional data would be 
much more desirable. 

 

As stated before, fabric is directly affected by the forces operating upon deforming 

media (Iverson et al., 2008), and is thought to be a valuable parameter for assessing 

sediment deformation, a concept particularly applicable to the subglacial zone. 

However, as Section 2.3 will show, the current understanding of subglacial mechanics, 

rheology and particle micro mechanics still has some significant knowledge gaps. 

Overcoming methodological issues identified in Section 2.2 will help to improve fabric 

datasets in accuracy and detail which in turn, may reveal patterns or properties which 

can contribute towards closing the knowledge gaps identified, improving the 

understanding of till deformation. 

 

2.3 Till Rheology and Particle Behaviour 

The importance of the deforming subglacial bed was revealed in the mid 1970s after 

several experiments showed that many glaciers which flow quickly over low slope angles 

are underlain by unconsolidated deforming sediments (Boulton & Jones, 1979). Alley et 

al. (1986) combined radar sounding with seismic data to detect a layer of sediment 

underlying Ice Stream B in Antarctica (Figure 2. 13a). This sediment was considered to 

be the primary mechanism of ice motion, of much greater significance than internal 

deformation and basal sliding, and was able to explain rapid glacier flow over a low angle 

slope bed. This led to a paradigm shift in glaciology (Boulton, 1987), and defined the 

subsequent 30 years of research in glacial sedimentology (Murray, 1997). 

 

This theory was developed as a result of direct measurement of till deformation beneath 

Breiðamerkurjökull, Iceland, by Boulton and Jones (1979), and modelling by Boulton & 

Hindmarsh (1987). Instruments placed at depth within subglacial till revealed a 

deforming layer close to the glacier sole, and a decrease in deformation magnitude with 

depth (Figure 2. 13b). Boulton and Jones (1979) suggest that 80% of glacier motion at 
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this site is due to deformation of a subglacial till layer under relatively low shear stress. 

The data from these studies, and those which followed, constituted a “paradigm shift” 

(Boulton, 1986) in glaciology and a refocus on the role of debris properties at the bed; 

deformed sediments should be encoded by the dynamics of overriding ice (Murray, 

1997), although significant disagreement exists between rheological models, with broad 

implications for characterising subglacial sediments. This is a problem highlighted by 

Figure 2. 14; a poor understanding of rheology is analogous to an obscured stress-

deformation relationship.  

 

 
Figure 2. 13: Measured subglacial till behaviour: 
a) Interpreted seismic section LS (downstream) from beneath Ice Stream B. The base of the ice is smooth, and 
underlain by an unbroken reflector interpreted as the till bottom. This till is hypothesised to have a mean thickness 
of 10m, a porosity of 40% and a porewarer pressure around 50kPa less than the overburden pressure (Rooney et al., 
1987). This indicates a saturated, deforming layer of till which is coupled to the ice; b) Displacement of strain markers 
installed beneath Breiðamerkurjökull, Iceland during a 136-hour experiment are highlighted in blue. Two horizons are 
identified and separated by a red line. The majority of deformation is concentrated in the upper horizon, and this 
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diminishes closer to the contact with consolidated sediments. Note an apparent lack of modification by the large clast 
at array 4. From Boulton & Jones (1979). 

 

 

 
Figure 2. 14: The links between components discussed Section 2: 
The manner of deformation triggered by stress, is dependent upon sediment rheology. The way in which fabric 
responds to this deformation is controlled by particle motion. Therefore, connecting fabric to stress requires an 
understanding of all intermediate factors.  

 

However, before considering the rheology and behaviour of subglacial till, it is necessary 

to give a basic contextual overview of the subglacial system, and the role of deforming 

sediment within it. The subglacial system, that is the inputs, processes and outputs 

present at an active subglacial bed, is variable and complicated; this is one reason why 

rheological theories are still contentious. Distilling this system to its simplest level 

attributes subglacial tills undergoing Couette flow (Boulton & Hindmarsh, 1987; Figure 

2. 15). 

 

 
Figure 2. 15: A diagrammatic representation of Couette flow in an idealised subglacial environment:  
Ice represents the moving plane, bedrock the static plane and till represents the fluid. The mobile plane initiates a 
stress gradient through the underlying material, usually a fluid, which is undergoing laminar shear, where 
displacement is non-linearly proportional to the distance from the mobile plane. 

 

Couette flow describes the lateral movement of a semi-viscous fluid between two 

infinite bounding planes, one mobile and the other fixed (Qi and Luo, 2003). Assuming 

this fluid contains suitable kinematic markers, continued shear stress from the moving 

plane will provoke changes in material fabric. In reality, a host of other factors influences 
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the deformation of this till and these are discussed in Section 2.4. An initial assumption 

can be made that deforming subglacial till is bounded between bedrock or immobile 

sediment and moving ice to allow for a discussion of the basic mechanical processes 

involved. These mechanical processes, driven by stress, should therefore condition the 

fabric signature of subglacial tills.  

 

However, in order to use fabric as a proxy to understand this behaviour, the rheology of 

subglacial till, and the behaviour of individual particles within it must be understood. 

Essentially: how does till respond to stress, and how, if at all, does particle fabric respond 

to this? As many authors have identified “strain signatures” (Spagnolo et al., 2015) in 

fabric or refer to clasts as “strain markers” (Jacobson et al., 2015) it is important to 

consider what strain actually is. 

 

2.3.1 Principles of Rheology 

All bodies of sediment exhibit a rheology, that is the way in which the strain rate varies 

with applied stress, or how matter flows under stress (Benn and Evans, 2010). Strain is 

only a single component of deformation, along with translation and rotation, but fabric 

is assumed to reflect stress axes in strained materials (Evans & Benn, 2004) and is 

therefore often the focus of glacial sedimentology. Understanding how these strains are 

generated and distributed in subglacial tills is vital: 

 

• “Stress is a measure of how hard a material is being compressed, stretched or 

twisted” (Benn & Evans, 2010). It is given as a force per unit area as Pascals (Pa), or 

Newton meters per square meter. (Nm-2) 

• Strain is the amount by which a material changes its shape as it undergoes 

deformation. It is a dimensionless quantity as it compares the “before” and “after” 

of an object and presents it as a ratio. 

 

The two main types of stress which occur at the bed of a glacier are normal 

(perpendicular to the surface, Figure 2. 16a) and shear (parallel to the surface, Figure 2. 

16b); however, the strain response of different materials (rheology) is highly variable; 

for example, flexible wooden buildings tend to survive earthquakes better than their 

brittle brick counterparts (Sezen et al., 2003). This is where subglacial sediments present 
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the first obstacle; there is such variety in every property of subglacial sediments, that 

quantifying the strain response is very difficult, compared to a standardised C20 

concrete mix for example (Topcu et al., 2004). This demonstrates why it is so difficult to 

overlap engineering approaches with Earth science.  

 

There are essentially two types of strain; elastic and permanent (Figure 2. 16c). Materials 

deforming elastically will return to their original shape when stress ceases, appearing 

unstrained. However, if the yield strength of a material is exceeded by stress, then the 

deformation will become permanent (Evans & Benn, 2004; Twiss & Moores, 2007; 

Fossen, 2010). This deformation can occur in a wide variety of ways and this defines the 

material’s rheology. There are many ways in which materials will strain under stress, 

therefore only those relevant to subglacial tills are shown here: 

 

• In Viscous materials, strain increases linearly with stress at a rate which is 

dependent on the material’s viscosity. Viscosity is defined by particle interactions 

and is discussed in more detail later in this Section. The yield strength of a viscous 

material will further define it as: 

o Newtonian viscous fluid when yield strength is zero (i.e. permanent 

deformation initiates immediately). Water. 

o Bingham or viscoplastic fluids will have a yield strength above zero, that is 

they will have a region of elastic deformation before the onset of permanent 

deformation. Mayonnaise.  

• In Coulomb plastic materials, the yield strength will vary as a linear function of the 

effective normal pressure. Effective normal pressure is defined by three 

components: 

o Cohesion: The cohesion of a sediment is a function of sediment porosity. As 

the distances between particles increases, the bonding between them 

decreases.  

o Coefficient of friction: The coefficient of friction is the ratio between normal 

and shear stress; i.e. is there more downward force compared to shear or 

vice versa. This can be directly correlated to the weight of ice overlying a 

sediment vs factors such as slope angle. 
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o Effective pressure: The effective pressure of a sediment is the amount of 

total normal stress with the porewater pressure (PWP) subtracted. As 

outlined in Section 2.4, the presence of water in can drastically alter the 

rheological properties of subglacial sediments. Water pressure can support 

normal stress but not shear stress. If water is trapped within a sediment then 

it can help to support some of the overlying stress. 

 

 
Figure 2. 16: Basic concepts of rheology; stress, shear and strain: 
a) Under normal stress, an object will either stretch out (tensional) or compress (compressional). Note the resulting 
changes in the green strain markers - their orientation has not changed, just their width/length ratio. However, under 
shear stress, the orientation of the strain markers will change and a basic fabric will develop; b) The two types of 
strain which result from these types of stress are pure shear and simple shear. Pure shear is essentially deviatoric 
stress flattening or flattening where the strain ellipsoid deforms symmetrically to account for excess stress. In simple 
shear, the material is deformed like a pack of cards and the strain ellipsoid deforms asymmetrically to account for 
parallel but opposite external stress; c) Stress-strain relationships for different types of material. A) Perfectly plastic 
material which remains rigid until the shear stress reaches the yield stress (100kPa in this case). The material then 
deforms at whatever rate is required to prevent the shear stress from exceeding the yield stress; b) Newtonian, linear-
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viscous material, for which strain rate is linearly proportional to the shear stress; c) Non-linearly viscous material, 
such as ice. (From Benn & Evans, 2010). 

 

To summarise, different materials exhibit different strain responses to different stresses 

as a consequence of their rheology; this is a problem when modelling subglacial 

sediment rheology as there are often significant fluctuations in water pressure, normal 

stress and particle cohesion (Murray & Dowdeswell, 1992; Benn & Evans, 2010). This 

means that while using fabric as a “strain marker” is certainly possible, correlating this 

strain to raised stress from overlying ice, lowered stress from increased PWP or 

increased cohesion from a clay-rich sediment is problematic.  

 

In a similar vein to imprecise use of “strain” as a concept, particularly by glacial 

sedimentologists, the link between strain and deformation is also confused. 

 

2.3.1a Strain and deformation 

It is also important to distinguish the difference between the terms strain in 

deformation, particularly in subglacial tills. Many researchers use strain and 

deformation interchangeably in the literature whereas technically, strain is but one 

component of deformation (Fossen, 2010, Figure 2. 17). Strain itself refers to the 

expression of deformation in a deformed sediment; a change in form or shape. 

 

However, the other components of deformation, rotation and translation, will equally 

occur in deforming sediments as rigid clasts, till pebbles or intraclasts rotate or move as 

rigid units (Figure 2. 17). This distinction is vital because a sediment may show a strain 

signature as a result of shear stress, but it could have also been translocated as a unit 

during ice decoupling (Kjaer et al., 2006). Equally, reconstructing stresses from rotated 

inclusions assumes no translational or strain component. It is important to consider all 

components of deformation when analysing sediments and reconstructing the forces to 

which they have been exposed. This is particularly important when discussing subglacial 

tills as stress will have different effects on larger and smaller clasts, particles of variable 

lithologies and units of varying cohesion. Therefore, it is suggested that more care be 

taken when discussing the components of deformation; while strain is perhaps the 

easiest to detect at sediment sections (Phillips et al., 2011b), especially in the presence 

of clear marker beds, it should not be the only component considered. 
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Figure 2. 17: Three components of deformation; rotation, translation and strain: 
Particle paths trace the real motion of individual particles in deforming sediment whereas displacement vectors 
connect initial and final positions of the particle paths; a) rigid body deformation: rotation and translation are the two 
components of rigid body deformation. Sediment inclusions or clasts experience no change in internal structure 
during rotation or translation; b) strain responses for various shear stresses. Simple shear occurs when only one 
velocity vector has a non-zero value (in this case, only the horizontal component is non-zero). Subsimple shear 
combines pure and simple shear, and pure shear refers to the three-dimensional flattening of a body where 
elongation and shortening occur on perpendicular axes. From Fossen (2010). 

 

2.3.1b Hydrodynamics and viscosity 

The approaches described above deal with materials observed at the section-scale. In 

order to provide appropriate context for the explanations of particle micro mechanics 

outlined in Section 2.3.3 it is necessary to consider the fundamentals of what occurs at 

the particle-scale during strain and the concept of viscosity. Rheological laws are 

typically split into two sets: liquid and granular (Murray & Dowdeswell, 1992; Knappett 

and Craig, 2012). Each one of the micro-mechanical theories detailed in Section 2.3.3 

assumes either fluid or granular flow for a modelled sediment body. In reality, fluid and 

granular flows exist on a continuum and exhibit some common characteristics, flow 
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instabilities for example (Aranson and Tsimring, 2006); however, it is particle properties, 

particularly their abundance, which fundamentally controls a sediments transition from 

fluid to granular flow (Einstein, 1956; Glen et al., 1957). This is a particular point of 

controversy in subglacial sedimentology, due to the heterogeneous and dynamic nature 

of subglacial diamicts. 

 

The concentration of particles controls the viscosity of a flow in two ways, shown in 

Figure 2. 18 in a flow under normal and shear stress: 

a) Significant hydrodynamic motion is introduced into a fluid matrix by the movement 

of particles. As particles move within a deforming fluid, they introduce small 

perturbations into the surrounding material. These perturbations manifest as 

increased viscosity. The more particles there are, the greater the number of 

perturbations and the higher the overall viscosity (de Bruyn, 2011). 

b) The addition of particles to a fluid suspension of a constant volume will also increase 

interparticle collisions. These collisions dissipate energy and increase viscosity. The 

more collisions, the greater the viscosity.  

 

 
Figure 2. 18: Particle interactions within a viscous flow and their controls on material rheology: 
a) matrix perturbations are generated by the movement of particles; b) interparticle collisions dissipate energy. Note 
the perfectly spherical nature of particles, a common feature of modelling approaches (de Bruyn, 2011). 
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It should be no surprise that the addition of particles to a fluid matrix will increase 

viscosity, but it is important to note the development of this relationship is not linear. If 

you were to keep adding particles to a fluid suspension, eventually the hydrodynamic 

motion and collisions would increase viscosity to the “jamming transition” threshold. 

(Boyer et al., 2011; de Bruyn, 2001).  

 

The jamming transition is the point at which a fluid flow is better described as a granular 

flow; direct particle contacts and inter-granular friction become the dominant form of 

stress transmission instead of the liquid matrix (de Bruyun, 2011). Granular systems will 

not flow under their own weight like fluid flows and this fundamentally changes the set 

of physical laws defining response to stress. For example, river water is highly unlikely 

to reach the jamming transition and behave as a granular flow; equally a slab of granite 

would need to be saturated, eroded and weathered over thousands of years in order to 

flow according to granular laws. 

 

There is no general equation which describes the behaviour of granular flows (Török 

& Roux, 2000). Increases in the heterogeneity of particle geometry drastically changes 

grain contacts, force transmission and ultimate behaviour. It was not until 2004 that 

common behaviours were identified in disparate granular systems (GDR MiDi, 2004). 

This complicates the generation of a standard flow model for a heterogeneous material, 

particularly one with temporally and spatially fluctuating properties. Subglacial till is, by 

definition, a heterogeneous material which fluctuates dramatically in composition and 

properties over time and space, often operating very close to the jamming transition 

(Piotrowski et al., 2004). This complex rheology underpins everything to do with 

subglacial till mechanics and is vital to the understanding of what fabrics actually 

represent. 

 

Key points: 

• Rheology is critical in studies of sediment deformation. 

• Fluid and granular models of deformation are incompatible; neither is currently 

sufficient to predict subglacial behaviour and associated glacial dynamics. 

• This limited understanding of subglacial till behaviour is likely compounded by a 

lack of sufficient, adequate data from glacial sediments. 
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Modelling the rheology of subglacial tills is notoriously difficult. Liquid flow models 

ignore ubiquitous particle contacts and granular flow laws ignore fluctuations in water. 

This is a problem that extends far beyond the rheology of till and into unifying laws of 

physics. The lack of overlap between these two sets of laws forces theories of particle 

mechanics to “pick” a rheology or material viscosity in order to function. This means that 

significant flaws exist within the understanding of particle response to stress, as 

rheology in glacial sedimentology is still contentious.  

 

2.3.2 The Rheology of Subglacial Tills 

Initial theories of subglacial till behaviour assumed perfect plastic Coulomb rheology 

(Boulton and Jones, 1979) although later experiments by Boulton and Hindmarsh (1987) 

led to the adoption of a non-linear viscous or Bingham fluid rheological model. This 

model assumes that till behaviour will principally control ice velocity, even under low 

stress conditions, as it has a shear strength of zero. Sediment will also respond in a non-

linear fashion to stress (Boulton and Dobbie, 1993). 

 

A strong positive correlation was observed between PWP and ice velocity during 

experiments beneath Breidamerkajokull, Iceland, suggesting that sediment yield 

strength was lowered by influxes of basal water, leading to deformation initiation at 

steady stresses from ice overburden (Boulton and Jones, 1979). However, as data from 

real and laboratory deformed tills was collected (Kamb, 1991) and flaws highlighted in 

original experiments (Murray, 1997), it was difficult to reconcile this viscous model of 

till rheology with data collected from the field. This led to a gradual abandonment of the 

viscous theory, for one which readopted a Coloumb plastic rheology (Hindmarsh, 1997; 

Boulton et al., 2001; Iverson & Iverson, 2001). 

 

There are problems associated with the data supporting this rheological theory 

however. Experiments conducted by Boulton & Jones installed pressure monitoring 

equipment in subglacial cavities due to ease of access; removing ice overburden (in 

subglacial cavities for example) will drastically change the effective pressure in the till 

itself, leading to results which are heavily skewed by creating access to the site (Denis 

et al., 2009) - this is a similar case for the wireless subglacial probes used to assess 

particle rotation mechanisms outlined in Section 2.3.2.  
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Till rheologies based on data from ring-shear apparatus are also subject to questioning. 

Laboratory experiments have sheared till analogues to high strains under isolated 

conditions, indicating a Coulomb plastic model of deformation (Hooyer and Iverson, 

2000; Iverson and Iverson, 2001; Iverson et al., 2008). However, the size of ring shear 

devices prevents the analysis of coarse-grained, poorly sorted, clast rich tills (Benn, 

2002), one of their defining features, and this must be at least approximated when 

creating models of flow. Such experiments are also concerned more with failure 

processes than with subsequent sediment flow and deformation (Boulton, 1998). The 

poorly sorted and often highly-variable nature of till is its most characteristic feature, 

and ignoring this will undermine theories approximating its behaviour. This has resulted 

in widely conflicting opinions and energetic discussion regarding the rheological 

behaviour of subglacial till (Hooyer & Iverson, 2000; Benn, 2000).  

 

The counter-argument to this issue of misrepresentation can be expressed through the 

system and intrinsic property scale model (Figure 2. 19). Boulton (1998) highlight the 

scale at which ring shear experiments have been conducted - the intrinsic property scale. 

This examines the deformation of the sediment itself in isolation, and does not consider 

the role of larger clasts, hydrology, ice keels etc. which would be included in a system 

scale approach. The key question here is whether large clasts in till are part of the 

system, or an intrinsic property of till; essentially, where is the cut-off between the two? 

Field experiments conducted at the system scale by Fischer and Clarke (2001) and 

triaxial tests (Tulaczyk et al., 2000) however, have also supported a plastic rheology for 

till indicating that the role of larger clasts may be insufficient to modify overall rheology. 
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Figure 2. 19: A cartoon illustrating the differences between intrinsic property and system scales: 
a) At the system scale, factors such as hydrological conditions, bedrock obstacles and interactions between different 
till units would be influential in the operation of many processes. The system scale includes all properties of the 
system ranging from ice to bedrock; b) At the intrinsic property scale however, these components are not considered. 
Particle interactions within one body of sediment are investigated and the influence of external factors ignored. Two 
cartoons detail the examination of particles and shear planes in isolation from activity at the system scale.  This is 
why it may be possible for one subglacial profile to exhibit many different rheologies (developed from Boulton & 
Dobbie, 2001) 

 

Data from the field and physical models in the laboratory have yielded contradictory 

results and have highlighted the high heterogeneity which typifies subglacial diamicts. 

The other approach to the rheology of such sediments, is the use of mathematical 

models parameterised by such field data. 

 

2.3.2a Modelling subglacial till rheology 

A model of subglacial sediment rheology must consider the natural variation in water 

pressure, particle size particle concentrations etc. over very short spatial and temporal 

scales. The Coulomb-plastic model of rheology is traditionally associated with 

homogenous sediments such as sorted sands; the heterogeneity of tills means that 
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rheology will be different for every point within the till (Boulton et al., 2001). This makes 

it difficult to relate depth beneath ice to deformation in real situations, as properties 

such as grain size distribution can condition deformation to a greater extent than depth 

(Roberts and Hart, 2005).  

 

Figure 2. 20a shows the relationship between the point of deformation initiation ”Z,” 

and depth beneath the glacier sole for an idealised homogenous sediment: 

 

 
Figure 2. 20: Stress transmission through a subglacial till with depth: 
a) Shear stress remains constant at 100kPa; this is enough to deform the top 1.5m of till. However, at point Z, the 
Coulomb strength of the sediment is also 100kPa and deformation stops. b) Modelling changes in velocity with depth, 
and also for different values of n. Tills with n values < 2, exhibit non-linear responses to depth increases, but flow at 
much slower velocities. When the value of n is increased above 5, almost all deformation occurs at depth, at a rapid 
pace. From Boulton & Dobbie, 1998. 

 

At a constant stress of 100kPa, subglacial till will deform until increases in shear strength 

at 1.5m below the sole prevent the transmission of bulk stress and the till will lock. This 

models the classic A/B horizon tills identified by Boulton and Hindmarsh (1987) beneath 

Icelandic glaciers, where shearing accommodates the majority of deformation at depth. 

Figure 2. 20b shows glacier velocity modelled for different values of n in the deformation 

model created by Boulton & Dobbie (1998; Eq. 2.2): 
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Equation 2.2:   ) = *
(,-,.)

0

12
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Where ε = shear strain rate, A and n are constants, Pme is the effective pressure and τ − 

τc is equal to the stress - sediment strength: the excess stress. n is a representation of 

the relationship between strain rate and stress; a large value for n indicates a non-linear 

response or a perfectly plastic or Coulomb rheology. If the value of n is closer to 1, then 

linear viscoplastic rheology is assumed. 

 

When till is modelled as a Coulomb plastic, the bed plays a binary role in controlling 

glacier velocity. If the Coulomb yield strength is exceeded, then a thin subglacial layer 

will generate as much strain as necessary in order to accommodate the stress from 

overlying ice flux. This is equivalent to sliding. If no failure occurs then no deformation 

occurs. However, in tills modelled as linear viscoplastics, the bed plays a more complex 

role. Strains after the yield strength has been exceeded will be variable and strain is 

dependent on total stress and therefore heavily modified by porewater pressure. This 

binary model of till rheology has wide ranging consequences. Two different rheologies 

produce two different till thicknesses and a continuum of debris fluxes.  

 

More quickly deforming tills (e.g. n = 100, Figure 2. 20b) will transport more sediment 

and form thicker depositional horizons. Thinner tills drain in a much less efficient 

manner, which leads to higher effective pressures near the snout (Lovell, 2014). 

Sediment deformation will play a major role in the movement of ice due to this 

decreased strength, and decoupling is also likely to occur leading to increased ice 

velocity (Kjaer et al., 2006). However, in thicker more porous tills, drainage will be 

efficient leading to lower effective pressures, increased yield strength and motion 

dominated by slide and creep.  

 

Understanding the rheology of till is key to describing the role of fabric (Hindmarsh, 

1997; Alley, 2001). If till behaves as a Bingham viscous fluid, then the deformation rate 

of the till directly controls the velocity of overlying ice. This would allow different fabric 

strengths to correlate to different stresses imposed by overlying ice. However, if till 

behaves as a Coulomb plastic where ice is coupled until the shear strength of the till is 

exceeded, then fabric simply records the conditions at failure, or the strain response 
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when the yield strength of the sediment is exceeded. There is strong experimental and 

field evidence for Coulomb-plastic behaviour in till, but a unification of granular and fluid 

flow laws outlined in Section 2.3 would enable further clarification on this issue (Boyer 

et al., 2011; de Bruyn, 2011). Again, this is not simply a glaciological problem - this is an 

issue with our understanding of the behaviour of particles in motion. 

 

This unification of flow laws is particularly important for diamicts due to their poorly 

sorted nature; if the concentration of >20mm clasts in a diamict exceeds 35%, any stress 

is transmitted through clast contact in a granular fashion (Boulton et al., 2001). Equally, 

the concentration of clay particles can essentially control the strain response of a 

sediment. If >40% of a sediment is clay, then cohesion will play a key role in total 

sediment strength and the fine matrix is likely to behave as an intergranular fluid 

(Roberts and Hart, 2005). Coarser, better sorted tills are also more likely to mobilise 

significant friction, retarding sediment deformation (Iverson, 2003). However, coarser 

tills can also inhibit sliding by forming a rougher contact between the bed and the glacier 

sole (Boulton et al., 2001), further complicating rheological response. 

 

The role of hydrology, particularly porewater pressure (PWP) as a component of 

sediment total strength, is important not to understate. The viscous behaviour of tills at 

very high strains and in some natural settings (Iverson et al., 1995; Humphrey et al., 

1993) indicates that the quantity and distribution of water at the bed of a glacier will 

significantly affect deformation regime and till rheology. Changes in subglacial drainage 

system characteristics have the potential to significantly impact basal motion through a 

variety of processes (Boulton et al., 2001); distributed drainage systems will increase 

PWP in sediments, lowering strength, and can also initiate decoupling leading to rapid 

ice flow whereas channelised systems can lead to complex fluctuations in local pressure, 

quickly draining water-filled decoupling surfaces or till aquifers, promoting significant 

deformation at depth (Denis et al., 2009). Therefore, particle fabric, as a proxy for 

deformation, could represent hydrological conditions rather than any changes in the 

influence of overlying ice. 

 

The most useful models of subglacial till rheology are those which use a combination of 

theoretical and field data to build up a representative picture of the processes occurring 
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in the subglacial environment. By installing instrumentation beneath Trapridge glacier, 

Kavanaugh and Clarke (2006) were able to check model results and map diurnal 

fluctuations in subglacial drainage system pressure. They found deformation 

characteristics consistent with Coulomb-plastic deformation to a depth of 0.35m, in 

agreement with the suggested 0.3m calculated from sedimentological evidence (Blake, 

1992). This is currently the best-fit model for till rheology, although there are host of 

complexities at the bed that can alter this Coulomb-plastic rheology in both space and 

time; these are discussed in Section 2.4.  

 

Key points: 

• There are scales of rheological behaviour; individual deformational events are 

attributed to a coulomb-plastic rheology, whereas the overall style of 

deformation is best approximated by a viscous law. 

• It is unclear whether till rheology is a consistent property, both temporally and 

spatially. 

 

The rheology of a till has a significant impact on the manner in which particles interact 

and fabrics evolve; understanding these particle movements is vital to understanding 

the significance of particle fabrics, and what processes or conditions they may reflect. 

 

2.3.3 Particle Micromechanics 

Decoding fabric patterns relies on a knowledge of the processes responsible for particle 

mechanics in deforming media (Figure 2. 14). There are numerous ways to approach this 

subject, although laboratory studies, due to the high level of control placed on many 

variables, have yielded the most useful results. There are two main micromechanical 

processes which are key to understanding the use of fabric in deforming sediments; how 

particles transmit forces through a sediment body, and how they rotate in response to 

these forces. 

 

2.3.3a Force transmission in particles 

The bulk processes associated with particle movement in deforming sediments at the 

section-scale are well understood (Knappett & Craig, 2012); however, it is only through 

the use of two-dimensional modelling that the high heterogeneity of stress transmission 
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through sediments at the particle scale has been revealed (Drescher & de Jong, 1972). 

This unpredictability has key implications for the development of fabrics in deforming 

sediments, as unequal forces will be spread across a sediment body provoking 

heterogeneous deformation. 

 

Modelling deforming sediments, both physically and computationally, has revealed the 

preference of grains to align into bands to accommodate shearing forces, rather than 

promoting a uniform response (Rothenburg & Bathurst, 1989; Oda & Kazama, 1998). 

This inhomogeneity has necessitated an increased understanding of particle micro-

mechanics and interactions at the micro-scale to close the gap between real and 

simulated sediment behaviour.  

 

Due to the complexities associated with the investigations of natural or heterogeneous 

sediments, most of the work on geotechnical fabric has been conducted using discrete 

element modelling (DEM) and finite element modelling (FEM) on simulated particles, 

artificial particles and homogenised sands (real particles, artificially arranged). However, 

experiments are often oversimplified and a lack of three-dimensional data concerning 

the micro mechanics of real particles in real sediments inhibits a thorough 

understanding of their behaviour. Essentially, computational models fail to capture 

perhaps the most important concept in sediment behaviour - natural complexity. While 

experimental configurations such as those shown in Figure 2. 21a can better correlate, 

and even quantify strain response, simulated particles in a simulated model will create 

results which do not represent the natural behaviour of sediments, especially subglacial 

tills.  
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Figure 2. 21: Discrete element modelling in particle micromechanics: 
a) Virtual deformation modelling using idealised grains in a computational model. Adjusting stress vectors around the 
edges will promote the movement of particles. In all cases, the stress transmission is heterogenous (Rothenburg & 
Bathurst, 1989). b) Optical photographs showing bands in a sheared granular soil comprised of photoelastic discs, 
highlighted by birefringence. Clusters and bands of particles show the heterogenous nature of force transfer 
throughout the sediment (Oda & Kazama, 1998). 

 

Nevertheless, mapping the force distribution at particle contacts (i.e. force transmission 

through particle interaction) has been significantly improved through computational 

modelling (e.g. Thornton, 2000; Genes and Kocak, 2002; Yimsiri & Soga, 2010) and it is 

acknowledged that measuring such high-resolution parameters in real sediments is 

almost impossible. Studying the modification of particle packing and fabric in response 

to stress and loading is difficult; while homogenising the sediments reduces the 

complexity of particle contacts and force transfer, obtaining data from loose samples is 

still an obstacle. Initial experiments on loaded sands by Oda (1972a) and Mahmood & 

Mitchell (1974) used thin-sections to trace apparent orientations of clasts which had 

been loaded and then fixed in resin. Fonseca (2011) highlights both the subjectivity of 

this method, a similar problem experienced by micromorphologists studying sediments 

(Bendle et al., 2015), and the time-consuming nature of the process which still only 

provides two-dimensional data and apparent orientations through contact normal and 

branch vector analysis.  

 

Physical modelling has also used artificial analogues for sediment such as photoelastic 

discs (Oda et al., 1985) with unique birefringent properties revealing stress distribution 

under polarised light (Figure 2. 21b). Birefringence, when used in this manner, acts as a 

function of stress, and mapping stress fields using optical microscopy and subsequent 
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digital image analysis has revealed the inhomogeneity in force transfer, even through a 

homogenised artificial material. The trade-off here however, is that samples of equally-

sized photoelastic discs are not analogous to real, heterogeneous and often chaotically 

organised sediments. Again, dimensionality is an issue here as tracking particle 

movement in two dimensions has significant disadvantages. 

 

The key result of dynamic particle modelling in deforming sediments is one of 

heterogeneity. This is further reinforced by force-chain theory (Peters et al., 2005); 

Figure 2. 22 is a visual representation of the force transmission through an unordered 

artificial sediment which has been exposed to pure shear. Zhang et al. (2014) reiterate 

the importance of contacts in transferring stress through a sediment in fractal force 

chains, “trains” of particle contacts responsible for the transmission of stress in 

pressurised environments (Kondic et al., 2012; Vallejo et al., 2005).  

 

 
Figure 2. 22: Force transmission through bidisperse photoelastic discs which have undergone pure shear:  
Particles which carry more force are brighter while lighter colours signify a contact between particles. (Zhang et al., 
2014). 
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Particles forming force chains can shield surrounding grains from stress through by 

establishing force networks, preferential routes of stress transmission through granular 

materials. The length of individual force chains is not related to stress magnitude 

distribution however, which complicates the application of these theories to 

reconstructing subglacial conditions. 

 

All of the models of particle interaction reviewed in this Section must be placed in the 

context of a) the rheological concerns raised above, and b) the largely two-dimensional, 

synthetic nature of the data collected. Azéma & Radjï (2010) state that models should 

move towards more random particle shapes and distributions in order to be more 

representative of real conditions; the viscosity of a material may be conditioned by 

particle shape as well as size, and even by particle fabric itself. While the interaction of 

particles is key to understanding the transmission of forces, it is the final orientation of 

these particles which is used as a proxy to reconstruct forces within the sediment. 

Therefore, theories of particle rotation in such sediments are key if fabric is to be a 

legitimate and reliable reconstructive tool. 

 

2.3.3b Particle rotation 

During the early 20th century, two fundamental theories regarding the behaviour of 

clasts in a deforming matrix were established: March (1932) and Jeffery (1922) styles of 

rotation (Figure 2. 23). Both of these laws are mutually exclusive; they cannot exist in 

the same time and space for a given particle. March rotation defines particles as passive 

markers whereas Jeffery rotation particles are active markers and will continue to rotate 

in a shearing medium. Both models are based on a fluid flow rheology where particle 

interactions are not parameterised, while field and laboratory evidence disagree on the 

prevalent theory. Ascertaining the mechanisms of particle rotation is vital for improving 

the understanding of fabric. 

 

Particles undergoing March rotation will rotate into the plane of shear and stay there 

offering the least resistance (Twiss & Moores, 2007). Field observations have identified 

strongly clustered fabrics in subglacially sheared materials (Glen et al., 1957; Benn and 

Evans, 1996) which have been suggested to fit this model of particle motion. Fabrics are 

clustered around the mean vector of ice movement and there is little transverse 
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deviation which would indicate Jeffery style rotation. Laboratory ring-shear studies by 

Hooyer & Iverson (2000) have found similar results in homogenised tills. Discrete clasts, 

regardless of initial properties, reconfigured themselves parallel to the plane of shear 

and remained there (Figure 2. 23).  

 

 
Figure 2. 23: Schematic models of march and Jeffery particle rotation in shearing material:  
Corresponding fabric ellipsoids show passive particles in March rotation, and active particles in Jeffery rotation. 
Adapted from Benn & Evans (1996). 

 

However, rotational structures identified in thin-sections taken from sheared subglacial 

sediments violate the March model (van der Meer, 1993; Carr & Goddard, 2007). These 

structures indicate the rotational movement of active clasts in small turbulent pockets 

within a sediment undergoing general laminar flow (Thomason and Iverson, 2006), 

irreconcilable with March’s idea of clasts as passive kinematic markers. Evidence from 

thin-sections can also support March’s theory however, as symmetrical pressure 

shadows around large grains, augen features and grain lineations both suggest bulk 

movement with no individual clast rotation (Carr and Goddard, 2007). While there has 

been some doubt surrounding the accurate and impartial identification of rotational 

structures in thin-sections (Leighton et al., 2012; Lea & Palmer, 2014) the foundation of 

the March model is a viscous fluid flow rheology, not a granular flow. Constrained 

deforming subglacial sediments are granular flows and so it should not be surprising that 

there are inconsistencies. 
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Particles undergoing Jeffery rotation (Figure 2. 23) are defined as active components 

within a deforming sediment and will continually rotate during shear (Jeffery, 1922; Glen 

et al., 1957; Boulton and Hindmarsh, 1987). This is in response to velocity gradients 

against grain surfaces, which leads to the periodic rotation of particles into alignment 

with the plane of principal shear (Carr and Rose, 2003). Clasts aligned normal to the 

principal strain vector will rotate much quicker than those aligned parallel and as a 

result, particles spend more time in this parallel orientation than perpendicular. This 

theoretically generates weaker fabrics than March rotation, though still clustered 

around a mean direction (Hart et al., 2009).  

 

Figure 2. 24 shows the results of particles rotating in putty according to Jeffery’s law 

(Hooyer & Iverson, 2000); particles continue to rotate during increased strain but spend 

longer parallel with the shear plane than perpendicular. Using wireless subglacial probes 

planted underneath Briksdalsbreen, Norway, Hart et al. (2009) also found that probe a-

axes underwent continuous rotation in both dip and orientation which agrees with the 

Jeffery model of rotation. The reliability of subglacial probes has been called into 

question however; the act of installing equipment will modify the till’s effective pressure 

and therefore the deformation regime, significantly undermining investigations of 

sedimentary processes operating in the subglacial zone. Installing subglacial probes will 

depressurise the host till, significantly changing several components of its rheology. 

 
Figure 2. 24: Rotation of clast a-axes (aspect ratio = 2.0) in ring-sheared till and putty: 
A known stress (ɣ) is applied and particle fabric (ø) is measured at every datapoint. Particles in till maintain a 90° 
orientation, parallel to the plane of shear which does not change with an increase in shear strain. Particles in putty 
however, will continue to rotate with increasing shear strain and the measured particle here has undergone 2 
complete rotations with no sign of reaching an equilibrium. (Hooyer & Iverson, 2000). 

CLAST-FABRIC DEVELOPMENT, SUBGLACIAL TILL AND FAULT GOUGE
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experiments by Ildefonse and Fernandez (1988)
and Arberet et al. (1996) have shown that inter-
acting clasts maintain a metastable orientation
close to the direction of shearing longer than iso-
lated clasts, resulting in a stronger fabric. Unlike
the putty experiments during which clasts could
be continuously observed, clasts in the till were
only visible at the end of a given test. However,
dissection of the specimen at the ends of tests in-
dicated that ~75% of clasts had no nearest neigh-
bor closer than 25 mm, as might be expected
from the large initial clast spacing. Therefore,
clast interaction was apparently minimal.

A final potential source of uncertainty is the
transverse shear strain that occurred due to the
thinning of the shear zone toward the walls of the
sample chamber (Fig. 7). Such flow is not ex-
pected subglacially or along fault zones and was
not considered by Jeffery. Transverse shear strain
should cause clasts to rotate toward the vertical
flow plane (x-z plane), potentially strengthening
the fabric. For clasts located at the specimen cen-
ter, the transverse shear strains caused by the
symmetric thinning of the shear zone toward the
inner and outer walls are equal, resulting in no ro-
tation. However, some clasts located initially at
the specimen center moved as much as 15 mm
from the centerline during shearing. Despite this
effect, however, calculations using the measured
displacement field indicate, as noted earlier, that
none of the clasts underwent a transverse shear
strain that was greater than 2% of the longitudi-
nal strain. Furthermore, clasts at the centerline
were not oriented differently than those displaced
laterally. Therefore, transverse shear strain likely
had a negligible influence on the fabric results.
This conclusion is supported by the results of the
putty experiments, in which there were also small
transverse strains but good agreement with Jef-
fery’s theory (Figs. 5 and 8).

Implications for Field Studies

Glacial geologists have often inferred from
field observations that subglacial deformation of
till produces a weaker clast fabric than the lodg-
ment process (e.g., Dowdeswell and Sharp, 1986;
Hicock, 1992; Hart, 1994; Clark, 1997). Eigen-
values from such studies are shown in Figure 11,
along with our laboratory results. Figure 11 illus-
trates that if the inferred lodgment tills are really
a result of the lodgment process, then deforma-
tion should strengthen, rather than weaken, the
fabric of such tills. The strengths of fabrics gen-
erated in our experiments, as represented by
S1 eigenvalues, are greater than those of either the
deformation or lodgment tills inferred from these
field studies (Fig. 11).

A possible source of uncertainty in this com-
parison of laboratory and field results is that the

experimental clasts were smaller than those often
used in field studies. If clasts are surrounded by
predominately smaller particles, however, the be-
havior of clasts during shearing should be inde-
pendent of their size. About 75% of the till mass
consisted of particles that were more than an or-
der of magnitude smaller than the experimental
clasts. Furthermore, the self-similar particle-size
distributions of some basal tills (Hooke and Iver-
son, 1995) indicate that clasts, regardless of their
size, should be surrounded by smaller particles.

The results of Figure 11 indicate that there is
good reason to be skeptical of the field criteria
used to independently identify so-called “defor-
mation tills.” In fact, the state of the art is such that
two scientists working on the same till exposures
may reach markedly different conclusions. For
example, Allen et al. (1991) measured fabrics in
two till units in East Anglia, United Kingdom.
The lower unit, which they thought had been
sheared subglacially, has strong fabrics with
S1 eigenvalues of 0.77–0.86 (as calculated by

Figure 8. Rotation of clast long axes as predicted by Jeffery (1922) and March (1932), as ob-
served in the putty (open circles), and in the till (solid circles). Orientations of clasts in the putty
are based on the average orientation of five clasts presented in Figure 5B (aspect ratio = 2.0).
Orientations of clasts in till are based on the average orientation of ~50 clasts (aspect ratio = 2.0)
in experiments terminated at the indicated strains.

Figure 9. Fabric strength (S1 eigenvalue) as a function of shear strain in till experiments with
initially vertical clasts. The sense of shearing in the stereograms is bottom north, top south.
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Modelling work by Jiang and Yu (2006) has highlighted the shortcomings of Jeffery’s 

simplistic model of particle rotation and problems are encountered when fundamental 

assumptions are examined. The model is hydrodynamical and assumes no particle 

interactions, similarly to March rotation, an assumption not representative of reality. 

Thomason & Iverson (2006) highlight that Jeffery’s model assumes no slippage at grain 

boundaries, again, not representative of natural conditions. Particles have a wide variety 

of sizes and abundance and can therefore be interacting in one place though not in the 

next; the presence of water is also highly variable and perhaps most importantly, 

sediments are granular materials where particle contacts are ubiquitous, not viscous 

fluids with no internal interactions.  

 

Taylor rotation (Figure 2. 25) is a third method of particle rotation which can account 

for the formation of subsidiary transverse fabric peaks in samples assumed to have 

undergone Jeffery rotation (Taylor, 1923; Rusnak, 1957). In order to dissipate the least 

energy during rotation under very high cumulative stresses, particles will orient their a-

axis transverse to the principal strain axis. The transition between Jeffery and Taylor 

models of rotation has been identified as a critical threshold by Carr & Rose (2003); 

theoretically, by analysing fabric strength as a function of particle size, it should be 

possible to reconstruct the relative strain within a deformed sediment. This could 

provide a critical quantified link between environmental dynamics and the geological 

record. This concept is discussed in more detail in Section 2.4.2, but the misuse of terms 

such as strain and deformation highlighted in Section 2.3.1 must be considered. 

 

 
Figure 2. 25: The response of individual grains to applied shear stress under a) Jeffery and B) Taylor models of 
rotation (Carr & Rose, 2003). 
 

only smaller grains aligned transversely. Whilst this is a
simplification of the mechanisms by which till particles
become aligned, it provides a rationale for a first
comparative estimation of the degree to which a
sediment has been strained during deformation. Adopt-
ing these basic principles, it is possible to interpret the
significance of the three generalised fabric patterns at
Balglass in terms of a comparison of the applied stresses,
and resultant strain imposed on the sediments.

5.2. Interpretation of the results from Balglass

The relationship outlined above allows interpretation
of the data from the study in terms of the relative total
stress histories of the different sediments investigated.
As identified in Fig. 3 and Tables 2 and 3, there are three
different orientation patterns suggested by the data.
These can be related to specific processes operating
during till emplacement or deformation in the manner

illustrated schematically in Fig. 5 and Table 3. It should
be noted that due to the limited number of samples
investigated within this study, the interpretation of these
three patterns should be seen as indicative values rather
than definitive. Preliminary results from studies on
recent tills in Iceland however are supporting these
interpretations.

5.2.1. Fabric pattern A: constant particle orientations
An arrangement of particle classes with a consistent

orientation is rare within this study, with only samples
03 and 14 demonstrating such a pattern. This pattern
would assume that all grains are responding to stress in
a similar way, with all grains parallel or transverse to ice
flow direction. Such an arrangement is what should be
expected in a uniform tensional or compressional stress
regime, but one that is of too short a duration to allow
grain orientations to develop beyond the initial
response.

Samples with all particle size classes aligned parallel
to ice flow direction will have been affected by a much
lower total stress than those where any grains are
aligned transverse to ice flow direction (Fig. 5). This is
because it takes a higher applied total stress to exceed
the second threshold, so that all particle size fractions
move through Taylor rotation, than to move grains by
Jeffery rotation.

5.2.2. Fabric pattern B: progressively changing particle
orientations

As Fig. 5 illustrates, there is a theoretical arrangement
by which larger particles are aligned parallel to ice flow
direction, with a progressive change to intermediate or
transverse orientations in smaller size classes. A
progressive change from parallel to transverse orienta-
tions (Pattern B1) as particle size decreases is to be
expected from the Newtonian relationship explained

ARTICLE IN PRESS

(B) Taylor Rotation

Direction of Principle Stress

(A) Jeffery Rotation

Fig. 4. The response of individual grains to an applied stress. Once a
grain is subjected to greater stress than a size specific threshold, it re-
orientates from parallel to transverse orientations, reflecting a change
from Jeffery to Taylor rotation.

Table 3
Observed fabric pattern types, and suggested interpretation of the subglacial conditions likely to result, derived from the Balglass data

Fabric pattern Samples reflecting
pattern

Interpretation

Pattern A
Constant particle
orientations

03, 14 All grains responding to applied stresses in a similar manner, with all grains parallel or transverse
to ice flow direction. Uniform, but short-lived tensional or compressional stress field

Pattern B Two trends:
Progressively
changing particle
orientations

01, 12 B1: Larger grains parallel, smaller grains transverse: uniform stress field with particle alignment
driven by persistent, longer duration glacier flow

B2: Larger grains transverse, smaller grains parallel: reflection of decreasing stress field in a
vertically accreting till body (constructional deformation)

Pattern C
Complex
orientation patterns

02, 04, 11, 13 Grains reflecting combinations of both types of short lived, progressively changing, subglacial
conditions

S.J. Carr, J. Rose / Quaternary Science Reviews 22 (2003) 1415–1426 1421
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In the same way that differing methodologies provide contradictory results for 

modelling subglacial till rheology, different laws approximating particle rotation also 

displays different results. There is a great deal of disagreement between the 

fundamental processes involved in applying stress to a till and rotating particles within 

it, a challenge which must be met if the significance of fabric is to be evaluated. 

 

2.3.4 Summary & Knowledge Gaps 

Reviewing the current understanding of rheology has revealed some significant 

inconstancies and knowledge gaps in theories of sediment deformation and particle 

interactions. Some key points are highlighted here: 

 

• The operation of rheological processes at multiple scales is well understood and 

quantified. However, the heterogeneous nature of subglacial sediments and the 

processes operating within them makes generating a standard model challenging. 

• Theories of particle rotation are typically based on fluid flows, rather than granular 

flows. This is mainly because modelling granular flows is computationally 

challenging, compounded by inherent variability and complexity in natural 

sediments. 

• Fabric is changed by till deformation. This deformation is generated by stress. The 

relationship between stress and deformation, and deformation and fabric may allow 

fabric to be evaluated as a proxy for stress. The two links here are rheology (stress 

& deformation link) and particle rotation (deformation and fabric link). The 

stronger these links, the more legitimacy fabric has as a proxy. 

 

Regardless of the theoretical and methodological uncertainties presented above, and 

summarised in Figure 2. 14, fabric has seen extensive use, especially in glacial 

sedimentology, over the past 100 years.  

 

2.4 Fabric in the Subglacial System 

Despite inconsistencies demonstrated above (in data collection, processing, rheological 

modelling, particle behaviour and physical laws), fabric has been used as a principal tool 

in glacial sedimentology (Benn, 2004). 
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2.4.1 Connecting Fabric to Glacial Dynamics 

There are essentially three main ways in which fabric has been used in glacial 

sedimentology. To reconstruct the direction of ice flow in subglacial sediments, to 

reconstruct the depositional environment of till units, and to investigate the 

mechanical forces involved in deformation. As understanding of till rheology, particle 

rotation and the subglacial system itself has evolved, so has the purpose of fabric data. 

 

2.4.1a Ice-flow direction 

The first, and earliest published uses of fabric data in glaciology by Miller (1884) involved 

a qualitative assessment of boulder orientations in a glaciated landscape. He noted that 

“the longer axis of the stone is often directed in the line of glaciation” although these 

results only considered the a-axis direction of surface clasts or pavement boulders. 

Despite other qualitative investigations describing an order preserved in some deposits, 

till was still described as a “confused pell-mell mixture of stones” (Geikie, 1874), 

“unstratified and unorganised,” (Twenhofel, 1932) and fabric was largely ignored as 

such.  

 

In 1939, Krumbein recorded clustered till pebble orientations and attributed them 

directly to former ice-flow direction through the theoretical process of clast melt-out 

(Figure 2. 26). Sediment deformation and the rotation of particles in mobilised subglacial 

tills was either insignificant or unknown at this point, making debris-rich basal ice creep 

the main driver of particle orientations, and melt-out the main mechanism of their 

emplacement. Samples taken from an exposure in eastern Wisconsin using this method 

showed a distribution of a-axes parallel to ice movement independently calculated from 

drumlin field orientations, supporting Krumbeins theory (1939). Crucially, a-axis dip data 

was also considered, though this was only used to generate an average dip direction, 

which was “generally shallow and parallel to ice flow.” 
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Figure 2. 26: Krumbein’s Initial theory connecting clast fabric patterns to ice-flow:  
a) Researchers were aware of layers of debris-rich ice underlying glaciers and theorised that clasts that were frozen 
in would orient their a-axes to the direction of overall flow; b) As the ice began to stagnate and retreat, these 
orientations would stabilise. c) After the glacier retreated from the area, deposits of sediment from the glacier sole 
preserved their particles orientated parallel to the direction of ice flow (Krumbein, 1939). 

 

Using Krumbein’s method, Holmes (1941) noted two statistically preferred orientations 

of till pebbles in central New York; the simultaneous presence of both parallel and 

transverse fabric patterns challenged prevailing theories of ice-flow direction as the 

principal driver of clast orientation. Holmes (1941) concluded that transverse fabrics 

were generated while clasts rotated freely around an axis lying in a plane of uniform 

shear, usually the a-axis during transport in basal ice. If clasts are in contact with the 

bed, they glide, preserving orientation which generates parallel fabrics. There was also 

a ’gradual increase in preference for parallel orientation with decreasing difference in 

axial length,’ though no interpretation was offered. Glen et al. (1957) tackled the 

mechanics of particle orientations by applying the Jeffery-Taylor rotational model to 



Chapter 2: Particle Fabric in Subglacial Sediments  

 89 

particles in moving ice (see Section 2.3.3) which further sought to explain transverse 

fabrics in deformed subglacial tills. Despite the complexities in the subglacial system, 

clast fabric in genetically constrained tills has shown to still be a reliable indicator of ice-

flow direction, and is still routinely deployed (e.g. Larson et al., 2015). 

 

2.4.1b Depositional environment 

One of the problems which continues to permeate glacial geology, is the heterogeneity 

of till end-members, and a lack of consensus concerning the genesis and subdivision of 

diamicts (Bennett et al., 1999; Benn & Evans, 2010). Separating flow diamicts from 

subglacial tills for example is vital for working out if fabric indicates ice or gravity-driven 

stresses. After improvements in statistical analysis (e.g. Eigenvalues), clast fabric 

became one of many tools utilised by glacial geologists to quantify differences in 

sediment depositional processes and led to greater consensus while interpreting 

complex sedimentary sequences. 

 

Lawson (1979) was the first to use clast fabric in this manner by constraining diamict 

genesis at Matanuska Glacier, Alaska. it was hypothesised that ’melt out’ tills inherit a 

unimodal a-axis fabric from their basal ice source through melt out, similar to theories 

presented by Holmes (1941). Ice- and sediment-slope movements however, have 

weakly defined or absent fabric patterns due to resedimentation processes. Lawson 

distinguishes between two main types of sediment unit based on fabric data: till, where 

clasts are released directly from ice, and other facies where resedimentation has 

destroyed sedimentological characteristics inherited from glaciation. This concept 

assumes perfect preservation of fabric during melt out, which is still regarded as an 

unobserved and purely theoretical process by some (Evans et al., 2006). It also 

undermines the importance of deformation as a significant process in fabric genesis, 

instead alluding to the destruction of such newly developed fabrics by resedimentation.  

 

The introduction of the eigenvalue method by Mark (1973) allowed glacial geologists to 

compare the statistical significance of fabric datasets and distinguish environments of 

till genesis (Table 2. 2) through an “impartial” technique. Fabric shape (Figure 2. 12), 

became the main tool for correlating eigenvalues to separate till units into discrete 

depositional environments. The fabric shape extracted from subglacial tills in Iceland 
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showed diagnostic envelopes of characteristics which were then correlated with 

processes (Figure 2. 27). The fabric data collected from these Icelandic till supports the 

classic A/B model of till deformation where the upper till deforms in a ductile manner, 

and the lower in a more brittle fashion (Benn, 2004). This gives a single till two different 

rheologies which further complicates the generation of a standardised theory. 

 
Table 2. 2: Summary of clast fabric characteristics of the main facies of terrestrial glacial diamict originally proposed 
by Dreimanis (1988). Adapted from Bennett et al. (1999). 

Facies Fabric characteristics 
Basal ice Clasts frozen in to ice are aligned parallel to the direction of cumulative strain. 

Transverse fabrics can develop from compressive flow (Boulton, 1971) or as a 
consequence of interclass collisions (Glen et al., 1957). Fabric strength may reflect 
the thickness of the basal ice layer and the rate of ice deformation within (Hart, 1995b). 
In strongly tectonised ice, clast fabric will reflect tectonic imprint. Clast fabric is 
measured while clasts are still frozen in to the ice. 
 

Melt out till Melt out of debris from basal ice which is not deforming (Dreimanis, 1989). Fabric 
pattern will reflect cumulative strain, usually ice flow direction, in the basal ice layer. 
Disturbance during melt out will negatively affect fabric strength. 
 

Lodgement till Glacial debris is plastered to a rigid substratum under the sole of a moving glacier 
(Dreimanis, 1989). Fabrics are strongly clustered and parallel to ice flow direction; 
some variation is expected with local stress regimes. Clast collision and compressive 
ice flow may result in bimodal fabrics with a mode transverse to ice flow direction 
(Lindsay, 1970). 
 

Deformation 
till 

Formed by deformation of unconsolidated subglacial materials beneath a moving 
glacier; some admixing of glacial debris may occur. Fabric style depends on 
deformation style. Clasts within sediment flowing in a ductile manner will undergo 
Jeffery rotation in the direction of flow (Hicock et al., 1996); protracted flow may give 
a transverse or girdle fabric (Lawson, 1979). Benn (1995) has suggested that clast 
fabric within deforming sediment mimics the cumulative strain ellipsoid of the 
deforming matrix and does so through March rotation. Where this ellipsoid is 
constrained, e.g. in a flute, the fabric may be non- isotropic and strongly clustered. 
However, where it is less constrained fabrics may be more isotropic and less clustered. 
During simple shear clasts will be oriented parallel to the shear surface giving strong 
clustered fabrics (Hicock et al., 1996). 
 

Flow till Mass movement of debris released from debris-rich basal ice leads to 
resedimentation. Fabric characteristics are a function of the fluidity of the depositional 
flow (Lawson, 1982). Strong clustered fabrics develop in thin and fast sheet flows, 
whereas random fabrics develop in thicker and slower creep-type flows. Small-scale 
spatial variation is expected, both within and between flow packages (Rose, 1974). 
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Figure 2. 27: Fabric shape data from subglacial tills taken from Benn (2004) and Dowdeswell and Sharp (1986): 
High isotropy values (I=0.255-0.377) reflect the dilant nature of the upper tills and the hypothesised free rotation of 
all particles. Very low isotropy values (I=0.070-0.115) in the lower horizons reflect stiff tills with rotation constrained 
by slip planes (hence a constrained range of dip values). 

 

Modality-isotropy diagrams (Figure 2. 28) were employed to assess the statistical 

modality of fabric distributions where eigenvalues were inconclusive. By analysing 

Schmidt plots and contoured stereonets, Hicock et al. (1996) established five modality 

categories (numbers refer to Figure 2. 28) which were then plotted against the index of 

isotropy proposed by Benn (2004):  

 

• Unimodal cluster: tightly grouped single concentration of a-axis points 29 or 32. 

• Spread unimodal: loosely grouped but still single concentration: 24 or 26. 

• Bimodal clusters: distinctly grouped concentrations separated by 90º: 17 or 30. 

• Spread bimodal: loosely grouped, multiple concentrations separated by 90º: 11 or 

18. 
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• Polymodal to girdle-like: three or more distinct concentrations or random 

distribution of points: 1 or 4. 

 

 
Figure 2. 28: Modality-isotropy diagram showing a wide range of tills defined by depositional process: 
Boxes with reverse shading represent data from modern glaciers plotted alongside Pleistocene data. Depositional 
environments determined through sedimentological analysis are then applied. However, significant overlaps remain, 
particularly along the lodgement/deformation boundary and some aspects of process division are unclear (eg. the 
difference between mainly melt out and lodgement and melt out). From (Hicock et al., 1996). 

 

Hicock et al. (1996) acknowledge the subjective nature of this style of interpretation and 

stress that fabric diagrams should only be used as a starting point to infer till genesis. 

However, analysing rose diagrams and stereonets rather than concentrating on mean 

vector statistics and fabric shape can reveal more sophisticated patterns in complex 

datasets. This is an approach which has been neglected in studies of till fabric data, in 

favour of “hard” quantitative statistics. Multi- or bi-modal fabric patterns are obscured 

during fabric shape and mean vector descriptions; graphical representations are much 

more capable of revealing the subtleties of directionality in deformed tills which may 

not be obvious from summary statistics (Carr and Rose, 2003).  
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Since the publication of Bennett et al. (1999), the use of fabric to identify till genesis has 

become controversial. There is overlap between the depositional classification of tills: 

Dowdeswell and Sharp (1986) treat deformed and undeformed lodgement tills as a 

single facies whereas other authors define the same facies as lodgement and 

deformation till respectively (Hart, 1994). Several authors also question the isolation of 

the lodgement process from deformation and melt out for example, and the 

superposition of post- and syndepositional deformation in lodgement tills and their 

impact on fabric is also an important point to consider. Figure 2. 29 shows the extent to 

which genetic fabric envelopes of till classification overlap based on their eigenvalues. 

It is this ambiguity which precludes the impartial identification of these areas of 

deposition; a lack of consensus on this scale will significantly undermine the validity of 

the method (van der Meer, 1993). 

 

 
Figure 2. 29: Summary statistics for depositional envelopes using multiple studies reviewed in Bennett et al. (1999): 
a) Sediment flows, b) Deformation till, c) Undeformed lodgement till, d) Basal ice, e) Melt out till. Significant overlap 
is apparent within all depositional envelopes. 

 

The ambiguity and disagreement highlighted above prove that process-specific genetic 

fingerprinting of tills from fabric data alone is contentious. However, this is not 

indicative of the inaccuracy fabric data itself, more of the inaccuracy of process-specific 

classification of tills (Evans et al., 2006). This is a salient point to make; significant 

overlaps and ambiguity in the genetic fingerprinting of tills has led to overlapping and 

ambiguous fabric data: not the other way around.  
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Particle orientations in glacial deposits are significant if used for a different purpose. As 

models of till changed and the emphasis moved from depositional environment to 

deformational processes more closely tied into glacial dynamics, a hybrid model of till 

behaviour emerged (Piotrowski et al., 2004). This model, alluded to by Dowdeswell and 

Sharp (1986), explains overlapping fabric datasets due to the over-simplification of 

processes acting at a natural, hybrid glacier bed. Crucially, Dowdeswell and Sharp (1986) 

recognised that pure end-member till facies are rare, and most tills are hybrids. This 

statement represents a shift in the understanding of the relationship between till 

deposits and their genesis, and a consequent exploration of the role of fabric. 

 

2.4.1c Deformation characteristics 

Assessing the characteristics of bed deformation is the third, and probably most 

complex use of fabric in subglacial tills. Leighton et al. (2012) noted that fabric would be 

an excellent and objective method for assessing deforming sediments, compared to the 

subjective components of micromorphology and sedimentology for example. Initial 

work to connect fabric with deformation involved mean vectors extrapolated from till 

fabrics; these would often reflect local shear directions of sediment rather than ice flow. 

(Dowdeswell and Sharp, 1986) and Benn and Evans (1996) also established that isotropic 

materials subjected to uniaxial flattening would develop unimodal girdle fabrics, 

whereas those undergoing uniaxial extension develop unimodal clustered fabrics. These 

two investigations initiated two distinct approaches to deformation and fabric; 

deformation magnitude, and deformation style. 

 

Hart (1994) initially correlated fabric strength with deformation magnitude, attributing 

strongly clustered fabrics to high strain events, except for very high strains during which 

transverse orientations will be adopted resulting in bimodal fabric signatures. This 

would facilitate the generation of a ’cut-off point,’ or an absolute value of deformation 

in till. Lab experiments using ring shears have supported this hypothesis; Thomason and 

Iverson (2006) successfully correlate shear strain magnitude with fabric strength, but 

only in relative terms, at very low strains. It is also important to remember that strain is 

a component of deformation; samples of till sheared in the laboratory will invoke 
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translocation and rotation of inclusions and particles which severs any quantifiable 

connection between stress and strain.  

 

By separating till fabric datasets into particle size fractions, Carr and Rose (2003) 

hypothesised that the relative magnitude of strain could be calculated within a till. As 

larger clasts require more force to move, those oblique to ice-flow direction reflect the 

highest strains within the sediment. However, this systematic relationship between 

particle size and fabric was based on limited sample populations (<50) and must be 

considered carefully. 

 

Deformation style is the second characteristic typically investigated using fabric. Benn 

and Ballantyne (1994) used fabric shape to constrain the strain history of tills through 

the application of particle rotation theories outlined in Section 2.3.2. Two-tiered A/B 

horizon tills with a dilant upper and stiffer lower horizon are readily separated on fabric 

plots; moderately high isotropy values in the upper till are reflective of the dilant nature, 

and thus the freedom for particles to freely rotate Jeffery style (Jeffery, 1922) during 

transport or deformation. In the lower till however, very low isotropy values reflect 

March style (March, 1932) particle rotation as the till is sheared along slip planes which 

can constrain dip values and create narrow brittle-ductile shear zones.  

 

Benn (1995) acknowledges the likely fluctuation of boundaries between brittle and 

ductile deforming tills due to changes in porewater pressure and consequent shear 

strength. This migration highlights a key question which permeates all fabric studies; 

while it is certain that fabric reflects strain, does it reflect the most recent, cumulative, 

or strongest deformation event? How can a high-magnitude, short event be separated 

from a low-magnitude long event? 

 

The formation of a till matrix framework (Figure 2. 30) proposed by Evans et al. (2006) 

suggests that tills will essentially reset or liquify between deformational events. Fabrics 

are therefore representative of the final force vector, applied while coherency of the till 

matrix framework is increasing. This disagrees with the findings of Carr and Rose (2003), 

who hypothesise that particle fabrics are the result of cumulative or total strain acting 

within a sediment. There is also evidence that fabrics are preserved in a chronological 
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order due to cross-cutting relationships (Phillips et al., 2011), which can also be applied 

to the hypothesis of Hart (1994): parallel fabrics are indicative of extensional flow, and 

transverse fabrics are generated by compressional flow. 

 

 
Figure 2. 30: Conceptual diagram showing relationships between the presence of a coherent till matrix framework, 
and depth below the ice-sediment interface:  
The top layer, or A horizon, will liquefy under the imposition of any stress; the more coherent the till matrix framework 
becomes, usually to a loss of PWP and increase in strength and clast contacts, the more difficult it will be to liquefy 
and ’reset’ the fabric signature. From Evans et al. (2006). 

 

Key points: 

• The most important conclusion of this review is the wide variety of uses for fabric 

data which rest on a fragile base of contentious theories.  

• It is still unclear if fabric is representative of cumulative deformation, the 

greatest stress event, or the most recent. This concept is vital to understand to 

connection of fabric to strain in tills.  
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• Sedimentologists have used fabric to illustrate so many different things, as 

Bennett et al. (1999) suggest, till fabric could have become meaningless. 

• The range of variables at the glacier bed which can elicit a certain strain response 

is the final obstacle to a complete understanding of fabric. 

 

2.4.2 Complexities in the Subglacial System 

The hybrid (Piotrowski et al., 2004) and subglacial traction (Evans et al., 2006) 

approaches to subglacial till abandon the rigid classifications of lodgement, melt-out and 

deformation etc. in favour of a more realistic, albeit more chaotic, hybridised model of 

subglacial conditions and resulting till deposits (Figure 2. 31). Piotrowski et al. (2004) 

characterise subglacial sediment end members as mosaics of deforming and stable 

spots, which have been exposed to a range of depositional processes along a subglacial 

till production continuum. This means that one till unit, often classified as being 

deposited/deformed through coherent processes and forces, has been exposed to 

multiple depositional and deformational events acting at different points. Similarly, one 

point within that unit will have been exposed to many different processes over time. 

 

 
Figure 2. 31: The ice-bed mosaic model: 
Deforming soft subglacial sediment is represented as a mosaic of deforming and stable spots that change their 
position in time and space. A region of the bed shown in cross section can be subjected to repeated deformation 
interspersed with periods of stability. The deformation preserved in sediment after retreat and subsequent exposure 
(t4) is therefore a cumulative signature which takes into account all deformation and stability over an entire glacial 
event. From Piotrowski et al. (2004). 
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Evans et al. (2006) develop this concept, and recommend a new classification of 

subglacial tills which takes this variability into account, defining three distinct till 

categories: 

• Glaciotectonite: sediments where some structures of the parent material are 

preserved after subglacial deformation. These sediments are not deposited through 

glaciation, rather they can be fluvial or outwash sediments for example, which have 

then been overridden, modified or and deformed by ice. 

• Subglacial traction till: this classification encompasses the majority of previous till 

classifications and crucially recognises the inextricable link between the deposition 

and deformation of sediments beneath ice. Sediments are released through 

pressure melting from the glacier sole, which is either sliding over or deforming the 

underlying substrate, and subsequently disaggregated and largely homogenised 

through shearing. This would include lodgement till, deformation till etc. and 

encompass a wide range of fabric shape envelopes. 

• Melt out till: Evans et al. (2006) support the theoretical case for the existence of melt 

out till as a separate classification where sediment is released from stagnant or 

slowly-moving debris-rich basal ice with no transport or deformation upon 

deposition. The complex and dynamic subglacial environment makes the existence 

of such a process highly unlikely and it has rarely been observed (Lawson, 1981), 

although the inaccessibility of the glacier bed prevents an accurate field assessment.  

 

Till end members are almost certainly all hybrids: products of a set of complex 

processes changing over space and through time in the subglacial traction zone. While 

till deposition and the processes involved are certainly important for understanding the 

subglacial environment, many have argued that regarding tills in a depositional sense is 

less important than a deformational sense (Menzies and Zaniewski, 2003; Menzies et 

al., 2006), hence the simplification of the depositional classification suggested above. As 

the complexities and significance of deforming subglacial tills have been better 

understood, the usefulness of distinguishing tills based on their genesis has been 

undermined (Evans et al., 2006).  

 

Understanding the deformational history of tills through fabric has been both 

encouraged and discouraged by the hybrid theory. Firstly, the idea of a constantly 
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shifting suite of processes at the glacier bed, combined with the superposition of 

depositional process signatures within till end members has shifted the role of fabric 

data from a depositional proxy, to a deformational one (Carr and Rose, 2003). Secondly 

however, complexities at the bed hypothesised by this hybrid model make it difficult to 

relate fabric data to anything other than the constrained area of till from which it was 

extracted. If fabric is to be fully understood, then these complications at the bed must 

be fully appreciated and included in studies concerning the origin of deformation in tills. 

The hybrid model must be taken in the context of the till matrix framework model 

proposed by Evans et al. (2006; Figure 2. 30). Does till contain a cumulative, mosaic 

signature of strain, or the most recent signature of strain formed within a till-matrix 

framework? Reconciling these two apparently conflicting models is a key goal in studies 

of subglacial traction till.  

 

2.4.2a Spatial variation 

Perhaps the greatest complexity at the bed is the spatial variation, or how rheology 

changes over space. Initial models created by Alley et al. (1986) hypothesise a linear 

decrease in the velocity of till as a function of distance from the glacier sole (Figure 2. 

32a). However, this model ignores the key role of decoupling in preventing stress 

transmission from an ice body to a till, or through till layers (Kjaer et al., 2006). As PWP 

increases within till (due to ineffective drainage or influxes of subglacial meltwater), ice 

can essentially decouple from its bed and slide over undeformed sediment (Blake, 1992; 

Iverson et al., 1995). This process means that subglacial sediments, unfrozen to the bed, 

will deform less if PWP is so great that decoupling has initiated. A fabric signature may 

show an unstrained till, but decoupling may have facilitated fast ice flow. 

 

Alternative models of bed deformation hypothesise an increase in deformation down 

through the till profile which cumulates in peak deformation at a decollement surface 

(Boulton et al., 2001). These two idealised models of strain distribution are dependent 

on different drainage conditions, varying water pressures, and the presence or absence 

of a subtill aquifer. When more realistic till profiles are considered however, such 

simplistic models will break down. Figure 2. 32a shows a more complex till profile where 

the zone of maximum displacement is just below the boundary between ice and till. 

Field evidence from Breidamerkujokull is used to calibrate this model but subglacial 
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conditions are not constrained well enough to ensure total accuracy. The more complex 

displacement curve shown in Figure 2. 32b highlights multiple failure loci due to 

deformation partitioning; this distributes deformation unequally through sediment and 

can be attributed to dynamic hydrology and granulometry over space and time (Evans 

et al., 2006).  

 

 
Figure 2. 32: Comparing displacement curves for a) idealised and b) complex deforming subglacial tills: 
 Curve a) shows a single zone of peak displacement contained within the A horizon and a decrease in displacement 
with depth. Such gradients are likely to be observed in homogenous saturated tills strongly coupled to the flowing 
ice. Curve b) shows where localised zones of displacement are observed in both horizons. These high displacement 
areas can likely be correlated with till sedimentology as weak layers or those saturated due to underlying clays will 
deform more readily than stronger and stiffer layers. From Evans et al. (2006). 

 

Locating decollement surfaces in glacial sequences is key for assessing the distribution 

of strain. Traditional models have located decoupling events at the boundary between 

ice and underlying till as discussed above. The work of Kjaer et al. (2006) revealed zones 

of decoupling between till and an impermeable underlayer, bedrock or an aquiclude for 

example (Figure 2. 33c). Such decoupling initiates high deformation in the form of 

translation, but low visible strain due to the coherency of translating units. This complex 

relationship between deformation and decoupling complicates the reconstruction of 

strain in such tills using fabric data. Blocks of till can be strained during one event, and 

then translocated as a frozen or coherent mass during another. Special attention must 

be paid to the sedimentological context to provide a reliable context for such fabric data. 

While these processes may be occurring simultaneously in a subglacial setting, relict tills 

no longer overridden by ice may contain numerous overprinting signatures, stacked 
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units and translocated sediments which can make the process of identifying a context 

for fabric data even more problematic.  

 

 
Figure 2. 33: Basal motion models showing the influence of decoupling on sediment displacement at contrasting 
interfaces: 
a) Decoupling at the ice-sediment interface terminates deformation in the underlying substrate; b) Strong coupling 
between the ice and underlying substrate promotes deformation within the sediment body in the form of high strain 
and high translation. Such conditions arise in saturated sediments with low effective pressure, a parameter dictated 
in part by the sedimentology of the unit. Till unit HA1 undergoes high magnitude deformation under high strain which 
follows the simple model presented by Alley (1989). Unit HA2 undergoes slower deformation at lower strain rates 
until the stable substrate HB is reached. c) Dual-coupling leads to fast ice flow with low sediment strain but high 
sediment translation. Ice is coupled to underlying till but this ice-sediment package is decoupled from impermeable 
bedrock due to over pressurised water and sediment strain is significantly retarded. From Kjaer et al. (2006). 

 

Incremental thickening of tills, the process outlined in Figure 2. 34a, may be able to 

explain the current problem posed by thick (>0.5m) deforming tills preserved in the 

geological record, but largely absent in glacierised environments. By stacking units on 

top of one another, large deformed sequences of till can be generated (Evans & 

Hiemstra, 2005). The superposition of such stacked tills should generate a strong fabric 

parallel to the direction of depositional thrust, although the lack of consensus within the 

data and shown in Figure 2. 34b suggest more complicated local processes could be 

responsible for dispersing strain through the material (Roberts and Hart, 2005). It is 

unclear what this variation in fabric within stacked tills means - Figure 2. 34b and Figure 

2. 35a show significant variation between till units whereas similar studies have noted 

almost identical fabric signatures in multiple stacked tills (Figure 2. 35b). 
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The only known example of deep deformation in an active subglacial till (Truffer et al., 

2000) showed deforming sediments 2m below the ice-sediment interface. Explanations 

of sub-marginal incremental thickening cannot account for this thick active till layer, 

although incremental thickening itself is a theoretically sound process which should be 

able to account for tills which have a signature of deep deformation. Boulton et al. 

(2001) does make the point however that there are a huge number of Pleistocene 

subglacial tills exposed compared to their modern counterparts; therefore, it is 

reasonable to assume that deep deformation could be the “normal” state, and thin 

deforming tills observed in glacierised environments are the exception. 

 

 
Figure 2. 34: a) A schematic outlining the process of till incremental thickening, a process hypothesised by Evans 
and Hiemstra (2005): 
Stage 1: glacier advance will deposit sediment as a terminal-style moraine at unit T1. After retreat (Stage 2), the 
glacier will readvance and stack T2 on top of T1. This can lead to the appearance of a thick unit of pervasively 
deformed till; b) Fabric data taken from subglacial tills at Breidarlon, Iceland. Outwash sands and gravels are overlain 
by 2 deformed till units with horizontal fissility, likely indicating stacking. There is a wide range of both dip and 
direction values for stereoplots, which is inconsistent with the model of one thick pervasively deforming unit. From 
Evans and Hiemstra (2005) 

 

Fabric signatures do not only change with depth however; they can also change laterally 

through a section. Early work by Rose (1974) showed significant variation in fabrics over 

10m transects at tills from Hertford and Hatfield, East Anglia (Figure 2. 35a). Sample 

variations of up to 83° from the mean vector were noted, almost perpendicular. It is 

important to note the style of this analysis; rose diagrams shown in Figure 2. 35b show 

several bimodal and multimodal fabrics which would not be accurately represented by 

a mean vector. The variance shown in rose diagrams presented, particularly in the 

Hatfield section, would present a serious challenge for researchers who may generate 

theories for entire units based on only one fabric dataset of 50 clasts.  
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Figure 2. 35: Spatial variation in till fabric: 
a) Stereographic plots of fabric data taken from tills exposed at Hertford and Hatfield. Qualitative interpretations 
reveal discrepancies of around 40 between the top and bottom of the section at Hartford which is repeated along the 
length of the section. Fabric taken from the base of the Hatfield section has an east-west component which is not 
reflected in the upper samples; significant variation is noted in all fabric samples from across the section (Rose, 1974); 
b) A section diagram and stereographic plots showing the similarities between one horizontal and three vertical 
profiles of till fabric samples; almost no variation in fabric direction or dip values is observed over a 16x3m section 
containing three tills. Figure references apply to original paper (Larsen and Piotrowski, 2003b). 
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Rose (1974) makes a clear point that the vertical position of samples within a section 

can affect fabric measurements and applies this to stratigraphic analyses conducted on 

other tills in East Anglia. West and Donner (1956) prescribe typical particle orientations 

in two tills deposited during different ice advances: a sample from the bottom of the 

unit at Hertford is within 20° of the 130-310° envelope proposed for the deposition of 

the Lowestoft till. Similarly, a sample from the top is within 20° of the 55-235° trend 

assigned to the Gipping till. Rose (1974) highlights that the misidentification of tills due 

to unrepresentative fabric data, could be common and that other sedimentological 

characteristics are essential for classifying diamicts. 

 

Kjaer and Kruger (1998) found similar variations within short transects of several 

subglacial tills and urge caution when collecting such fabric data. Conducting small-scale 

transects along both the horizontal and vertical axes allows a high-resolution picture of 

deformation to be obtained; fabric data from Hatfield shows a single phase of deposition 

by a diminishing energy glacial system, which agrees with other sedimentological data 

extracted from the site. This approach has the potential to increase understanding of 

the chronology of glacial dynamics at a site, but only if a consistent relationship between 

fabric and space is ascertained.  

 

Not all researchers have found variation in fabric over small spatial scales however: 

Larsen and Piotrowski (2003b) analysed transects at a 2.5m- thick basal till succession in 

Kurzetnik, Poland and found no significant difference in fabric amongst any of the 

samples from three otherwise sedimentologically distinct units (Figure 2. 35b). The 

authors attribute this consistency to uniform local conditions such as porewater 

pressure and clast collisions and in these cases, conclusions regarding deformation 

vectors at least can be reliable. This disagreement between two equally rigorous studies 

however, indicates that the effect of location on fabric strength is something which is 

not yet fully understood. 

 

The implications of spatial variability in fabric is hard not to overstate. The vertical and 

horizontal variation in fabrics seen at some exposures indicates the need for a 

systematic method for collecting data. These variations in fabric are likely reflective of 
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significant processes occurring in the till but this is almost secondary to the significance 

of the variation itself. Reconstructing anything from a fabric dataset which may have 

been sampled different if taken 2m to the left is problematic. 

 

2.4.2b Inherited fabrics 

The signal of original particle arrangement before a deformation event under 

investigation is referred to as inherited fabric; essentially all sediments will have an 

original fabric which originates from the method of deposition, resedimentation 

processes or inherited from the structure of underlying sediments or bedrock; no 

sediment has a base random or isotropic fabric. 

 

 
Figure 2. 36: A model for the development of an inherited fabric in a deforming subglacial diamict overriding and 
incorporating bedrock: 
At sections A and B, the boundary between diamict and bedrock is visible and the relationship between fabric and 
tectonic cleavage can be investigated. However, this boundary is not exposed in section C and workers would 
unintentionally interpret fabric without the context of the underlying bedrock geometry. From Phillips and Auton 
(2008). 

 

Phillips and Auton (2008) outline the effect of jointed bedrock on the fabric of particles 

in overlying deforming till (Figure 2. 36). In south west Scotland, a subglacially deformed 

till incorporated particles from underlying low-grade metasedimentary bedrock in a 

preferential manner conditioned by tectonic cleavage of the underlying rock. Towards 
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the lower part of the till, bedrock geometry is well-preserved in fabric and where 

particles are commonly oriented parallel to cleavage. Moving upward through the till 

however, clast fabrics become more complex and less conditioned by relict bedrock 

structure, presumably more conditioned by shear stresses in the till itself. As time and 

distance elapsed since bedrock incorporation increases, this conditioning effect 

diminishes; in cases where the bedrock influence is unknown, this evolution of fabric 

could be incorrectly attributed to local variations in deformation style or magnitude.  

 

Great care must be taken when interpreting ice-flow vectors or strain profiles from 

fabric data alone, especially when tills are underlain by a jointed or bedded basement. 

Equally, fabric may be conditioned by a previous event; a glacitectonised beach or 

outwash deposit is likely to retain some fabric characteristics of the parent material, 

although this is dependent on the magnitude of deformation (Roberts and Hart, 2005). 

Again, this issue of fabric modification vs fabric “reset” (Figure 2. 30) resulting from 

increased stress is still contentious within glacial sedimentology (Evans et al., 2006). 

 

This inherited fabric can also affect the strain response of a sediment to an imparted 

stress. Experimental studies (field studies of this nature are currently impossible) have 

identified the influence of fabric upon sediment strength, and therefore fabric 

evolution, by exposing reconstituted and locked sands with differing inherited 

anisotropies to cubical stress (Dusseault & Morgenstern, 1979). Figure 2. 37 shows 

systematic differences of over 200% in strain response to identical stress forces applied 

at different directions (Arthur and Menzies, 1972). 

 

Inducing stress parallel to particle and void fabric direction is likely to result in slippage 

or gliding and the development of discrete shear planes and rheological interfaces 

(Dusseault & Morgenstern, 1979). Inducing the same stress perpendicular to fabric will 

require the breaking or reorientation of grains to transfer strain through the material in 

a more pervasive manner, a process requiring a stronger force. This is an important point 

to reiterate: fabric both reflects and conditions strain. 
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Figure 2. 37: The effect of inherent anisotropy on the stress strain relationship of sands: 
0 refers to the initial orientation of elongate particles in a deforming sand undergoing triaxial strain; e indicates the 
strain response of a given applied stress in %; o indicates the applied stress ratio. Particles oriented with their long 
axis parallel to the plane of shear (0-30º) strain at a higher rate than those with long axes oriented perpendicular (40-
90) (Arthur and Menzies, 1972). 

 

2.4.2c Particle concentration and characteristics 

Particle characteristics has great impact upon fabric signature. It is known that increased 

particle concentration will significantly modify rheology and can push sediments past 

their “jamming transition” (see Section 2.3.1). However, the influence of particle 

concentration on fabric itself is also important to consider. The nearest neighbour 

effects shown in Figure 2. 38 can influence clast fabrics within deforming till - this is a 

key reason for unifying liquid and granular flow laws for subglacial till, as larger clasts 

can exhibit a significant effect on the fabric of smaller ones (Benn, 2004). However, the 

models provided by Ildefonse et al. (1992) do not provide a threshold separating high 

and low concentrations of clasts, and there is no quantification of the distance at which 

particles begin to interact.  

 

These processes of clast interactions are theoretical at this stage, and quantifiable data 

from the process has been unobtainable. The effect of clast collisions has been recorded 

by Phillips et al. (2008) using micromorphology while Benn (1994b) does acknowledge 

Figure 2.3: E↵ect of deposition on the stress:strain behaviour of sands (from Arthur
and Menzies, 1972)

Figure 2.4: Plot of peak stress ratio against bedding plane angle (from Oda et al.,
1982)

74
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the role of larger clasts on the deformation characteristics and resulting fabrics of the 

surrounding till at the macro scale.  

 

The influence of particle size on fabric has been extensively studied with very little in 

the way of firm recommendations. There are studies which show a significant 

conditioning effect of particle size where larger particles (>2-3cm a-axis) have a greater 

tendency to orient parallel to ice flow than smaller ones due to differences in 

syndepositional orientation stability (Kjær & Kruger, 1998; Carr & Rose, 2003): particles 

separated into phi unit groups rarely have consistent orientations in relation to ice flow. 

There are also studies which show no relationship between particle size and fabric at 

sizes 3-100cm a-axis length (Benn & Evans, 1996). The conditioning effect of particle size 

on fabric data is therefore unclear; there examples of systematic and non-systematic 

conditioning and examples of no conditioning. In a similar vein to spatial variation in 

fabric, the processes generating these complex signatures are secondary to the 

implications of collecting fabric data without a consistent particle size. 

 

 
Figure 2. 38 Schematic showing the effects of increasing rigid particle concentrations and mechanical interactions 
on fabric intensity and orientation in a shearing fluid: 
 Trends are shown from the low-concentration case (dashed lines) to the high-concentration case (solid lines). High 
concentrations and frequent mechanical interactions slow rotation which generates lower fabric intensities.  

Similar studies have hypothesised that particle morphology can condition fabric, 

through a change in mechanical operations, detailed in Section 2.3.3b. Blade-shaped 

particles for example, are hypothesised to glide along shear planes, giving the strongest 
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possible indication of principal stress direction (Benn, 1995). Similarly, rod-shaped 

particles, under constant stress, will orient themselves transverse to the principal stress 

vector, “rolling” under Taylor rotation in order to reduce energy dissipation (Glen et al., 

1957). These two classifications of particle morphology (blades and rods) discussed in 

Section 2.2.1b are merged when using a prescribed a:b axis ratio for fabric sampling 

(Blott & Pye, 2008). In a similar way to particle size, this unintended overlap between 

two distinct (hypothesised) particle mechanical operations could produce erroneous 

fabrics. 

 

2.4.3 Summary and Knowledge Gaps 

This Section has reviewed and summarised the uses of fabric in glacial sedimentology 

and how these uses are obstructed or hampered by the variety of conditions identified 

at the bed. 

 

Several specific knowledge gaps have been identified: 

• Studies have shown both little, and high variability in fabric signature over small 

spatial scales, both laterally and vertically. 

• Studies have shown both systematic and non-systematic conditioning of fabric 

dependent on particle size whereas some have shown no effect whatsoever. 

• Shear stress generates anisotropic particle fabrics, but certain fabrics can 

fundamentally change the rheology of a sediment. 

• The magnitude and nature of subglacial hydrology is key in understanding the 

relationship between till strain and overlying ice stress & behaviour. 

 

These knowledge gaps are small components of larger questions in glaciology relating 

to conditions at the bed: 

 

1. Why are pervasively deformed tills so common in the geological record but 

almost absent beneath active glaciers? 

2. Are fabric signatures encoded by multiple deformation events or the most 

recent? 
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The solution to these questions is well beyond the scope of this PhD but fabric has the 

potential to provide a quantitative dataset which can be used to assess the fundamental 

mechanics of what is actually happening in straining tills. 

2.5 Challenges and Solutions 

This review has essentially split the current obstacles in fabric studies into three which 

are all co-dependent: 

• Methodological issues hamper the collection of consistent and representative data; 

this wide variety of data quality obstructs a detailed understanding of particle micro-

mechanics in natural environments and also confuses the best uses of fabric data in 

glacial sedimentology. 

• Theoretical issues often arise from the highly heterogeneous and unpredictable 

nature of real till vs. the simplified although manageable nature of laboratory 

analogues. The contentious nature of till rheology makes it difficult to quantify 

conditions at the bed from sediment deposits, especially when fabric is used; fabric 

requires an assessment of rheology at the basic level to be effective.  

• The sheer variety of conditions, processes and ultimately unpredictable variables 

at the glacier bed severs any strong link between stress from ice, and strain in till. 

Fabric does reflect deformation in till but this may be conditioned more by hydrology 

or granulometry than anything else, and includes translation and rotation as well as 

strain. 

 

This hierarchy of problems is shown in Figure 2. 39. A fundamental disconnect exists 

between understanding what fabric data actually means, and how it can reconstruct 

glacial dynamics. 

 

Many of the problems associated with fabric stem from current methodologies and their 

inability to cope with such complex sediments as subglacial tills. Therefore, developing 

a methodology which overcomes all the issues identified in this review is essential. 

Eliminating all the inconsistencies and biases which permeate all current fabric datasets, 

creating large statistically significant datasets and standardising a method of data 

collection and analysis should improve our understanding of fabric and subglacial 

sediments. 
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Figure 2. 39: Current obstacles identified in fabric studies and associated research questions. 
This figure will be revisited in chapter 3, showing the creation of specific research questions based on the general 
queries framed here. It can also be found in chapter 8, highlighting progress made towards these questions and 
knowledge gaps throughout the thesis.  
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Secondly, reconsidering theories of particle mechanics and rheology in the context of 

improved data and an understanding of the spatial and temporal heterogeneity of 

subglacial till would bring us closer to a much better understanding of fabric and what 

it means in the subglacial sedimentary record. It is at this stage that fabric can be used 

to help tackle some of the major and pervasive knowledge gaps identified at the end of 

Section 2.4. This approach is outlined in detail at the start of Chapter 3.  

 

Understanding what fabric means, and therefore how it can be used in subglacial 

sedimentology, is undermined by poor data quality. Improving data quality will not only 

advance our understanding of fabric, but also improve our knowledge of subglacial till 

deformation. 
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3: Methodology 

3.1 Research Design 

Knowledge gaps identified in Chapter 2 highlight two key issues with the current 

understanding of fabric and its connection to the deforming subglacial bed. The first is 

a methodological issue. Current methods struggle to yield accurate and precise 

representations of fabric properties in subglacial sediments. The second is a theoretical 

issue. Theoretical considerations of fabric evolution in deforming subglacial sediments 

are contradictory and disagreement is hampering the development of a more reliable 

model of subglacial deformation. A more precise and objective method of collecting 

fabric data will produce a better dataset from which theories can be developed. This 

study will develop and deploy a new methodology which can overcome the problems 

listed in Table 2.1, and apply it to a selection of subglacial sediments.  

 

Initial investigations of subglacial sediments by Tarplee et al. (2011) and further work 

specifically involving subglacial particle fabric by Marsland (2013) and Spagnolo et al. 

(2015) have proven the potential of X-ray µCT to address current methodological issues. 

However, the method is far from perfect, as X-ray µCT has traditionally been used for 

scanning materials with distinctive density phases, bone and tissue or electronics for 

example (Cnudde & Boone, 2013), rather than the heterogeneous complex and mixed 

properties of natural Earth materials. 

 

Simple thresholding approaches are sufficient to separate density-distinct materials 

such as ice and pore space (Groves, 2012; Hagenmuller et al., 2013) or gold and 

groundmass (Kyle et al., 2008). However, diamicts, particularly those generated through 

glacial processes, rarely have components separated by density. This means that the 

density difference between particles and matrix is defined by a subtle gradient, rather 

than a clear bimodal or trimodal density phase distribution defined by lithology; this is 

a particular problem where matrix is derived from the same lithology as clasts. These 

issues are discussed at length in Section 3.2, and Chapter 4. 
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Once this methodological problem has been tackled, fabric itself will then be examined. 

Due to the volume of data generated by a single X-ray µCT scan, there is great potential 

to establish a robust statistical analysis of the influence of particle size, location, surface 

area etc. on fabric properties. Understanding these issues better will enable for a more 

targeted and focussed approach to the use of fabric as a reconstructing parameter, 

describing what fabric actually means. The final Section of the project will integrate X-

ray µCT fabric within a macro-sedimentological framework.  

 

3.1.1 Research questions and objectives 

The overall aim of the thesis is to better constrain the relationship between subglacial 

dynamics and particle fabric in subglacial traction tills. The three research objectives 

and aims outlined below are designed to fulfil this in a hierarchical fashion, and Figure 

3. 1 shows how the proposed research questions directly address the knowledge gaps 

discussed in Chapter 2. Novel components of this investigation are also highlighted in 

italics below. 

 

RQ1: HOW CAN THE QUALITY OF X-RAY µCT DATA BE MAXIMISED THROUGH ACCURATE 

SEGMENTATION? 

• Develop a method which attaches accuracy values to different segmentations of the same image. 

 The error checking mechanism applied here is original. 

• Apply this method to find the most accurate way of producing structural, and therefore fabrics, data 

in diamicts. 

 In addition, the act of applying a quantitative error check to establish the relative accuracy of various 

X-ray µCT image classifications is novel.  

RQ2: What does particle fabric in subglacial traction tills mean? 

• Determine how, and to what extent, inherent particle properties condition fabric. 

• Link these relationships to theories of particle mechanics, revealing particle dynamics in subglacial 

traction tills. 

• Integrate novel multi-scalar data into particle mechanical theory, establishing a link between 

processes and resulting mechanics. 

The systematic analysis of multiple particle fractions, including population and particle size, shape 

and location is novel in fabric investigations. 

In addition, the spatial mapping tools used to present three-dimensional fabrics obtained from X-ray 

CT are novel, including 3D structural mapping undertaken in Matlab.  
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RQ3: How can X-ray µCT particle fabric contribute to an increased understanding of 

the relationship between glacial dynamics and subglacial traction tills? 

• Integrate X-ray µCT fabric data into a sedimentological study at an active glacier margin. 

• Apply data and knowledge from this new study to a specific issue associated with subglacial traction 

tills. 

 
Figure 3. 1: A flowchart showing how research questions and associated methods at each stage tackle the 
knowledge gaps identified in Chapter 2. 
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3.1.2 Scale 

Micro-CT uses small sample sizes (typically 80mm x 60mm x 40mm) and therefore issues 

of scale and representativeness are key. In Chapters 5 and 6, it is the intrinsic properties 

of fabric which are being analysed. This is not dependent on the size of samples, their 

distance apart, or absolute particle size: only the properties of fabric itself. It does not 

matter if particle orientations are representative of those at the site as a whole, just that 

the fabric in the samples is accurate. While studies using ring-shear devices have tackled 

these questions, their application of a constant strain regime is not directly 

representative of subglacial conditions (Piotrowski et al., 2004; Evans et al., 2006). 

Therefore, using X-ray µCT data to analyse fabric in naturally-strained sediments is an 

important approach (Section 2.4). 

 

When using this fabric data to generate new knowledge about sites in Chapter 7, the 

issue of scale again becomes apparent. The most obvious issue is one of 

representativeness, i.e. how can it be known that one X-ray µCT sample is representative 

of a broader sediment facies? This is explicitly tackled in two ways; first of all, multiple 

samples (fewer than eight) are taken at each site. Secondly, variation in fabric over 

vertical and horizontal transects, a largely novel variable, is a key component. 

Understanding how fabric varies over short (intrasection) and long (intersection) 

distances is key for testing the usefulness of fabric. A key component of analysing the 

method is checking for variation and error. 

 

Scale and representativeness have been carefully considered in the design of this 

investigation and the methodology outlined below is the best approach to the problem 

given the logistical constraints of a PhD thesis. 

 

3.1.3 Site selection 

Before discussing the finer methodological components, an overview of the site 

rationale used in this investigation is presented. The issues of scale identified above, 

coupled with the shortcomings in current X-ray µCT deployment detailed in Section 3.2 

necessitate a focus on relatively well-studied glacial sites. This allows for a focus on 

initial method development, and ensures the presence of significant contextual detail 

to aid in the interpretation of X-ray µCT fabric data. Further information regarding the 
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site selection process, and ultimate rationale for the detailed investigation of certain 

sites are presented in Figure 3. 2 and outlined below: 

 

• The presence of soft subglacial sediment under temperate or polythermal glaciers. 

This is the most important criteria, as these sites are likely where soft sediment 

deformation is a key component of glacier motion and dynamics. 

• Minimal reworking of subglacial sediment following deformation (eg. through flow, 

winnowing, readvance tectonism etc) to isolate processes responsible for sediment 

deformation. For example, minimising post-glacial reworking by selecting recently 

exposed and undisturbed sediments, located outside major snowmelt and drainage 

pathways, removes the risk of detecting a strain signature associated with slumping 

or liquefaction following deposition. Establishing and testing this lack of reworking 

is a key component of contextualising X-ray µCT data in a macro-sedimentological 

framework. 

• The glacial history of the area must be well constrained. This requires an area with 

good glacial records including mapping, geomorphology and ideally sedimentary 

data which in turn, suggests easily accessible and populated areas as being suitable. 

Again, “well constrained” is a relative term and must be treated as such. 	 

• The area must be logistically viable; this includes access, cost, and importantly the 

ability to extract, stabilise and store kubiena-sized sediment samples. 
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Figure 3. 2: The rationale for selecting certain sites for analysis. 
This flowchart shows the requirements, methods, and final decision for each stage of sampling. Samples extracted to 
answer research question 1 (classification of X-ray µCT photomicrographs) must be natural diamict. Research 
question 2 requires these diamicts to be subglacial in origin, and research question 3 requires an additional land-
system context, and particular details which can connect the samples to more specific glaciological questions. 

 
Falljökull and Sólheimajökull are two Icelandic glacial landsystems that fulfil these 

criteria. The specific details of each site are found in their respective results chapters 

later in the thesis, but the general point underlining their suitability must be made here 

– applying a relatively novel method which still requires optimising, to un-researched 

sites leaves too many unknowns in the scientific process.  

 

3.2 X-ray µCT in Earth Science 

X-ray µCT, briefly outlined in Chapter 1, is considered a “breakthrough technology for Earth 

scientists” (Rowe et al., 1997). The technique itself, X-ray computed microtomography, uses 

software to reconstruct thousands of X-ray photomicrographs captured from different 
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angles, into three-dimensional volumetric models (Cnudde & Boon, 2013). The mechanics 

of this process are explored in Section 3.3, but it has become a powerful tool for non-

specialists in recent years.  

 

However, despite its increasing use in multiple geoscientific fields, much of the specific work 

is experimental in nature, with routine integration of X-ray µCT still lacking. This review 

highlights limitations in current approaches, and forms the foundation for much of the 

fabric-specific work, specifically concerning error identification and quantification 

performed in this thesis. For a full in-depth historical analysis of X-ray µCT and its role in the 

geosciences, the reader is referred to Cnudde & Boone (2013), though Ketcham & Carlson 

(2001), van Geet et al. (2001) and Mees et al. (2003) also provide detailed reviews of the 

topic. 

 

Due to the nature of data generated by X-ray µCT, that is three-dimensional, density-

dependent photomicrographs, almost all of its uses can be defined under the umbrella term 

“internal composition,” that is the non-destructive imaging of sample interior density. The 

analysis of these internal components can range from the qualitative interpretation of a 

three-dimensional volumetric model (eg. Henderickx et al., 2012), to the spatial 

quantification of exotic minerals. (eg. Kyle et al., 2008). The possibilities for geoscientists 

employing X-ray µCT are great, and the integration of specialist software facilitates a wide 

range of statistical analyses of both segmented and non-segmented volumes. 

 

For the sake of clarity in this review, the uses of X-ray µCT have been placed into two groups: 

sample composition and porosity. While porosity could be considered a component of 

sample composition, it is distinguished by its focus on two distinct phases, matter and air-

space, rather than several different types of matter. 

 

3.2.1 Internal composition 

X-ray µCT is suited to investigations of fragile or precious samples due to its non-destructive 

nature. This is important in two ways; firstly, samples of great value or rarity can be 

examined without reducing their value through damage or intrusive procedures. Secondly, 

following X-ray µCT scanning, samples can be investigated using destructive methods to 

provide a multi-methodological dataset.  
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For example, exotic inclusions within the Allende meteorite were located using qualitative 

analysis of X-ray µCT data, identifying regions of interest for thin-section production (Arnold 

et al., 1982), or isolating inclusions (Benedix et al., 2003; Figure 3. 3). This visual 

interpretation of density models is a common theme in many geoscientific studies 

employing X-ray µCT. For example, Contoy & Vannier (1984) were able to qualitatively 

distinguish fossilised bone from the surrounding matrix, leading to the discovery of new 

cranial bone structure within an Archaeopteryx skull, a widely accepted “transition” 

between feathered dinosaurs and modern birds (Haubitz et al., 1988). More modern 

qualitative investigations are leading towards the characterization of smaller scale samples, 

such as planktonic species responsible for paleoclimatic reconstruction (Speijer et al., 2008); 

X-ray µCT provides an improved platform for differentiating between species which can be 

vital when reconstructing climate.   

 

Studies focusing on the qualitative description and analysis of high-value specimens, as 

described above, form a large proportion of the research carried out using X-ray µCT. 

However, the technique also lends itself to the quantification of ordinary samples, that is to 

say generating data with minimal operator input, not possible through other means. For 

example, the repeat scanning of sediments exposed to known stresses quantifies the 

movement of individual particles, allowing for the calculation of relative progressive strain 

(Charalampidou et al., 2011). 
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Figure 3. 3: a 3D rendering of meteorite PAT01501-50 constructed using X-ray µCT data. 
Troilite/silicate particles are shown in yellow and purple, while gas bubbles appear as lighter blue objects. Figure from 
SERC.Carleton.edu. 

 
Kyle et al. (2008) provides a good example of how X-ray µCT data can be used to perform 

complex nested analysis. Initially, qualitative interpretation of three-dimensional volumetric 

models was used to identify grains of varying minerals in samples taken from a copper-gold 

deposit, confirming the presence of desirable gold ore. This then led to a quantification of 

the composition of each sample, quantifying the “gold richness” of each sample. Further 

spatial analysis quantified the spatial distribution of gold in each sample, correlating it to 

areas rich in copper sulphide, indicating the manner of gold accretion and informing further 

mining strategy. Essentially, X-ray µCT reveals the presence, richness, and location of 

desirable materials. Following this extensive analysis, samples were analysed using thin-

section micromorphology to gather additional data not visible through density analysis, 

further highlighting the advantages of an initial non-destructive analysis strategy available 

with X-ray µCT. 
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3.2.2 Porosity 

Porosity is a vital parameter when considering the movement of pollutants through a 

sediment, hydraulic conductivity, and the stability of loaded materials such as deep 

foundations. It is also naturally suited to X-ray µCT analysis for three reasons. Firstly, 

distinguishing between material and voids using X-ray photomicrographs is relatively 

simple, compared to some of the multi-mineral analysis described above. Secondly, the 

non-destructive nature of X-ray µCT preserves sample porosity, which is often destroyed 

during disaggregation and consequent analysis. Thirdly, X-ray µCT provides a three-

dimensional spatial porosity dataset; that is to say the location and morphology of pores 

within a sample, not just their total volume. This natural combination of porosity and X-

ray µCT first “CT in the geosciences” paper, published in 1982, testing the capabilities of 

CT for assessing the bulk density of soil (Petrovic et al., 1982). 

 

Kilfeather & van der Meer (2008) used qualitative interpretations of three-dimensional 

volumetric models to connect pore structures in subglacial till, with the magnitude and 

type of deformation they were exposed to. For example, the location and morphology 

of marble-bed structures associated with shearing and rotational movement, was 

identified. The consequent resin impregnation and thin-section preparation of the 

sample allowed for the correlation of these features in both two and three dimensions. 

In a similar style of investigation, Heggli et al. (2009; 2011) used X-ray µCT to 

characterize the structural density of firn and snow. The density of glacial snowpacks 

and sub-surface firn holds significant data concerning accumulation rates while porosity 

holds particular significance for calculating melt rates due to grain surface area 

exposition (Liston & Winther, 2005), mechanical strength and albedo. The integration of 

quantitative analysis, in this case exposed surface area such as pore walls, can facilitate 

the determination of parameters such as thermal conductivity. 

 

The detection of variations within a sample’s porosity can also be used to reconstruct 

the transport and deformation histories of soils and sediments; Bhreasail et al. (2012) 

employed a synchrotron microtomograph (a monochromatic and therefore more 

precise beam system than standard polychromatic beam µCT) to identify structural 

cracks in laboratory prepared frozen soil. Prior studies (such as Akagawa & Nishisato, 

2009) hypothesised the existence of micro-cracks in frozen soil and identified them as 
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possible “seeding points” for the development of ice lenses, a phenomenon which has 

significant engineering and geological consequences for behaviour of the surrounding 

material. However, it was not until µCT was employed to analyse this material that such 

micro-cracks were found.  

 

 
Figure 3. 4: 3D volume renderings of building stone exposed to acid weathering over the course of 21 days. 
Raw greyscale renderings are shown on the left, with pores isolated on the right. Colour coding is conditioned by pore 
size; red shows the largest, while blue are smallest (Dewanckele et al., 2012). 

 



Chapter 3: Methodology and Study Areas 

 124 

Perhaps the most common use of three-dimensional porosity data is to inform 

conservation strategies for natural building stones; the size, distribution and geometry 

of pores is the principle controller of water transport through these materials, and 

therefore dictates the intensity and distribution of weathering (Siegesmund, 2002). 

Rozenbaum (2011) compared weathered and unweathered stones of the same 

composition to identify trends in the spatial onset of weathering undetectable using 

traditional destructive methods. In a similar laboratory experiment, Dewanckele et al. 

(2012; Figure 3. 4) used X-ray µCT to characterize samples weathered under artificial 

conditions, by exposing samples of building stone to acid between repeat X-ray µCT 

scans. By spatially mapping the development of pores over time, the location and 

significance of pore merging, the merging of two or more larger pores, was found to be 

a significant controller of stone integrity.  

 

 3.3.3 Obstacles in current X-ray µCT methodology 

All the uses of X-ray µCT data described above are subject to a data processing bottleneck 

which is discussed in more detail during Chapter 4. All data, whether quantitative or 

qualitative, is reliant on the segmentation of X-ray photomicrographs. This means that any 

analysis based on erroneous segmentation, will be undermined; in fact, Cnudde & Boone 

(2013, pp5) state “The most critical operation in this analysis is the segmentation of the 

volume.”  

 

This uncertainty has led to research focused on improving the quality of image 

segmentations. The application of a dual-energy approach enables the extraction of 

absolute density information from samples, as long as the scanner has been calibrated. This 

duel-energy technique has effectively delineated the interior of dolomites, sandstones and 

styolites (serrated surfaces left in rock following pressure dissolution) contained within 

limestone (van Geet et al., 2000), although remains expensive and more specialized than 

standard X-ray µCT equipment. Software packages such as Blob3D (Ketcham, 2005a) have 

adopted flexible segmentation methods, expanding the range of outcomes, and therefore 

the suitability, of various image classifications. However, there is rarely a quantitative case 

for favouring one method of image segmentation over another as visual checks by operators 

are often deemed sufficient. This can be suitable for generating three-dimensional 

volumetric models of simple two-phase materials, but is undermined when qualitative 
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interpretation is not the focus. At the opposite end of the scale, generating quantitative size, 

morphology, spatial distribution and fabric datasets from heterogeneous, natural materials 

such as glacial diamicts, requires a quantified error value. This is the focus of Chapter 4 – the 

development of an error checking mechanism, and its application to various segmentation 

strategies for subglacial tills.  

 

The limitations described here indicate that while X-ray µCT is suitable for the analysis of 

fabric in naturally occurring materials, it requires extensive modification, particularly to the 

manner in which segmentation accuracy is assessed, but also to logistical details such as 

those described in Section 3.3. 

 

3.3 Generating Data with X-ray µCT 

Generating true three-dimensional fabric data from small samples is not a particularly 

well-established method, and indeed there are large components of the workflow which 

are incomplete and understood (Cnudde et al., 2013). The most important point to make 

in this methodology however, is the role of traditional sedimentological techniques in 

placing these samples in context. This is why the supplemental methods are discussed 

first, and then the more specific methods involving X-ray µCT are discussed afterwards.  

 

3.3.1 A macro-sedimentological context  

3.3.1a Mapping 

A combination of Landsat, Quickbird and SPOT imagery (obtained via Google Earth) was 

used to locate sites, potential sampling locations and construct basic geomorphic maps 

before going into the field loosely based on approaches used by Evans et al. (2012). 

Published geomorphological maps (eg. Friis, 2011) were useful for detecting signatures 

of subglacial sediment deformation in recently exposed sediments, drumlins and flutes 

for example; identifying incised meltwater channels also aided the selection of sediment 

exposures for sampling. Confirming soft sediment deformation underneath ice was also 

vital to the selection of suitable sites for fabric analysis. Land-based photography, 

published and field maps were used to characterise sampling areas in higher detail, in 

order to identify any signatures of post-depositional deformation which could corrupt 

fabric signatures imparted by overlying ice. Digitising oriented land-based and aerial 
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photographs using a vector graphics established the orientations of some subglacial 

bedforms, which provided a semi-quantitative independent dataset for establishing the 

extent and direction of ice movement.  

 

The sediment-landform assemblage approach (Benn & Evans, 2010) was employed to 

accurately identify the context for sections chosen for sampling. Again, aerial 

photographs and ground-based interpretation and geomorphological mapping were 

used to select landforms for further investigation prior to departure. At sites in Iceland, 

this information was easily available, due to the proximity of active ice. By considering 

the properties of a diamict in the context of its location, a till sheet or drumlin for 

example, it was possible to identify sediment which has spent time at the bed. 

 

3.3.1b Macro-sedimentology 

After macroscale context (mapping) was established, the mesoscale (logging) was 

considered. Logging sections was important to establish the number of units, their 

contacts, structures and other properties which provide a higher-resolution context for 

extracted samples; methods and symbology used can be found in Evans & Benn (2004). 

While this can be difficult in glacial sediments, especially structureless diamicts, working 

at glacierized sites allows for the minimisation of complicating post-deformational 

structures or processes such as diagenesis. Cleaned sedimentary sections were recorded 

as either accurately scaled two-dimensional or vertical logs in the field (Evans & Benn, 

2004). Individual units were visually identified using criteria such as structures, modal 

grain size, sorting, support, degree of consolidation, the presence and character of 

inclusions and fissility, and then classified using the lithofacies codes provided by Benn 

& Evans (2010). As X-ray µCT is a high-resolution method, a high level of detail was 

recorded in all logs with particular attention paid to contacts and tectonic or 

deformation structures. Site locations were recorded with a handheld GPS.  

 

Logs and cross sections were then digitised back in the UK using a vector graphics 

program. The purpose of logging to such a high degree of accuracy in this study reflects 

the sensitivity of the method. Structures such as folds or faults would certainly disrupt 

the overall fabric pattern and were avoided unless analysing structures was desired. By 

logging the sediments at various exposures at all sites, it was possible to correlate units 
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across incised channels. Logging also provided a crucial dataset in the form of sample 

depth, a parameter which can have a significant impact upon fabric (Benn, 2004c). 

 

Where possible (i.e. in coarse grained sediments), samples of 50 clasts were taken from 

each lithofacies for shape and roundness analysis following the methods outlined in 

Benn (2004b) in order to constrain their erosional, transport and depositional history. 

Surface and asymmetrical features (e.g. stoss-lee forms, striations) were also recorded 

to help constrain the nature, if any, of subglacial activity at the section. Shape, 

roundness and texture (particle morphology) were particularly useful for differentiating 

subglacial debris from englacial and supraglacial, effectively differentiating particles 

which have undergone modification during transport and those which have not (Evans 

& Benn, 2004).  

 

Clast shape data were plotted using Triplot software (Graham & Midgley, 2000). Ternary 

diagrams (c:a and b:a axis ratios) were used to compare data and C40 indices were 

calculated for each dataset (Benn, 2004). Roundness data was plotted on frequency 

histograms and RA- and RWR-indices were calculated for each sample (Benn, 2004). 

Covariance analysis employed by Benn (1992) and Benn & Ballantyne (1994) 

differentiates sample populations into clustered groups; supra glacial debris exhibits 

high RA and C40 values (i.e. angular and platy) while sub glacially transported debris will 

have lower values for both as particles are abraded and crushed during transport, 

removing sharp edges and highly asymmetrical shapes. 

 

No particle size data or significant clast macro-fabric data was extracted; published 

macro fabric data exists for some sites and is acknowledged when used. Particle size 

data was deemed unnecessary as it could not contribute significantly to the accuracy of 

contextual or fabric data. 

 

3.3.2 Sample extraction and preparation 

Once suitable locations for sample extraction had been found using the techniques 

above, they were extracted carefully and then prepared before scanning. Sample 

extraction is a critical stage in the X-ray µCT workflow as it defines the baseline quality 

of raw data. No resin impregnation (See Bendle et al., 2015 for a summary of the 
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negative effects of this process) or deliberate modification of sediment structure or 

composition occurred at any stage during the process. 

 

3.3.2a Sample extraction 

The overarching goal of sample extraction was to obtain samples representative of the 

sediment from which they are extracted. This required any structures or disturbance 

imparted during extraction to be kept to an absolute minimum and any natural 

structures preserved. Any kind of coring, mechanically assisted or otherwise is not 

acceptable due to the impact upon samples (Carr, 2004; Carr et al., submitted). 

 

Two main techniques were employed to extract samples from the sediment face (Figure 

3. 5a); the method used was dictated by the physical properties of the sediment at the 

site. These two methods are Kubiena tin extraction which uses micromorphological 

protocols outlined by Lee & Kemp (1992) with no resin impregnation, and monolith 

extraction. 

 

When sediment was friable, brittle, very stiff or particularly clast rich, monolith 

extraction was the best approach. If sediment was too stiff to extract a tin, then 

excavating around a tin-sized block was preferred. This had the added advantage of 

removing aluminium, and a great deal of resulting beam hardening, from scan 

radiographs. Blocks were oriented with a compass before extraction (Figure 3. 5d shows 

the same principle for a tin), trimmed, wrapped in clingfilm, labelled (sample ID, north 

and “up”) and then packed in a cooler with a lot of bubblewrap.  

 

If diamict was too friable to extract a tin or a block, then the planes of weakness within 

the sediment were used to create in-situ flakes or “chunks” as samples. This method 

was inferior to the block excavation outlined above, as samples are irregular in shape 

which can be an issue for both sample mounting and X-ray attenuation. As detailed in 

Section 3.3.4, cylindrical samples are the best for ensuring equal attenuation around the 

circumference. However, scanning a cohesive “flake” such as those outlined here can 

produce excellent scan images, again benefiting from the lack of dense packing material.  
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For the remaining sediments, Kubiena tins were used for extraction. Tins were oriented 

parallel to logged sections with the top of the tin flat (using a spirit level was helpful for 

sloping, perched or otherwise difficult sections) and then samples were extracted. For 

very soft or saturated sediments, gently pushing the tin with even pressure was 

sufficient to encase a coherent sample. However soft sediments were prone to 

disaggregation and wet sediments liquefied under cyclic loading, forces commonly 

imposed during sample transportation. For wet sediments, samples were drained and 

air dried in unsealed tins for several hours preceding transportation. This could generate 

small drying structures, which often manifest as cracks, but crucially particle 

orientations will remain in-sit; liquefaction change the orientation of most particles in 

loaded sediments. 
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Figure 3. 5: Sampling procedures for blocks and tins illustrated:  
All photos from Sólheimajökull, Iceland, except c) which is from Beeston Regis, England; a) A typical sampling setup 
at a face which has been exposed in a stepwise manner; b) A carved block ready for orientation & extraction. Tin lids 
resting above are placeholders for overlying samples (SH0105); c) A tin ready for extraction & orientation (after the 
addition of the front lid). The white streaks are caused by chalk smearing when being exposed by a trowel; d) Marking 
the orientation on the tin using a compass set flush against the tin lid. Digital compasses were also used, though not 
pictured; e) Levering out a sample using a trowel; the excess sediment at the back of the tin ensures maximum 
preservation of the sampled sediment and can be trimmed later.  
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For more cohesive sediments, those with a high clay content for example, more force 

was required to sink the tin into the face and extract an undisturbed sample. Excavation 

around the tin with a sharp knife and periodic gentle pushing was chosen to minimise 

disturbance at the sample edges. The use of excessive force to push the tin edges in (i.e. 

hammer blows) will almost certainly impart smearing or dragging of features at the tin 

edges, or compression and small-scale faulting within the sample, both artefacts alter 

the natural fabric of the sample (Carr, 2004). 

 

Common problems included clasts bridging the tin edge preventing further penetration 

(the solution is to start afresh) and the extraction of partial samples which do not fill the 

whole tin due to fracturing along existing planes of weakness. For partial samples 

extracted from very difficult sediments or those with unique features, tins were packed 

with another material (rice and beach sand were used) to minimise movement & 

structural disruption during transport. 

 

When the rear surface of the tin is flush with the face, samples are ready to be excavated 

(Figure 3. 5b). Samples were oriented with both a digital and analogue compass before 

excavating (Figure 3. 5d). Orientations were marked with a permanent pen on the tin 

and samples extracted by levering out with a trowel well behind the block (Figure 3. 5e), 

trimming excess material, attaching the rear lid (unless drying was required), wrapping 

in clingfilm and marking for transport. Tightly packing samples in bubblewrap and other 

soft materials reduced the impact of any monotonic loading events such as drops or 

inversions that may have occurred during transit, thereby preserving the structural 

integrity and ultimately the fabric of samples. 

 

3.3.2b Sample preparation 

Samples were kept in cold storage at -5ºC until ready to be scanned. They are shown in 

their “raw” state in Figure 3. 6a: this is indicative of sample properties before transport. 

For blocks or flakes, the preparation procedure is relatively simple as X-ray µCT scanning 

does not require the modification of samples. However, the orientation markers must 

be visible on X-ray images and therefore nails or screws are used to mark north, and 

paperclips to mark “up” corresponding to annotations made in the field (Figure 3. 6b). 
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The use of dense marking material, metal in this case, ensured that the markers will be 

visible on X-rays. Clingfilm wrapping remained on the sample as it hardly attenuates X-

rays and it is more important to keep the sample intact. 

 

 
Figure 3. 6: Three samples shown at different stages of preparation:	
a) “Raw samples” - both blocks are carefully removed from the face in this condition. They are then wrapped for 
transport. The kubiena tin is sealed with both lids and also wrapped for transport; b) Samples are prepared for 
scanning. In both blocks the samples are wrapped in clingfilm and orientation markers (for both up and down, and 
360º orientation) are attached. For tinned samples, both lids are removed and replaced with clingfilm. No up/down 
marker is required for tins, as the lid with the orientation marker is always up; c) Samples mounted for scanning. Tins 
are easily mounted in Oasis foam; however, blocks require more careful manipulation of the foam to ensure a snug 
fit.  

 

Samples were then mounted securely for scanning (Figure 3. 6c). This is to minimise any 

sample movement during the rotation of the stage resulting in significant errors. 

Mounting materials should therefore be easily malleable, secure and of very low density 
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to minimise their X-ray attenuation. Commercially available Oasis foam was chosen for 

this purpose. While a single block of cut foam could accommodate all kubiena tins, 

unique blocks were carved for each monolith sample to ensure a snug fit, minimising 

movement. In addition, mounting materials must be of very low density to minimise 

their X-ray attenuation. By raising the base of the sample above the solid metal stage 

(Figure 3. 7c), the stage itself was not be detected, reducing the power required to 

produce a clear radiograph. 

 

 
Figure 3. 7: Nikon Metrology HMX 225 CT X-ray microtomograph located in the QMUL centre for micromorphology. 
Key components of the scanner: b) X-ray target and filter housing; c) rotating stage; d) flat-panel detector. 
 

Procedures for scanning kubiena tins were identical, including the fixing of orientation 

markers and mounting in Oasis foam, however the volume of very dense metal in the 

sample was minimised by removing the two tin lids and replacing them with taut 
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clingfilm. Removing these two lids reduced the overall sample density, reducing beam 

hardening and allowed increased flexibility with regards to scanning parameters. Taut 

clingfilm also maintained the structural integrity of the sample; great care must be taken 

when applying this clingfilm however, as loose samples would simply fall out of the tin 

if both lids are removed at once. Once a sample was oriented, it was mounted in foam 

and lids removed (if applicable) it was ready to be scanned using the X-ray µCT system 

(Figure 3. 7a).  

 

3.3.3 Principles of X-ray imaging 

X-rays are a form of electromagnetic radiation, and behave in the same fundamental 

way as visible light. Photons which carry X-rays (X-ray photons) have enough energy to 

ionise atoms and disrupt molecular bonds. Hard X-rays have photon energies above 

5keV and soft X-rays have photon energies less than 5keV. The harder the X-ray, the 

greater the distance it will penetrate through a sample of homogenous density before 

being stopped (Als-Nielsen & McMorrow, 2011). The “type” of X-ray used during 

scanning will have a significant effect on artefacts (unwanted errors induced by 

equipment), especially beam hardening, and it is important to “filter out” unwanted 

parts of the X-ray spectrum. The relationship between energy and frequency (Eq. 3.1) 

and energy and wavelength (Eq. 3.2) is important for understanding the difference 

between hard and soft X-rays. 

 

Equation 3.1:  4 = ℎ6 

 

Equation 3.2:  4 =
78

9
 

 

Where E = energy, h = Planck’s constant, v = frequency, c = the speed of light and : = 

wavelength. 

 

Therefore, X-rays with high energy (hard X-rays) have a higher frequency and shorter 

wavelength. Lower energy X-rays (soft X-rays) have a lower frequency and longer 

wavelength. These components control the intensity of an X-ray which passes through 

an object (IO) assuming a monochromatic beam according to Beer’s law (Eq. 3.3):  
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Equation 3.3:   ; = ;<= − ∫ @(A)BA 

 

where Io is the incident beam intensity and µ(s) is the local linear attenuation coefficient 

along the ray path s (Cnudde et al., 2013). The value of µ is controlled by the following 

three different ionisation reactions: 

 

1. Photoelectric absorption (Figure 3. 8) is the process whereby an X-ray collides with, 

is absorbed by and ultimately ejects an inner-shell electron from an atom. This 

electron becomes a photoelectron and is emitted in conjunction with a K-fluorescent 

X-ray. This process is largely dependent on input energy; the incoming X-ray photon 

must have a higher energy than the binding energy of the inner shell of the atom. 

This is why atoms with more tightly bound inner shells require greater X-ray energies 

to ensure adequate penetration.	In X-ray µCT scanning, denser materials, and those 

with higher atomic numbers, require more energy (in the form of higher power X-

rays) to eject electrons which can then be detected by the target and converted to 

a greyscale value. Samples which contain a high volume of dense material will 

therefore require higher power to achieve this, although this often occurs at the 

expense of loss of detail at lower densities (explained in Section 3.3.4). 

 

 
Figure 3. 8: The photoelectric effect: a) photoelectron ejection due to an incoming X-ray photon and b) energy 
release in the form of a K-fluorescent X-ray (Maher, 2011).  
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2. Compton scattering (Figure 3. 9) occurs when incoming X-rays are scattered by outer 

atomic electrons with low binding energies, before reaching denser and more tightly 

bound inner shell electrons. This scattering generates omnidirectional X-ray 

radiation that can interact with the sample again, or appear as noise during 

detection. If the X-ray interacts with the sample again following Compton scattering, 

detected results will be unreliable as the photon has already lost power by ejecting 

the outer electron.	Compton scattering is problematic for scanning as it can falsely 

identify regions of low density; Section 3.3.4 illustrates ways to minimise the noise 

generated by Compton scattering. 

	

 
Figure 3. 9: Compton scattering: a) outer-shell electron release (recoil electron) accompanied by photon scattering 
b) an ionised atom (Maher, 2011).  

 

3. Coherent scatter is the final mechanism controlling the interaction of matter with 

X-rays; however, this process occurs at very low X-ray energies and is usually 

irrelevant in radiology and radiograph generation, particularly when dealing with 

dense elements requiring high X-ray voltages (Halliday et al., 2004). 

 

These photons generated during processes 1 & 2 will ultimately hit a detector, in this 

case a flat panel silicon detector (Figure 3. 7d). These instruments convert electrons into 

electrical charge as a function of energy, and then this electrical charge is converted into 

visible light. Larger charges give a brighter visible light, and therefore greyscale images 

are produced which ultimately display differences in sample density. The addition of a 

mechanical rotating stage as outlined in Chapter 1 coupled with multiple image captures 
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and computer processing allows for three-dimensional density-dependent models to be 

generated. 

 

3.3.4 Scanning 

Sample scanning concerns the choices made when setting the tomograph up to scan a 

sample or batch of samples. When several samples of very similar composition from one 

site were scanned, parameters were kept consistent to allow for relative comparisons 

in density. There are numerous review papers concerning the choice of parameters for 

scanning (eg. Mees et al., 2003; Cnudde et al., 2008), although, as Cnudde et al. 2013 

state: “Due to the variety in sample size, shape and composition, no fixed and generally 

accepted protocols exist for micro-CT scanning” (Cnudde et al., 2013; p5). 

 

A Nikon XTH225 X-ray and CT inspection system (Figure 3. 7) was used to scan all 

samples. It has a 25-225kV/0-200µA microfocus tungsten X-ray target which produces a 

cone-beam geometry (Figure 3. 10). The detector is a 16-bit silicon oxide flat panel 

detector capable of excitation in 65,536 greyscales. The smallest theoretical resolution 

for the scanner is 2µm, although in practice this is much coarser due to imprecise sample 

mounting, partial/prenumbra effects (Tarplee et al., 2011) and varies linearly with the 

physical size of the sample; the larger the sample the coarser the resolution.  

 

 
Figure 3. 10: X-ray µCT scanner schematic with a cone beam configuration: 
Cone beam configurations enable faster collection of data using a two-dimensional detector which captures X-ray 
snapshots rather than re-constructed pixel lines such as in a planar fan configuration. The X-ray beam is polychromatic 
however, and therefore complicates the calibration of grey levels to attenuation coefficients due to small fluctuations 
in power. This problem can be solved by employing synchrotron (particle accelerator) X-ray, although this approach 
is significantly more expensive and complicated. Figure from SERC.Carleton.edu.  
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Sample rotation, position, zoom and tilt were all adjusted physically through changing 

the position of the manipulator. Sample tilt and x-axis position remained at 0 ensuring 

a neutral centre of rotation and sample stability during rotation. Sample position was 

then dictated at the first order by two criteria: 

• The orientation marker on the top side must be visible during scanning. 

• The vertical sides of the tin must be within frame at every rotational increment from 

0-359o. 

 

Within these bounds, the proximity of the sample to the X-ray emitter, and consequently 

distance from the detector, acts as a zoom function and dictates sample position at the 

second order. The closer the sample to the X-ray emitter, the higher the scan resolution. 

 

Following this alignment process, scan parameters were set for individual samples in 

order to enhance contrast, maximise signal to noise ratio and minimise scan time (cost). 

These parameters change the outcome of the scan and can drastically affect the quality 

of the radiographs, and ultimately three-dimensional volumetric reconstructions and 

associated statistics, which are produced. Experimentation with different parameters 

revealed the ones best suited for each sample (Appendix 3.1). These choices follow the 

lab protocols established by Carr (2013). 

 

kV = voltage. The higher the voltage, the greater the penetrating power of each 

individual X-ray emitted from the tungsten filament. Denser samples require a higher 

kV. Higher voltage increases detection noise. 

 

µA = current. The higher the current, the more photons of a given kV are emitted from 

the target. This increases the brightness of the overall image. Increasing the current 

when the kV is still too low to fully penetrate the sample will have no effect. Increasing 

current increases signal detection. 

 

Exposure: the frame rate at which the camera captures images. A slower frame rate 

allows X-rays more time to accumulate at the detector. Just as in photography, high 

exposures are good for low-power (low-light in photography) conditions. Increasing 

exposure increases signal detection. 
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Number of projections/frame averaging: due to the sensitive nature of X-ray µCT, small 

variations in the scanning process can produce noisy images. The best way to remove 

this noise is to take multiple radiographs at each projection angle and calculate the 

mean brightness for each pixel. This will remove any “one-off” high/low values that are 

produced due to scattering, high gain etc.  

 

The optimal number of projections (averaged radiographs taken at each rotation 

increment) is defined as: 

 

Equation 3.4:  C

$
0n 

 

Where 0n is equal to the number of voxels (three-dimensional pixels) required along the 

x or y axes of the sample, whichever is greater. Increasing number of projections 

improves signal detection. 

 

Filtration: filters are used to remove unwanted X-rays, leaving only the high voltage X-

rays to interact with the sample and detector (Figure 3. 11). Denser samples require 

more intensive filtration to reduce the effect of beam hardening, explained in Section 

3.4.3b. A 1mm thick copper filter was used to scan all samples; this is the maximum level 

of filtration available due to the density of sediment samples. 

 

 

 
Figure 3. 11: a conceptual diagram illustrating the relationship between filtration and X-ray characteristics (adapted 
from UWE, 2013).  
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3.3.4a Pre-processing 

Each scan generates a dataset of 1572 16-bit TIFF images, approximately 2gb in total. 

TIFF images (Tagged Image File Format) store image data and metadata within one file, 

allowing for simple movement and processing of files. They are also lossless (no detail 

lost on compression), unlike JPEG images (Joint Photographic Experts Group), can 

contain vector and raster data and even multiple images within the same file. These 

images are raw oblique X-rays (Figure 3. 12a) and even at this stage, some basic 

structural and textural information can be gleaned.  

 

 
Figure 3. 12: a) an unprocessed photomicrograph taken during scanning; b) a reconstructed Z-slice (dense material 
is dark). A large central particle is visible, along with areas of varying density. 
 

However, by processing these x-y images into “z-slices,” three-dimensional volumetric 

models can be generated. This is a key step, and is the biggest advantage of X-ray µCT 

data over thin-section micromorphology or other micro-scale methods. Figure 3. 12b 

shows a z-slice generated using this process, providing an interpolated plan view of the 

sample, analogous to a thin-section. Particle size and morphology, matrix distribution 

and density and pore orientation and position are all calculable from these z-slices. 

However, there are two significant differences between these z-slices and 

micromorphology thin-sections. Firstly, the information is based entirely on density; no 

colour information is displayed which makes the identification of some structural 

features much more difficult. For example, folding defined by marker beds in sand would 

be macroscopically visible if the particles were a different colour but would appear 

invisible on density X-rays. Secondly, thin-sections are actual sediment; they are not a 

representation of sediment with a resolution. Equipment used for analysis defines the 
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resolution of a thin-section. This is in contrast to an X-ray radiograph where the image 

is a representation of reality, binned down by software. 

 

CTPro software (Ray, 2011) was used to generate an image stack of z-slices for each 

sample, using the properties shown in Table 3. 1. Most properties were kept to the 

default reconstruction option as recommended by the manufacturer, although there are 

several important steps which optimise the reconstruction process. Particular attention 

should be paid to beam hardening (discussed in Section 3.3.5) and tiff scaling of 

attenuation coefficient. 

 

Table 3. 1: Parameters modified during reconstruction in CTPro. 

Tab Property Configuration Notes 
Image Dynamic range Raw Configuring dynamic range applied smoothing filters to 

the data, resulting in a loss of information. 
Greyscale mode Dynamic full  

Centre 
of 
rotation 

Centre of rotation Automatic Slice locations can be changed if desired, but overall 
this combination gives the most accurate centre of 
rotation for the sample. 

Accuracy of 
determination 

High quality 

Slice selection Dual 
Setup Interpolation Interpolate  

Beam hardening Choose 
appropriate 
preset 

See Section 3.4.3b for more detail on correcting for 
beam hardening. 

Noise & scatter 
reduction 

Off (1) Again, noise & scatter reduction will apply smoothing 
filters which can reduce data quality. 

Slice reconstruction Best  
Calib. Units Change to 

1/mm 
The value of one axis of a voxel. 

Volume Resolution Non-modifiable Noting the resolution is a key stage in extracting 
further quantitative data 

Tiff scaling of 
attenuation 
coefficient 

0.09-0.1 works 
best for tills 

Setting this parameter is an iterative process. CTPro is 
future proofed to handle 32-bit data, and therefore 
contains numerous contrast stretching and scaling 
options. 

 

There are several opportunities within the CTPro workflow to stretch or shrink the 

greyscale histogram, remove noise and filter the data; these include the dynamic range 

and greyscale mode, noise and scatter reduction. However, in order to avoid a black-

box approach, all filtration/binning etc. was constrained to the segmentation stage using 

FIJI. This is explained in Chapter 4. Confining image processing to a single software 

package preserves the entire dataset, allowing for much greater control on, and 

understanding of, the process. 
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The tiff scaling of attenuation coefficient will essentially apply a range of contrast and 

brightness options to the image. Adopting an iterative approach to this process seems 

to be the best way to achieve desired results; values for tiff scaling are shown in 

Appendix 3.2. 

 

Following the processing steps outlined here (excluding beam hardening correction), the 

only remaining step is to crop the image as capturing some of the surrounding pore 

space during a scan is almost unavoidable; image stacks were then cropped within FIJI. 

However, one step in the processing workflow above is specifically concerned with the 

correction of beam hardening. While beam hardening is not the only imaging artefact, 

it is perhaps the most important one because a) it can have a significant impact on data 

quality and b) it can be corrected by the user. 

 

3.3.5 Imaging artefacts 

There are two main groups of imaging artefacts; beam hardening and partial-volume 

effects. Beam hardening is a common artefact which has established procedures in place 

to overcome, whereas partial-volume effects must be dealt with on a case-by-case basis. 

 

3.3.5a Beam hardening 

Polychromatic X-ray beams, such as the one produced by the XTH225 system, are 

relatively cheap to generate and can scan a wide variety of sample densities (Tarplee et 

al., 2011). However, they also contain a significant soft X-ray beam element hence the 

use of heavy filtration explained in Section 3.3.4. When objects are exposed to 

polychromatic beams, this softer part of the X-ray spectrum is either blocked or greatly 

attenuated. As a result, the mean energy of the beam increases with penetration 

distance and means that the edges attenuate more than the interior. This generates a 

corona of falsely elevated density around the edges of the sample (Ketcham et al., 2014, 

Figure 3. 13) and an associated skewing of the greyscale profile. 
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Figure 3. 13: Visualisation of beam hardening correction:  
a) Z-slice uncorrected for beam hardening. Streak artefacts are also observed at the transition between aluminium 
and air; b) Z-slice successfully corrected for beam hardening using preset 3. This was the most common preset used; 
c) Z-slice overcorrected for beam hardening using preset 5. Greyscale profiles for the 3 slices; note the flat profile for 
slice b) indicating the removal of most beam hardening and the improved contrast over slice a).  

 

In homogenous samples, this outer “ring” of incorrect density values is the only 

manifestation of beam hardening. However, in heterogeneous samples such as diamict, 

beam hardening can manifest at any abrupt change in density, at the border between a 

clast and matrix for example (Ketcham & Carlson, 2001). Streak and star artefacts (Figure 

3. 13a) are characteristic of these abrupt phase changes and occur where high density 

material is aligned parallel to the X-ray beam. 

 

There is no absolute method to remove beam hardening artefacts without the use of a 

synchrotron (particle accelerator) and a monochromatic X-ray source. Dual-energy 

scanning (Van Geet et al., 2000) and software linearisation (Herman, 1979) have 

Low contrast 
interior 

Varying interior 
contrast 
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generated good results for samples where calibration is an option (i.e. the scanning of 

phantom or control samples where absolute density values are available) but for 

heterogeneous material such as diamict, no such option exists. 

 

CTPro software was used to correct overall corona beam hardening, although no 

method for correcting streak artefacts is currently available (Tarplee et al., 2011). 

Scanning approaches do exist to reduce the impact of these effects, such as minimising 

abrupt density transitions through the use of an exterior packing material such as sand, 

or by encasing the tin in a packed cylinder although these come at the cost of inflated 

power requirements and a subsequent loss of contrast within the sample.  

 

Numerous options for beam hardening correction were explored within CTPro, including 

custom corrections (see Appendix 3.1), however it was decided that the most efficient 

method was the use of a consistent preset. Figure 3. 13 shows three Z-slices processed 

for beam hardening to various degrees. Significant beam hardening is observed when 

using no correction (Figure 3. 13a), and this is reflected in a “U” shaped greyscale profile 

shown in Figure 3. 13d. Overcorrecting the effect of beam hardening (Figure 3. 13c) 

results in a “n” shaped greyscale profile. Preset 3 (Figure 3. 13b), while still maintaining 

some density increase towards the tin edge, produces the flattest greyscale profile with 

an added contrast improvement on the uncorrected sample which is particularly notable 

in the centre of the profile. 

 

While the approaches taken above can dramatically reduce the impact of beam 

hardening on data quality, it is important to discuss the effects that can still persist, as 

some will be much more difficult to correct. To reiterate, the most important stage in 

the data acquisition workflow is the segmentation of greyscale images into binary 

images - distinguishing matrix from particles is the key challenge in this step and can be 

made even more difficult through beam hardening (Baveye et al., 2010). Figure 3. 14 

shows the effect of beam hardening at the sample edge, on the density of the associated 

matrix.  The main problem is the artificially inflated density values of the matrix grains 

in close proximity to the tin edges. Subsampling and zooming in on these voxels shows 

identical colour values for matrix and particles in Figure 3. 14 which makes segmentation 

a much more complicated process. 
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Figure 3. 14:The effects of beam hardening on density identification:  
A high-contrast colour ramp has been applied to the original X-ray slice, a sample of diamict from North Norfolk, UK. 
Particles appear darker than the surrounding matrix. Yellow box 1 shows two clear particles, and 2 shows the artificial 
density gradient at the matrix closest to the aluminium tin. When the particle and matrix are isolated in the white 
boxes, the similarities in colour value are apparent.  

 

To reiterate, when discussing the impacts of beam hardening on samples scanned using 

X-ray µCT, the easiest way to illustrate error is through the generation of three-

dimensional volumetric models. Figure 3. 15 shows the effects of beam hardening 

represented in three-dimensions on two samples. Figure 3. 15a illustrates the effects of 

rectangular sample shapes through artificially lower and higher regions of density 

distributed throughout the sample interior which can impact the effectiveness of 



Chapter 3: Methodology and Study Areas 

 146 

segmentation. Figure 3. 15b shows false high-density shadows caused by the aluminium 

casing and will again generate segmentation errors.  

 
Figure 3. 15: Beam hardening artefacts visualised in three-dimensions and two-dimensions:  
a) Changes in matrix density with distance to the interior; matrix in close proximity to the tin edges and the centre 
appears denser. Other artefacts associated with the tin edges are present in the two-dimensional X-ray slice; b) High 
density “shadows” visible around the aluminium casing caused by abrupt density transitions.  

 

Beam hardening is an issue when dealing with heterogeneous samples such as those 

used here, however the correction procedures outlined above have minimised any 

impact on the accurate segmentation of particles and matrix, and therefore preserved 

the accuracy and integrity of particle fabric data. Other imaging artefacts are much 

harder to correct using a “bulk” process, and other correction methods must be applied, 

such as supervised segmentation for partial volume effects. 
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3.3.5b Partial volume effects 

Abrupt phase changes (from pore to clast for example) across a voxel border will 

generate voxels where the density is the mean of both materials, or a partial volume 

(Long et al., 2009; Figure 3. 16). A particle which bridges many boundaries (Figure 3. 16a) 

is less likely to be accurately represented, particularly at the edges. This can corrupt the 

true a-axis of the particle, as is shown in Figure 3. 16b. Similarly, pores or particles at the 

sub-voxel scale will necessitate similar mean calculations which can disrupt the accuracy 

of photomicrographs. This can generate artificial “shells” around particles and make the 

accurate segmentation of particles and matrix problematic. 

 

 
Figure 3. 16: Partial volume effects illustrated for a particle (brown) and surrounding matrix (white);  
a) The actual particle with the appropriate resolution grid overlain. The more of each square the particle occupies, 
the darker the colour of the greyscale X-ray shown in b).  

 

Partial volume effects can also manifest in the form of “slice artefacts (Figure 3. 17).” 

This is a function of the resolution of the scan, and is likely responsible for significant 

underestimation of “dip” values found within X-ray µCT fabric datasets (Carr, 2015). Due 

to the slice-by-slice segmentation protocols outlined in Chapter 4, smaller particles are 

often “flattened” as their ends are not identified. 
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Figure 3. 17: The generation of slice artefacts: 
A particle with a true a-axis marked in green will likely be misinterpreted as that marked in red. This is due to only 
one slice (2) containing significant data for the particle; slices 1 and 3 could be discounted during segmentation due 
to partial volume effects. This effect is mitigated by either decreasing the value of n, or increasing the “minimum 
particle size” during data processing.  

 

 

Correcting for PVEs necessitates the creation of a “minimum” voxel size for each particle 

identified. By increasing the minimum size, PVEs are limited to the outer “casing” of 

particles, ensuring that the overall distortion is low when compared to the volume and 

shape of the actual particle. Details of the minimum particle size considered vary with 

scan resolution and are discussed in Section 3.4. 

 

All artefacts have been identified and carefully considered during scanning and 

reconstruction, and steps taken have ensured that the disruption of quantitative and 

qualitative analysis is kept to a minimum. 

 

When z-slice image stacks have been produced, the next stage is to classify or segment 

the images, that is transform greyscale into binary. This process can be very simple in 

material such as human tissue & bone or any other bimodal density phase distribution, 

but is significantly tougher when dealing with materials hosting a density gradient. 

Chapter 4 is dedicated to the development and visualisation of a procedure to tackle 

this, designed to address the first research question. This will generate binary image 

stacks which are used to generate and present fabric data. The strategies for presenting 

this data are outlined below in Section 3.4. 

 



Chapter 3: Methodology and Study Areas 

 149 

 

3.4 Data Analysis and Presentation 

3.4.1 Generating three-dimensional volumetric models 

Even though this study is primarily concerned with quantitative fabric data extracted 

from samples, it is important to remember that each sample is a natural block of three-

dimensional sediment, and therefore it must be thought of as such. Generating three-

dimensional models using data is crucial for checking segmentations, identifying slice 

artefacts (Figure 3. 17), checking sample integrity and also for identifying any sample-

scale structures which may alter particle orientations or compromise data quality 

(Dewanckele et al., 2012). Segmentation in Drishti, while not as accurate and 

customisable as WEKA segmentation (see Chapter 4), does offer a unique insight into 

the relationships between density phases in the sample, and can also give a quantitative 

estimate of noise. 

 

Drishti (Limaye, 2012) is an open-source scientific volume rendering tool. It is possible 

to view greyscale or binary blocks in three-dimensions, but in order to better interpret 

the actual data it is important to use the transfer function tool in Drishti. This tool 

enables different greyscale values to be distinguished using two methods. Simple 

segmentation is possible using greyscale frequency histograms (Figure 3. 18a), although 

this is not the best way to separate the data. By using variograms (Figure 3. 18b), it is 

possible to consider the transitions and relationships between greyscale phases, not just 

their voxel intensity. Using this approach, it is possible to map the intensity of a 

particular voxel with respect to its surrounding voxels. 

 

 
Figure 3. 18: Histograms used for segmentation within Drishti:  
a) a simple frequency histogram, similar to those already shown in this Chapter, where voxel intensity (from black to 
white) is plotted against frequency; b) a variogram where each voxel is plotted against the variance of the surrounding 
26 voxels. While clear peaks disappear, the relationships between data components are shown more clearly.  
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Figure 3. 19a shows an example of a simplistic variogram for a sample with clear density 

phases; a tooth. While the x-axis still correlates to greyscale intensity, the y-axis 

represents variance. This means the variance within the surrounding pixels. Voxels close 

to zero are surrounded by voxels of identical or very similar greyscale values. Voxels 

closer to the top of the axis are surrounded by greyscale of very different values; these 

voxels are often ignored for simple segmentations, but they are significant data: voxels 

with partial volume effects, bridging the gap between distinct phases.  

 

 
Figure 3. 19: three-dimensional segmentation of a volumetric model of a tooth using the variogram approach:  
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a) 4 distinct matter “arcs” are identified, along with 3 bulk phases; b) Shows the pulp, dentine and enamel in yellow, 
green and red respectively. The first bulk phase and associated arcs are identified as packing material and are not 
visualised; c) The final product of segmentation.  

 

Blue boxes shown in Figure 3. 19a highlight bulk phases, or clusters of voxels of similar 

density. The “Arcs” shown in Figure 3. 19a are equivalent to transitions between these 

clusters. For example, arc 4 represents the transition between two bulk phases which 

are highlighted in blue boxes. Because the sample is a tooth, these two bulk phases are 

known to be enamel and packing material. Therefore, the voxels clustered around the 

blue box are very likely to be enamel. Those near the apex of the arc however, are only 

50% likely to be enamel; as distance from the X-axis increases, confidence in accurate 

classification falls. This approach to segmenting the image can be seen in the “transfer 

functions” displayed on histograms in Figure 3. 19b, and the final result rendered in 

Figure 3. 19c. 

 

When the variogram associated with a tooth is compared to that associated with a 

sample of real diamict, the complexities in segmenting till become apparent. Some 

transition arcs and voxel clusters are tentatively identified in Figure 3. 20a, although 

confidence is low. The cluster and associated arc identified in green, seems to indicate 

a beam hardening artefact when isolated. There are also clear errors in the over 

classification of particles (red) towards the top of the sample. This rendering shows the 

variations in greyscale within a sample, and also the lack of clear peaks and troughs to 

be used during thresholding approaches. Creating transfer functions which follow 

clusters and arcs is the ideal approach, though in complex samples such as that shown 

in Figure 3. 20, an iterative approach based on visual confirmation is suggested. 

 

By generating these three-dimensional models, three things are possible. 

1. To investigate the dataset as a collection of three-dimensional objects, rather than 

just numbers. This allows large errors in segmentations and scanning to be 

recognised much more quickly than if simply analysing spreadsheets. 

2. To analyse the quality of the sample. A sample which has been cracked, liquefied or 

even snapped in half will be much easier to identified when rendered as a three-

dimensional volume rather than a set of numbers. By checking the integrity of the 
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sample, and even the structural variations within (defined by density) it becomes 

possible to correlate fabric results to errors or structure. 

3. To gain an improved understanding of the relationships between voxel clusters, or 

bulk phases, contained within the sample. 

 
Figure 3. 20: Segmenting a sample of diamict using the same technique as shown in the previous figure:  
a) Arcs and bulk phases are indistinct apart from pores, although 2 bulk phases and 3 arcs are identified; b) Shows the 
segmentation of pores, particles, low-density matrix and high-density matrix in grey, red green and yellow 
respectively. The final product is shown in c), with significant error in the identification of matrix in the top half of the 
sample; d) shows the isolation of the densest part of the sample – the tin lid, orientation marker, and crucially the 
clasts inside. 
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3.4.2 Generating fabric data 

3.4.2a A-axis dip & direction  

Fabric data is the main source of data in this investigation. There are two main ways of 

obtaining it from binarised images. The first, is through the software program Blob3D 

(Ketcham, 2005a, b). When extracting fabric data, Blob3D will assign a best-fit 

ellipsoid/sphere to each particle with independently calculated a, b and c axes. Data is 

extracted for each individual component (particle 1, particle 2 etc.) rather than a mean 

or bulk value. Data extracted are shown below: 

 

• Unique ID - each particle identified has a unique ID; it is possible to compare the 

characteristics of a particle with its actual shape in three-dimensions using this 

unique ID.  

• Volume /mm3. 

• Aspect ratio. 

• Position (x, y, z) - the position of the centre of the a-axis of each particle within the 

sample. 

• Dimensions (a, b, c) - the length in mm of the a, b, and c axes of the actual particle. 

• Orientation expressed as directional cosines. 

 

Following the extraction of this data particles below the identification confidence level 

(I, b-axis, mm), must be removed from the dataset; this is given by equation 3.5:   

 

Equation 3.5:   ; ≥ 5G 

 

where r is the resolution of each voxel in mm (provided in CTPro during reconstruction). 

This means that for a scan with a resolution of 0.1mm, only particles with a b-axis of 

0.5mm and above will be considered for analysis.  

 

3.4.2b Novel approaches 
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Chapter 2 outlines the advantages of combining measurement metrics from different 

disciplines, especially ones involving grain contacts such as contact normals and branch 

vectors. Established procedures exist for the calculation of these parameters (Fonseca 

et al., 2013; Marsland, 2013), but only in heavily processed images and synthetic 

datasets, usually extracted from X-rays of sorted, mono-mineralic sediments or artificial 

analogues. With this in mind, any novel approaches applied to diamicts scanned using 

X-ray µCT will depend on the results of segmentation procedures outlined in Chapter 4, 

and are likely to require extensive modification from their original form. Therefore, 

novel metrics measuring particle fabric, such as proximity normals, are introduced as 

they are developed and used in Chapters 6 & 7. 

 

3.4.3 Presenting and analysing fabric data 

Particle a-axis orientation and dip data is presented using standard fabric style and 

shape methods outlined in Benn (2004) and Section 2.3; stereonets, rose diagrams, 

fabric shape diagrams and eigenvalue-derived summary statistics are used to present X-

ray µCT fabric in a familiar context, at least initially. Stereonet3D (Cardozo & 

Allmendinger, 2013) and Orient (Vollmer, 2017) are used to plot and analyse this data, 

while more detailed and specific analysis uses Matlab or Microsoft Excel; these 

analytical procedures are introduced and explained as they are employed, in Chapters 

5, 6 and 7.   

 

One common component of X-ray µCT fabric datasets is the high number of particles 

present in some datasets, which can have an adverse effect when presenting contoured 

stereoplots. Adaptive contouring, using Stereonet3D (Cardozo & Allmendinger, 2013) is 

designed to overcome these problems by presenting consistently smooth contoured 

plots which are unaffected by large variations in n (Figure 3. 21).  
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Figure 3. 21: Adaptive contouring applied to a fabric dataset containing over 26,000 particles: 
A contour interval of 3 combined with a high significance level provides the smoothest representation of bulk fabric. 
A low significance value or low contour interval can both produce skewed contouring. 

 

Generating large quantities of novel, multi-variate fabric data will likely require the 

development of new methods for presenting and analysing such data. The ability to 

isolate specific grain fractions, spatial position and other elements alongside particle 

orientation is largely squandered if presented as a series of rose diagrams. New ways of 

presenting and analysing fabric data, based on novel X-ray µCT datasets, are developed 

along with these datasets, and are introduced and explained when used.  

 

3.5 Summary 

X-ray µCT is a relatively new method for investigating fabric, and therefore it is 

important to slowly introduce variables rather than apply a new method to investigate 

a new area. Therefore, well studied sites in Iceland have been selected to develop X-ray 

µCT and gain new knowledge about sedimentary processes. 

 

Samples are extracted and scanned using X-ray µCT, and nested within a macro-

sedimentological framework. Images captured using X-ray µCT are processed to remove 

unwanted artefacts, generating image stacks which are ready to be classified. 

 

However, this Chapter has dealt with the acquisition of processed Z-slices and 

sedimentary context data. This is still very raw data, useful for some level of qualitative 

interpretation, but not suitable for the extraction of high-resolution datasets desired. In 
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order to extract numerical data from these image stacks, it is necessary to convert them 

from greyscale into binary. 

 

This is the biggest obstacle when using X-ray µCT to classify complex heterogeneous 

sediments such as tills. Any errors in classification will compound throughout the data 

processing and interpretation stages, ultimately leading to conclusions which are not 

based on accurate information. The advantages of X-ray µCT over traditional 

methodologies can only exist if images are properly segmented. If segmentation error is 

too high, then any advantages of impartiality, true three-dimensional data etc. are lost 

and traditional methods become more accurate. Every fabric measurement, particle 

volume value etc. is wholly dependent on image segmentation. 

 

This is why the process of transforming greyscale images into binary images through 

machine-learning is so crucial; it must be accurate, and the error must be quantified. 

Chapter 4 discusses the development of these protocols and outlines approaches 

ensuring optimal data extraction. 
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4: Image Segmentation and Data 

Quality 

4.1 Introduction 

The validity of conclusions drawn from X-ray μCT data is underpinned by the quality of 

the data itself. Steps are taken to ensure high quality data at every stage in this 

investigation, but image segmentation has a critical impact on data quality (Lillesand et 

al., 2015), requiring a more targeted and systematic approach.	Therefore, the research 

question for this Chapter is:  

 

RQ1: How can the quality of X-ray µCT data be maximised through 

accurate segmentation? 

 

There are two key objectives associated with this question, outlined below: 

 

1) Develop a method which attaches appropriate accuracy values to different 

segmentations of the same image; 

2) Apply this method to find the most accurate way of producing structural, and 

therefore fabric, data in diamicts. 

 

It is important to clearly state the nature of this section as a results chapter. The 

development of an accuracy component for image segmentations is novel, and the in-

depth, quantified analysis of image segmentation protocols is also novel. The outputs 

from this chapter, stated above, are 1) a method for quantifying binary image 

segmentation accuracy (transferrable to any image stack), and 2) a set of protocols, 

using this method, to inform the most accurate way of classifying X-ray µCT 

photomicrographs of glacial till. 
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While many aspects of X-ray µCT methodology are well established (Section 3.4; 

Herman, 2009), the unique properties of glacial tills discussed previously present a 

particular set of challenges at the segmentation stage (Lin et al., 2015). Segmentation, 

or image classification, involves the batch conversion of greyscale or colour images 

(greyscale X-ray photomicrographs in this case) into those readable by software 

programs such as FIJI (Schindelin et al., 2012; Heilbronner & Barrett, 2014). The integrity 

of this segmentation process underpins all data quality; no amount of post-processing 

or correction can improve irrevocably poorly segmented structural data. Any solution to 

this problem must aim to fulfil several criteria:  

 

1) Errors in segmentation need to be identified and quantified throughout analysis. 

This will increase analytical reliability and attach an error component for 

consideration during interpretation; 	 

2) Segmentation outputs are representative of reality; 	 

3) Outputs are directly and easily comparable with each other; 	 

4) Outputs improve upon or reinforce current methods of extracting structural 

data from diamicts; 	 

5) Operator input must be proportional to any increases in data quality/quantity. 

	 

Automated segmentation of X-ray image stacks is relatively simple for certain materials 

(Deng et al., 2016); Figure 4. 1 shows greyscale histograms for three scanned samples of 

varying composition. Figure 4. 1a, a sorted sand, has a bimodal distribution: pores and 

particles are readily identified using the histogram alone. The dark “spike” is pore space 

and the remaining values are particles. Such materials can be automatically segmented 

reliably with little to no user input (Kamentsky et al., 2011).  

 

Figure 4. 1b shows the histogram for a smartphone X-ray. Multiple peaks and troughs 

on the histogram highlight a greater variety of densities in the sample interior than the 

sand, the known nature of these materials (aluminium, silicone, lithium battery etc.) and 

their distinct density signatures make isolating components for analysis relatively simple 

(Long et al., 2009; Yao et al., 2009). The use of calibration materials, akin to laboratory 
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standards, can improve the efficiency of this process (Heilbronner & Barrett, 2014) 

allowing for the automatic, multimodal classification of the entire sample.  

 

 
Figure 4. 1: X--rays and corresponding histograms for 3 different materials:  
a) Monomineralic sand with a bimodal density distribution (pores and particles) (Viggiani et al., 2010); b) Smartphone 
with a clearly defined multimodal density distribution; c) Diamict with a poorly defined gradient of density values.  
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Figure 4. 1c shows a density histogram for a diamict block not encased in aluminium. 

The characteristic spike in pixels at the dark end of the greyscale ramp indicates pores, 

and a small spike at the light end indicates metal orientation markers. However, the 

remainder of the histogram has no clear or distinct modes and there is no obvious 

threshold point between particles and matrix. This is why natural sediments of varied 

composition (i.e. diamicts) are much harder to classify with any degree of automation 

(Mobahi et al., 2011).  

 

4.1.1 Segmenting images of glacial till 

This thesis aims to establish the potential role of X-ray µCT fabric in glacial 

sedimentology. Section 2.1 explains the nature of particle fabric, in terms of a-, b- and 

c-axes and the importance of particle form and shape. The accurate identification of 

these components underpins the validity of fabric data. For the majority of methods 

discussed in Chapter 2, this identification is subject to operator supervision – that is to 

say each particle a-axis is confirmed by a human check. While this is appropriate for 

macrofabric investigations involving small datasets (n=50), it becomes unmanageable 

for the datasets typically generated through X-ray µCT (n>10,000). This is why the 

accurate, semi-automated segmentation of images is so important for this investigation. 

Successful image segmentation will identify particles, the a-axes of these particles, and 

their resultant fabric accurately. Inaccurate image segmentation leads to poor 

characterisation of particles, incorrect a-axis calculations, and resulting poor quality 

fabric data. 

 

The challenges associated with creating a broadly applicable, semi-automated method 

for segmenting diamict X-ray image stacks become more apparent when unique 

variation within the term “diamict” is illustrated. Figure 4. 2 shows typical density 

histograms for X-ray slices of 5 different diamicts from 2 different locations. The 

characteristic pore spike in the histogram is the only common denominator. Figure 4. 2a 

shows a shallow increase in greyscale intensity to a series of subtle peaks which 

represent various particle lithologies and matrix densities in the diamict. Figure 4. 2b 

and Figure 4. 2c show better defined spikes representing very low particle populations 

and a homogenous matrix. Figure 4. 2d shows a subtle peak indicating particles and 

matrix with no obvious cutoff; this is at odds with a visual interpretation of the X-ray 
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where they are readily distinguished. Figure 4. 2e shows a sample with large low-density 

particles and very small high-density particles in a porous matrix; this generates a 

complex histogram which is difficult to segment.  

 

The natural variety in glacial tills is apparent from these 5 different samples, but expands 

far beyond this: “Till is a sediment and is perhaps more variable than any sediment 

known by a single name” (Flint, 1957); This variation complicates the creation of a set of 

standardised protocols. The identification of particles in mono-mineralic tills is difficult 

when density is the controlling component for image segmentation. Equally, for 

complex, multi-mineralic tills, pockets of dense matrix may be indistinguishable from 

large singular particles. In clast-supported tills, separating touching particles can present 

issues; equally, in matrix-supported tills the identification of individual particles can be 

almost impossible.  

 

Essentially, density (and therefore the nature of the greyscale histogram) characteristics 

dictate segmentation strategy. Simple histograms with clear modes indicate easily 

classifiable greyscale images, whereas complex histograms require a more involved 

approach. By considering a continuum of image classifications between these two 

approaches, strengths and weaknesses in current methods can be identified and applied 

to the segmentation of X-ray µCT data.  
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Figure 4. 2: X-rays and corresponding histograms for 5 different diamicts used in this study:  
a) Kubiena tin collected from Iceland; b) Kubiena tin collected from Norfolk; c) Additional kubiena tin collected from 
Norfolk; d) Monolith collected from Iceland; e) Cylindrical sample taken from Norfolk.  
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4.2 Approaches to Image Segmentation 

As stated above, segmentation of images for processing can be broadly split into two 

categories; simple segmentations which require little user input, also called 

unsupervised, and more complex segmentations requiring more time, computing 

power and user input, also known as supervised (Lillesand et al., 2015). Figure 4. 3 

illustrates the attributes of several of these segmentation procedures; these are plotted 

on an axis of accuracy, time and the quantity of user supervision required.  

 

 
Figure 4. 3: An error gradient illustrating the characteristics of different segmentation approaches:  
The break in the line indicates a dramatic increase in time taken to manually digitise an image stack, several orders 
of magnitude greater than a single slice and the next slowest method. 

 

Reviewing basic image segmentation strategy is an important step in identifying the best 

strategy for this investigation. Figure 4. 3 shows the relationship between time taken 

(both in terms of user input and also processing time) and accuracy (this term is integral 

to this Chapter and will be discussed at length in Section 4.3). The quickest segmentation 

procedure is automatic thresholding: image stacks are segmented automatically. The 

slowest method however, involves manually digitising each pixel in an entire image 

stack. Figure 4. 3 shows options between these two end members. Image properties 

and purpose are two crucial factors informing the most appropriate segmentation 

procedure. By considering these in detail starting with the simplest, allows for 

inappropriate procedures to be quickly eliminated until a set of quick and accurate 

protocols is reached.  

 

Image properties: all X-ray μCT images are greyscale, as they illustrate a gradient of 

density, and to some extent atomic number (Heismann et al., 2003). This eliminates 
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multi-channel segmentations which are applied to multi- or hyper-spectral images; for 

example, each pixel in a hyper-spectral image may contain intensity values over 20 

variables (Asner et al., 2007; Lilesand et al., 2015). When these intensities are plotted 

spatially, segmenting these datasets without specialist training is difficult.  

 

Purpose: The purpose of segmenting diamict X-rays in this investigation is to isolate 

particles (object) from the rest of the sample (background), in order to measure particle 

properties. This is opposed to separating packing material, orientation markers, matrix, 

exotic particles etc. into different modes. While this approach provides data concerning 

the spatial relationships between components (eg. Bendle et al., 2015), it requires a 

multi-modal segmentation approach which is more complex than separating into object 

and background (bimodal segmentation).  

 

The properties of images used in this investigation and their purpose necessitate a 

binary segmentation procedure where greyscale pixels are changed into black and 

white, object and background, or particles and “everything else.” There are many ways 

to binarise an image, (Figure 4. 3) and therefore establishing the best possible method 

requires a critical review of existing approaches.  

 

4.2.1 Simple segmentation 

Thresholding is the simplest way to segment a greyscale image into a binary image. A 

“cutoff” value in greyscale intensity classifies all pixels below that greyscale value black 

and those above white. All other pixel intensity detail is lost. Thresholding is often used 

where speed is important; for quickly checking dental or bone X-rays (Chatterjee, 2010) 

and locating gold in geological samples (Galper et al., 2012).  

 

Approaches to thresholding can be categorised by their data inputs. For example, 

histogram shape-based methods will analyse a greyscale histogram identifying likely 

transitions between greyscale groups. Spatial methods consider spatial relationships 

between neighbouring pixels instead a histogram alone (Sezgin & Sankur, 2004). For the 

purpose of this study, thresholding will be broadly divided into two approaches - 

automatic and manual, illustrated in Figure 4. 4.  
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Figure 4. 4: Thresholding approaches:
a) Automatic thresholding. Automatic thresholding algorithms choose a threshold value based an analysis of the 
image histogram. There is no user input for specifying regions of interest (e.g. if you wish to separate particles and 
background or pores and background). The large porous particle outlined in red is classified correctly using the mean 
algorithm at the expense of correctly classifying matrix and pores together. The Otsu filter classifies particles relatively 
accurately but is unable to classify the outlined particle;	b) Manual thresholding. This approach requires a user-set 
threshold value separating two regions of interest. The complexity of the histogram at point x makes it difficult to 
separate the particles from the matrix and an iterative approach is often taken. Identifying pores using histogram 
thresholding is accurate and simple due to the “spike” in black pixels shown at point y, representing very low X-ray 
attenuation.  

 

Automatic thresholding (Figure 4. 4a) uses algorithms to automatically threshold an 

image into object and background dependent on pixel properties. For example, the 

threshold value calculated using a mean filter will be the mean greyscale pixel intensity 

(Sezgin & Sankur, 2004). The Otsu algorithm (Otsu, 1979) however, is clustering-based 

and will calculate a threshold through minimising intra-class variance, or the variation 

within a class (Kittler & Illingworth, 1985). Automatic thresholding excels when all object 
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pixels have an intensity value within a tightly constrained range, and this range is 

significantly different from all other (background) pixels. Examples include isolating 

bone from tissue in X-rays (Klinder et al., 2009) and identifying standing water in crop 

fields (Lavania, 2005).  

 

Others have used the Otsu algorithm to segment soil aggregate X-rays (Keller et al., 

2011; Garbout et al., 2013; Deng et al., 2016) but the complexities of natural sediments 

impede reliable automated thresholding (Baveye et al., 2010; Wang et al., 2011; Figure 

4. 4a). Perhaps the greatest problem with any automatic thresholding approach is 

threshold inflexibility. It is not possible to “tell” software what is the object and what is 

the background; the algorithm will make its own calculation about where to threshold 

based purely on pixel statistics such as intensity and spatial distribution. This is a key 

point to highlight for diamicts, where changes in density can reflect matrix composition 

rather than the presence of particles (Tarplee et al., 2011; Bendle et al., 2015).  

 

4.2.2 Complex segmentation 

Manual thresholding requires a threshold value to be manually specified on the 

greyscale histogram, often coupled with a live preview of the resulting classification 

(Figure 4. 4b). This has 2 distinct advantages over an automatic/unsupervised 

classification:  

1)  The object can be visually specified; this could be pores, organics, exotics etc; 	 

2)  The impact of changing the threshold value is visible in real time. This allows for much 

finer adjustment of the classification in response to monitoring regions of interest. 	 

 

However, threshold-based classifications, regardless of automation and supervision 

characteristics, all rely on the basic theory that there is no overlap between the 

greyscale value of the object and the background (Segzin, 2004). Simple visual 

inspections of X-ray photomicrographs and their density histograms show that diamicts 

are irreconcilable with this theory (see Figure 4. 2 for examples of variation in diamict 

composition). Dramatic variations in matrix density, particle lithology and porosity 

negate the possibility of a consistent threshold value for one slice, let alone an entire 

sample. Figure 4. 5 illustrates greyscale overlaps in a visual identification of particles and 
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matrix on a typical diamict X-ray slice. This overlap precludes thresholding as a valid 

approach to image binarisation in this investigation.  

 
Figure 4. 5: Three particles (i, ii, iii) and three matrix areas (iv, v, vi) visually identified on an X-ray slice taken from 
a typical diamict sample:  
A greyscale value for a typical pixel is represents the particle/matrix, and these are plotted on a histogram. In order 
for thresholding to produce a valid classification, objects and background must not overlap on the histogram; there 
must be a clear cut-off point separating the two.  

 

This failure of simple thresholding approaches leads to more complex segmentation 

algorithms as the next step for investigation. More complex segmentation procedures 

may hold the key to increasing segmentation quality due to their ability to allocate 

dynamic thresholds, more appropriate for heterogeneous natural materials (Chen et al., 

2016).  

 

For heterogeneous natural samples, a less “brute-force” and more flexible approach, 

such as machine learning, yields better results. Machine learning occupies a middle 

ground between the two outliers visualised on Figure 4. 4 as a compromise between 

user input and time taken. Therefore, a process where user-defined “training areas” are 

incorporated into automated classifications would provide the best of both. This process 

is machine learning (Witten & Frank, 2011), where algorithms can adapt and “learn” 

from data.  

 

Machine learning is a basic form of artificial intelligence, specifically pattern recognition 

and predictive analytics (Bishop, 2006; Murphy, 2012). Algorithms are able to learn from 

user-defined data, and consequently predict future conditions (Russell & Norvig, 2016). 
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These algorithms are used in everything from global economics to marketing, 

theoretical physics to robotics. One of the key uses of machine learning in image 

processing is improving computer vision and object recognition, two vital components 

of any semi-automated program relying on visual input data (Chen & Wang, 2004). For 

example, MR (magnetic resonance) images of human tissue have been effectively 

segmented using machine learning in order to locate tumours much more quickly than 

manual inspection (Glasbey & Horgan, 1995). Tumours are defined by a combination of 

shape, size and internal composition rather than a pure greyscale value; bone, air, 

tumours and inflamed tissue occupy similar greyscale intensities (Westbrook & Roth, 

2011).  

 

Machine learning can also be applied to remotely sensed data of non-linear systems, 

such as oil wells and reservoirs, where internal variability complicates pattern 

recognition (Nikravesh, 2007). For example, when segmenting LANDSAT imagery based 

on soil moisture, Makkeasorn et al. (2009) encounters problems with atmospheric 

aerosol content, cloud & vegetation cover, shadows etc., all obscuring accurate data and 

therefore classification. By using a machine learning technique called genetic 

programming, and user- defined training areas, they were able to develop the RIparian 

Classification Algorithm (RICAL); RICAL accounts for internal variation in soil type, 

eliminates noise from factors such as atmospheric interference, and produces 

representative classifications from multiple datasets (Figure 4. 6).  

 

Employing artificial intelligence in the identification of particles in samples of diamict is 

more complicated than simple thresholding, but increased classification accuracy should 

mitigate this. There are many variables to be taken into consideration and a plethora of 

algorithms which can be used to achieve different results. Therefore, it is first necessary 

to experiment with pattern recognition in machine learning applications, in order to 

generate the most accurate final classifications of each image.  
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Figure 4. 6: A schematic associated with the RICAL algorithm:  
Genetic programming is a key stage in the combination of vegetation and soil indices, which are in turn calculated 
from four different datasets (LANDSAT 5, DEM, STATSGO and RADARSAT-1). This is an example of a complex, 
hierarchical segmentation process: a similar framework must be developed for X-ray µCT fabric. From Makkeasorn et 
al. (2009). 

 

4.2.3 Increasing data quality 

As discussed above, some segmentations return results better than others. For this 

investigation, thresholding has been deemed unsuitable due to its inflexible nature. 

Therefore, machine learning appears the most promising approach to improve the 
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segmentation of greyscale X-rays into binary images for processing (Shin et al., 2016). 

However, while a good segmentation can be easily distinguished from a poor one 

through quick visual inspection, selecting the best segmentation from a selection of 

outputs such as those shown in Figure 4. 7, can be problematic.  

 

There are accepted methods for checking image classifications in fields other than X-ray 

µCT. The concept of ground truthing is perhaps the most common; it refers to 

information gleaned from direct observation, rather than a proxy (Lillesand et al., 2015). 

For example, Chandler et al. (2015) conducted the majority of geomorphological 

mapping at the forefront of Skálafellsjökull in Iceland using aerial surveys; these provide 

elevation and photographic data for interpretation. This proxy-collected data was 

supplemented by two field expeditions where direct observation of geomorphological 

features on the ground was conducted - literally observing the truth on the ground. 

Whether the interpretation of proxy data is automatic or manual, some element of 

ground truthing is vital to ensure the presence of actual data in interpretations, 

increasing the legitimacy of any conclusions. 

 

 
Figure 4. 7: Three different binarisations (i, ii and iii) of an X-ray μCT slice of coarse-grained diamict taken from SE 
Iceland: 
Three different automatic thresholding approaches are used to separate particles from background. A quick visual 
comparison with the original image eliminates classification i as representative of reality; matrix and particles are 
classified together as object, with pores as background. Classifications ii and iii are much better, but it is unclear which 
is the better one from a visual analysis.  
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Calibration materials are the equivalent of ground-truthing for instruments. For 

example, when measuring concentrations of strontium (Sr) in samples of contaminated 

sediment, O’Shea (2015) calibrated laboratory equipment with standardised samples of 

Sr. These samples are strictly tested by Bodies such as the International Organisation for 

Standardisation (ISO) for concentration and represent the “truth” within which all proxy-

gathered data is analysed. Similar standards exist for X-ray μCT data, where standardised 

materials such as ferrofluids used in biological imaging (eg. Rahn et al., 2009) are 

scanned to facilitate an absolute classification rather than a relative one. With 

standards, calibration materials and ground-truthing, the user is able to provide 

segmentation algorithms with data independent from inputs.  

 

Assessing the “accuracy” of μCT slice classifications is much more difficult due to a) the 

lack of a “standard” diamict, precluding calibration and laboratory standards, and b) the 

complexity of μCT data - there is no other method for providing structural density 

information non-destructively than X-ray μCT. Currently, segmentation accuracy checks 

are performed in two ways. Firstly, visual comparisons with the original image (similar 

to that shown in Figure 4. 7) are conducted (eg. Rab et al., 2014; Bendle et al., 2015; 

Ferro et al., 2015; Deng et al., 2016). Authors acknowledge the subjectivity of this, and 

its significance should not be understated when considering final analysis.  

 

Secondly, different segmentations of the same image are compared with one another. 

Houston et al. (2013) quantify differences in particle detection between different 

binarisations of the same image and can rank the segmentations by number of particles 

detected. This approach is relative and contains no absolute values - there is no true 

number of particles against which to compare segmentations, only the mean, and 

therefore terms such as under- and over-detection can be misleading. Similar studies 

have also been considered resolving object shape (eg. Das, 2007) but these have mainly 

concentrated on resolving diffuse boundaries in order to overcome PVEs and other 

scanning artefacts rather than quantifying accuracy.  

 

Due to tomography’s non-destructive nature, samples can be scanned and then 

additional data collected using destructive methods (Mena et al., 2015) including 
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particle size and porosity. This is an important comparison to make, but there are 

problems with this approach. Collecting particle size data requires total sample 

disaggregation (Evans & Benn, 2004); this can further disaggregate intraclasts and 

precludes any confirmation of structure. Similarly, porosity measurements collected 

using mercury porosimetry will only consider the bulk volume of open pores, again 

preventing comparisons of pore geometries or distribution. X-ray μCT imagery is very 

difficult to calibrate, due to this structural component, and while other 3D methods such 

as Serial Blockface Scanning (SBS) can provide structural information they focus on 

colour rather than density, and require resin impregnation, shown to significantly alter 

the structure of sediments (Bendle et al., 2015).  

 

Reviewing these above approaches to binary image segmentation has highlighted two 

Key points: 

• Firstly, due to the heterogeneity of diamicts, a complex segmentation approach 

through machine learning has the best chance of generating accurate 

segmentations.  

• There is a lack of consistency in how the best segmentation should be chosen. 

Terms such as error, accuracy and representation are often used inconsistently. 

Qualitative visual comparisons with original images are often the only way of 

ensuring good segmentations, and while these checks are valuable in spotting 

certain patterns which indicate systematic error (see Section 4.3.3), they do not 

provide a quantified error estimate.  

 

In order to ensure the data interpreted in this investigation is of the highest quality, a 

systematic and reliable approach must be trialled to find the best segmentation. The 

above review has highlighted the lack of such a method, and therefore the next step is 

to create one.  

 

4.3 Error Detection 

The most important point to take from reviewing segmentation accuracy, is the lack of 

an independent source of “true” data for comparison with X-ray μCT data, or proxy data. 
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This is where a metaphysical approach is valuable; it helps to establish consistent 

definitions for use in the remainder of this thesis, in order to avoid confusion.  

 

The definition of scientific truth is still evolving, inconsistent and can be controversial. 

Scientists such as Richard Feynman, Alan Turing and Kurt Gödel alongside philosophers 

including Immanuel Kant, René Descartes and Karl Popper have all wrestled with 

defining what truth actually is; it is arguable that defining truth itself is more important 

than locating it.  

 

Basic definitions of truth include the “agreement of cognition with object” (Kant, 1781); 

that is to say when something is cognitively proven, through scientific investigation or 

mathematics, it is the truth. Descartes (Ingraffia, 1995) takes a slightly different view by 

saying that all truths must be doubted, including the truth of mathematics, the truth of 

cognition and the “fundamental processes of reasoning”. Only when a particular truth 

has survived “extreme sceptical challenge” can it be a “perfectly certain foundation for 

knowledge” (Decartes, 1637).  

 

Others have adopted a more sceptical attitude to the concept of truth. Popper (1934) 

prefers the term “corresponding to the facts” rather than truth, and Feynman (1964) 

builds on this by saying that it is only possible to know what is not true but “Experiment 

is the sole judge of scientific truth.” This concept is the fundamental basis for the 

scientific method (Cohen & Nagel, 1934; Popper, 1934). Therefore, it could be argued 

that instead of search for the truth, it is more practical and philosophically legitimate to 

continually improve the closest possible approximation. The term approximation should 

not invoke uncertainty, merely the acknowledgement that universal truth is 

unattainable.  

 

To place these ideas in the context of this investigation, is to essentially determine what 

will represent the truth, in order to see which binarisation of a certain image is closest 

to this, or, the most accurate.  

 

The first step in establishing this is to clearly and explicitly define what accuracy means 

in the context of this investigation. Table 4. 1 provides an unambiguous set of definitions 
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for key words used from this point and are important to bear in mind while considering 

methods for assessing accuracy.  

 

Determining absolute accuracy values for segmentations requires a value which 

represents the truth. This value has often informally been a visual interpretation of the 

raw X-ray photomicrograph with the assumption that the human eye is capable of 

recognising subtle patterns overlooked by computational methods. If this visual 

interpretation is accepted as the closet possible approximation of the truth, then the 

simple quantification or illustration of this can facilitate more complex quantitative 

analysis with segmented images. Digitising this visual interpretation comes in the form 

of a manual image binarisation.  

 

Table 4. 1: Definitions of key terms used in this investigation to check the accuracy of machine learning segmentations, 
with examples where appropriate.  

 General definition  Contextual definition  Example  

Tr
ut

h 
 

The current closest 
possible approximation of 
reality (Feynman et al., 
1970).  

A manually binarised X-ray photomicrograph  

Pr
ec

is
io

n 
 

The degree to which 
repeated measurements 
under unchanged 
conditions show the same 
results (Taylor, 1999).  

The resolution of the scan under 
investigation.  

129μm  

Ac
cu

ra
cy

  

The agreement between 
the truth and the value 
produced by the current 
method under 
investigation (Taylor, 
1999).  

The agreement/disagreement between a 
manual and semi- automated 
binarisation expressed as a percentage 
and a function of both representation 
and detection error.  

98/95  

Er
ro

r  

Also called residual in 
statistics, error is the 
difference between the 
truth and the value 
produced by the current 
method (Taylor, 1999).  

2/5  

Re
pr

es
en

ta
tio

n 
ac

cu
ra

cy
  Representation accuracy refers to the accurate representation of 

pixels. A classification with a 98% representation accuracy indicates 
that 2% of pixels are incorrectly classified as either object or 
background.  

98%  
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De
te

ct
io

n 
ac

cu
ra

cy
  

Detection accuracy refers to the accurate representation of objects, in 
this case particles. A classification with a 95% detection accuracy 
means that 5% of the objects (comprised of uninterrupted pixel groups) 
have been undetected. Detection accuracy can be over 100%; a 1000% 
detection accuracy means 10x as many particles have been detected.  

95%  

Re
pr

es
en

ta
tiv

en
es

s 
 

This term refers to internal variation within an image stack and how well a single 
slice can encapsulate all this variation. A slice from a massive diamict would be 
representative, but a slice from a laminated sediment sequence containing 
dropstones, complex structures and multiple domains would be unrepresentative.  

 

It is important not to understate the absolute subjectivity of this method of error 

identification. Manual classifications of images are not the universal truth, and 

difficulties arise when rigorously defining what an object or structure is from density, 

especially by multiple operators (e.g. Leighton et al., 2012); researchers have described 

significant variability in images classified manually by different operators. Baveye et al. 

(2010) recruited 13 experts to threshold sets of images, including a slice from an X-ray 

μCT image stack, into pore space and background. While images were not manually 

digitised, significant variation in the “accepted” final classification shows the role of 

specific operators on final results. Work by Carr et al. (2015) has also shown significant 

variation between operators manually digitising particles on X-ray photomicrographs, 

but little attention has been paid to establishing a consistent definition for a particle in 

this manner (Figure 4. 8).  

 

 
Figure 4. 8: Discrepancies in the manual identification of particles by three different operators (Carr et al., 2015) 
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The key point is that a manually digitised X-ray photomicrograph obeys the definition of 

truth supplied in Table 4. 1: it is the current best approximation of reality. It is not 

perfect, and does not solve the problem of misclassification, but it is the best possible 

method available currently, and a positive step towards higher quality data with an 

attached error component. It makes a useful quantitative assessment of error possible.  

 

Having said this, there are still many circumstances in which a qualitative assessment of 

error can be useful, indeed the time and computing power taken to quantify error, 

requires a preliminary qualitative step to eliminate obvious erroneous classifications. 

 

Before introducing procedures for the qualification and quantification of error outlined 

below, the roles of detection and representation must be outlined. In order to be 

successful, a quantification of classification accuracy needs to measure useful 

parameters, i.e. those that are significantly representative of deviations from the truth. 

The two parameters chosen for measurement here are detection error and 

representation error. These two parameters have been used to compare multiple 

automated classifications (Baveye et al., 2010) and are therefore appropriate for 

comparing a classification with the truth. 

 

Step 1: Qualifying error 

Visual inspection of raw X-rays and 3D volumetric models is the best way of making a 

“first pass” of segmented data. The conclusion of this qualitative approach will be to 

pursue a quantitative error assessment, or to resegment the data.  

 

Following an initial assessment of artefacts propagated from extraction and scanning 

detailed in Section 3.3, software and processing errors are visually identified. Fig. 4.8 

shows four typical qualitative errors associated with inaccurate segmentation. The X-ray 

slice used is one containing particles, pores and matrix; high contrast and image 

sharpness allow for the relatively simple delineation of these three phases by eye alone, 

although concerns regarding visual interpretation raised above should be echoed.  
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The under-classification of the right side of the large particle shown in Figure 4. 9a is 

obvious. Such problems significantly impact final data output as the a-axis of the particle 

shown will be calculated using incomplete data and will therefore be inaccurate. This 

would count as an error of both detection and representation; the particle is under-

classified and there are isolated “islands” classified as individual particles inflating 

detection.  

 

Over-classification problems such as edging and bridging shown in Figure 4. 9ii-iv can 

have a similar impact on final data output. The bridging of two particles into one, or the 

merging of several discrete blobs into one will drastically alter the a-axis orientation of 

such objects, removing the potential for identifying proximity normals and dramatically 

reducing particle detection.  

 

 
Figure 4. 9: Identifying error on a segmented image (b) of an X-ray slice (a): 	
i: Underclassification of particles. Particles with complex interiors are often misclassified due to variations in internal 
density. Larger particles located at the edges of samples are also often misclassified due to the effects of beam 
hardening (explained in Section 3.5) ii: Bridging (overclassification). When two particles in very close proximity are 
either touching or separated by a thin layer of matrix, it is difficult to separate them from one another and a “bridge” 
will be classified between them.	iii: External edging (overclassification). A combination of the above two errors; when 
several particles in close proximity are located towards the edge of the sample, beam hardening can increase the 
likelihood of bridging.	iv: Internal edging (overclassification). This error is similar in nature to iii, although it usually 
occurs within the sample interior and is related to linear pore structures. Abrupt phase changes, in this case from 
matrix to pore to large particle, can promote the incorrect lining of channels with denser material.  

 

While noise associated with beam hardening (see Section 3.5) and particle bridges 

(Figure 4. 9ii) is identifiable in both two-dimensional and 3D images, slice artefacts (see 

Figure 4. 10 for an illustration) are clearly visible for the large particle in Figure 4. 9. 
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While a few missing slices from a particle’s interior will not alter the a-axis length or 

orientation, enough missing slices may skew this measurement and can split the particle 

into 2 separate objects (Carr et al., 2015).  

 

Smaller particles (<5 voxels) are disproportionally affected by this error often leading to 

drastically underestimated dip values. Removing particles smaller than n voxels, or those 

with dip values below n degrees can help mitigate the magnitude of slice artefacts. This 

is discussed in detail in Section 3.3.4.  

 

 
Figure 4. 10: Some common segmentation errors identified on a 3D volumetric model of Sample 127:  
Noise at the top or bottom of the sample is relatively easy to remove through vertical cropping of the volume, but 
bridging and slice artefacts are more difficult to correct post-segmentation.  

  
As stated at the beginning of this Section, the key advantage of a qualitative inspection 

of a binarised X-ray slices is eliminating the most ineffective classifications quickly. If a 

classification is qualitatively inaccurate, such as those shown in Figure 4. 9 and Figure 4. 

10, then there is little merit in quantifying this with further analysis. It would make sense 

to reclassify the data again with different segmentation properties. However, if the 

segmentation appears visually accurate, then a quantitative assessment of error will 

reveal the best of the remaining images.  
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Step 2: Quantifying error 

An error quantification must begin with the manual classification of one slice. As Figure 

4. 8 shows, there can be significant disagreement between operators in the binarisation 

of diamict X-ray photomicrographs, and great care must be taken when manually 

segmenting. One important decision made in this investigation concerns partial volume 

effects and the diffuse boundaries they create between object and background. During 

manual digitisation, it is recommended to consider partial volume or boundary pixels as 

background rather than object (Figure 4. 11). This preserves the a-axis orientation of 

each particle whilst minimising bridging and maintaining high particle detection (Figure 

4. 10).  

 

 
Figure 4. 11: Suggested procedure for separating particles from matrix:  
a) shows a full slice from a sample of diamict; note the location of image b), a particle (white) with a diffuse transition 
to matrix instead of a sharp border. c) shows the location of these border pixels in red. Ultimately, these border pixels 
will be integrated into the classification of matrix leaving the particle in yellow.  

 

It is also vital to consider the representativeness of the slice chosen for error checking. 

This is perhaps the greatest assumption in this error checking procedure, more so than 

assuming a manually digitised slice to be truth. Accuracy values are representative of 

the classification of a single slice. They should be carefully extrapolated to overall image 

stack classifications following a comprehensive visual analysis of the sample. There are 

ways to improve this by manually binarising 2, 5 or 10 slices to then be checked against 

automatically binarised images but the time taken to manually digitise a slice is a major 

prohibitive factor. If a visual inspection of the image stack reveals distinct domains or 

“subsamples” within the sample, then this approach should be taken for each one. 

However, in this investigation all diamicts are massive, that is to say one slice should 
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represent the entire sample. Again, while this method is not perfect, it provides a 

satisfactory balance between time taken and representativeness. The procedure for 

quantifying error is outlined below, and summarised in Figure 4. 12.  

 
Figure 4. 12: Workflow showing the procedure taken to compare manually classified images with those classified 
using automated protocols: 
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The two outputs are a particle detection and particle representation error. A combined error map acts as a visual 
counterpart.  

 

1. Six images from one image stack are required. They must be separated by at least 

10% of the sample volume, (in order to account for slight detector drift during 

scanning) and be representative of overall sample composition. These images are 

slice a and slices 1-5. The goal is to quantify error for an automated classification of 

slice a.  

 

Both slices must be cropped so that sample pixels occupy at least 90% of the pixels 

(Figure 4. 13). This ensures that sample classification is the focus, rather than image 

classification. Z-slices from irregularly shaped samples will often contain significant 

empty space which is much simpler to classify and therefore should not be considered 

in accuracy assessments. 

 

 
Figure 4. 13: X-ray cropping to isolate signal: 
a) shows an image with a significant amount of surrounding pore space in black. b) shows a much tighter cropping of 
a similar sample, ensuring that the classification of diamict is observed rather than the classification of an entire 
image.  

 

2. Next, slice a must be manually classified. Adobe Photoshop was used although any 

raster image editor with a layer system is fine; manual classification requires each 

particle to be traced in a new layer. To avoid ambiguity, this is the point at which a 

more detailed definition of a “particle” should be given.	As the matrix of all samples 

is comprised of discrete particles at the smallest scale, the minimum size of a particle 

(matrix “cutoff”) is relative to the resolution of the scan. It is recommended that all 

discrete particles should be at least 5x5 pixels in two-dimensions (Figure 4. 13). This 

value is a compromise between maintaining accuracy while maintaining high particle 
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detection. Numerous studies have investigated the minimum number of pixels or 

voxels needed to define a particle (eg. Ashmawy et al., 2003; Das, 2007) though a 

standard has yet to be agreed. It is possible to generate additional data by 

decreasing the minimum size, or raise the confidence of data by increasing it, but 

the best solution is to apply a minimum particle size filter to the extracted data.  

 

3. The minimum size for a scan with a 50μm resolution for example would be 0.25mm. 

This means all discrete particles will be at least 0.25mm in b-axis length, or 

fine/medium sand. The remaining particles would be classified as matrix. However, 

if the scan resolution was 5μm, for a smaller subsample, particles of 0.03mm in 

length could be individually represented, allowing for the classification of 

medium/coarse silts. The definition of matrix and skeleton therefore, is conditioned 

by the scan resolution. 	 

 

Next, an automated classification should be applied to slice a using a machine 

learning algorithm from the WEKA segmentation tool in FIJI. Training areas for 

supervised classifications should be taken from slices 1-5. This accounts for 

unavoidable scanning errors caused by detector drift, X-ray flux or orientation 

marker placement. 

 

4. Finally, the manually and automatically classified images should be compared to 

determine representation and detection accuracy. Quantifying differences uses two 

tools within FIJIL the image calculator and particle analyser.  

 

5. The output of image calculations is initially presented in the form of error maps. 

These are images shown in Figure 4. 14; c) and d). Subtracting the manually binarised 

slice A (MBSa) from the automatically binarised slice A (ABSa) will generate a map 

of over-classification (Figure 4. 14c), or, an image showing pixels present in the 

automatically classified image, but not in the manually classified one. Similarly, 

subtracting ABSa from MBSa will produce a map of under-classification (Figure 4. 

14d) - black pixels identified manually which are omitted by the automatic 

classification.  
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These error maps can then be combined to provide a combined assessment of the 

representation accuracy of a classifier (Figure 4. 14e). This can help to show the 

location of incorrectly classified pixels, for example, many larger particles in the 

automatically classified image are over-classified which leaves thin outlines around 

their true edges indicating issues with edge detection.  

 

Quantifying the difference between the manually and automatically classified 

images requires the use of image histograms and a statistics program, in this case 

MS Excel. The sum of the total number of black pixels in both error maps can be 

calculated as a percentage of the number of pixels in the whole image. This will then 

give a percentage value of accuracy for the whole image. Percentages for over- and 

under-classification are also calculated using this method, without adding the 

images together. See the equation in Figure 4. 12 for an exact procedure.  

 

 
Figure 4. 14: Error results for the classification of slice 600 from Sample 127: 
Initial visual comparisons between a) and b) show a fair degree of accuracy. The long axis orientation of most large 
particles is preserved and there is little in the way of fundamental misclassification.	c) and d) display over classified 
and under classified pixels respectively; combining these together produces e) where green pixels are over classified 
and red are underclassified.  
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6. The output from the particle analyser function is a count of the number of particles 

(or discrete black objects) in each image. The purpose of this parameter is to check 

for particle bridging, as this can significantly alter a-axis properties in samples. For 

example, samples where black pixels connect multiple particles may show high 

accuracy using the image calculator method, but the significant difference in particle 

counts between images would reveal bridging problems which would affect the 

accuracy of fabric data.  

 

While bearing in mind issues of truth and representativeness, the outputs from this 

method appear to be the first application of a quantitative procedure to ensure that the 

most accurate classifier is used to automatically segment an image. The final accuracy 

value is formatted as two digits. The first is the overall representation accuracy: as a 

positive percentage, out of 100 and the second is the particle detection accuracy, as a 

positive percentage. Examples of typical error detection outputs are shown in Table 4. 

2: Descriptions of accuracy values with associated illustrations (not true segmentations) 

shown in Fig. 4.15.and illustrated in Figure 4. 15.  

 
Table 4. 2: Descriptions of accuracy values with associated illustrations (not true segmentations) shown in Fig. 4.15. 

Result Fig. Meaning Description 

98/120 4.15a Very good 
accuracy, high 
particle ID 

Grains have been over-detected in this image, probably 
fragmented by the classifier. Even though the 
black/white accuracy is extremely high, the classified 
images should be checked to ensure the preservation of 
a-axis directions. 

90/50 4.15b Good accuracy, 
low particle ID 

While the image is classified 90% correctly, the classifier 
has detected only half the number of particles digitised 
by the operator. This would likely be caused by significant 
particle bridging. 

50/500 4.15c Bad accuracy, low 
particle ID 

The significant over-detection of particles and low 
classification accuracy suggests that the classifier is quite 
noisy, with multiple 1 or 2 pixel errors making up the 
majority of particles identified. 

100/100 - Perfect 
classification 

A result of 100/100 is highly unlikely. 
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Figure 4. 15: manual illustrations of typical segmentation errors described in Table 4.2.  
 

Key points:  

• At this stage in protocol development, an error checking workflow has been 

created comprised of qualitative and quantitative methods.  

• The next stage is to use this toolbox to make an informed and numerically 

justified decision to which segmentation routine is the most appropriate for 

segmenting X- ray μCT image stacks of diamict into binary images of particles and 

background.  

 

4.4 Maximising Segmentation Quality 

Maximising segmentation quality using this workflow involves a) experimenting with 

pre- and post-processing of data, b) selecting appropriate binarisation algorithms, and 
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c) modifying the user inputs into these algorithms. Classifications which pass visual 

checks outlined in Section 4.3.1 can then be analysed using the quantitative error 

mechanism identified above.  

 

There are 43 samples and the same number of image stacks under investigation this 

project. Creating 43 manually binarised images takes between 120-240 hours total. 

Applying pre-processing such as filtering can require the reallocation of training areas 

and double processing time again. It is therefore suggested that the 4 individual slices 

shown in Figure 4. 16 should represent all samples for the purposes of designing a 

segmentation routine applicable to the remaining 39 samples. The composition of these 

samples, and chosen slices, represents a variety of packing materials, grain sizes, shapes, 

densities, lithologys etc. By limiting experiments to 4 slices, ineffective procedures can 

be quickly discarded, and effective ones refined.  

 

 
Figure 4. 16: The 4 slices used to begin the testing of different machine learning methods: 	
Sample 127 is from the active margin of Falljökull in SE Iceland. It is clast-rich with a relatively fine matrix, lithologically 
homogenous, of low porosity and encased in aluminium. 	Sample 264 is from Quaternary deposits on the North 
Norfolk coast at Weybourne. It is clast-poor with a very fine (clay) matrix, lithologically variable with organised linear 
pores and is also encased in aluminium.	Sample 275 is from similar deposits approximately 1 mile east at Beeston 
Regis. It is again clast-poor, although with some larger particles than 264, which are lithologically distinct from the 
matrix. It contained a linear pore system and is encased in aluminium. Sample 303 is from the active glacier margin 
of Sólheimajökull in S Iceland. It is clast-rich with a coarse matrix, highly variable lithologically, is non-porous and 
encased in plastic wrap.  



Chapter 4: Image Segmentation and Data Quality  

 187 

 

All image analysis has been conducted in FIJI and it therefore makes sense to continue 

using FIJI for machine learning segmentations. This is not just convenient; constraining 

all statistical analysis, including error identification, to one software package minimises 

errors due to file conversions during import/export, allows like-for-like comparisons of 

segmentations and increases the speed of image analysis.  

 

The trainable WEKA (Waikato Environment for Knowledge Analysis) segmentation tool 

couples machine learning segmentation algorithms with a pixel-based training area 

interface (Hall et al., 2009; Ignacio-Carreras, 2017). It will classify images based on user-

set parameters which are then manipulated through user-chosen algorithms which 

produce much more accurate and flexible options for image segmentation than simple 

thresholding.  

 

The image classification workflow designed for testing in this study essentially contains 

three main user-modifiable parameters which must be tested independently. The first 

(Section 4.4.2) is the quality and number of training areas. The second (Section 4.4.3) 

is the selection of one or two algorithms to best identify and segment particles from 

the surrounding material. The third (Section 4.4.4.) is the post- processing of outputs to 

remove noise. Images provided by WEKA segmentation are analysed both quantitatively 

and qualitatively in order to select the best approach, or approaches, for classifying 

image stacks of sediment X-ray photomicrographs.  

 

Before experimentation within WEKA however, the role of image pre-processing must 

be determined. Two of the main problems with X-ray photomicrographs are noisy 

images and diffuse particle boundaries. Pre-processing aims to isolate the signal in these 

images, removing noise and ambiguity before segmentation. This can be particularly 

useful for the coarse-grained, lithologically variable matrix found in many diamicts, 

although it can remove useful data. 

 

4.4.1 Pre-processing (filtration) 

There are several filters available which perform different functions on the selected 

image. The first distinction to make is between two-dimensional and 3D filters (Figure 
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4. 17). In order to calculate the value of pixel “x” on slice 100, a two-dimensional filter 

will extract information from the 8 pixels surrounding x. This is a slice-by-slice 

classification and each slice within the stack is treated separately. By contrast, a 3D filter 

will extract information from the 26 surrounding pixels; those used in the two-

dimensional filter and those in the slices directly above and below the pixel. The 

filtration radius is a parameter set by the user which extends the radius of calculation in 

pixel increments; for example, a two-dimensional filter with a radius of 1 pixel would 

incorporate data from 9 pixels to create a new value. A radius of 2 would use 25. A 3D 

filter with a radius of 2 would use a cube of 5x5x5 pixels, or 125.  

 

 
Figure 4. 17: The context for applying two-dimensional and 3D filters to an image stack:  
Two-dimensional approaches calculate a value for x using surrounding pixels from a single slice; 3D filters use pixel 
data from the slices directly below and above the slice with x.  

 

The second distinction is the algorithm applied by the filter itself. A mean filter for 

example will take the mean value of all pixels divided by the number of pixels. 

Despeckling filters and other noise reduction filters apply range algorithms to detect 

outlying pixels and smooth data, generating normal distributions of pixel values. In this 

case, the filter chosen to improve the accuracy of thresholding results is the median 

filter. Median filters take the middle value pixel when ranked in order and have the 

benefit that their final value is actually present in a sample. This means that median 

filters are not disrupted by high outliers and contain real data, not false averages.  

 

Figure 4. 18 shows the results of applying both two-dimensional and three-dimensional 

median filters with diameter of three, five and ten to a selection from a slice of coarse 

grained till comprising pores, matrix and particles. There is little difference between 
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two-dimensional and three-dimensional results. As three-dimensional filters require 

much more time to apply, and crucially are incompatible with the error checking 

strategy outlined here, further three-dimensional filtration is not performed.  

 
Figure 4. 18: Applying median filtration to a selection from Sample 303:  
Both two-dimensional and 3D filters appear very similar, with neither offering a significant advantage over the other. 
While increasing the classification radius removes noise and can “smooth” the matrix, inferior edge detection is 
prevalent in all 3 radii and data, crucially including clast long axes is missing from 5 & 10.  

 

Increasing the classification radius of the median filter certainly improves the matrix 

smoothing. With a radius of three, the speckling within the matrix and large particles 

disappears which should enable more accurate thresholding. However, increasing the 

radius to five significantly impacts edge detection and several of the smaller particles 

disappear. A radius of ten has a dramatic negative impact on the image - the larger clast 

is merged into one and the pores are removed.  

 

In order to quantify the impact of filter applications on segmentation, filtered images 

were manually thresholded. While manual thresholding is not a recommended 

approach for segmenting entire image stacks, it gives a good indication of the success 
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of filtering in removing noise; again, any successful segmentations would then be 

checked using the quantified error checking mechanism. Resulting errors of post-

filtration segmentation are presented in Table 4. 1, and visual examples from Sample 

303 are illustrated in Figure 4. 19. The first observation to be made is the impact of 

increasing the filter radius: in every case, increasing the filter radius and therefore 

increasing the smoothing of the data results in a less accurate classification. This would 

not change if a machine learning approach were to replace basic thresholding. The 

impact can be dramatic, as in Sample 127, or subtle as in Sample 303.  

 
Table 4. 3: The impact of filter application of variable radii on the accuracy of segmentations.  

The dual-output approach highlights the importance of the grain detection metric for assessing accuracy in clast-poor 
diamicts. 1% of the pixels in 264 and 275 are particles and therefore classifying the image as 100% matrix will only 
produce a 1% representation error. Considering the grain detection error reveals the total failure of these 
classifications to identify any particles.  

Sample  Filter radius (pixels)  Representation acc %  Detection acc %  

127  
3  82  80  
5  80  39  
10  75  11  

264  
3  99  7  
5  99  0  
10  99  0  

275  
3  95  22  
5  95  6  
10  95  3  

303  
3  92  64  
5  91  24  
10  89  7  

 

 

By visualising the impact of filtration on the greyscale images and resulting 

classifications it becomes clearer that filtration removes too much signal along with 

noise. Figure 4. 19 shows the magnification of errors in Sample 303 as the filtration 

radius is increased. At a radius of ten, the final classification bears little resemblance to 

the original image with a significant drop in grain identification. Even a three-pixel radius 

creates obvious flaws such as grain bridging and merging.  

 

The conclusion of filtration trials is that no filtration is recommended. Filtering data may 

smooth matrix greyscale values reducing noise, but it distorts particle shape, 

dramatically retards detection and crucially warps a-axis orientations too much to be 

considered as a method for accurately segmenting diamict.  
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Figure 4. 19: The impact of two-dimensional median filtration on the segmentation of a slice from Sample 303: 
Increasing filter radius increases error. Red = underclassified and green = overclassified.  

 

Importing this raw (i.e. no filtering or pre-processing) data into a machine learning 

segmentation tool therefore requires a more sensitive approach due to issues of matrix 

variability and diffuse particle boundaries. There are two separate ways to maximise the 

accuracy of these segmentations; optimising user-input (supervision) and changing how 

segmentation algorithms use this user-input.  
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4.4.2 Supervision configuration 

The raw input data for any segmentation completed in the WEKA segmentation tool is 

user-defined training areas. These are pixels, and more importantly structures, which 

are manually defined as definitely belonging to either class O (object) or class B 

(background).  

 

4.4.2a Supervision quality:  

The quality of training areas selected has a significant impact on segmentation success 

(Carr et al., 2015). Figure 4. 20 shows a set of guidelines for selecting the highest quality 

training areas. Areas requiring the most care are particle edges, as edge detection is the 

crux of this procedure. The first is ensuring that a consistent approach to particles 

definition is taken. Figure 4. 11 and associated descriptions in Section 4.3.2 recommend 

particular care when tracing edges during manual digitisation, and the same approach 

should be taken for delineating training areas (Figure 4. 20I, ii). By consistently defining 

every edge, there should be fewer artificial gradients generated in particle interiors - 

this will ensure that the algorithms which process the training area data do not predict 

object boundaries within particles.  

 

Another way to improve edge detection is to make training areas touch (Figure 4. 20I, ii, 

iii). When the extent of a particle is outlined by a training area, a green polygon in this 

case, it is helpful to surround that particle, or at least one or two edges, with a training 

area for background. This provides the tool with data which precisely describes the 

boundary between particles and background; this data is invaluable for improving edge 

detection and can help mitigate the eroding or dilating of particle edges.  

 

The final method which will significantly improve classifications is perhaps a 

combination of both methods listed above; where two particles are close but not 

touching, it is important to digitise the matrix or pores which separate them. This 

directly tackles the problems associated with particle bridges where clasts are merged 

due to their proximity and the similar density of the interstitial matrix.  
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Figure 4. 20: Best practice for identifying training areas when separating particles from everything else:  
i) Classifying narrow gaps of matrix between particles improves edge detection, particularly if particles are also 
classified; ii) Equally, classifying these “matrix bridges” when the surrounding particles are not classified allows for a 
more robust visual assessment of classifier accuracy upon application; iii) lassifying pore and matrix together helps 
eliminate the automatic classification of phase changes between the two. Ignoring large particles also avoids skewing 
results due to high pixel counts and allows the large particle to be inspected for classification accuracy after 
application.  

 

There are two other important points which arose from experiments with training area 

quality. The first is to avoid the classification of relatively large areas of the image. 

Figure 4. 20iii shows a large particle which has been ignored as a training area. Selecting 

such a large percentage of the overall image as belonging to a certain class will skew the 

machine learning process, over-representing this area in the final classification (Batista 

et al., 2004). The best approach in the case of a large particle is to create background 
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training areas around it which define the edges. When the classifier is being tested for 

accuracy in real time, the accuracy of the pixel segmentation in this “untrained” particle 

is a good real-time marker for potential problems with the classifier.  

 

The second point relates to the reduction of edge detection. Figure 4. 20 shows the 

sharpest transitions in greyscale value are between any material and pore space. There 

is almost never a gradient or gradual decrease in greyscale value; the change is sudden 

and will be detected by most algorithms as an “edge” marking the transition between 

two classes. In order to reduce the likelihood of this happening, pores and matrix should 

be routinely classified in the same training area (Figure 4. 20iii).  

 

These standards for training area quality have been adhered to with every sample from 

this point on, including those slices used in the development of these protocols.  

 

4.4.2b Supervision quantity:  

The logical assumption for the number of training areas required to accurately classify a 

sample is the more the better. However, when there are 42 samples to be processed it 

is important to choose not only the most accurate method, but also the most efficient. 

With this in mind, classifications based on all 4 slices were used with five, 15, 30 and 60 

training areas; this is per class, therefore 60_127 contains 120 training areas - 60 for 

particles and 60 for background on slice 127. All classifications were conducted using 

the Lipschitz and Laplacian algorithms which are explained in more detail in Table 4.5. 

This was to isolate number of training areas as the variable. While some have described 

an inverse relationship between training set size and classification accuracy (Domingos, 

2012), this is most likely to occur in complex multi-output classifiers, not binary 

segmentations (Kotsiantis et al., 2007)  

 

The raw results of these experiments are shown in Table 4. 4 and plotted on Figure 4. 

21. Immediate observations disprove the assumption that the more training areas the 

better. In fact, both the detection and representation accuracy varies unpredictably for 

each slice. Five training areas are sufficient for the most accurate representation of 

particles in slice 303, and 15 for both slices 127 and 275. The number of training areas 

has little impact on slice 264 representation accuracy. This is likely due to the particle-
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poor nature of this slice as it is consistently under-classified. However, detection 

accuracy varies with additional training areas indicating noisy classifications from too 

many marginal training pixels.  

 
Table 4. 4: the impact of changing the number of training areas on the accuracy of segmentations.  

Again, grain detection is a better metric for accuracy in clast-poor diamicts and this is plotted on Fig. 4.21. Best results 
for each metric are plotted here in green.  

Sample  Training areas  Representation acc %  Detection acc %  

127  

5  81  103  
15  79  152  
30  82  195  
60  80  313  

264  

5  99  740  
15  99  666  
30  99  1447  
60  99  1260  

275  

5  97  141  
15  96  500  
30  97  640  
60  97  841  

303  

5  80  84  
15  89  100  
30  87  128  
60  82  97  

 

 
Figure 4. 21: Detection errors plotted against the number of training areas used to classify 4 samples.  
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The two coarse grained samples, 127 and 303, show the greatest variety in 

representation accuracy as the number of training areas is increased. 127 is under-

classified with five training areas, but then becomes over- classified when more are 

added. The most accurate classification requires 15 training areas. Similarly, slice 303 is 

under classified at five training areas with the lowest accuracy. This accuracy then 

increases as 15 training areas are used and then falls again until 60 training areas marks 

an accuracy close to that of Five.  

 

Slice 275 has a consistent high representation accuracy which appears to change little 

with the modification of the number of training areas. This is likely indicative of the 

particle-poor nature of the sample, however, the beam hardening effects generating 

phantom grains at the slice edges are also responsible for this consistently high error.  

 

The variable, but consistently high, nature of particle detection accuracy is indicative of 

noisy classifications. Noise artificially inflates the number of particles due to small (c. 2 

pixel) misclassified blobs. The most effective way to remove this noise is by removing 

these areas not from the classification, but from the final data output. While particle 

detection error remains artificially inflated, the number of particles considered for 

analysis is decreased. This is discussed in Section 3.4.2.  

 

These experiments have proven that there is no predictable correlation between the 

number of training areas and the accuracy of the resulting classifier. By illustrating the 

change in image output with training area numbers (Figure 4. 22) it is possible to show 

the inaccuracies of each classifier. Probability maps are the useful segmentation output 

from FIJI which are discussed in more detail in Section 4.4.3; they essentially display the 

certainty of a binary classification for each pixel. Bright white pixels are certainly 

belonging to the particle class and dark ones certainly belong to background. The 

greyscale ramp between these two end members represents increasing uncertainty 

towards the centre. Probability maps are manually thresholded to generate classified 

images but again, this is discussed in Section 4.2.5.  

 

Figure 4. 22 shows significant changes in probability map characteristics with different 

numbers of training areas. For 5_303, much of the sample is grey, indicating a low 
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degree of certainty in the classification. Particle edges are the lightest colours, indicating 

a good degree of edge detection but particle interiors are less easily recognised.  

 

 
Figure 4. 22: Probability maps based on the number of training areas used to identify particles and background:  
Using 5 training areas (10 total; 5 for particles and 5 for pores) dramatically under classifies several large particles and 
misses the large particle in the centre. 15 and 30 training areas seem to provide highest accuracy, although the largest 
particle is not classified using 30 training areas. 60 training areas (120 total) generates significant shell errors while 
simultaneously under classifying large parts of the slice. 

 

By increasing the training areas to 15, the interiors of particles are much better 

identified at the expense of their edges; shell errors visible in the total error map 
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indicate the erosion of the edge classifier. While such shell errors are undesirable, they 

allow for the preservation of particle a-axes as long as they are consistent around the 

particle edge. Increasing the number of training areas higher makes the classification 

less accurate. Both 30 and 60 training areas fail to accurately classify the largest particle 

interior and significant shell errors are noted.  

 

This irregular change in accuracy with the modification of training area numbers could 

be explained by large changes in class ratios; for example, adding another 400 pixels to 

class O while adding 1000 to class B will skew the final classifier into over-classifying B 

within the image.  

 

Therefore, it is concluded that the most effective method for selecting training areas is 

as follows:  

 

1. 15-30 training areas per class. If slices have very few particles, ensure that 

the number of training areas per class is identical.  

2. Keep the sizes of training areas constant; if a small particle is classified for 

example, ensure that a small area of B is also classified.  

 

The final protocols for training area selection are outlined in Table 4. 5 but from this 

point forward all classifications are conducted using 30 training areas following the 

procedures outlined in “supervision quality.” The next step in selecting the most 

accurate classifier is to investigate the algorithms used to process these training areas 

and generate predictive maps of image classification. It is important to again consider 

that high particle detection errors from noisy classifications are corrected in post-

processing (Section 3.4.2); errors of representation cannot be corrected in this manner 

and so representation accuracy is prioritised.  

 

4.4.3 Algorithm configuration 

The WEKA segmentation tool (Arganda-Carreras, 2017) contains several algorithms 

designed to process training area pixels for varying density gradients across different 

sample compositions. Two key characteristics preventing easy segmentation are 

reflected in typical greyscale histograms of diamicts (Figure 4. 1); density variation in 
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matrix and particle interiors, and density overlap between particle edges and matrix. 

Therefore, two algorithms are required to overcome this, one which improves edge 

detection, and another which can “smooth” the interiors of particles, and large areas of 

matrix. 

 

A series of experiments fully detailed in Appendix 4.1, tested 21 different algorithm 

combinations for detection and representation accuracy. Over-detection of particles 

was preferred as this can be eliminated at the final stage, whereas under-detection 

cannot. A combination of the Lipschitz (Stencel & Janacek, 2006) and Laplacian 

(Herrmann, 1976) filters consistently performed the best classification of the four 

chosen X-ray slices; the majority of erroneously classified particles were smaller than 5 

pixels in size, and therefore easily removable during final post-processing.  

 

Balancing the two accuracies, allowing for some over detection of particles which can 

be eliminated later, the most reliable algorithms, capable of producing the best results 

in general, across the whole spectrum of samples, are Lipschitz and Laplacian. The highly 

accurate edge detection exhibited by Lipschitz filtration is preserved when combined 

with Laplacian filtration although noise generated by Lipschitz is smoothed and removed 

when both are combined. It is therefore suggested at this point, that each WEKA 

classification should utilise 15-30 training areas and the Lipschitz and Laplacian filters 

for optimum results.  

 

4.4.4 Post-processing 

The output of WEKA segmentations can be either binarised images or probability maps. 

Probability maps will classify each pixel using a full greyscale ramp to provide an 

estimate of certainty within the classification. This means that following the WEKA 

classification of an image, it is advisable to manually threshold probability maps into 

binary images. This can help to eliminate any noise or problems with particle interiors.  

It is suggested that an iterative approach based on the real-time viewing of thresholded 

probability maps is the best approach. The LIPLAP filter combination chosen above will 

usually produce maps with sharply defined particles with solid black infills but in case 

particles appear as shells, there are other binary functions available to add the finishing 
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touches to the image classification. Fig Figure 4. 23 illustrates some of these options 

when finalising the classification of a slice from Sample 127.  

 

 
Figure 4. 23: Post processing data: 
Probability maps represent the certainty (or probability) that a pixel is classified correctly. Black pixels are certainly 
particles and white are certainly pores. The remaining greyscale between these two values allows the user to refine 
the final classification using thresholding which produces a binary image. Fill holes will “fill in holes” within large black 
areas of a given size, with holes of a given size. This is recommended to increase the accuracy of porous particle 
representation. 
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The most useful tool to help finalise a binary image is the “fill holes” tool (Figure 4. 23). 

This will ensure that any loop of black pixels, a particle’s shell for example, will have a 

solid black interior. No errors or inaccuracies have been encountered when using this 

method but it is important to check there has been no grain bridging or other undesired 

changes after the application to an image stack.  

 

The final stage in the manipulation of binary image stacks is the vertical cropping of 

volumes. Tin lids, orientation markers etc. will generate beam hardening artefacts at the 

top and bottom of each sample. By viewing and deleting a user-specified number of 

slices from the top and bottom of each binary image stack, noise is not merged with 

actual data. These binary images are now ready for import into Blob3D, the process 

covered in Section 3.4.  

 

Every segmentation approach utilised in this Chapter so far has yielded different results 

for different volumes, regions of interest etc. but it is most important to choose a set of 

protocols which can be repeatedly and efficiently applied to large image stacks, 

efficiently, to generate accurate binary images which represent the structure of particles 

within each sample. Having a consistent and applicable strategy for every image stack 

makes the classifications more efficient and crucially, full data compatibility  

 

4.5 Final Protocols 

The final protocols chosen for generating binary images from greyscale image stacks are 

listed in Table 4. 5. WEKA segmentation has proven itself to be much more reliable and 

accurate than manual thresholding of greyscale images for the detection of particles 

embedded within a matrix. It is important to note that the definition of accuracy here is 

the identification of particles, their separation and their characteristics, particularly their 

a-axis volume. If scanning parameters, sample size or other core components of data 

collection are drastically altered, these protocols must be flexible in order to provide an 

accurate classification.  
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Table 4. 5: Final protocols chosen for the classification of greyscale X-ray photomicrographs into binary images using 
the WEKA segmentation tool in FIJI. 

Parameter Setting Description 
Filtration No filters applied Section 4.3.2 shows that filtering data degrades 

classification accuracy. 
Training areas 15-30 per component 

(30-60 total) 
Section 4.4.1 shows 15-30 training areas to be the 
best balance between time taken and classification 
accuracy. 

Classification 
algorithm 

Lipschitz and Laplacian Section 4.4.2 shows that a combination of Lipschitz 
and Laplacian algorithms produce the most 
consistently accurate results. 

Post-processing Threshold using real-
time display and fill 
holes 

Manually thresholding probability maps (Figure 4. 
23) adds another opportunity to tweak the 
classification results. 
Filling holes better represents particles with 
porous or misclassified interiors. 

 

Figure 4. 24 shows the high level of agreement between raw X-ray slices and those 

binarised using the protocols detailed in Table 4. 5. The only noticeable error is the beam 

hardening at the edge of slice c); however, this is removable using cropping. There are 

still errors in the classification of these four slices however, classifications will never be 

perfect.  

 

Figure 4. 25 and Figure 4. 26 place binary image stacks in the 3D context of the entire 

sample. By visually comparing 3D renderings of both the binary and greyscale image 

stacks, it is possible to locate particles which have been accurately identified by the 

WEKA segmentation tool and then inspect their true shape on the greyscale model. 

There is a high level of agreement between both classifiers and their original greyscale 

models indicating a successful classification.  

 

Figure 4. 25a shows the entire sample block, with tin lids cropped out, and both the 

binary (green) and greyscale volumes present. Figure 4. 25c gives an indication of the 

number of particles identified using the classifier, and their distribution throughout the 

block. Specific clasts identified in Figure 4. 25d and Figure 4. 25e show a high level of 

agreement between the binary 3D version and the information qualitatively extracted 

from the greyscale model. Streaks present in the binary volumes in Figure 4. 25 are an 

artefact of visualisation and those streaks are not present in the binarised slices.  
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Figure 4. 24: Final image classifications for the slices used in this Chapter. There is significant agreement between 
all four images and their binarised counterparts. 
 

Similar accuracy is noted in the 3D visualisation of Sample 303, displayed in Figure 4. 26. 

Particle boundaries are sharp and rarely bridge between one another, and the grain 

shape classified using WEKA is highly representative of the particle shapes seen on the 

greyscale image. Crucially - both of these 3D models show preservation of the particle 
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a-axes and shape in binary images. This is the final stage in confirming the success of the 

protocols created here and outlined in Table 4. 5.  

 

 
Figure 4. 25: 3D visualisation of the agreement between 3D volumetric models of the raw greyscale image stack (b, 
d), the processed binary image stack (c, e) and both combined (a) for Sample 275: 
d) and e) show a selection through the sample with three key particles highlighted in red; this is to display the binary 
representation of particles identified on the greyscale volume. 
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Figure 4. 26: 3D visualisation of the agreement between 3D volumetric models:  
a) the raw image stack, b) the binary and greyscale models combined and c) the binary particle data extracted from 
the volume. Particles are defined sharply, with little visible noise, and there appears to be minimal evidence of 
bridging. The orientation marker visible in all 3 volumetric models must be cropped out vertically before the binary 
image stacks are imported into Blob3D; however, visualising it in Drishti can often provide a better sense of scale than 
present bounding boxes. 

4.6 Summary 

This Chapter details the development of a set of segmentation protocols which allow X-

ray µCT images of diamict to be efficiently and accurately turned into binary image 

stacks, ready for data processing. The four volumes upon which the protocols were 

tested have an attached error component. The rest of the samples were processed using 

all of the protocols and guidance developed in this Chapter. Visual inspections of each 

of these samples have confirmed the high level of accuracy in the binary classification 

when compared to the greyscale images, in both two-dimensions and 3D.  

 

This is the research question for this Chapter:  

 

RQ1: How can the quality of X-ray µCT data be maximised through 

accurate segmentation? 

 

Quality has been maximised through experimentation with several different 

classification systems, along with the creation of an error checking algorithm, has 

allowed for the presentation and legitimisation of a method designed to extract the best 

possible structural data from greyscale image stacks.  
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• This method is practical. It does not require obstructive computing power, it is 

simple to set up, and it only requires a knowledge of basic sediment 

micromorphology in order to identify grains, matrix and pores for the generation 

of training areas.  

• The protocols developed here lead to accurate segmentations. While accuracy 

will vary between samples, it has been demonstrated that machine learning 

increases data accuracy over thresholding and is consistently able to identify and 

correctly represent the overwhelming majority of particles in a sample. 	 

• This method is also precise. Minimal filtration and data smoothing ensure that 

the precision of the data is directly controlled by the original scan resolution, not 

by any filters applied pre- or post-processing. This may generate marginally 

nosier images, but the removal of noise is reliable in statistical analysis. 	 

 

Finally, before presenting and analysing the data extracted from these samples, it is 

appropriate to restate the steps taken to ensure high accuracy and representativeness 

at every stage of the investigation thus far:  

 

3. A considered and targeted sedimentological-geomorphological approach to sample 

identification in the 	field ensures the samples collected are representative of the 

required landform, site or sediment unit 	and not of an unexpected anomaly. 	 

4. Visual inspection of samples (both physically and through real-time X-rays) can 

reveal inaccuracies 	propagated from extraction. These areas can be cropped out 

during image processing, or samples can 	be discarded if deemed too warped. 	 

5. Two-dimensional & 3D visualisation of image stacks following scanning ensures that 

any artefacts such as beam hardening are identified and corrected. 	 

6. Perhaps most importantly, the methods described in this Chapter ensure that 

segmented greyscale	images (and therefore all resulting particle fabric data) are as 

close to the truth as possible. 	 

 

Having segmented data effectively, the next step is to extract and analyse fabrics within 

sediments, and try to identify what fabric means. 
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5: What Does Fabric Mean? 

Pt. 1 – Bulk Characteristics 

5.1 Introduction 

Section 4 demonstrates that data extracted from sediments using X-ray µCT is 

representative of the parent population. However, while this method (and others 

outlined in Section 3) provides accurate information, an understanding of what this 

means is still lacking. Debates surrounding rheology, deformation style and glacial 

process reviewed in Section 2 will not benefit from “better fabric data” alone; progress 

requires an understanding of what this data, and therefore fabric, actually means.  

 

It is vital to prioritise the separation of internal and external forcing factors on particle 

fabric datasets. Links between fabric and particle size, morphology and position (internal 

forcing factors) are contradictory in the wider literature, undermining attempts to link 

particle fabric to particle mechanics and sedimentological/glacial processes (external 

forcing factors). The main purpose of these Chapters is therefore to determine how, 

to what extent and why, inherent particle properties, or internal forcing factors, 

condition fabric. This is illustrated in Figure 5. 1 and shown in RQ2. 

 

RQ2: What does particle fabric in subglacial tills mean? 

 

There are three key objectives associated with this question, outlined below: 

• Determine how, and to what extent, inherent particle properties condition 

fabric. This directly addresses Section 2.3.3. 

• Link these relationships to theories of particle mechanics, revealing particle 

dynamics in deforming subglacial sediments. This further tackles controversies 

detailed in Section 2.3. 
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• Integrate novel multi-scalar data into particle mechanical theory, establishing a 

link between processes and resulting mechanics. This will bring together all data 

and interpretations to outline the meaning of X-ray µCT fabric. This directly 

addresses Section 2.4. 

 

 
Figure 5. 1: The importance of particle properties in reconstructing process from fabric data:  
Reconstructing glacial processes based on particle fabric, with no knowledge of variations in particle properties, and 
consequent variations in particle mechanical behaviour, will yield incomplete and inaccurate results. 

 

This question is answered over two Chapters, 5 and 6, based on approaches used. 

Chapter 5 (this Chapter) examines fundamental fabric properties by applying existing or 

modified methods to X-ray µCT datasets. The role of morphology, size, sample 

population and other factors are considered in order to provide a framework for Chapter 

6. Chapter 6 takes the fundamentals discussed in Chapter 5, and combines novel 

methodologies such as proximity normals and three-dimensional structural mapping 

with macro-scale contextual data, extracting the most useful information from X-ray µCT 

fabrics, revealing what they actually mean.  

 

Analysing hundreds of samples from contrasting environments would help to address 

these questions, but at the expense of a systematic and logical understanding of particle 

behaviour in a few well-studied samples. Studying a small number of samples in detail 
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will help to reveal the most important forcing factors on fabric, and with this in mind, 

Chapter 5 will utilise samples from one site - Falljökull in SE Iceland. 

 

5.2 Falljökull 

Falljökull (63°57’53.77”N, 16°48’32.20”W, Figure 5. 3) is 2.5km-long outlet glacier which 

drains the southern flank of the Öraefajökull icecap, located in southeast Iceland. 

Falljökull forms the eastern flow unit of Virkisjökull-Falljökull, a twin-lobed outlet glacier 

draining an accumulation area situated within the ice-filled summit crater of the 

stratovolcano Öraefajökull (2110m) which forms a distinct southern ice centre of the 

Vatnajökull ice cap. Both glaciers have a high mass turnover (Bradwell et al., 2013) and 

descend in a steep icefall from their combined accumulation area after they flow around 

a prominent bedrock ridge known as the Rauðikambur (Figure 5. 5a) at around 600m 

(Phillips et al., 2013). Virkisjökull and Falljökull then merge down-valley, and the 

boundary between them is defined by a medial moraine sourced from the Rauðikambur. 

 

The terminus of both glaciers (c. 125m a.s.l.) used to be 2-3km down-valley, highlighted 

by the continuation of the medial moraine off-glacier where it becomes an ice cored 

ridge (Phillips et al., 2013). Since records began in 1957, Falljökull has experienced 

around 400m of retreat punctuated with a period of advance (c. 150m) between 1973-

1990 (Phillips et al., 2014; Figure 5. 2). Phases of dynamic or oscillating retreat are 

reflected in two groups of annual moraines located down valley of dead ice terrain.  

 
Figure 5. 2: Graph showing the yearly retreat of Falljökull and Virkisjökull.  
Data taken from Icelandic Glaciological Society; figure from Bradwell et al., 2013. 
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Figure 5. 3: A location map showing the location of Falljökull (image from Google Earth) 
 

These groups of annual moraines are the most prominent landform assemblage at the 

site, hypothesised by Bradwell et al (2013) to have formed in two groups; a sequence of 

minor push moraines formed between 1991-2004, and another collection of minor push 

moraines formed during minor ice-front oscillations in the first half of the 20th century.  

 



Chapter 5: What Does Fabric Mean? 1: Bulk Characteristics 

 211 

Since 2004, the presence of incised meltwater channels and absence of new push 

moraine formation closer to the snout coupled with rapid retreat (c. 5ma-1) suggests 

that Falljökull has crossed a glaciological threshold, marking a significant change in 

glacial dynamics (Bradwell et al., 2013; Tomkins, 2017; Figure 5. 4). This absence of 

moraines and the incision of meltwater channels has made subglacial access relatively 

simple allowing examination of sediment at, or previously exposed from under, the 

glacier bed (Figure 5. 5b). The system is charged by debris from the Rauðikambur, valley 

sides and rests on soft subglacial sediment of volcanic origin (Phillips et al., 2013).  

 

 
Figure 5. 4 shows a three-stage structural glacial model for the recent retreat mechanisms at Falljökull.  
a) Active “normal” retreat between 1990-2004, responsible for minor moraine formation; b) passive down-wasting 
and c) overthrusting and continued movement in the upper part of the glacier. Figure from Tomkins (2017); based on 
work from Bradwell et al. (2013) and Phillips et al. (2014).  

 

Figure 5. 5 demonstrates significant proportion of the sediment at Falljökull is non-

glacial in origin with volcanic, lacustrine and fluvial sediments all covering the valley floor 
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and lower valley sides. However, Figure 5. 5c shows glacier ice overlying soft deformable 

sediment. This can compensate for the lack of soft-bed geomorphology (eg. drumlins) 

identified in geomorphic mapping.  

 

Sequence examination of the sediment identified at Falljökull shows a repeating 

sequence of darker, particle-rich weakly consolidated diamict overlying a much stiffer 

and more brittle brown diamict (Figure 5. 5d). This sediment is often saturated but 

cohesive, which significantly improves the chances of easily extracting a reliable sample. 

It is also clast rich and coarse grained with a large proportion of grain contacts within 

the sample.  

 

The two sequences of annual moraines shown in Figure 5. 6 are not the focus for 

mapping, logging or sample extraction although they do provide a useful indicator of 

glacial dynamics, highlighting sediments which have spent significant time at the bed 

and the processes likely responsible for the extensive glaciotectonism observed at the 

site.  

 

Instead, samples were extracted from two deep channels incised into what appears to 

be a continuous till sheet in close proximity to the ice. Figure 5. 6 shows an extract from 

Everest et al. (2017), indicating both sites chosen for investigation are within the limits 

of the most recent minor moraines. The reasoning behind this choice, to sample 

sediments which do not comprise a significant landform and are located within the most 

recent minor moraine limit, is to minimise the likelihood of complex fabric overprinting 

promoted by the complex advance and retreat patterns highlighted in Figure 5. 2. 

 

Falljökull itself was chosen, amongst other reasons, for a relatively simple sedimentary 

profile sitting directly beneath ice. Falljökull is well suited to an investigation involving 

particle properties for two main reasons: 

• Processes operating on samples are constrained. This means that the role of 

inherent particle properties can be tested, as process is assumed to be non-

variable. 

• The sediment itself is well suited for all stages of X-ray µCT analysis. Samples are 

coarse-grained and clast rich; coarse grains are easier to segment than fines in 
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X-rays, and clast-rich sediments provide an abundance of particle contacts for 

proximity normal analysis. 

 

Furthermore, these two reasons are principal controllers for site selection following 

isolation of the area inside the 2004 annual moraine limit. Sites 1 and 3 (Figure 5. 6) 

were ultimately chosen due the suitability of the sediment for X-ray µCT analysis, but 

also due to the depth of profiles available due to natural meltwater incision. The role of 

spatial variation in fabric is highlighted in Chapter 2, including correlations with depth, 

and therefore choosing sites with a wide range of available depths allows this 

relationship to be explored further in detailed analysis. It must be reiterated here that 

sites were chosen based on their suitability for analysis using X-ray µCT.  

 

 
Figure 5. 5: Diagnostic features at Falljökull:  
a) The location of bedrock outcrops, the glacier, and the main eastern drainage channel which has incised & exposed 
diamict for sampling (photo: Jonny Wheatland); b) a deeply incised proglacial channel typical of the highly dissected 
foreland; c) Active ice shown in contact with the bed, visible evidence of sub glacially deforming sediment. Slumping 
of material from the glacier surface or buttressed sediment can obscure sections and this boundary however; d) An 
exposed section showing the sharp contact between the two sediment units at the bottom of a drainage channel. 
Photographs taken in 2014. 
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Figure 5. 6: an extract from Everest et al (2017) showing the geomorphology of the Falljökull foreland, and the two 
sites chosen for sampling.  
Both sites are within the limit of the most recently mapped moraines, comprising meltwater-incised channels in a till 
sheet described in detail in Section 5.2.2. 

 

5.2.1 Sampling 

As stated above, the main criteria for site selection are related to suitability for X-ray 

µCT analysis, namely deep profiles, minimised disturbance, and appropriate sediment 

composition. These criteria carry through to the choice of sampling locations at these 

sites; this is explained at relevant points during log descriptions below.  

 

Figure 5. 7a shows the location of site 1 in a broader context: 4.2m of section height is 

exposed through meltwater incision 80m from the 2014 ice margin. One lithofacies is 

identified: FJ01. This lithofacies is logged in Figure 5. 8. FJ01 (Figure 5. 8) largely 

correlates with a semilithified volcanogenic diamicton identified by Phillips et al. (2013) 

at the same site. The presence of ball-milled clasts, rotten inclusions, compact structure 

and fine-rich matrix all support a volcanic origin for FJ01. However, structures present 

in this unit suggest significant post-depositional modification, likely through 

glacitectonism.  
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Upward trending silt dikes (Figure 5. 8) are consistent with water injection in a 

pressurised subglacial sediment (Phillips et al., 2012), and their orientation, along with 

foliation, gives a sense of shear towards the valley bottom. The horizontal clay band 

found at 0.75cm is consistent with substrate-separation along a decollement surface 

identified by Kjær et al. (2006), a common feature in over-pressurised sediment sheared 

by overlying ice, and is therefore interpreted as evidence of water escape. The linear 

clast “pavement” noted at 3.75cm may provide further evidence for this, but clasts are 

highly friable and would not preserve erosional features, let alone survive extraction. 

 

At site 1, <20cm of unconsolidated tephra caps the section, rather than a “thin (<1m), 

discontinuous layer of subglacial till” found by Phillips et al. (2013). This tephra is very 

fine and well-sorted and has some large rock-fall clasts resting on the surface. It is 

possible that marginal processes, aeolian, hydrological or otherwise, could have 

removed surficial fines from this unit, leaving only the largest particles underlain by a 

thin strip of tephra. This is discussed further for site 3 below.  

 

Dmm (massive diamict) [FJ01] dominates the cross-section. FJ01 is a highly consolidated 

matrix-supported diamict, with little structure. Thin (3-10cm) parallel bands of dark silt 

and foliations in Dmm trend diagonally upwards towards the valley bottom. A thick 

(>10cm) layer of clay sharply separates the bottom 60cm of Dmm from the overlying 

sediment; this clay cross-cuts a band of dark silt indicating the clay band, and underlying 

clay pods, are more recently formed than silt structures. Immature lithics and rotten 

intraclasts are distributed throughout Dmm, with a linear concentration at 3.75cm 

traceable for several m down-section; 25cm of Dmm continues above this structure. A 

thick tephra layer caps the section. It is well-sorted, very fine (<0.1mm), massive and has 

a sharp contact with underlying Dmm. Rockfall sparsely punctuates the surface, 

although surface clasts smaller than boulder-size (<256mm b-axis) are rare. FJ01 

appears compacted, perhaps even cemented; it has likely preserved the majority of 

primary structures. This compaction significantly hampered sample extraction, 5 hours 

per tin, and precluded macro-fabric analysis, so it follows that it would have resisted 

resedimentation.   
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Figure 5. 7: A location map for site 1, and the associated section (red, insert):  
As Falljökull crosses a glaciological threshold, rising meltwater inputs incise deep channels, such as site 1, into 
sediments at the valley sides (Phillips et al., 2013).  
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Two samples were extracted from site 1; 225 and 227. Due to the highly compacted 

nature of the sediment, this took 10 hours total, indicating wider spatial transects would 

have to be conducted at other sites. However, sampling locations at site 1 were initially 

dictated by depth (one sample close to the surface and one much deeper) and this is 

reflected in their positions shown in Figure 5. 8. Samples were taken from the same 

vertical line used to produce sediment logs (i.e. 225 is directly above 227) and within 

this line, areas with minimal structure were selected for final extraction.  
 

 
Figure 5. 8: Sediment log for site 1 
 

The broad context of site 3, and all associated sub-sites, is shown in Figure 5. 9. Samples 

were collected from 3 sub-sites (3a, 3b and 3c), where around 2.5m of sediment was 

exposed, between 10-20m southeast of the 2014 ice margin. Figure 5. 10 shows 



Chapter 5: What Does Fabric Mean? 1: Bulk Characteristics 

 218 

sediments logged at site 3a, where diamict units are separated by thin (<10cm) bands 

of clay, similar to those found at site 1 (0.6m). However, 2 distinct diamicts are found at 

site 3 instead of tephra overlaying a stiffer diamict. The lower unit displays 

characteristics (clast-poor, immature lithics, water-escape) similar to the volcanogenic 

diamict (FJ01) found at site 1; however, the sediment is saturated here due to proximity 

to melting ice and is much less compacted. The upper diamict (FJ02), by contrast, 

contains a high proportion of mature, sub-rounded/sub-angular clasts, likely indicative 

of subglacial transport (Figure 5. 10). It also contains evidence of discrete drainage, 

possibly as a result of water-escape during overburden stress from ice (van Der Meer et 

al., 2008). 

 

 
Figure 5. 9: A location map for site 3, and the three sampling locations (marked in red):  
Proximity to the current ice margin allowed for the observation of subglacial processes, at the expense of instability 
and frequent rockfall. 

 

The criteria for sampling locations for site 3a broadly follow those suggested above for 

site 1. However, with a more complex lithofacies profile, the opportunity for a more 

detailed vertical transect was explored. Samples were taken from both lithofacies, 

including bordering the contact between FJ01 and FJ02 (Figure 5. 10). This is to allow for 
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the analysis of fabric evolution across this contact, to determine if it is sudden or gradual 

for example. Further to this, two more samples were taken evenly spaced vertically in 

FJ01 to allow for the same theory of fabric overprinting/evolution to be considered. 

Again, major structures were avoided during extraction.  

 

 

 

 
Figure 5. 10: A sediment log for site 3a showing two distinct diamicts, the upper FJ02 and lower FJ01:  
 
Sites 3b and 3c exhibit a similar stratigraphy: a glacitectonised volcanic diamict overlain 

by a subglacial till. Figure 5. 11 shows a two-dimensional log of site 3b, where 5 samples 

along a horizontal transect were extracted. The strategy to sample along a horizontal 

transect was taken to address spatial variation in the horizontal plane. Typical fabric 
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investigations will reference deformation profiles, showing how strain signatures, and 

therefore fabric, can vary with depth. However, horizontal variations in strain are rarely 

addressed, and indeed often glossed over in microfabric studies. This indicates the need 

for a horizontal profile, where fabrics can be systematically investigated without a depth 

component.  

 

3b is a dynamic site, with frequent rockfall exacerbated by heavy rainfall reducing access 

to, and ultimately obscuring, FJ02. There was little in the way of sedimentary macro-

structure at site 3b; the till appears massive and ductile in nature. FJ01 has similar 

compositional and structural features to those found at site 1, including evidence of 

cross-cutting discrete water-escape structures and immature, rotten and ball-milled 

lithics. A complex clay/silt linear structure sharply separates FJ01 and FJ02. FJ02 is a 

matrix-supported, largely massive, diamict containing mature eroded and abraded 

clasts. Several discrete pods and bands of fines permeate the unit, but there is little in 

the way of geometrical markers similar to foliations seen at site 1. Matrix colour and size 

at FJ02 matches the tephra located at site 1, supporting winnowing and erosional 

processes described on page 5. Some clasts are lodged in the upper half of FJ02, above 

a sharp horizontal clay band, which can be traced up-section for ~5m. The section is 

capped by rockfall, largely comprised of clasts at cobble-size or above. 
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Figure 5. 11: A two-dimensional sediment log for site 3b showing sampling locations and macro-fabric data (n=50): 
Extensive slumping and rockfall was observed at this site, leaving only FJ02 exposed. No significant deviations from 
Figure 5. 10 were noted at this site. 

 

Figure 5. 12 displays four typical features found at site 3 that support the core 

interpretations given above: a sheet of ice-proximally thickening, deformed subglacial 

till (FJ02) overlies a volcanogenic diamict (FJ01) with evidence of significant 

glacitectonism throughout the entire section. This is the most important distinction to 

be made from sedimentary evidence - the two diamicts are unique in terms of their 

origin, but they have been likely exposed to very similar subglacial stresses resulting in 

unique water-escape and particle erosional features. Table 5. 1 correlates sample sites, 

lithofacies and samples outlined above. 13 samples were collected according to 

methods outlined in Section 3.1. Figure 5. 13 shows a three-dimensional rendering, and 

selected X-ray slices, both raw and classified, for typical samples.  
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Figure 5. 12: Typical structures, diagnostic of subglacial processes found at site 3:  
a) note the sharp contact between FJ01 and FJ02; large oriented particles at this boundary likely reflect sediment flow 
around a lodged boulder which remained in-situ during deposition (heavily striated on top side); b) direct evidence 
of ice resting on FJ02 at site 3: a collapsed margin exposing a subglacial cavity. Though this has been interpreted as 
dead ice, the proximity of the ice margin to site 3 is a key component in constraining the subglacial nature of FJ02; c) 
site 3c exhibits the same sharp contact between FJ01/02, however the sediment pile appears to slump up-ice, possibly 
resulting from melting and settling of ice-cored terrain during down-wasting; d) an in-situ, stoss-lee striated boulder 
above site 3, indicating little reworking (other than the winnowing of fines) of the surface sediment following retreat. 
Erosion is concentrated on the stoss side of the boulder, further helping to constrain ice-flow direction. 

 
Table 5. 1: All Falljökull samples organised by site and lithofacies. The majority of samples were extracted from FJ02, 
interpreted as a subglacial traction till. 

Site 1 3a 3b 3c 
FJ02 (upper diamict; subglacial traction till) - 128 

228 
230 
229 

126 
127 
232 
129 
130 

123 
226 

FJ01 (lower diamict; glaciotectonised volcanic diamict) 225 
227 

- - - 

 

There are two key points to highlight in this sedimentary description and interpretation 

of the two sites at Falljökull: 
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1) There is extensive evidence suggesting that FJ02 is a structurally and 

compositionally massive deformed subglacial till, and FJ01 is a glacitectonised 

volcanogenic diamict. 

2) The sediment is saturated allowing for clean extraction, and its nature (coarse-

grained, particle rich) makes it ideal for study using X-ray µCT. 

 

 
Figure 5. 13: Three-dimensional volume rendering of a typical sample (127) taken from Falljökull shown next to 
raw and classified X-rays from samples 127 and 128:  
No major deviations were noted in sediment composition in remaining samples. The high frequency of particle 
contacts, dense particle concentrations and variety in size and morphology confirms the suitability of sediment from 
Falljökull, for analysis using X-ray µCT and associated novel and existing analytical methods. 

 

5.2.2 Disturbance 

Unintentionally, some samples underwent significant disturbance in unsupervised 

transit from Iceland to London. Figure 5. 14 illustrates specific scenarios, but in 

summary, most sediments were shaken repeatedly along all axes during shipping. The 

specific stresses are impossible to reconstruct, but their effects can be seen in the 

sediment. Visual inspection of raw X-rays following scanning confirms features 

diagnostic of post-extraction disturbance; these include particle reorganisation and 

structures defined by the sample casing. The first step therefore, is to identify samples 

which have remained largely in-situ, so these can be correlated during analysis. Several 

samples were transported back to London as hand luggage, and were handled much 

more carefully; these are considered alongside those transported by sea. 

 

Ticks every 6.5mm 
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Figure 5. 14: Hypothesised stresses during shipping:  
a) Samples were certainly shaken consistently during transport by 4x4 in Iceland and the UK, and also during shipping. 
b) Samples were likely rotated during packing and freight; they were also likely rotated during shipping. c) Samples 
were likely dropped during freight. 

 

Figure 5. 15, Figure 5. 16 and Figure 5. 17 summarise analysis of sample disturbance. All 

samples were viewed as raw two-dimensional X-ray slices and three dimensional 

volumetric models. All samples transported by sea underwent significant structural 

modification, negating their original role as an in-situ environmental proxy. Only two 

samples were unmodified during shipping: 225 and 227. Both samples were taken from 

the highly compacted diamict FJ01 at site one. All 3 samples transported via hand 

luggage, 127, 128 and 129, also maintained their original structure. While unquantifiable 

disturbance obscures many in-situ sedimentary characteristics, it offers an opportunity 

to study the signatures of two differing sedimentary processes. 

 

The combination of saturated sediments identified in Section 5.2.1, the stresses shown 

in Figure 5. 14 and structures revealed in Figure 5. 15, Figure 5. 16 and Figure 5. 17 

indicate liquefaction as the process likely responsible for disturbance. Rapid repeated 

loading in a closed system (wrapped kubiena tin) mobilises porewater through 

contracting networks, elevating frictional forces at the particle-water interface 

(seepage). When this seepage force exceeds gravity, the critical hydraulic gradient is 

breached and all particle contact forces are zero; the skeleton is unloaded, effective 

stress is zero and particles flow as a viscous liquid (Evans et al., 2006). When stress has 

diminished and liquefaction stops, sediments will lock into a new structure which can 

differ significantly from the original one (Knappett & Craig, 2012). 
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Figure 5. 15: Examples of varying intrasample matrix density:  
a) The shape highlighted in red is an area of dense matrix containing less dense particles. This is surrounded by an 
area where the densities are inverted; particles are dense and matrix is less dense. This variability is attributed to the 
volcanic nature of the sediment as the section highlighted in red is likely a lava bomb (Gunnlaugsson et al., 2014); b) 
The yellow line approximates a diffuse boundary between an area of dense matrix (x), and a more porous and coarser 
area of matrix (y). The orientation of pores close to the tin edge and the absence of very fine particles suggest 
drainage, and possible winnowing of fines, following liquefaction; c) A three dimensional view of the area highlighted 
in b) showing areas of visibly porous matrix; d) Gradual, rather than abrupt, changes in matrix density. The absence 
of fine particles, particle-proximal pores and isolated pores indicate structural change post-sampling. 

 
Table 5. 2: Structures known to reflect liquefaction in thin-section; these criteria must be applied carefully to X-ray 
µCT images and models, as three-dimensional density data is markedly different to two-dimensional colour data. 
Examples of these textures can be seen in Figure 5. 15, Figure 5. 16, and Figure 5. 17. 

Criteria Reference 
Mottled/uneven matrix appearance. As uCT does not provide colour information, this 
must be gleaned from subtle density (greyscale) changes. 

Guiterrez, 
2013 Destruction of all microstructure. Any brittle structures, unless defined by the sample 

casing, are indicative of little to no liquefaction. 
High relative density and low pore ratio.  
Random fabrics as particles behave independently of one another. Particles are not 
influenced by other particles in this case, only by the sample casing. Structures aligned to 
the sample edge are formed after sampling.  

van Der Meer 
et al., 2003 

Some circular grain alignments or structures may be preserved. Phillips, 2006 
Some water escape, injection, fluidisation or hydrofracture (possibly infilled) structures 
may be present, although the homogenisation of the matrix may destroy these. Water 
escape is possible during liquefaction here, as samples were not air-tight, allowing for a 
pressure gradient to develop during transport. 

Phillips et al., 
2007 

Weak reverse grading may be observed, although as sample orientation during stress 
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application is unknown, it is impossible to separate this from normal grading which could 
be a primary structure.  
 
 

However, it is vital to distinguish between sediments that have liquefied in-situ, as a 

result of natural processes common in subglacial environments, and those liquefied 

as a result of disturbance during transport. Figure 5. 16a/b illustrates the clearest 

diagnostic feature of post-extraction liquefaction: circular grain alignments defined by 

the tin edge. Table 5. 2 reviews existing criteria for identifying liquefaction using 

micromorphology and Table 5. 3 displays a full assessment of every sample, including a 

classification of liquefied or in-situ, based on these criteria and information available 

from X-ray µCT. In samples with discrete liquefied/in-situ sections, an “in-situ” 

classification is applied where over 60% of the sediment is “in-situ.” 

 

 
Figure 5. 16: Diagnostic structures comprised of arranged particles:  
a) Grain alignments defined by sample edge shown on a binary image. The likelihood of these structures being natural 
is very low, as all 4 corners of the sample contain comparable grain alignments; b) A more pronounced example of 
grain alignments defined by the tin edge; a lack of particles in the centre could indicates reorganisation during 
disturbance; c) Well-defined circular grain alignments, unrelated to the tin edge, are more likely to be in-situ than 
those shown in a) and b). The lack of other structures indicating liquefaction supports this theory; d) Linear grain 
alignments can indicate deformation and pore-water pathways (Larson et al., 2015). 
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The 5 samples identified as in-situ are 127, 128, 129, 225 and 227. These samples will 

comprise the majority of following analysis to determine the role of particle properties 

on fabric. In order to do this, fabric is analysed by style, and strength. Style (Hicock, 1996) 

concerns the qualitative interpretation of rose diagrams and stereonets; strength (Benn, 

1994) refers to a normalised measure of fabric using eigenvalues, explained in section 

2.1. 

 

 
Figure 5. 17: Evidence of mottling & discrete pores shown in two dimensions and three dimensions:  
a) A series of interconnected planar pores surrounded by isolated spherical pores highlight density inconsistencies. 
Porosity is concentrated in the lower 2/3 of the sample, where a large planar pore permeates the sample core. This 
is likely to indicate brittle failure after dewatering as the sediment separates along planes of failure. Discrete pores in 
the top 1/3 of the sample are more indicative of differences in matrix density; b) Evidence of drying and cracking in 
sediment. Pores have expanded along particle borders in multiple cases. 

 

Table 5. 3: A full liquefaction assessment of every sample extracted from Falljökull.  

MM = mottled matrix, VMD = variable matrix density, SS = seepage structures, FR = fabric reorganisation. • Rare, •• 
common, ••• ubiquitous. In-situ < ••• < Liquefied. Samples transported in hand luggage are marked in red. The only 
other samples to escape liquefaction during transport are 227 and 225. Fig. 5.3 shows the compact nature of FJ01, 
suggesting that low effective porosity and well-drained, ice-proximal conditions prevented any liquefaction. Stresses 
applied to these samples were accommodated by edge fracturing (approx. 1mm) and cracking, although there is no 
evidence of interior damage. The majority of liquefied samples contained grain geometries defined by the sample 
casing. Concave structures around the inside corners of samples indicate the movement of particle after sediment 
extraction. Several samples also contained variable drainage networks defined by the casing, suggesting that water 
was mobile in packaged samples. 

 MM VMD SS FR Description Cat 

126  •• •• •• Left side appears in-situ but cracks increase in frequency and 
size towards right indicating asymmetrical strain. 

LIQ 

127  •• •  Patches of in-situ sediment dissected by coarse grained linear 
domains; potential winnowing of fines. 

IN-
SITU 

128   • • Large single crack (possible single loading event) with some 
particles parallel to tin edges. 

IN-
SITU 

Ticks every 4.9mm 
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129   •• • 
Dominated by cracks which are parallel to tin edge suggesting 
dewatering during stress which “locks” in-situ sediment in 
place. 

IN-
SITU 

130 • • • ••• No obvious structures, but particle a-axes are parallel to tin 
edge in most cases.  

LIQ 

225   • • Evidence of some fabric reorganisation around a large block, 
but most appears in-situ. 

IN-
SITU 

226 ••• •• ••• •• Significant cracking and evidence of dilation throughout the 
sample - no in-situ components left. 

LIQ 

227  •   Large intraclast dominates sample (could be ball-milled lava 
bomb)  

IN-
SITU 

228 •• •• •• •• Crack frequency and size combined with highly variable 
matrix density indicates liquefaction.  

LIQ 

229  • ••• •• Top 3/4 looks liquefied, bottom 1/4 is heavily cracked; 
perhaps locked during dewatering 

LIQ 

230 ••• •• •• •• Mottled matrix throughout, extensive cracks. LIQ 

232 •• ••• ••• ••• Hairline cracks, often infilled, dramatic variations in matrix 
density. 

LIQ 

 

5.3 The Role of Particle Properties 

To reiterate, establishing the role of inherent properties on fabric is vital if a systematic 

and quantified approach is applied to X-ray µCT data. However, to avoid confusion with 

fabric data from this point forward, specific terminology will be used when referring to 

specific types of fabric data. This is outlined fully in the glossary, but at this stage the 

term fabricBCT is introduced, meaning the bulk CT fabric of an entire sample, or the non-

spatially isolated components of an entire sample (eg. all blade-shaped particles). In 

addition to this, the difference between fabric style and shape must be reiterated; fabric 

shape refers specifically to isotropic, girdle or clustered fabrics and is calculated from 

eigenvalues. Fabric style refers to the qualitative interpretation of stereonets; bimodal, 

unimodal and so on. 

 

The total plots shown in Figure 5. 18 reveal a variety of fabricBCT styles and shapes for 

the 5 selected samples; however much of the significance underpinning the subtleties 

of these fabrics is obscured in a bulk view. FabricBCT strengths range from S1= 0.4-0.55, 

much lower than fabrics traditionally associated with subglacial traction tills (S1 = >0.8; 

Bennett et al., 1999; Evans et al., 2006), and styles range from isotropic to spread 

unimodal (Hicock, 1996).  
 

The inherent properties available for each identified volume are shown in Section 3.5, 

and can be broadly split into two key categories - size and morphology. However, initial 
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data observation revealed the number of particles (n) to be highly variable within these 

categories and between samples, and therefore this warrants a focussed investigation. 

 
Figure 5. 18: Total fabricBCT stereonets and inlaid rose diagrams for all samples marked as in-situ. 
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5.3.1 Number of particles 

The role of sample population on particle fabric has been investigated at length, with no 

general consensus (e.g. Ringrose & Benn, 1997; Neudorf et al., 2015). Figure 5. 19 

displays 5 rose diagrams (n=50) randomly subsampled from a parent population 

(n>7000). There is significant disruption in fabric strength and style for both samples 

when populations are subsampled. The S1 range is 1.0 for 127 and 0.8 for 227, with 

significant overlap between the two. Fabric style is also affected, with significant 

variations in V1 between subsampled populations, skewing the modality and structure 

of rose diagrams. This suggests that a sample of 50 particles is too low to 

representatively characterise the fabric of the parent population. 

 

 
Figure 5. 19: Subsamples of 50 particles (red) taken from original samples (green) 127, S1 = 0.55 and 227 S1 = 0.4: 
Particles were subsampled using a RNG function in MS Excel. S1 values indicate principal eigenvalue strength. Rose 
diagrams have 20º bins. 
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Figure 5. 20: Cumulative vector mean plots for selected in-situ samples from Falljökull:  
Each plot represents a 1D axis (x, y or z) where the number of particles is reported logarithmically along the x axis, 
and the cumulative vector mean (in dmls) is plotted on the y. 

Figure 5. 20 displays the cumulative vector mean (CVm) for 4 samples as a function of n 

(log). Tracking the CVm alongside n indicates when the mean has stabilised (Borridaile, 
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2003); this is a good proxy for when a sample fabricBCT is representative of the parent 

population, and therefore how many particles are required to accurately represent it. 

There are methods of ellipse fitting such as those used by Marsland (2015), but sediment 

fabric data is non-normally distributed (Fisher, 1993; Mardia & Jupp, 2000). In all cases, 

significant developments in mean orientation are noted past the traditional “n=50” 

recommendation. Stability on the Z and Y axes is achieved at approx n=600, whereas the 

X-axis continues to fluctuate until approx. n=750. 

 

The analysis presented above has identified the impact of sample particle population on 

resultant fabricBCT. This reflects the analytical process rather than physical processes 

occurring in the sediment. Figure 5. 20 provides compelling evidence for a minimum n 

approaching 750; this contradicts previous suggestions of 30 or 50 for macro-fabrics 

identified in Section 2.4, and is more in line with the minimum of 800, suggested by 

Neudorf et al. (2015) for micro fabrics taken from thin sections. From this point forward, 

any fabricBCT comprised of less than 750 particles will be treated with caution, although 

patterns may still be identified. 

 

5.3.2 Particle size 

The second particle property under investigation is grain size, in this case described by 

the b-axis length of each particle expressed in mm or phi fraction. Initially, Equation 3.5 

(Section 3, page 153) cleans all objects less than 6 voxels along their b-axis (0.2mm for 

50µm resolution scan) from the dataset, acting as a final step in removing noise from 

scans, further isolating the particle signal.  

 

Initial quantitative analysis of size is presented in Figure 5. 21; scatter plots of b-axis 

length/mm against a-axis azimuth orientation/º provide an opportunity to locate 

subtleties obscured by binning particles into 3 or 4 size ranges. Other than denser point 

clusters around mean vectors (e.g. 150º and 320º for 127, marked on Figure 5. 21), there 

appears to be no systematic relationship between the two components. No deviations 

from a homogenous distribution can be seen, and the largest grains are not oriented 

systematically to ice-flow direction V1. The largest object in each sample, circled in red, 

represents the marker used for orientation during scanning and not a particle. 
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Figure 5. 21: Particle size plotted against A-axis orientation:  
Marker size is also proportional to particle size. Mean vector clusters are annotated for samples 127 and 128, but 
there is no noted relationship with particle size. Outliers circled in red for samples 127, 128, 129 and 227 represent 
the nail/screw used as an orientation marker during scanning. 

 

Binning b-axis length into phi fractions, does facilitate clearer plotting of size against 

comparative variables such as S1 (Figure 5. 22).  Significant overlap is observed between 

all particle size ranges in Figure 5. 22 indicating low statistical significance; however, 

within this context, there is a steady decrease in the mean S1 value as particle size 

increases. This change is also reflected in fabricBCT shape triplots, illustrated in Figure 5. 

23. Again, as particle size increases, so does isotropy; it is important not to understate 

this relationship, as it disagrees with field observation (Kjær & Krüger, 1998; Carr & Rose, 
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2003) and theory (Evans et al., 2006; Chapter 2). 

 
Figure 5. 22: The relationship between S1 and particle size (Φ) illustrated as a box plot for all in-situ samples:  
Upper and lower limits of the box indicate the third and first quartile respectively; red line represents the median 
value; minimum and maximum values are marked with dotted lines, and outliers with a red cross. A steady decrease 
in S1 as particle size increases must be taken in the context of significant overlap between classes for this plot. 

 

 
Figure 5. 23: Ternary diagram showing fabric shape for all in situ samples, split by particle size (phi):  
Mean values are marked with an X. The increase in isotropy with particle size shown in Figure 5. 22 is repeated here; 
however, the increase is non-linear, with variations in elongation index revealing variety in the way that fabric shape 
changes with size. 
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Figure 5. 24 displays contoured stereonets and rose diagrams for all in-situ samples to 

facilitate the qualification of fabricBCT style.  

 

 
Figure 5. 24: Combined stereonets/rose diagrams for all particle size fractions from in-situ samples:  
V1 = principal eigenvector expressed as direction/dip. Note variations in S1 and V1 within each individual sample for 
individual size classes. 127, 128 and 225 are relatively well-constrained (within a 15º orientation range) but 129 and 
227 have significant variation. 
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FabricBCT variation in a single sample indicates the significance of particle size as an 

inherent controller of orientation. V1 is well-constrained to 130-140º in samples 127 and 

128, with more variation in 129, 225 and 227. In 129 for example, V1 could be defined 

as 149.4º, 108º or 181º depending on the particle size fraction analysed. There is 

certainly variation in fabricBCT style with particle size, but this relationship is complex and 

non-linear; the main point here is the fundamental importance of sampling consistency 

when measuring fabric (Carr & Rose, 2003; Carr & Goddard, 2007). 

 

FabricBCT styles are largely unimodal or weakly anisotropic, with the exception of the 

largest particles in samples 127, 128 and 129. Here, pronounced secondary modes are 

visible on stereonets, but as n<400 in all cases, these multiple modes must be 

interpreted with caution (see Section 5.4). The range of dip angles also increases with 

grain size; smaller particles have shallower and more tightly constrained dips whereas 

large particle dips are much more variable, often steeply dipping. Rose diagram peaks 

are distributed and rarely symmetrical, with the majority of fabricBCT styles appearing 

spread unimodal. Again, this contradicts many subglacial traction till macro-fabrics; well-

defined bimodal or unimodal rose diagrams are absent or rare, instead asymmetrical, 

complex and variably weak anisotropic fabricBCT styles dominate (Figure 5. 24). 

 

FabricBCT strength and style clearly varies with particle size. However, relationships are 

subtle, non-linear and difficult to explain. At the most fundamental level, this data 

highlights the importance of consistency when collecting fabric data; small (mm-scale) 

variations in b-axis length can cause dramatic change in V1 (Figure 5. 24). At a more 

analytical level, the relationship between isotropy and particle size described here 

directly contradicts the majority of data and theory described in Section 3. Theory and 

practice commonly claim that larger particles are more likely to have higher S1 values 

and are therefore more likely to reflect V1; however, in every sample presented here, S1 

decreases as particle size increases. X-ray µCT shows that larger particles are more likely 

to be oriented more isotropically then smaller ones. This could be explained by a switch 

in fundamental particle behaviour between particles sampled using macro-fabric and X-

ray µCT analysis, but there is little evidence to suggest such a switch in Section 2.3. It is 

illogical to hypothesise that a natural process could preferentially orient the largest and 

smallest particles in a sediment body and leave the “in-between” particles untouched. 
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Nevertheless, the unexpected nature of the relationship identified here demonstrates 

the importance of ascertaining the role of internal properties on fabric patterns.  

 

5.3.3 Particle morphology 

As discussed in Section 3.2, particle morphology is a much more complex parameter to 

measure and present than size (Wentworth, 1922; Zingg, 1935; Krumbein, 1941). 

Morphology is comprised of shape and surface texture, where shape is a product of 

form, roundness, irregularity and sphericity (Blott & Pye, 2007). Due to the high number 

of particles identified by X-ray µCT, quantitative measures relying on surface texture 

analysis, such as roundness and sphericity, are impractical (see Figure 5. 13 for an 

illustration). The use of volume filling approaches (Ngom et al., 2012) to identify 

irregularities are also impinged by impractical computing requirements for natural 

sediment datasets. This leaves particle form, a characterisation using orthogonal axial 

ratios, as the most useful descriptor of morphology; Benn (2004) considers this ratio the 

first order of morphology, i.e. the one which has the greatest impact on particle 

behaviour, especially in subglacial traction tills. The second and third orders, roundness 

and surface texture respectively, are also valuable but much less important than form.  

 

Describing form in two dimensions is relatively simple (Chapter 3), and can be 

accomplished using several different models such as maximum projection sphericity 

(Folk, 1955) or oblate/prolate index (Dobkins & Folk, 1970) which rely on 2 orthogonal 

axes. However, utilising the three-dimensional nature of X-ray µCT data requires a more 

complex approach where all three axes are considered. The Zingg (1935) form factor is 

the most common and suitable descriptor, and crucially separates rod-shaped particles 

from blade-shaped particles. Rods and blades are thought to provide opposing reactions 

to similar forces (Peña et al., 2007; Azéma & Radjaï, 2010), providing a good method of 

“process calibration.” This distinction would be lost in many other morphology 

classifications, especially in two dimensions. However, weaknesses in the method must 

be explored before its application. 

 

Figure 5. 25 shows Zingg scatter plots for all 5 in-situ samples, highlighting the spread 

distribution within each morphology class. There is a distinct lack of morphology 

endmembers; most particles are marginal, close to the border with another morphology 
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class. This system is satisfactory for the description of fabricBCT patterns, but 

interpretations of systematic variations based on morphology must take this into 

account (see Section 5.4). 

 

 
Figure 5. 25: Scatter plots showing the raw distribution of particle morphologies using the Zingg classification for 
in-situ samples:  
Particles are classed in quadrants clockwise from top right, spheres, rods, blades and discs. The overwhelming 
majority of particles in every sample are classed as spheres, and marginal morphologies are much more common 
than endmembers. Little deviation in morphology profile is noted between the 5 samples. 

 

These morphology classes are presented in the context of fabricBCT strength in Figure 5. 

26 using S1 as a proxy for fabricBCT strength of clustering. Blades have relatively high S1 

values, although there are none above 0.6. The mean S1 then decreases for discs, rods 

and finally spheres (0.45). There are also no overlaps between blades and other forms, 
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and no outliers on this plot. This suggests that, for eigenvalue analysis at least, particle 

morphology is a better method for categorising fabricBCT shapes than particle size, and 

blades play a significant role in this.  

 

 
Figure 5. 26: The relationship between S1 and particle morphology (ZINGG classification) plotted for all in-situ 
samples: 
Morphology classification is a much better way to separate particles by S1 than size. Blades are significantly more 
likely to have high S1 values than spheres, as expected. 

 
Figure 5. 27: Ternary diagram showing fabric shape for all in situ samples, split by particle morphology (Zingg). 
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Figure 5. 27 further categorises the relationship between fabricBCT shape and particle 

morphology using a ternary plot. Blades are loosely concentrated between girdle and 

cluster fabricBCT shapes with discs similarly spread between weakly anisotropic and 

girdle. Rods and spheres are spread around the centre of the plot, with spheres 

returning the most isotropic fabricBCT shape, as expected, although rods are not 

dissimilar, and only slightly less isotropic in favour of clustered. An important point to 

reiterate is the highly variable nature of fabricBCT shapes returned for each particle 

morphology; clustering and characteristic envelopes commonly reported in literature 

using macro fabric data are absent. 

 

Figure 5. 28 displays contoured stereonets and rose diagrams for each Zingg morphology 

class for in-situ samples, to facilitate the interpretation of fabricBCT style. There is 

significant deviation in fabricBCT style from typical macro fabric measurements, but also 

variety between samples and forms. In most cases, V1 (direction) is reasonably stable 

between morphology classes across samples, although there is greater variation in dip: 

spherical particles dip the most steeply, and blades are much shallower. 

  

FabricBCT style is largely spread unimodal, although there are several instances where 

blades appear to have a weak transverse mode (samples 128, 129 and 225). In some 

cases, rose diagrams may show weakly anisotropic fabricsBCT where stereonets reveal 

clustering; for example, in discs for samples 128 and 129, circular rose diagrams obscure 

significant clusters highlighted by contouring. Spheres have the weakest fabricsBCT 

although they are not isotropic; they often have V1 values comparable to other particle 

morphology classes, and spheres show a reasonably strong fabricBCT in sample 225. 

 

The prevalence of clear secondary modes is much higher in Figure 5. 28 than Figure 5. 

24, suggesting that morphology is a better fabricBCT descriptor than size. Blades show 

strong secondary modes for samples 127, 128, 129 and 225 while rods and discs display 

secondary modes in around 25% of cases. This identification of modes, or quantifying 

fabric style, is explained further in Section 5.4, but the importance of selecting particles 

of similar morphology for fabric analysis is clear.  
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Figure 5. 28: Combined stereonets/rose diagrams for all particle morphology classes (Zingg) from in-situ samples: 
V1 = principal eigenvector expressed as direction/dip. Dramatic variations in V1 associated with size fractioning are 
not observed in morphology fractions. 
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While the Zingg particle morphology classification fulfils tri-dimensional criteria required 

by µCT data, it does so by oversimplifying morphology into 4 bins. Figure 5. 29 shows a 

different approach to describing particle morphology, although this can only be applied 

in two dimensions. By considering the a:b and a:c axial ratios for each particle, a broader 

continuum of forms is revealed. This axial ratio is compared against a-axis direction for 

all in-situ samples, but no systematic patterns are noted, other than high particle 

populations with axial ratios <2.0.  

 

 
Figure 5. 29: Scatter plots showing A-axis orientation plotted against axial ratio for each particle from 5 in-situ 
samples: 
Axial ratio is expressed as A:B (red) and A:C (blue). In a similar vein to other scatter plots using µCT data, no clear 
trends are apparent; clusters around principal modes (e.g. 135º/215º in sample 128) are visible but this is 
independent of axial ratio. 
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Isolating morphology endmembers is another way to tackle shortcomings of the Zingg 

classification; Figure 5. 30 shows that patterns in fabric style become clearer with less 

marginal morphologies included, but this is at the expense of particle populations; 

datasets with 50-100 particles have a high probability of not representing the parent 

population (Figure 5. 20) and are therefore insignificant.  

 

 
Figure 5. 30: Morphology endmembers selected using Zingg ratios:  
For example, blade endmembers must have Zingg 1 and 2 over 0.5; equally, rods must have Zingg 1 >0.8, and Zingg 2 
<0.5. Some transverse modes can be seen in data presented for rod-shaped particles, but this deviates little from the 
data shown by isolating all rods. 
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FabricBCT data varies in both strength and style with particle morphology. Relationships 

continue to be complex and non-linear, reinforcing the need for consistency in data 

collection, including a minimum tri-axial aspect ratio to distinguish between rods and 

blades. Spheres, as expected, have weakly anisotropic fabricBCT shapes, although 

common diagnostic clustered and girdle macro fabric shapes (Bennett et al., 1999) are 

absent. Isolating size and morphology fractions for fabricBCT analysis has revealed some 

complex systematic variability, but it is clear that both factors play an important role 

and must be combined to fully understand fabricBCT patterns.   

 

5.3.4 Covariance analysis 

Covariance analysis is both qualified and quantified here to further constrain the 

relationships between particle properties and fabricBCT. The first initial step is to 

qualitatively compare fabric shape for each size and morphology class (Figure 5. 31) with 

the goal of identifying patterns missed during above analysis. 

 

 
Figure 5. 31: fabricBCT shape data for each particle morphology class (Zingg), further divided by particle size:  
Data is from in-situ samples. Direction of travel is shown using pink arrows. 

 



Chapter 5: What Does Fabric Mean? 1: Bulk Characteristics 

 245 

The relationship noted between particle size and isotropy is largely preserved, with 

deviations for blades and rods (high a:b axial ratio particles). The largest blades/rods 

appear more clustered than isotropic, although clustering is still very weak. This 

indicates that the size-isotropy relationship is also dependent on particle morphology, 

emphasising the value of covariance analysis. As disc size increases, so does isotropy - 

this is the most linear relationship. Spheres are largely isotropic which is to be expected, 

although there appears to be no systematic relationship with particle size. 

 

From this analysis, it appears that the relationship between isotropy and size is more 

complex, and can be further defined by shape. Smaller particles are more likely to be 

girdle in nature. Larger particles are likely to be weakly anisotropic, unless axial ratio 

(a:b) is high and then clustering is more likely. Within this description, blades are also 

more likely to be less isotropic than rods.  

 

Figure 5. 32 shows a full correlation matrix for all in-situ samples considered in this 

section. This matrix requires careful interpretation as particle morphology is 

represented as a linear variable (1-4) whereas in reality it is nominal; this is the best 

compromise which includes three-dimensional morphology data. The strongest 

relationship is between S1 and circular standard deviation which is logical; both are a 

measure of data dispersion. There are very few strong correlations in this matrix, 

highlighting the natural variability within sediment fabricBCT at this scale. 
 

Isotropy index (cc=0.53) and standard deviation (cc=0.28) both increase as shapes 

become more spherical; this supports theory that spheres are poor markers of 

palaeocurrents in sediment (Borridale, 2003; Benn, 2004). Relationships between other 

variables are weak, and there is little in the way of observable patterns. 
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Figure 5. 32: Correlation matrix for all in-situ samples and subsampled fractions:  
Size = particle size phi; Shape = particle shape Zingg (1: blades, 2: discs, 3: rods, 4: spheres); n = number of particles; 
V1 = principal eigenvector direction/º; V1 dip = principal eigenvector dip/º; S1 = principal eigenvalue; II = isotropy 
index; EI = elongation index; CSTD = circular standard deviation. 

 



Chapter 5: What Does Fabric Mean? 1: Bulk Characteristics 

 247 

This analysis of inherent properties has revealed complex changes in fabricBCT with 

particle size and morphology, although no statistically significant correlations were 

observed. This lack of significance could be explained by the variable nature of µCT 

fabricsBCT: the tools used for analysing macro fabric, such as eigenvalues and fabric 

shape, are too coarse. This leaves fabric style as the best existing technique for 

extracting meaning from µCT fabricBCT. Secondary and tertiary modes noted in Figure 5. 

28 could represent natural variability based on particle properties, and therefore require 

further investigation. However, while standard descriptions of fabric style are based on 

visual observation (eg. Hicock, 1996), large complex µCT datasets present an 

opportunity to locate, describe and quantify statistically significant modes. 

 

Key points: 

• At least 750 particles are required to characterise the fabricBCT of the parent 

population. 

• FabricBCT extracted using X-ray µCT are much weaker and isotropic than those 

obtained through macro-fabric. 

• As particle size increases, prolate-shaped particles increase in anisotropy and 

oblate particles decrease in anisotropy.  

 

5.4 Analysing Polymodal Fabrics 

The significance of fabric modality is explored in Section 2.3 and can be seen in Fig. 5.24. 

Standard descriptions of fabric modality (Hicock, 1996) are appropriate for describing 

fabrics based on coarse datasets of less than 50 particles but applying the same 

descriptions to complex, multivariate and multimodal datasets of >4000 particles can 

result in oversimplification. Therefore, the description and analysis of polymodal 

fabricsBCT collected using µCT must be more systematic, taking advantage of larger 

datasets and additional variables. 

 

This process has three steps. Firstly, samples with multiple modes must be identified; 

this involves a systematic, logical approach to defining “significant modes” within a 

dataset. Secondly, the relationship between these modes must be quantified. Statistical 

analysis on multimodal spherical datasets is impossible, due to abnormal distributions 
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(Borridale, 2003). Splitting fabricsBCT into primary, secondary and occasionally tertiary 

modes for individual consideration is the only way to confidently analyse a multimodal 

µCT fabric (Fisher, 1993). Finally, theories of particle behaviour presented in Section 2.3 

can contextualise and explain these multimodal fabrics, highlighting their use in further 

analysis of sediment properties. 

 

5.4.1 Identifying multiple modes 

The systematic quantification of multiple fabric modes has been largely neglected, due 

to complexities involved in defining natural circular (Borridale, 2003) and spherical (Fang 

& Zhang, 1990) data distributions. The classification system pioneered by Hicock (1996) 

illustrated in Table 5. 4 is the most systematic way of defining fabric modality for 

individual stereoplots. It relies on operator judgement to identify specific distributions 

of points on a stereonet, with the end goal of attributing one of 5 descriptions to each 

plot: fabrics can either be clustered unimodal, spread unimodal, clustered bimodal, 

spread bimodal or girdle-isotropic. 

 

This system facilitates the production of modality-isotropy diagrams and relative 

comparisons between groups of fabric datasets. However, when applied to X-ray µCT 

data, issues of compatibility arise: 

• Fabric modality classification has only been applied to low population macro-

fabric datasets. FabricBCT data collected using µCT is markedly different; 

populations are several orders of magnitude greater, stereoplots are therefore 

unclear and S1 values are low (commonly <0.6). 

• The rich datasets and complex modalities revealed by µCT are oversimplified by 

a 5-bin classification. There is no measure of mode significance or 

primary/secondary mode classifications. 
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Table 5. 4: Fabric style classifications suggested by Hicock (1996) to facilitate modality-isotropy analysis. 

Modality 
class 

Description Example 

Unimodal 
cluster 

Tightly grouped single concentration of long 
axis points. 

 
Spread 
unimodal 

Loosely grouped but still a single 
concentration; no breaks or dents in the 
central parts of contour envelopes. 

 
Bimodal 
clusters 

Distinctly grouped concentrations and 
envelopes are separated at about 90. 

 
Spread 
bimodal 

Loosely grouped concentrations seperated 
by about 90; contour envelopes are 
separated or are deeply indented in their 
central parts. 

 
Polymodal 
to girdle 

Three or more distinct concentrations to 
random distribution of points; contour 
envelopes are either broken up into several 
envelopes, are continuous around the 
perimeter, are continuous around a great 
circle, or are a combination of these patterns.  

 

 

Polymodal, girdle and isotropic fabrics belong to the same class. The high particle 

populations recorded by X-ray µCT fabric analysis increase the significance of any modes 

in a sample and therefore a polymodal fabric can be more reliably split into its 

constituent parts using X-ray µCT data rather than low population macro-fabric 

datasets. 

 

With these shortcomings in mind, a more detailed numerical classification for identifying 

multiple modes is presented (Figure 5. 33), based on that detailed by Hicock (1996). This 

process begins by using an expanded visual interpretation to identify plots where 

multiple modes may be present (Table 5. 5). This is a qualitative step designed to isolate 

fabrics with multiple modes, in order to test their significance. The difference between 
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the trend of each mode and the principal eigenvector (V1) is then calculated; the primary 

mode (Pm) will be closer to V1 than the secondary (Sm).  

 

 
Figure 5. 33: An expanded fabric style classification based on Hicock (1996), adapted for use with X-ray µCT 
fabricBCT. Full descriptions for each fabricBCT class are provided in Table 5. 5. Pm = primary mode, Sm = secondary 
mode. 
 
Table 5. 5: fabricBCT style classifications adapted from Hicock (1996) to better suit the descriptions of fabrics gathered 
using X-ray µCT. Examples for each modality class are shown in Figure 5. 33. 

Modality 
class 

Description 

Unimodal A tightly grouped single concentration of points. 

Spread 
unimodal 

A loosely grouped single concentration of points. This may include multiple 
contour maxima, if separated by <10º. 

Bimodal Two unimodal distributions separated by around 90º. 

Spread 
bimodal 

Two spread unimodal distributions separated by around 90º. 

Polymodal Three or more concentrations of points with clear separation between 
contour maxima.  

Girdle Points cluster around a great circle. Due to the prevalence of shallow dips 
in particles examined, point clustering around the plot perimeter is 
excluded.  

Isotropic Flat contouring, or a random asymmetrical distribution of diffuse contour 
maxima. 

 

The relative significance of Pm and Sm can then be compared, by calculating S1 

weighting (S1w) using the following equation: 
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Equation 5.1:   !"H =
(∆JK	LM)

(∆NK	LM)
+

(∆NK	LM)

(∆JK	LM)
 

 

Where S1w = S1 weighting; Pm = primary mode; Sm = secondary mode and V1 = 1st 

eigenvector. 

 

S1w is essentially a proxy for mode significance; the higher the number, the less 

significant the secondary mode. In samples where Pm is within a few degrees of V1, it is 

likely that Sm is invalid, as it does not skew V1 sufficiently. In samples where Pm and Sm 

are over 30º different to V1, Sm is playing a significant role in skewing V1, and the 

secondary mode is valid. For the purposes of this investigation, Sm is considered 

significant if the modality ratio is <10. This means that Sm must be within an order of 

magnitude of Pm to be recognised. Values above 10 indicate the dominance of Pm 

within the sample: a unimodal classification is more appropriate. Figure 5. 34a applies 

this method to two samples, all rod-shaped particles from samples 127 and 128. 

 

This system can only quantify the significance of bimodal fabricsBCT where modes are 

separated by around 90º; this is a compromise between the wealth of data available and 

the observation of transverse modes in bimodal fabrics, particularly for subglacial tills 

(Carr & Rose, 2003). This system could eventually be expanded to quantify polymodal 

fabricsBCT with careful modification, but at this stage, a measure of transverse mode 

significance is an important first step away from approaches relying exclusively on 

operator interpretation.  

 

Appendix 5.1 shows the application of the method presented in Figure 5. 34 to matrices 

subsampling all 5 in-situ samples. Primary and secondary modes are spread throughout 

the plots, with blades and rods displaying strong transverse modes at multiple size 

ranges for multiple samples. The role of n must also be considered when selecting 

significant transverse modes. Vector stabilisation suggests approx. 750 particles is the 

minimum for a reliable interpretation, but some of the most striking transverse 

orientations appear in samples where n is low, due to a high mean particle size. 

 

Table 5. 6 lists sample fractions with a valid S1w ratio, which can then be characterised 
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in Section 5.4.2. Rods and blades are more likely to return lower S1w values, indicating 

their propensity for transverse fabricsBCT. Size fraction is a less effective descriptor for 

separating the data. A discussion of the implications surrounding this follow additional 

analysis outlined in Section 5.4.2, ensuring that operator bias is checked and reduced.  
 

 
Figure 5. 34: 2 worked examples for identifying significant modes:  
a) producing S1w from two different datasets (128 and 127 rods). For 128 rods, V1 is 5.2º away from Pm. This indicates 
that Sm is not significant, as it is over 60º from V1, reflected in an invalid S1w of 12.92. For 127 rods however, V1 is 
less skewed towards Pm which reflects increased significance for Sm; an S1w of 4.41 confirms this, validates the 
significance of the secondary mode in 127 rods, and marks the population for further investigation; b) applying the 
least variance method detailed in Section 5.4.2 identifies two modes; the position of Pm is confirmed, but Sm is placed 
around 30º away from the user-identified position. This is important to note during interpretations, and can lead to 
a reappraisal of modality classification or interpretations of the original stereoplot. 
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Methods of identifying bimodal fabricBCT significance outlined here are not perfect, but 

they allow for systematic relative comparisons within datasets. Modifying the S1w 

threshold (<10 here) can further manipulate the dataset by reducing or increasing the 

minimum significance of a mode, and this should be defined carefully using fabricBCT 

style and shape data, alongside collection mechanism, particle population etc. This 

approach provides datasets in which statistically significant modes have been 

systematically identified. 
 
Table 5. 6: Fractions where Sm influences V1 enough to be deemed significant (S1w < 10).  

Orange indicates fractions where computed Pm or Sm are within 10º of user-identified Pm or Sm. This includes 
reversed modes; full details are presented in Appendix 5.1. This table further supports the uniqueness of X-ray µCT 
fabrics; the most significant S1w values are above 2, indicating that the primary mode is always at least 2x as 
important. This is in contrast to macro-fabrics collected from subglacial tills where secondary and primary modes are 
often of equal magnitude. The majority of fractions identified as having significant secondary modes are defined by 
particle morphology and size. Rods and blades are the two fractions most likely to return significant S1w values. No 
transverse modes are identified in sample 128, which displays a spread unimodal fabric (Fig. 5.13). Other samples 
have lower S1 values, but sample 127 has a very similar fabric style to 128 (spread unimodal) which indicates the value 
of this analysis for spotting patterns which would be otherwise missed. 

 
 

5.4.2 Characterising multiple modes 

Statistically significant bimodal datasets are then analysed using least-variance cluster 

analysis (Klose et al., 2005) performed in Orient (Vollmer, 2015); this ensures that the 
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modes identified using Figure 5. 34 are the most statistically significant ones within the 

sample. Clustering splits the fabricBCT into two domains which can then be analysed 

individually. This approach is not perfect, as it attributes every particle to a mode, with 

no operator input regarding the location or significance of modality. However, 

operations performed are consistent and systematic for each sample, producing 

quantified and comparable results where the most statistically significant “splitting” of 

the data has been objectively confirmed. In addition to this, logical operations can be 

performed on cluster analysis output to confirm or deny the significance of a multimodal 

fabric. Splitting the principal mode into two domains (Figure 5. 34b) indicates that the 

secondary mode identified in Section 5.4.1 is much smaller than the primary mode, and 

caution must be taken during interpretation if n is low. Table 5. 1 highlights samples in 

orange where all of these conditions are met. Due to the subtle nature of fabrics 

revealed using µCT, secondary modes identified by the user are often found to be 

statistically insignificant using the least-variance approach, shown by the frequent 

splitting of spread-unimodal distributions along the primary vector. 

 

Figure 5. 35 illustrates the 6 particle distributions deemed significant using both 

operator-guided and automated analysis. They are spread over sample and size range, 

but the majority have a rod-like morphology. Rod-shaped particles from samples 127, 

129 and 225 display significant transverse orientations. Caution must be taken when 

interpreting rod orientations in sample 129 when n<750; however, 227 (n=13,000) has 

nearly double the number of particles as 129 (n=7,000) which suggests particle 

population should be considered when identifying a minimum n for X-ray µCT datasets. 

 

The principal conclusions from the classification of multiple modes shown in Figure 5. 

35 indicate the role of inherent particle properties in establishing reliable fabricsBCT. 3 of 

the 4 rod shaped fractions analysed above (129 -1, 129 -2, 225 0) display significant 

transverse modes. Systematic orientations are also noted in the other (127), though this 

is complicated by some polymodal characteristics, and there is no clear transverse 

mode.  
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Figure 5. 35: multiple modes identified for in-situ fabricsBCT (caption overleaf): 
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129 -1 rods: n=594. Clustering analysis refines the identification of Sm, shifting it by 25º anticlockwise. This provides 
two statistically significant modes separated by 90º. The presence of several mixed (purple) bars indicates that dip 
angle plays a role in clustering; this is with a mean dip for the primary and secondary modes as 8.19º and 0.3º 
respectively. High dip variations identified in larger particle size ranges (Figure 5. 24) are likely responsible for this.  

129 -2 rods: n=136. There is a strong perpendicular transverse mode identified in -2 rods which matches the operator-
identified modes. This is perhaps the clearest bimodal distribution amongst the 6 fractions shown, but it has the 
lowest population at 136. This does not disqualify the clustering however, and this is discussed further in Section 5.5. 

127 rods: n=2061. In this sample, clustering has split the primary mode suggesting a spread unimodal classification 
would have been more accurate. However, the high particle population could mean this splitting is accurate. 
Regardless, the maxima of these two modes are not separated by 90º, and therefore attributing this transverse 
fabricBCT to a process should be done with caution. 

225 0 rods: n=1057. Clustering has identified two transverse modes separate by 90º. Pm is tightly clustered with a 
single contoured maximum, whereas Sm is more complex, with three contour maxima, equally distributed around 
Sm. This suggests that a polymodal classification would be more accurate for this fabricBCT, but the separation of the 
primary fabricBCT from other components is an important distinction for further analysis. 

225 -1: n=567. The transverse fabricBCT revealed by clustering larger particles in sample 225 differs slightly from the 
operator interpretation shown in Appendix 5.1. However, the primary and secondary modes shown in the clustered 
stereonet indicate two distinct transverse modes with relatively clustered contour maxima. Again, an n below 750 is 
sub-optimal, but transverse fabricsBCT shown in populations above 3-400 will still be largely reflective of the parent 
population.  

225 0 blades: n=599. 0phi Blade-like particles display two distinctive perpendicular modes when clustered. 
Predominantly shallow dips are characteristic of smaller size fractions (i.e. 0phi) giving tightly clustered contour 
maxima. Both modes match the operator interpretation shown in Appendix 5.1, but again n must be considered. 151 
additional particles would fulfil the final significance test (n > 750), but agreement between automatic and manual 
clustering should not be attributed to chance because of this.   

 

Larger particles 225 and 129 are also more likely to return a strong secondary mode 

perpendicular to Pm with a dip which varies by ~10º. This prevalence for a large dip 

range supports observations made in Fig. 5.20. However, when n < 750 such modes 

should be interpreted carefully.  

 

This issue with low particle populations and significant transverse modes is discussed in 

detail in Section 5.4.3. Similarly, the smallest fraction of blades from 225 (n=599) returns 

a strong secondary mode. This could suggest that the significance of a transverse 

fabricBCT is conditioned by n, explaining high (>0.8) S1 values routinely reported in macro 

fabric datasets. 
 

Clustering also provides eigen statistics for each computed mode; this is a further way 

of confirming the significance of secondary modes, and also facilitating their direct 

comparison. Figure 5. 36 shows the original and clustered fabricBCT shape for all rod 

fractions identified in Figure 5. 35. There is a dramatic increase in elongation index when 

original datasets are split into two, along with a drop in isotropy. As this is a 

mathematical result of plotting the data across a narrower range, the relationship 
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between these modes is a more significant metric. The similarity in fabricBCT shape 

between Pm and Sm in 129 -2 (Figure 5. 36, green) indicates two similarly clustered 

modes; this is reflected in the stereonet in Figure 5. 35. Likewise, the difference in 

fabricBCT shape for the two modes identified in 129_-1_rods (Figure 5. 36, blue) can be 

attributed to the clustering of Pm and “everything else” discussed in Figure 5. 36, rather 

than Pm and Sm. 

 

 
Figure 5. 36: fabricBCT shape shown for all rod-shaped fractions with a transverse population. 
 

S1 values (Appendix 5.1) for modes identified in 225_0_blades are similar (Pm=0.77, 

Sm=0.72) supporting the spread bimodal interpretation offered in Figure 5. 35. S1 

 values for 225_-1 are almost identical (Pm=0.67, Sm=0.66) and much lower than others 

gathered from cluster analysis suggesting a more weakly anisotropic arrangement of 

particles, loosely clustered into two groups. Such low values for S1 in split datasets 
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suggests that the parent fabric may be more weakly anisotropic than bimodal. 

 

Placing these significant transverse modes in a theoretical context (Chapter 2) will help 

to explain the role of inherent particle properties on fabricBCT, but it is important to 

frame this within the context of how unique X-ray µCT is. Replicating the strong (S1 > 

0.7), well-clustered, “clean” fabric signal obtained using macro fabric analysis is all but 

impossible using µCT. Only by splitting isolated fractions into constituent modes can 

these fabrics be produced. This suggests that multiple modes identified above are 

especially significant, but so are all of the subtle and complex fabricsBCT identified in bulk 

samples. 
 

5.4.3 Explaining multiple modes 

X-ray µCT fabricBCT modes obtained from both visual interpretation and statistical 

analysis are much weaker and less distinct than those typically obtained from macro 

fabric analysis. This means that tools typically used to interpret modes in macro-fabrics, 

must be applied to X-ray µCT fabricsBCT with great care. However, it is equally important 

not to disregard subtle or unclear fabricaBCT, as the evidence presented in Chapters 3 

and 4 has shown that such fabrics are representative of the parent population. In fact, 

the absence of clear modes and high S1 values in µCT fabricBCT is an important 

consideration in itself. 
 

5.4.3a Bimodality in rod-shaped particles 

The most significant and systematic fabricBCT mode identified in X-ray µCT scans of in-

situ samples is the preference for rods to exhibit a secondary orientation mode, 

perpendicular to the primary mode (Figure 5. 35). This bimodal distribution within the 

rods fraction must be distinguished from one where most rods are oriented 

perpendicular to the primary mode in the sample, a theoretically more likely scenario 

(Holmes, 1941; Harrison, 1957). Essentially, in µCT fabricsBCT, rods are the most likely 

particle morphology to be oriented perpendicular to the primary mode, although the 

majority of rods still adopt a parallel orientation.  

 

Mechanical theory outlined in Chapter 2 can effectively explain this systematic 

orientation: as strain is increased in either magnitude or time interval, rod-shaped 



Chapter 5: What Does Fabric Mean? 1: Bulk Characteristics 

 259 

particles will preferentially orient themselves transverse to the principal stress axis, 

minimising friction and translation by rotating around their a-axes (rolling). However, 

blades are likely to orient themselves parallel to the principal strain vector, adopting a 

minimal-friction orientation by gliding through deforming material (Boulton, 1970; 

Lindsay, 1970). 

 

This transverse orientation of rods noted in X-ray μCT fabricsBCT suggests that subglacial 

sediments at Falljökull were deformed as a viscous fluid flow (Section 2.3), and particles 

are active strain markers undergoing Jeffery and Taylor rotation (Figure 2. 25; Glenn et 

al., 1957). However, one would also expect to find systematic relationships between size 

and orientation defining the transition between these two mechanisms, as predicted by 

Carr & Rose (2003). Figure 5. 24 provides no evidence for this systematic change in 

modality, and evidence presented in Section 5.4.2 further contradicts this hypothesis. 

The attribution of a single particle rotation mechanism to samples or groups of samples 

is problematic when intrasample heterogeneity is considered; this is further discussed 

in Section 5.2.1  

 

5.4.3b Methodological considerations 

Tools used to describe particle morphology may also contribute towards the generation 

of indistinct fabrics for isolated morphology factors. Firstly, the best-fit ellipsoid 

approach employed by Blob3D (Ketcham, 2005; Section 3.5) does not account for 

asymmetrical particle morphologies. The effect of irregular particle geometry on 

behaviour is still unclear (Section 2.4) and this must be factored into discussions 

including particle morphology. Unfortunately, there is no way to filter asymmetrical 

particles from the dataset, other than visually accepting/rejecting every particle 

identified by Blob3D (>50,000), and this does reduce classification accuracy.  

 

Secondly, form is just one of 5 properties defining the morphology of an object (Section 

5.3.3). Evans & Benn (2004) highlight form as the most significant morphological control 

on particle response, but the absence of additional measurements and their impact 

upon analysis should be considered. Form does not include roundness; a sphere and a 

cube have the same Zingg classification. This generates problems if the two fundamental 

models of particle interaction are considered. Irregular particles contained in a flowing 
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till will generate significant turbulence, affecting the dynamics of nearby particles 

(Thomason & Iverson, 2006). If, however, particles have reached their jamming 

transition and contacts are transmitting the majority of stress, then particles with 

rounded edges are less likely to fail. Forces will concentrate at angular contacts, leading 

to fracturing and edge-rounding, further changing velocity gradients and particle 

response within the sediment body (Schellart, 2000; Mitchell & Soga, 2005). 

 

While using alternative or supplementary measures of morphology would split existing, 

and add additional, particle classifications, the populations in each dataset would be 

significantly lower, as would confidence in interpretations as a result. Splitting up 

datasets into numerous low-population classes using alternative approaches outlined 

by Blott & Pye (2007) would present an opportunity to study the role of particle 

properties in much more detail, but this would be inaccurate without a full morphology 

classification, which is currently only possible through an involved and specific approach 

to individual particles. By taking a more generalised approach, using broad morphology 

and size classifications, statistical significance of high-population datasets is preserved, 

suggesting that fabrics are simply much less clear-cut than originally thought.  

 

The identification of strong modes in low-population fractions (<750) could also help to 

explain the lack of clear and pronounced modes in full sample populations. For example, 

it could be possible that particles >2phi in size do indeed display stronger fabricsBCT, as 

they are more difficult to reorient. However, the significant bimodal fabricBCT shown in 

225_0_blades suggests that it is not the size of particle, but n, that dictates the 

“clearness” of modes. It is therefore equally possible, if not more likely, that distinctive 

fabricBCT modes described for both macro and micro-fabric datasets (Narloch et al., 

2013) are relatively rare, and representative fabricsBCT are weak and unclear.  

 

There are two main points to take from this analysis of X-ray µCT fabricBCT modality. The 

first, a general point, is that the clustered, strong, symmetrical modes observed in macro 

fabric data are rare in fabricBCT data, regardless of particle size and shape. The second 

relates specifically to rod-shaped particles; they are most likely to exhibit a bimodal 

distribution, with a strong parallel principal mode and a weak secondary transverse 

mode. 
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Key points: 

• Significant fabricBCT modes are rare, although there is evidence that rods will 

adopt a bimodal orientation, parallel and transverse to V1. This is likely reflective 

of particles rolling around their a-axis to reduce frictional forces under increasing 

stress. 

• The influence of particle roundness, sphericity etc. should not be assumed from 

a:b:c-axis descriptions of morphology, especially for smaller particles. 

 

5.5 Discussion 

The relationships between particle morphology, size and orientation described in 

Section 5.3, and fabric modes shown in Section 5.4, give important insight into the role 

of particle properties on fabricBCT. Before assessing what this means for glacial process, 

the reasons why particles respond differently must be investigated. This will conclude 

this Chapter with an assessment of particle mechanics, methods of rotation and 

orientation etc., and the implications for fabricBCT use before these theoretical processes 

can be placed in a glacial context. 

 

5.5.1 Particle mechanics 

Perhaps the most striking observation, from all X-ray µCT fabricBCT analysis is the 

distributed, asymmetrical and weak nature of fabricsBCT in every sample and subsample 

when compared to equivalent macro-fabrics. Predicting fabric patterns based on 

specific morphology or size responses to stress (Boulton, 1970; Carr & Rose, 2003; Hart 

et al., 2009) is unreliable; this indicates two things: 

1. Ensuring consistency in particle size and morphology fractions selected for fabric 

analysis should be a priority. 

2. Attributing simple, discrete mechanics (i.e. March, Jeffery or Taylor rotation) to 

isolated particle fractions is invalid when using X-ray µCT multivariate fabricBCT 

datasets. 

 

A singular, or highly dominant particle rotation mechanism should produce distinct 

fabrics with clear modes, especially in isolated fractions (Benn & Evans, 2010); however, 
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Figure 5. 37 demonstrates the contrast between µCT fabricBCT and those attributed to 

discrete mechanics. In addition, Figure 5. 13 shows high particle density, typical of all 

samples analysed from Falljökull. This density, and the resulting increase in particle 

contacts and interactions, undermines the Jeffery model of rotation. Likewise, the rarity 

of strong unimodal or bimodal fabrics (Figure 5. 18, Figure 5. 24 and Figure 5. 28) in a 

sheared subglacial till (Figure 5. 10) undermines the March model. This is further 

complicated by the lack of overlap between viscous and granular flow rheology and poor 

consideration of particle interactions. The absence of a single identifiable mechanism, 

responsible for the movement of all particles in a sample, suggests variation within 

each block. 

 

 
Figure 5. 37: Fabric patterns thought to be diagnostic of specific particle orientation mechanisms:  
a) shows a strong unimodal distribution, collected using macro fabric approaches outlined in Chapter 2. This is 
attributed to March rotation, as particles move into the plane of shear and remain there; b) shows the orientation of 
specific particle size subsamples, again collected using a macro fabric methodology from a different site. The 
prevalence of secondary modes in all selected fractions is thought to be indicative of Jeffery-Taylor rotation, where 
particles occupying the secondary mode have reoriented perpendicular to flow, rolling around their a-axis. Fabrics 
obtained using X-ray µCT are radically different to those collected using macro-fabric analysis. 

 

This prompts a wider question about scale: till is known to be a spatial and temporal 

mosaic (Piotrowski et al., 2004), but the scale of this mosaic is unclear. The proximity of 

linear water-escape structures, interpreted as shear planes, (Figure 5. 8 and Figure 5. 

10) to evidence of pervasive deformation (Figure 5. 12a) observed at Falljökull, indicate 

rheological variation over a >10m scale. The weak nature of correlations in fabricBCT 

strength and style between proximal in-situ samples reflect this spatial mosaic, and 
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suggest a model where slabs of “stuck” and mobile till contain unique rheologies, 

characteristics, and fabricsBCT (Evans et al., 2006). If this rheological heterogeneity is 

observed at the section-scale, then it logically follows that each sample could be a micro-

mosaic in itself. This could explain the weak nature of all bulk fabricBCT, even when 

subsampled into diagnostic morphology/size fractions, as they are essentially the mean 

of a spatially heterogeneous sample.  

 

The unexpected increase in isotropy with particle size, shown in Figure 5. 23, can also 

be explained using this micro-mosaic theory. Basic mechanics states that larger particles 

will be more difficult to reorient than smaller ones (Carr & Rose, 2003). This would 

produce fabricsBCT where large particles are aligned parallel to the principal mode, and 

smaller ones, responding to smaller micro-strains (Neudorf et al., 2014) will be more 

weakly anisotropic in their orientation. However, in all 5 in-situ samples, larger particles 

are oriented less anisotropically in bulk (Figure 5. 24). Conversely, when blade and rod 

fractions are isolated, fabricBCT shape becomes more clustered as grain size increases 

while sphere and disc fractions become less clustered and more isotropic. Due to the 

prevalence of spheres in all samples (Figure 5. 25), bulk fabricBCT shape is often weighted 

by spheres, causing an apparent increase in isotropy with grain size. 

 

The manual selection of particles with an a:b ratio of >1:1.5 could therefore be partly 

responsible for the generation of strong fabrics in macro fabric studies, and while there 

is some evidence for this in µCT fabricBCT (Figure 5. 24 shows relatively well-organised 

fabricsBCT for the largest particle fractions in samples 127, 128 and 225) the importance 

of minimum particle populations outlined in Section 5.3.1 must be considered. Having 

said this, even the strongest fabricsBCT in the largest particles are significantly weaker 

than moderate fabrics noted at the macro-scale, with significant populations of large (>-

1phi) particles often oriented oblique to the principal mode. There are two possible 

explanations for this: 

 

1. The largest particles were not exposed to enough stress to reorient or,  

2. Each sample is a mosaic, and each particle is oriented based on a unique set of 

spatial and temporal characteristics. 
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Extensive sedimentological evidence shown in Figure 5. 12a, b and c suggests a powerful 

and dynamic subglacial environment, with little evidence of reworking or 

reorganisation. This invalidates the first explanation. With this in mind, the most likely 

explanation for weak fabricsBCT, increases in isotropy with particle size and a lack of 

bimodality in diagnostic clast forms (Figure 5. 28), is the spatial and variability within 

each sample. Each X-ray µCT sample is a mosaic, and limited mechanical insight can be 

gained from bulk or morphology/size-fractioned data. 

 

There is however, an alternative way of considering the “messy” data produced by µCT, 

including the interpretation of subsamples with low populations (n<100). A minimum n 

of 750, refers to mean vector stabilisation. However, if samples are indeed mosaics, then 

a mean vector may not represent the reality of the sediment characteristics. Isolated 

particle fractions are likely responding in unique ways to applied forces, but these forces 

are unequally distributed through the sample and therefore so are these particles. It can 

also explain the increased likelihood of rod particles to adopt a transverse orientation. 

Strong bimodal macro-fabrics often contain little variation; in X-ray µCT fabricBCT, there 

is much greater variation suggesting that rods are more likely to roll, but only in certain 

parts of the sample. This supports the idea that there are multiple domains, containing 

unique rheologies within each sample.  

 

Essentially, µCT bulk fabricsBCT show some systematic conditioning of fabric with particle 

properties, particularly morphology, but that the mosaic nature of each sample 

undermines the usefulness of an “mean” fabric signature. In order to examine this in 

more detail, we need to consider samples where a mosaic structure is much less likely, 

with a clearly different deformation mechanism. Liquefied samples outlined in Table 5. 

3 provide a good opportunity to examine the effects of a radically different strain 

mechanism on particle orientation in compositionally similar samples.  

 

Key points: 

• It is difficult to constrain particle mechanics using bulk measurement, even 

when subsampled by morphology or size. 

• This is likely indicative of the mosaic nature of each sample, where combinations 

of sediment behaviours are merged and superimposed. 
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5.5.2 Bulk fabric and deformation 

If the micro-mosaic approach is correct, then fabricsBCT generated though constrained 

liquefaction post-extraction, should be readily distinguishable from those created by in-

situ processes. Assuming extensive liquefaction (~40hrs transit) has obliterated any 

original fabrics, there should be no bimodal distributions and a prevalence of steeply 

dipping a-axes (Alvarez et al., 1992) with weak S1 values overall.  
 

Figure 5. 38  Shows a weak preference for in-situ samples to have a more clustered 

fabricBCT shape, whereas liquefied samples are largely girdle-isotropic, supporting this 

suggestion. This is also true for isolated blade and rod fractions (Figure 5. 39) where in-

situ samples are consistently more clustered than those in liquefied samples.  

 

 
Figure 5. 38: Total fabricBCT shapes for in-situ and liquefied samples:  
In-situ samples are more likely to have clustered fabric shapes, though there is significant overlap between the two 
populations. Most liquefied samples appear to be girdle-isotropic, although the most isotropic and most clustered 
fabric shapes are found in in-situ samples. 
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Figure 5. 39: fabricBCT shapes for in-situ and liquefied samples, divided by particle morphology: 
Patterns identified reflect those present in previous fabric shape triplots; in-situ rods and blades are more likely to be 
clustered than those liquefied; a) shows relatively high contrast between fabric shape in blades measured in liquefied 
and in-situ samples. Blades are much more likely to adopt clustered fabric shapes in in-situ sediments when compared 
to their liquefied counterparts; b) shows a more overlapping fabric shape diagram for rod-shaped particles, where 
distinguishing liquefied and in-situ sediments is more problematic. However, the prevalence of rods to adopt bimodal 
distributions discussed in Section 5.4.3 could produce non-representative eigenvalues. 
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Figure 5. 40 shows further differences between the two populations. There is a good 

degree of correlation between V1 in all in-situ samples, as principal modes are clustered 

NW-SE, or directly transverse to this. Liquefied samples have a much greater variety of 

principal mode directions, and some appear almost entirely isotropic. This suggests that 

in-situ samples contain varying populations of particles oriented by a single overarching 

force, whereas liquefied sample fabricsBCT were generated independently from one 

another. This correlates with the method of liquefaction; there would have been slight 

variations in stress magnitude and direction acting on each sample during transit, but 

more importantly, samples were stored in random orientations, promoting a variety of 

oblique V1 when using an in-situ north for orientation reference. This inconsistency in 

force can also explain liquefied samples (eg. 130) where V1 is very similar to in-situ 

samples. Some liquefied sediments, exposed to minimal forces during shipping 

preserved original in-situ fabricsBCT to some extent. 

 

 
Figure 5. 40: Stereoplots and rose diagrams comparing the overall fabric signature returned by liquefied and in-situ 
samples:  
There is a much greater variety of principal mode directions observable in liquefied samples, but their irregularity and 
oblique nature is more important. Within the in-situ samples, there is a much tighter range of V1 values, all either 
parallel or transverse to a mean NW-SE direction.  
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All in-situ samples have a common “core” visible in contoured stereoplots, whereas liquefied sediments will often 
have a split, or broader range of values contained within this core. Equally, contoured plots of liquefied samples are 
much more likely to resemble a sequence of concentric circles, expanding out from the centre, indicating greater 
isotropy. This is in contrast to most in-situ samples, where clear clusters are visible at distinct points around the edge.  

Sample 130 (second liquefied one) has all the fabric qualities of a sheared in-situ sample; unimodal, principal mode 
NW-SE and distinct contouring. This could be used as a proxy for the relative magnitude of liquefaction when 
compared to samples such as 131 (3rd) or 231 (last liquefied one). 

All in-situ samples are connected by a similarity in their V1 orientation, taken from bulk 

fabricBCT, whereas liquefied samples have a great deal of variation. In-situ samples, 

largely sheared, and liquefied samples generate different fabricsBCT. The composition of 

all samples is very similar; therefore, this suggests that differences in fabricBCT observed 

using µCT are generated by variations in process rather than sediment composition. This 

strengthens the correlative link between bulk fabricBCT and sedimentary process, but a 

set of diagnostic criteria separating the two is still absent.  

 

Key points:  

• Bulk X-ray µCT fabricBCT can distinguish samples deformed by radically different 

stresses, such as shearing vs liquefaction, even when compositionally similar. 

 

5.5.3 What does bulk X-ray µCT fabricBCT mean? 

The relationships between bulk fabricBCT, inherent particle properties and strain regime 

outlined above suggest the following: 

 

• The bulk fabricBCT signatures of in-situ sheared, and ex-situ liquefied subglacial 

tills are different from each another, although there is no evidence for a set of 

simple diagnostic criteria. Having said this, it appears that strain regime is indeed 

a principal controller of fabricBCT as shearing produces relatively constrained 

azimuths and liquefaction produces a much broader range. 

• The weak, asymmetrical and multimodal nature of most fabricBCT, including 

subsampled fractions, suggests a variety of particle behaviours operating both 

within samples, and across the entire dataset.  

• The transverse orientation of rod-shaped particles, the only significant and 

repeating mode, suggests Taylor rotation (following Jeffery rotation) but could 

equally represent two spatially distinct clusters of rod-shaped particles exposed 

to different forces during deformation. 
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• The “generally unclear” nature of all fabricBCT identified here suggests a micro-

mosaic model for subglacial till. Therefore, a-axis bulk fabricBCT are essentially a 

“mean” of a complex spatial micro-mosaic representing multiple deformation 

events. Bulk fabricBCT measurements are therefore most useful for identifying 

the most prevalent process in a sample, such as distinguishing liquefied and 

sheared sediments.  

 

These results have implications not only for the continued use of X-ray µCT as a 

diagnostic tool for fabric, but also thin section micro-fabric data and macro-fabric. For 

example, the preference for rods to adopt transverse orientations, or blades to align 

parallel to V1 has implications for thin-section fabric. Particle morphology is impossible 

to accurately characterise in two dimensions; rods can appear spherical, blades can 

appear as discs and so on. The size of particles can also be significantly distorted when 

viewed in two dimensions, as slicing along the b-axis of a particle during thin section 

production can produce an inaccurate characterisation of both morphology and grain 

size. Equally, macro-fabric approaches that do not consider particle size or morphology 

(beyond a minimum a:b ratio) are measuring objects that will respond very differently 

to changes in strain. 

 

The micro-mosaic nature of subglacial till suggested here also has implications for 

conducting macro-fabric measurements in the field. Subglacial till is commonly 

described as a palimpsest of stuck and mobile blocks, where sticky spots condition 

rheology and glacial dynamics (Piotrowski et al., 2004); associated best-practice (Evans 

& Benn, 2004) dictates that macro-fabric should be collected from an area which is 

spatially constrained, to 30cmx20cm for example (Carr & Goddard, 2007). However, 

data presented here suggests the scale of this mosaic is much smaller than previously 

indicated, and that constraining macro-fabric data to a 20cmx30cm surface would 

include signals from multiple disparate sediment behaviours.  

 

Considering the results of Section 5.3 and the suggestions of Carr & Rose (2003) and Carr 

& Goddard (2007), macro-fabric investigations should not only constrain the size and 

morphology of particles, but also the sampling area. Macro-fabric data would be most 

useful if pervasive, homogenous deformation can be confirmed within the sampled 
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area. However, the likelihood of sampling across multiple different domains, often 

appearing structurally homogenous at the macro-scale, is highly likely.  

 

 

Key points: 

• Strain regime is a principal controller of particle fabric. 

• Samples are likely micro-mosaics. Bulk fabricBCT can inform general trends, but 

cannot accurately characterise rheological details. 

• Macro-fabric data must be collected in a much more constrained manner, and 

is likely to contain signals from multiple discrete events or rheologies. 

 

5.6 Conclusions 

X-ray µCT-derived fabricsBCT are weaker, more asymmetrical and more dispersed than 

their macro-fabric equivalents. Low particle populations typical of macro-fabric 

investigations can go some way towards explaining the stronger and more organised 

datasets they describe, but subsampling µCT data in the same way (n=<50) does not 

produce strong fabricsBCT (Figure 5. 19). Considering the high precision and accuracy of 

µCT data outlined in Chapter 4, the most likely explanation for these weak fabricsBCT is 

that each sample is a mosaic in itself, and µCT detects fabricBCT signals created in 

multiple domains, through a variety of behaviours and rheological processes. 

 

This complicates the use of micro-fabric data taken without a spatial consideration as 

shown in Figure 5. 41; key fabric features, diagnostic of strain response, are easily 

overlooked when considering bulk fabricBCT. This also has significant implications for 

macro-fabric datasets and their collection in the field. For example, a 50 particle macro 

fabric dataset taken from a 2m2 exposure could include multiple deformation domains; 

therefore assuming all particles were oriented by the same stress, both spatially and 

temporary, is problematic. This limits the use of macro fabric data to an indication of 

the most powerful palaocurrent vector within a sediment body; if there is one. This is 

also broadly applicable to µCT fabricBCT, as mean vectors for each sample indicate the 

mean palaeocurrent direction. These mean vectors can be subsampled by particle 

properties, allowing for the recognition of rolling rod-shaped particles for example, but 
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it is difficult to constrain this to a specific mechanic when there are multiple operating 

within the sample. The use of additional fabric measurements such as proximity 

normals, and a spatial consideration could offer valuable information, helping to further 

constrain these mechanics.  

 
Figure 5. 41: A cartoon illustrating the importance of spatial mapping when considering micro-fabric:  
Two examples of particle orientations are shown in two dimensions. a) shows a strong unimodal bulk fabric 
(S1=0.7586), with little structural significance. Particles oriented N-S are evenly distributed through the sample. b) 
shows a weakly anisotropic bulk fabric (S1=0.4356), but a clear orientation pattern is visible, marked with a red dotted 
line. This could represent a shear plane, a clear marker for deformation style, which would be missed when viewed 
as bulk fabric. It must also be considered that X-ray µCT adds an additional dimension to the two-dimensional 
cartoons shown above. 

 

It can be said with confidence that subglacial till is a mosaic at the macro-scale 

(Piotrowski et al., 2004). Analysis of X-ray µCT fabricBCT  data leads us to hypothesise that 

this is also the case at the µm scale. Therefore, any mean azimuth and associated 

eigenvalues obtained from bulk fabric measurements is much coarser and less useful 

than a system that prioritises the spatial arrangement of oriented particles. The 

potential offered by X-ray µCT is largely squandered when a spatial dimension is not 

integrated into such fabric analysis, and the following Chapter directly addresses this. 
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6: What Does Fabric Mean? 

Pt 2 - Developing and Applying New Approaches 

6.1 Introduction 

Data presented in Chapter 5 suggests that each sample of subglacial traction till is a 

micro-mosaic of superimposed fabric signatures, similar to that identified by Phillips et 

al. (2011; 2013) in thin-section, and at the macro-scale by Piotrowski et al., (2004). 

However, this does not mean that X-ray µCT fabrics are unclear or messy, but that they 

require more careful analysis using tools better able to cope with large three-

dimensional datasets. Bulk fabricBCT measurements applied to these samples estimate a 

mean stress axis at best, and at worst, represent complex structures defined by particle 

orientations as inconclusive, even isotropic fabrics. Therefore, in order to establish the 

mechanics of particle movement, associated deformational processes and the actual 

meaning of X-ray µCT fabric, new approaches are required. 

 

There is a need for unique analytical methods that explore the full potential of X-ray µCT 

fabric data, particularly spatial components. Each µCT scan contains a wealth of 

information attached to individual particle orientations, which is drastically simplified 

during bulk analysis and the use of summary statistics (Section 5.3). By considering a 

spatial component or integrating additional parameters, the distribution of particle 

orientations, or fabric domains (Phillips et al., 2011) can be visualised. This provides a 

suitable platform for quantifying and interpreting particle fabric data. From this point, 

spatially corelated fabric data is referred to as fabricSCT, or CT fabric with a spatial 

dimension. 

 

The spatial arrangement of fabrics is significant, as it can provide clarification regarding 

the rheological nature of subglacial traction tills; for example, a strongly clustered bulk 

fabricBCT could be spatially distributed into a series of discrete shear planes, indicating a 

rheology dominated by particle interactions (Murray & Dowdeswell, 1992). Equally, a 

spatially homogenous fabricSCT is more likely indicative of flow, where stress is uniformly 
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accommodated throughout the sample (Boulton & Jones, 1979). Inconsistencies and 

controversies involving such irreconcilable models (Section 2.3) are underpinned by 

poor characterisation, often through the proxy of fabric, of force transmission and strain 

partitioning in subglacial traction tills.  

 

Theories proposed by Alley et al. (1986) and Hindmarsh (1997) predict a steady, 

predictable “deformation curve” (Figure 6. 1), where particle mobility in deforming 

sediment decreases as distance from the glacier sole increases (Iverson et al., 2008). 

Absolute distances change based on applied stresses from ice and effective sediment 

strength (Tulaczyk, 2006) but commonly range from centimetres to decimetres (Clarke, 

2005; Kavanaugh & Clarke, 2006; Rempel, 2009). As subglacial depth increases, particle 

fabrics should decrease in strength and organisation.  

 

 
Figure 6. 1: Changes in particle mobility, and consequently fabric strength, with depth from the ice-sediment 
interface proposed by Alley et al. (1986).  
In this idealised profile, the highest S1 values, and therefore strongest fabrics, are found in sediment proximal to ice 
after a small initial peak associated with frozen-on till. As the distance from this interface increases, the influence of 
shear stress declines, particle mobility drops and fabrics weaken. Adapted from Benn & Evans (2010). 

 

However, work by Piotrowski et al. (2004) has suggested a mosaic model of deformation 

is a better representation of reality, as sedimentological and hydrological characteristics 
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fluctuate over both space and time, resulting in a palimpsest of super-imposed fabric 

signatures, broadly representing the mean stress axis in the sediment (Rathbun et al., 

2008). This is further complicated by the till-matrix framework model proposed by Evans 

et al. (2006), where the role of liquefaction in deformation events is incorporated and 

prioritised. Under the till-matrix framework model, particle orientations are conditioned 

by a final deformational event. Dewatering, following liquefaction, forms a till-matrix 

framework which reorients particles based on applied stress. This precludes the 

predictable bulk orientation of particles based on cumulative or dominant stresses, 

upon which many interpretations of fabric rely (Dowdeswell et al., 1985; Benn & 

Ringrose, 2001; Benn, 2004).  

 

Interrogating µCT fabric data with this in mind could reveal distinct fabric domains, or 

the organisation of particle fabricSCT domains reflecting separate deformation events as 

shown by Phillips et al. (2011); however, considerable issues with characterising fabricSCT 

domains in two-dimensions should not be understated. Figure 2. 5 shows the 

comparison of bulk fabricBCT extracted in two- and three-dimensions using X-ray µCT; if 

this disagreement also applies to the position of fabricSCT domains, then a three-

dimensional microstructural mapping approach would be particularly valuable. 

 

X-ray µCT data can also be analysed using parameters such as those discussed in Section 

2.2, namely proximity normals, the equivalent of contact normals in an automatically 

segmented natural sediment. The location and orientation of particle contacts is a 

feature impossible to measure in the field, but is fully applicable to µCT data. For 

example, Thomason & Iverson (2006) have shown that a-axis orientations stabilise 

quickly under low strains (<30), but have been unable to apply alternative fabric 

measurements, such as proximity normals, which could continue to evolve. The location 

and distribution of particle contacts may also help to reveal the dominant macro-scale 

force chains operating within the skeleton of the sample, transmitting stress unevenly 

throughout the sediment, helping to further quantify a micro-mosaic hypothesis.  

 

Applying novel analytical methods to X-ray µCT data will help to address inconsistencies 

outlined above, but on a more basic level, it will provide a clearer understanding of what 

particle orientations actually mean. For example, the presence of strong, ice-flow 
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direction parallel fabrics, homogenously distributed throughout a sample could support 

a till-matrix framework model as particles have oriented parallel to the most recent. 

However, the presence of multimodal bulk fabrics, partitioned into spatially discrete 

fabric domains, would indicate a mosaic-like form for deforming till, where signatures 

of past deformation events are not destroyed by subsequent stresses, rather 

overprinted. This chapter will explore two distinct ways of exploiting the full potential 

of X-ray µCT fabric data, but even these detailed experiments could be said to be 

scratching the surface.  

 

6.2 Spatial Mapping 

Section 2.4.2 highlights the relative rarity of, and disagreement between, studies 

tackling spatial fabric variation in subglacial traction tills. Vertical and horizontal 

transects across multiple sections have found both evidence of homogenous (e.g. Larsen 

& Piotrowski, 2003b) and heterogeneous (e.g. Rose, 1974) macro-fabrics. At the micro-

scale, Phillips et al. (2011) has found extensive evidence of small-scale variation in fabric 

azimuths, describing these domains as indicative of unique processes and deformational 

events; this prompts a question of representativeness, without a spatial dimension, 

what is a fabric representative of? 

 

Alley et al. (1986) suggests predictable changes in strain magnitude with depth will 

generate an evolving fabric signature where the strongest fabrics are found in the most 

highly strained sediments (Figure 6. 1). Kjær & Kruger (1998) also connect fabric strength 

to strain magnitude, where weakening fabrics are deemed indicative of deposition in a 

diminishing energy system. However, work by Larsen & Piotrowski (2003b) highlights an 

almost total absence of variation in fabric with depth or lateral position, through 

multiple subglacial traction till and deformed sand units. Spagnolo et al. (2016), also 

describe consistently strong macro- and micro-fabrics taken from various units along a 

mega-scale glacial lineation (MSGL). However, Narloch et al. (2015) describe both 

strengthening and weakening of fabrics in subglacial traction tills with increased depth, 

further confusing the issue. While these variations can be somewhat attributed to the 

heterogeneous nature of subglacial tills themselves, it is difficult to isolate this with 

fabric collection methods outlined in Chapter 2. 
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X-ray µCT removes key limitations in data size, and data quality, as well as providing true 

three-dimensional spatial data on particle fabricSCT characteristics. All particles identified 

in an X-ray µCT scan are assigned a centroid position in the format xyz by Blob3D 

(Ketcham, 2011). When coupled with particle morphology, size and orientation data 

discussed in Chapter 5, this spatial component allows for the visualisation and 

qualitative interpretation of many micro-fabric structures in three-dimensions. A brief 

examination of bulk fabricBCT from in-situ samples shows significant variation in fabricbCT 

style and strength (Figure 5.13) within a ~10m range. This supports a till mosaic 

hypothesis (Piotrowski et al., 2004; Evans et al., 2006), and supports spatial fabric 

heterogeneity hereto described (Rose, 1974; Narloch et al., 2015). This is just a brief 

analysis however; a much more detailed approach is possible with µCT, where spatial 

variation within each sample is evaluated as a further test of the mosaic and till-matrix 

framework models. 

 

6.2.1 FabricSCT analysed as a function of depth 

The simplest way of attaching a spatial component to X-ray µCT a-axis fabric is to treat 

the z-axis as a proxy for depth within each sample. By binning data into depth intervals, 

a visualisation of changes in a-axis fabricSCT, and therefore hypothesised changes in 

behaviour with depth (shown in Figure 6. 1), can be produced. Assuming lithological and 

compositional similarity, as is the case for samples taken from Falljökull (see Figure 5.8), 

these fabricSCT bins will contain broadly similar numbers of particles, and require little in 

the way of post-processing or normalisation. 

 

Figure 6. 2a shows all 5 in-situ samples, “sliced” into 20mm bins along the xy plane, 

alongside S1 values for reference (Figure 6. 2b). Hypothesised weakening of a-axis 

fabricSCT with increasing depth (Alley et al., 1986) is absent in favour of inconsistent 

relationships. For example, a-axis fabricSCT in sample 127 appears homogenous 

throughout the depth profile; there are minor changes in contouring but no evidence of 

changes in the principal mode direction or fabric strength characterised by S1. By 

contrast, sample 227 has a highly variable fabricSCT profile along the z-axis, defined by 

both fabricSCT strength (S1) and fabricSCT style observed using stereonets. The principal 

mode, absent in the top 20mm, gradually rotates as depth increases until at 80mm, V1 
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(azi=275º) is oriented transverse to V1 at 20mm (azi=200º). There are other changes in 

fabricSCT style and strength with depth visible in Fig. 6.2, but little consistency amongst 

them. This supports the idea of an intrasample mosaic, with no linear conditioning by 

depth. 

 
Figure 6. 2: fabricSCT subsampled by z-axis position (depth/mm).  
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Individual stereonets are presented alongside a graphical representation of S1 against depth. Sample 127 shows little 
variation in fabricSCT with depth; S1 = 0.55 ± 0.01. Azimuth (V1= 130º) remains stable as depth changes in sample 128, 
but data becomes more clustered as shown by contouring and the change in S1. Sample 129 shows a decrease in 
clustering with depth; stereonets show a girdle fabricSCT and dilation of the principle mode at depth (40-80mm). 
Sample 225 is similar, showing a broadening of the principal mode with increasing depth. Sample 227 varies the most 
with depth. At the sample top, fabricSCT is almost perfectly girdle (S1 = 0.39). At 20mm depth a clear principal mode 
emerges (V1 = 205º). As depth increases, this mode rotates clockwise until a final V1 of 265º is recorded at 80mm. S1 
does not rise above 0.45. 

 

However, there are issues with binning datasets by depth in this way. The main purpose 

of integrating spatial analysis into X-ray µCT fabric datasets is to locate any structures or 

domains composed of groups of similarly oriented particles. Setting depth intervals at 

20mm will not detect larger (>20mm) structures that run parallel to the z-axis and 

overlap multiple depth bins. Equally, arbitrary 20mm depth intervals may cut across 

structures running perpendicular to the z-axis, creating two “diluted” fabric signatures 

instead of a strong single signature. Put simply, fabric at the µm scale is more useful in 

a three-dimensional spatial context rather than simple bulk collections of particles 

defined by a single property. Van der Meer (1993) and Menzies et al. (2010) have 

identified subglacial diagnostic structures, essentially defined by particle fabric 

arrangements, in thin-section; it is important to note these structures are visible at the 

same scale as X-ray µCT. However, it is difficult to isolate groups of proximal particles 

(e.g. all particles that are within 5mm of each other, and within 005º of a given vector) 

because many structures do not radiate outwards from a single point. Furthermore, 

complex folding highlighted by the arrangement of particles, cannot be represented by 

a single vector. This necessitates an approach which combines the full range of 

quantitative variables from X-ray µCT scans with a qualitative interpretation of the 

structures then form. 

 

6.2.2 Mapping the three-dimensional distribution of fabricSCT 

The spatial distribution of fabrics is routinely considered using two-dimensional 

microstructural mapping (MSM; Phillips et al., 2011). By manually digitising the 

orientations of all particles identified in a thin-section, fabrics can be separated into 

domains, or groups of similarly-oriented elongate particles. The poly-deformed nature 

of subglacial traction tills (Menzies et al., 2006) promotes the use of microstructural 

mapping, where individual fabric domains can be chronologically correlated to discrete 

deformation events (eg. Phillips et al., 2013). Relationships between fabric domains are 
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then investigated (cross-cutting, relative area etc.), which not only informs mechanisms 

of deformation partitioning described in Section 2.3, but also the relative chronology, 

and magnitude of events when compared with other microstructures visible in thin-

section (Vaughn-Hirsch et al., 2012; Phillips et al., 2013). This is valuable for interpreting 

subglacial traction tills exposed to multiple phases of retreat and advance, complex 

stresses from deglaciation or high-magnitude events. 

 

However, the two-dimensional nature of microstructural mapping based on thin-

sections undermines the reliability of fabric domains identified using this approach (see 

Figure 2. 5), especially when the mosaic-like form of individual samples is considered. 

The use of three orthogonal thin sections (Phillips et al., 2011; Gehrmann et al., 2016) 

has been employed to ameliorate this, but significant extrapolation is still required to 

reconstruct sample interiors and characterise domains. This approach is further 

hindered by the time taken to digitise a single thin-section, around 20 hours (Carr, 2017 

pers. comm).  

 

Data collected using X-ray µCT allows fabricSCT domains to be objectively identified and 

viewed in true three-dimensions. However, tools for processing these kinds of datasets 

are lacking, and so the initial three-dimensional spatial mapping outlined below is 

exploratory, with shortcomings highlighted and carefully discussed. 

 

Three-dimensional spatial mapping (three-dimensional spatial mapping) mapping must 

be distinguished from volumetric representation. Volumetric representation (e.g. 

Figure. 4.9) uses raw X-ray slices to generate three-dimensional models based on 

greyscale voxel intensity for qualitative use. Three-dimensional spatial mapping plots 

the centroids of particles with selected properties identified in Blob3D, essentially a 

three-dimensional quantification of position. These two models can be correlated, but 

they are produced from 2 different particle identification mechanisms so small 

inconsistencies are expected. Figure 6. 3a shows a condensed spreadsheet for sample 

127, produced using Blob3D and modified in MSExcel. Through the use of logical 

functions explained in Figure 6. 3b, particle fractions are selected based on 

characteristics defined by the user. This can be as simple as plotting the location of all 

particles above a certain size, but can also involve multiple nested functions (Figure 6. 
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3c). The use of binary filtering based on these functions (Figure 6. 3d) isolates particles 

of interest (POI) and their centroid position for plotting in Matlab, using code shown in 

Figure 6. 4. 

 

• The xyz coordinates of every particle are connected into a triangular mesh which is 

coloured light grey. This acts as a detailed outline of the sample itself for correlation 

with volumetric representations, and provides a spatial context for the particles of 

interest identified in MSExcel. 

• Step one: POIs are imported into Matlab, and their centroids are plotted in a 

different colour (Figure 6. 5a). This shows the three-dimensional position of all POIs 

within the sample. This is sufficient for identifying clusters of similar particles, but 

additional steps should be taken to quantify spatial relationships between particles. 

• Step two: Proximity meshes (Figure 6. 5b) quantify significance, and characterise 

geometry, of particle clusters. If two or more particles of interest are close to each 

other (variable = Prox, explained below), they are connected by a coloured line. 

Large clusters will generate shaded, semi-transparent polygons, allowing for the 

size, shape and position of particle clusters to be characterised. 

• Steps one and two can be repeated with different particle groups, and 

corresponding proximity meshes can be overlain to show the relationship between 

identified structures (Figure 6. 5c & d). 

• Finally, the sample is cross-referenced with a volumetric representation: a north 

arrow, ice-flow vector and other kinematic markers can then be highlighted to 

facilitate interpretation of structures. 
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Figure 6. 3: An example dataset from sample 127;  
a) A full width spreadsheet showing colour-coordinated columns for various parameters. White represents raw data 
imported from Blob3D and yellow indicates preliminary calculations of a-axis orientation, length/mm etc; b) using 
orthogonal axial lengths (columns G/I/K) to generate Zingg ratios (cols. AA/AB) and finally assigning a shape class 
based on nested logical functions; c) calculating the difference between the a-axis orientation and V1 (cell B23 in 
Lookup table tab). This value is tested against the clustering range (top right) to return a 1 (within range) or 0 (outside 
range); d) the final cumulative filter ensures that only particles of sufficient size, and the requested shape, size fraction 
and clustering are selected. 
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Figure 6. 4: Raw Matlab code for generating visualisations of up to 3 populations of particles, alongside the 
positioning and size of large particles.  
xyz position data must be imported with unaltered column headings from MSExcel; i.e. “CenterXUCmm” for x 
position. All particles are imported first to generate a sample mesh, followed by up to 3 additional populations. Main 
modifiable parameters are annotated. 
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The crux of this method is the definition of the variable Prox (Figure 6. 4), defined in mm 

during Matlab plotting. This variable must be flexible, considering the number of POIs. 

When plotting large (n=>500) datasets, a small Prox (<5mm) will highlight the most 

significant groups, without enclosing the entire volume in a polygon. For smaller, more 

specific particle datasets (n=<500), a larger Prox (5-10mm) will highlight the most 

significant structures. When analysing the same particle characteristics across multiple 

samples, the value of Prox should remain constant. The structures identified using this 

approach are not absolutely significant, but they are relatively significant. This relative 

significance should then be carried forward during interpretations drawing on literature 

and the nature of POIs. 

 

The basic framework described above provides an original scaffold for visualising 

particle structures based on user-selected parameters, although it does not address any 

particular question related to subglacial sedimentology or particle fabric. Only through 

the careful selection of POIs can this method be used to tackle questions surrounding 

the meaning of fabricSCT, and the resulting behaviour of subglacial traction tills. Sections 

6.2.3 and 6.2.4 outline two different approaches using the three-dimensional spatial 

mapping method to tackle research question 2 (see Section 5.1). Section 6.2.3 isolates 

particles according to their a-axis orientation and dip and Section 6.2.4 further 

constrains these datasets by particle size and form according to the results of Chapter 

5. This provides a novel, comprehensive visualisation of fabricSCT domains in three-

dimensions, taking particle properties into account.  

 

From this point, unless explicitly stated, the three samples under investigation are those 

taken from FJ01 (127, 128 and 129), the subglacial traction till, rather than FJ02, the 

glaciotectonite. This dramatically lowers the likelihood of detecting fabrics and 

structures imparted by non-glacial processes, such as flow or tectonism. These three 

samples should have broadly comparable fabricSCT signatures; Section 5.2 details their 

similar interpreted deformation or emplacement history, and depth beneath the 

surface. 
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6.2.3 Visualising fabricSCT domains using three-dimensional spatial mapping 

There are two distinct ways to plot particle groups as a function of their orientation. The 

first uses bulk summary statistics explained in Section 5.3, and rose diagram 

interpretation to identify key orientation bins or modes. These can be based on V1, 

clusters manually identified on stereonets or modes selected from rose diagrams. By 

mapping the spatial distribution of fabricSCT modes identified in bulk analysis, their 

spatial characteristics can be elucidated. For example, three-dimensional spatial 

mapping will reveal the nature of V1 - are V1-parallel particles distributed evenly 

throughout the sample, or do they occupy a distinct spatial domain or series of domains?  

 

The second method puts all particles into sequential azimuth bins, within a user-defined 

range, in order to check the spatial distribution of non-V1-parallel particles. This method 

is coarser, but not influenced by bulk summary statistics and could therefore reveal 

small, under recognised fabricSCT structures or domains, indicative of key processes 

operating within subglacial traction till. For example, if fabricSCT from three 20º azimuth 

degree bins is partitioned into three spatially distinct domains, this would indicate the 

preservation of fabricsSCT acquired through historic deformational events. However, the 

role of dip data must not be underestimated, and this is discussed in Section 6.2.3b, 

alongside other decisions made when partitioning fabricSCT data. 

 

6.2.3a Mapping V1 

Figure 6. 6 reveals the heterogeneous spatial distribution of particles ±5º and ±10º dip 

and azimuth of V1 in sample 127 (V1 = 143/03º); two significant domains of V1±5º 

particles are observed in opposite corners, connected by a discontinuous linear domain 

which runs parallel to the z-axis. Expanding the range to ±010º (red) increases particle 

populations in the two opposing domains, but also provokes a large increase in V1 

particles located in the sample core. This suggests that V1 is preferentially constrained 

to these discrete domains, but a homogenously distributed fabric sub-parallel to V1 does 

emerge when the V1 range is relaxed (±010º). 
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Figure 6. 6: Spatial mapping V1 in sample 127 (total n = 7154)  
shows two significant linear clusters of ±5º particles in the top and bottom-north. These are connected by a longer 
linear cluster which runs up the northern side of the sample. A dense pod of ±5º particles is also noted in the top-
south of the sample, connected to the linear cluster previously identified. 

x-axis/mm 
y-axis/mm 

z-axis/mm 



Chapter 6: What Does Fabric Mean? 2: New Approaches  

 287 

Figure 6. 7 shows that sample 128 (V1 = 134/05º) has a tendency for V1-parallel particles 

to cluster in the bottom 1/3 of the sample, specifically in the east and west corners. 

There are some less linear domains of V1-parallel particles permeating up from these 

main domains towards the sample top, but they are more fragmented apart from a 

single well-defined domain running from bottom to top. Relaxing the range of V1 to 

±010º introduces significant populations of particles throughout the entire sample, with 

several well-defined domains appearing in the bottom 1/3 of the sample, and the very 

top 10mm. This indicates a more homogenous distribution of V1 particles throughout 

the sample, rather than discrete clusters noted in sample 127.  

 

Figure 6. 8 shows that sample 129 (V1 = 147/15º) contains 4 small (<5 particle) discrete 

clusters ±05º of V1 distributed throughout the sample, in stark contrast to dense 

domains identified in samples 127 and 128. Increasing the V1 threshold to ±10º does not 

enhance clustering, but rather an increase in particles which are distributed 

homogenously throughout the sample. This indicates that particles parallel to V1 is 

homogenously distributed throughout Sample 129, and that the clustering of similar 

oriented particles is weak. 

 

The propensity for V1-parallel particles to group in discrete domains is highlighted in 

samples 127 and 128. There is also evidence for individual V1-parallel particles 

distributed throughout these samples, but the significant clustering of V1 into discrete 

domains suggests more locally variable processes acting within the till, generating 

spatially partitioned fabricSCT clusters. By contrast, sample 129 shows a relatively 

homogenous distribution of V1-parallel particles throughout the sample, with little 

clustering, suggesting V1 represents a bulk signature. The presence of linear domains 

formed of V1-parallel particles in samples 127 and 128 could be indicative of local 

responses to a wider stress acting parallel to V1, potentially shear planes forming to 

accommodate this stress. However, the homogenous distribution of V1-parallel particles 

identified in sample 129 is likely more indicative of a bulk response to the same stress, 

as individual particles have rotated in a fluid flow, rather than forming stress-

accommodating structures in a granular flow. This confirms the spatial heterogeneity of 

till, even in samples taken from the same unit in very close proximity. However, it cannot 
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contribute towards reconciling the till-matrix framework and mosaic models of 

deformation; this requires the spatial mapping of particles oriented in other directions.  

 

 
Figure 6. 7: Spatial mapping V1 in sample 128 (total n = 5523),  
V1 particles are clustered in the bottom third of the sample, including along a plane perpendicular to the z-axis at -
90mm depth. There are also several linear clusters, parallel to the z-axis, including a full-length dense cluster 
stretching from bottom to top. 

x-axis/mm 

y-axis/mm 

z-axis/mm 
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Figure 6. 8: Mapping V1 distribution in sample 129 (total n = 5523);  
particles within the V1 range are spread homogenously throughout the sample at both V1 ranges; there appears to be 
relatively little spatial control on V1-parallel particles, indicated by a lack of proximity meshes. 

x-axis/mm 
y-axis/mm 

z-axis/mm 
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6.2.3b Mapping by orientation bin 

As V1 appears to be organised into clusters, or distinct domains, in samples 127 and 128, 

but not in 129, the spatial distribution of other potential fabricSCT domains should be 

considered using the 020º azimuth bin approached outlined above. A 20º azimuth bin 

range provides a balance between the typical minimum required to separate two 

domains using a rose diagram (Phillips et al., 2011) and the time taken to produce 9 full 

three-dimensional spatial maps. Integrating dip direction into domain plotting is more 

problematic, as two particles dipping 89º in opposite directions (azimuth = 90º and 270º 

for example) are a) essentially oriented the same, and b) oriented vertically. By changing 

azimuth bin ranges from vector (0º-20º) to azimuth (0º-20º and 180º-200º), this 

problem can be ameliorated; however, in order to increase the confidence in any 

potential fabricSCT domains identified using this method, particle dips are limited to the 

lower 75th percentile (Figure 6. 9) in order to eliminate the most steeply dipping ones. 

 

 
Figure 6. 9: The lower 75th percentile (from 0-red line) of dips shown for each sample; these dips are then plotted 
using three-dimensional spatial mapping.  
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By utilising this binning method, the spatial distribution of particles not oriented parallel 

to V1 (assumed to be the most recent stress from ice-flow) can be plotted to evaluate 

the preservation of fabricsSCT from historical events. For example, if all azimuth bins are 

spatially organised, then this will support a mosaic model till fabricSCT overprinting or 

superposition, where fabricsSCT from previous deformational events survive the 

imposition of newer stresses. However, if azimuth bins are all homogenously distributed 

throughout the sample, this would be more indicative of a bulk response. If this 

homogenous distribution is combined with V1-parallel clusters, the till-matrix 

framework model could explain the survival of one particular domain of particle 

orientations and the homogenisation of all others. 

 

Figure 6. 10-Figure 6. 12 show this applied to sample 127, and reveals the organisation 

of certain degree ranges into discrete domains. Linear domains, dipping upwards 

parallel to the direction of ice flow, can be seen at orientations ±20º of V1. It is important 

to note that the particles forming these linear domains are oriented parallel to V1, but 

the domains themselves are oriented on-echelon to V1. The dominance of low dips in 

sample 127 (Figure 6. 9), and presence of linear domains, suggests these structures are 

representative of shearing parallel to ice flow.  

 

The large domain identified in the bottom-east of the sample (Figure 6. 11f; Figure 6. 

12g & h) appears as a competent structure, and is dominated by particles between 121-

160º in orientation. There is evidence for some fragmented elements in the surrounding 

bins (e, i and a) suggesting a core fabricSCT associated with V1 which diminishes as 

orientations move away from this. This “pocket” of V1-associated particles could 

represent an intraclast or pod of tightly packed particles with a higher yield strength, 

preserving fabricSCT characteristics from a previous deformational event. However, no 

signature of this is detected in X-rays or three-dimensional volumetric models; this does 

not rule out the presence of intraclasts here, or in general, as their increased density 

could be skewed by lithological differences in intraclast composition, largely 

indistinguishable in X-ray datasets.  
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Figure 6. 10: Particles from sample 127 mapped into the 9 20º orientation bins (1/3) – see Figure 6. 12 for full 
caption. 
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Figure 6. 11: Particles from sample 127 mapped into the 9 20º orientation bins (2/3) – see Figure 6. 12 for full 
caption 
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Figure 6. 12: Particles from sample 127 mapped into the 9 20º orientation bins (3/3).  
A variety of particle distributions and proximity mesh geometries can be observed. Particles in bins B, C and D are 
distributed relatively evenly throughout the sample. Particles in the other orientation bins are more likely to form 
clusters, tentatively interpreted as fabricSCT domains. The meshes forming these clusters have two distinct 
geometries: in the lower third of G & H, the mesh appears spherical, as if selected particles are radiating out from a 
central point (marked as yellow circles). This can also be seen to a lesser extent in I and F. By contrast, in the upper 
third of samples H and I, the mesh appears planar in form (marked as yellow lines), dipping upwards in the direction 
of ice flow. Such planar clusters are also visible in bins F, G and A, although they are poorly developed and appear 
fragmented. 
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Fragmented micro-shears (Tchalenko, 1970) can be interpreted as the basis for many 

small isolated fabricSCT clusters across all orientation bins, but in B, C and D, particles 

appear homogenously distributed throughout the sample, resembling more of a bulk 

fabricSCT than in any other case. The fact that some azimuth bins generate minimal 

clustering (b,c,d), and others domains (g,h) or linear domains (a,h) is likely to indicate 

these fabricSCT distributions were formed by distinct forces under different conditions; 

i.e. the conditions required to generate linear domains are different from those that will 

generate a homogenous distribution. Therefore, it is suggested that sample 127 is a 

palimpsest of fabricSCT signatures, superimposed upon each other, which supports 

mosaic-like behaviour. 

 

Figure 6. 13-Figure 6. 15 apply the same method to sample 128, revealing a more 

complex sequence of structures which are less easily grouped. Having said this, linear 

clustering is still dominant, although more fragmented than sample 127, and the angle 

of structures varies much more. Vertical to subvertical domains are visible in F, G and H, 

oriented almost parallel to the z-axis. In H, these planes dip away from the direction of 

ice flow, perpendicular to V1. It is again important to note the particles constructing 

these domains are not oriented parallel to their geometry; this becomes key when 

considering vertical or sub-vertical structures, as particles with dips >30º are absent. 

These structures must therefore be composed of near-horizontal “stacks” of grains, 

reminiscent of stacked particles often tied to shearing in thin-section analysis (Carr, 

2004).  

 

There is little correlation with ice-flow direction apart from in B, where an inclined 

planar domain suggests shearing in the lower half of the sample. A similar, more gently 

dipping planar domain is shown in G, but this bin is dominated by a steep angled 

structure stretching the width of the sample from the bottom-north to top-south and a 

dense pod in the bottom-north of the sample. On a fundamental level samples 127 and 

128 both contain fabricSCT domains with unique geometries at azimuth ranges outside 

V1. This spatial partitioning of fabricSCT into discrete domains suggests the signature of 

previous deformational events, where stresses were oblique to V1, is preserved; this 

supports a mosaic model of fabricSCT development, rather than the till-matrix framework 

model. 
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Figure 6. 13: Particles from sample 128 mapped into the 9 20º orientation bins (1/3) – see Figure 6. 15 for full 
caption. 
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Figure 6. 14: Particles from sample 128 mapped into the 9 20º orientation bins (2/3) – see Figure 6. 15 for full 
caption. 
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Figure 6. 15 (caption overleaf): Particles from sample 128 mapped into the 9 20º orientation bins (3/3;)  
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A much greater variety of particle distributions and mesh geometries are shown in sample 128 than 127, although 
there is a common theme of fragmented linear meshes. These can be connected to form linear structures (as in A and 
B) but there is little consistency or clarity based on these structures. However, even though these structures cannot 
be merged into domains in a similar way to 127, some broad descriptions can be made. The bottom third of the 
sample contains predominantly fragmented, small (<20mm) linear clusters, these are most pronounced in bins A, B 
and G, although some smaller fragments are identified in E and H (marked as yellow lines). The upper 2/3 of the 
sample by comparison, contains a relatively even distribution of particles in most bins, although in G and H some 
fragments begin to form. Two bins must be highlighted for their unique mesh geometries; firstly, there is a 
concentration of vertically-oriented fragmented linear clusters permeating F. There is also evidence for vertical and 
sub-vertical structures in G, but they are less well developed. Secondly, there are several parallel sub-vertical 
structures in the bottom half of bin H; they are dipping steeply east, in contrast to the west-dominated dipping of 
other meshes. 

 

Figure 6. 16Figure 6. 18 show the final application of this azimuth bin method to sample 

129. Discrete clusters appear at every azimuth range but they are homogenously 

distributed throughout the sample. A single linear domain stretching from the sample 

top to bottom can be seen in Figure 6. 18g, h and i, although again it is important to 

point out the similar distribution of other associated particles around this structure. This 

suggests a single structure defines the fabricSCT partitioning in the majority of this 

sample, within a 60º azimuth range, oblique to ice-flow direction. 

 

The relative number and density of structures in sample 129 compared to samples 127 

and 128, is likely indicative of the overall homogeneity of the sample; the presence of 

domains with overlapping geometries at every azimuth bin does not indicate the spatial 

partitioning of fabricsSCT into discrete domains, rather an overall homogenisation of 

fabricSCT. Particles of all azimuths are distributed homogeneously throughout the 

sample, and therefore resemble the bulk signature identified in Figure 6. 8 for sample 

129. This indicates a significant difference in the distribution of fabricSCT in sample 129 

when compared to samples 127 and 128, which suggests the hypothesised similar 

deformational history may be inaccurate. However, this could also indicate unique 

responses to the same deformational stresses, perhaps in the form of rheology; if 

sample 129 is behaving as a viscous flow while samples 127 and 128 are producing a 

more granular response, it would suggest the small-scale variability of fabricSCT is due to 

changes in rheology over a spatial scale smaller than previously considered. 
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Figure 6. 16: Particles from sample 129 mapped into the 9 20º orientation bins (1/3)  - see Figure 6. 18 for full 
caption. 
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Figure 6. 17: Particles from sample 129 mapped into the 9 20º orientation bins (2/3) – see Figure 6. 18 for full 
caption. 
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Figure 6. 18: Particles from sample 129 mapped into the 9 20º orientation bins (3/3).  
Other than the linear structure identified in fractions g, h and i presented here, the distribution of fabricsSCT is uniform 
in both density and geometry. This is interpreted as the homogenous distribution of fabricsSCT throughout the sample, 
rather than the presence of multiple significant domains. 
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While this approach yields interesting structural data, it is vital to clarify the 

shortcomings in this first attempt. There is significant scope for improvement in various 

aspects, which will no doubt improve the reliability of interpretations based on this data. 

Firstly, 20º bins are arbitrary and represent a balance between time and complexity of 

analysis. A single bin may include 2 or three separate fabricSCT domains and equally, a 

single fabricSCT domain may be spread across multiple bins. There is no set range 

constituting a fabricSCT domain; Phillips et al. (2011) suggest fabric modes should be 

identified on rose diagrams and this information carried through when micro-

structurally mapping domains. However, the clear diagnostic modes found during 

microstructural mapping are absent in X-ray µCT fabricSCT, and the simple identification 

of significant modes is less practical. This method also focusses on linear structures and 

domains of similarly oriented particles. The deformation history of sediment from 

Falljökull suits this approach as shears are expected to be prevalent in all samples, but 

non-linear structures such as folds and circular or arcuate grain alignments, indicative 

of disparate rheological behaviour to shearing (Carr, 2004), remain undetected.  

 

However, the results presented here for samples 127 and 128 indicate fabricsSCT are 

largely partitioned into discrete domains, often forming linear structures, interpreted as 

shears. In many cases these shears are discontinuous, appearing as fragmented 

collections of similarly oriented particles. This contrasts with the more homogenous 

distribution of fabricSCT in sample 129, where overlapping dense domains are visible in 

every azimuth bin; this would suggest a bulk response to deformation, where the most 

significant fabricSCT information is gathered from bulk stereonets. These different 

fabricSCT domains maps, combined with similar bulk stereonets for samples 127-129, 

indicate that a force which has generated an ice-flow direction transverse bulk fabricSCT 

in all samples, could have been transmitted and partitioned differently over a small 

spatial scale. This stress has been accommodated through granular shearing in samples 

127 and 128, while in sample 129 a bulk response, more akin to that expected in a 

viscous fluid, is dominant. 

 

Key points: 

• When particle orientations in samples 127 and 128 are spatially mapped, they 

group together in domains, supporting the findings of Phillips et al. (2011).  
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• Many of these domains are linear in nature, suggesting the dominance of 

shearing in samples 127 and 128. 

• Particles do not group into fabricSCT domains in sample 129, instead a “bulk” 

signature represents spatial homogeneity in fabricSCT distribution. 

• This could suggest a different rheological response from samples 127/128 vs 129 

to the same force, even though samples are compositionally similar, taken from 

the same unit. 

 

The results presented above suggest that the spatial location of a particle can be 

significant controller on its orientation. Therefore, it can be proposed that samples are 

spatially partitioned by particle fabricSCT. The final step in the three-dimensional spatial 

mapping approach is to combine the results of chapter 5 regarding particle properties 

with a spatial mapping approach, showing the relative influence of various controlling 

factors on particle orientation, and significance for models of subglacial traction till 

behaviour.  

 

6.2.4 Integrating particle properties into three-dimensional spatial mapping 

Integrating particle properties into three-dimensional spatial mapping could help to 

provide further clarification around what bimodal distributions in rod-shaped particles, 

or parallel orientations in blades, actually represent. For example, a linear concentration 

of V1-parallel blades would constitute strong evidence for a shear plane (Boulton, 1970). 

Equally, a bimodal rod distribution spread evenly throughout the entire sample would 

resemble a bulk signature, suggesting a switch in particle mechanics due to increasing 

strain (Carr & Rose, 2003), rather than two discrete perpendicular domains. It is also 

important to note that blade- and rod-shaped particles are the morphologies most likely 

to be sampled during macro-fabric analysis.  

 

The first step when integrating particle properties into three-dimensional is to 

understand the spatial distribution of groups of particles with similar properties. three-

dimensional spatial mapping may indicate greater densities of a chosen form fraction at 

a given point, rather than the results of a systematic process. Figure 6. 19 is a typical 

example of particle morphology distribution in a sample from Falljökull; variety is 

observed in the relative number of particle forms (eg. there are more spheres than 
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blades) but there are also two linear concentrations of discs and rods, highlighted in 

yellow. This must be considered when attributing domains mapped in three-dimensions 

to significant activity, rather than the presence of more particles of a certain form 

fraction at this point. Samples 128, 129, 225 and 227 were also mapped in this way, but 

no structures of comparable size were found.  

 

 
Figure 6. 19: The distribution of each of the 4 Zingg particle morphology classes throughout sample 127 presented 
alongside a three-dimensional volumetric model.  
Two linear concentrations of discs and rods are shown, annotated in yellow, and these must be considered when 
performing three-dimensional spatial mapping.  

 

The three main particle properties under investigation using this method are as follows: 

a) Blade-shaped particles, and their propensity to i) align more strongly with V1 

(Chapter 5), and ii) align with shear planes (Benn, 1995) 

b) The bimodal distributions found in rod-shaped particles, again associated with 

V1 (Glen et al., 1957; Chapter 5). 

c) The role of large particles on the fabricSCT of surrounding grains. 
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6.2.4a Mapping blade-shaped particle fabricsSCT 

For the three in-situ samples taken from Falljökull, the spatial distribution and style of 

clustering of blade-shaped particles identified in Figure 6. 20 is largely similar to those 

noted in Figure 6. 6Figure 6. 8. Sample 127 contains the most obvious connected 

clusters, represented as two planes extending the sample from east to west; this is 

largely in agreement with the groupings of V1 particles noted in Section 6.2.3a. There 

are blade-shaped particles oriented sub-parallel to V1 in the sample core, but they are 

sparsely distributed.  

 

 
Figure 6. 20: Spatial mapping showing the location of blade-shaped particles, within ±10º of V1 with a 5mm 
proximity mesh.  
Sample 127 shows two well-developed linear domains crossing the entire sample. The first is steep, running 
diagonally from the bottom east to the top west, and the second is shorter and shallower, connecting the eastern 
edge to the western edge in the top 40mm of the sample. Several other small (<5 particle) clusters can be seen 
distributed throughout the sample. In sample 128, the majority of V1 blades are located in the bottom 1/4 of the 
sample. There is a small linear cluster running north-west up into the rest of the sample and several small isolated 
clusters sparsely distributed throughout the rest of the sample. In sample 129, V1 blades are distributed evenly 
throughout the sample; small (<5 particle) clusters make up the majority of fabricSCT structures, with little in the way 
of linear, connected clusters. 

 

The distribution of blade-shaped particles aligned to V1 in sample 128, also reflects 

patterns noted in Figure 6. 7, but with a tighter distribution. The presence of two 

discrete horizontal planar clusters, connected by a very dense sub-vertical cluster in the 
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bottom 1/3 of the sample indicates localisation of V1 at the deepest position in the 

sample.  When this pattern is mapped using all particles (Figure 6. 7) it appears as large 

featureless structure, but when represented with blades, two clear planes emerge, 

implying complex localised shearing. There is also a fragmented linear distribution of 

isolated clusters reaching towards the sample top, running parallel to the z-axis, where 

blade-shaped particles are stacked.  

 

Finally, sample 129 shows the same pattern as that identified in Figure 6. 8; isolated, 

disconnected clusters of blade-shaped particles are distributed evenly throughout the 

sample, alongside an even distribution of individual particles. This signature, where 

blades aligned with V1 are evenly distributed, suggests a bulk signature rather than one 

dominated by separate domains and structures. 

 

The presence of V1-parallel fabricSCT domains found in blades from samples 127 and 128, 

further support a micro-mosaic hypothesis of sample composition. Domains composed 

of blades largely mirror those composed of all particles but they provide additional 

information regarding the partitioning of fabricSCT, especially planes, as shown in sample 

128. The presence of a distributed, “bulk” fabricSCT found in sample 129 does not 

undermine the micro-mosaic hypothesis, rather it emphasises the variety of scales 

which must be considered. For example, sample 129 may be a self-contained fabricSCT 

domain, part of a larger-scale mosaic; this is discussed further in Section 6.4. 

 

In conclusion, the mapping of blade-shaped particle fabricsSCT largely mirrors those 

composed of all grains, but they provide additional information regarding the process 

of deformation, namely shearing. Samples which show poorly developed V1-parallel 

linear structures when all particle shapes are mapped, will often display much clearer 

planar domains as blades are isolated; these domains are likely to be indicative of 

shearing, as blades are known to preferentially glide into parallelism with shear planes 

(Benn, 1995).  

 

6.2.4b Mapping rod-shaped particle fabricsSCT 

Rod-shaped particles are the most likely to display significant bimodal fabricSCT 

geometries in in-situ samples (see Section 5.4, Glen et al., 1957), where the primary 
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mode is parallel to V1 and a secondary mode is transverse. However, when considered 

as a bulk fabric, it is unclear what these bimodal distributions represent. By mapping 

their spatial location, their significance should become clearer. An even distribution 

would suggest this bimodality represents a switch in particle rotation mechanism during 

a single or repeated deformation event/s (Taylor, 1923; Carr & Rose, 2003), whereas 

discrete clusters corresponding to fabricSCT modes, would imply fabricSCT domains are 

responding to different local deformational events. 

 

According to data presented in Section 5.4.2, samples 127 and 225 exhibit statistically 

significant bimodal rod distributions, and the spatial arrangement of these fabricSCT 

modes is presented in Figure 6. 21. Red spheres indicate rods ±15º of V1, and blue 

represents particles oriented transverse to V1, within the same (±15º) range. 

 

 
Figure 6. 21: The spatial bimodal distribution of rod-shaped particles within samples 127 and 225.  
A) 127 (n=2061): particle centroids are drawn V1 ±15º and connected by a 10mm proximity mesh. North is marked 
in white. There are two main isolated clusters of rod-shaped particles parallel to V1, located in the top and bottom 

z-axis/m
m

 

z-axis/m
m

 

x-axis/mm 

x-axis/mm 
y-axis/mm 

y-axis/mm 



Chapter 6: What Does Fabric Mean? 2: New Approaches  

 309 

(continued overleaf…) quarters of the sample. There is also a preference for individual rod-shaped particles aligned 
with V1 to be in the top 1/3 of the sample. Rods oriented transverse to V1 are much rarer, but do have a propensity 
to occupy the eastern half of the sample, at a variety of depths; B) 225 (n=1369): Particle centroids are drawn V1 ±15º 
and connected by a 10mm proximity mesh. North is marked in white. Clustering of parallel rod-shaped particles is 
confined to a zone in the bottom southeast of the sample, and several smaller lens-shaped structures throughout the 
rest of the sample. Isolated parallel rod-shaped particles are distributed throughout the sample, whereas transverse 
rod-shaped particles are concentrated in the bottom 1/2 of the sample. There is also some correlation between 
transverse and parallel particles found in the bottom-south-east cluster. 

 

While there is a homogenous distribution of V1-parallel rods throughout sample 127 

(Figure 6. 21a), there are significant heterogeneous domains which contain both V1-

parallel and V1-perpendicular rod-shaped particles. This would suggest that rod-shaped 

particles are switching orientation mechanism within fabricSCT domains. They do not 

represent a bulk signature, nor are they split into separate domains defined by modes 

identified on rose diagrams. The switching of rotation mechanism, hypothesised by Carr 

& Rose (2003), could indicate the continued application of fabricSCT (or a resulting 

deformation axis) in a single direction. This would suggest that fabric domains which 

contain rods oriented parallel to V1, but do not contain a transverse rod population, 

were deformed less than those with both parallel and transverse rod populations. At a 

basic level this suggests that again fabricsSCT are split into domains, but a more detailed 

interpretation could suggest that two fabricSCT domains containing V1-parallel particles, 

could have originated in two discrete events. One high-stress event, which orients some 

rods transverse, and a lower-stress event which can only orient rods parallel to it. 

 

Similarities can also be noted with the location of blade-shaped particles in sample 127. 

There is no linear structuring of rods following the steep plane shown in Figure 6. 20, 

which expected, but the bottom and top parts of the sample, dominated by clusters of 

V1-parallel blades, also contain the best-developed bimodal rod distributions. This 

suggests that these two areas in the sample (marked in yellow on Figure 6. 21a) have 

been exposed to a greater force than those in the centre, as this force has aligned large 

clusters of blades, and caused some rods to switch rotation mechanism to 

accommodate the increased stress.  

 

Figure 6. 21b shows a stronger secondary mode for rod-shaped particles in sample 225 

(taken from FJ02: glacitectonite); however, it is important to highlight compositional 

variations between samples 225 and 227, and the rest taken from Falljökull to avoid the 

misattribution of significant differences to changes in process. However, the highly 
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consioldated nature of FJ02 should present a significantly different spatial organisation 

of fabricSCT to samples from FJ01. There are clusters of parallel rods in the lower east 

side of the sample, with another at the top of the sample, again on the east side. There 

are also several isolated clusters of parallel rod-shaped particles distributed evenly 

throughout the sample. There is a slight preference for rod-shaped particles oriented 

transverse to V1 to be found in the bottom 1/2 of the sample, particularly around the 

lower-east cluster. The remaining transverse rods are distributed evenly. 

 

The close proximity of transverse to parallel oriented particles shown in sample 127 

(Figure 6. 21a) is absent in sample 225 (Figure 6. 21b). The spatial separation between 

rods oriented parallel to V1 and those oriented transverse, suggests that they were 

oriented by two different forces, rather than a single force prompting a two-phase 

response. This could be related to the nature of sample 225, a glacio-tectonised 

pyroclastic deposit, and may indicate the preservation of particle orientations from 

previous deformational or depositional events. It appears that compositional 

differences, namely consolidation, and sediment strength, are a significant influence on 

the behaviour of rod-shaped particles in this case.  

 

In conclusion, the mapping of rod-shaped particles can significantly enhance the 

interpretations of X-ray µCT fabricSCT data. For example, the existence of fabricSCT 

domains containing rods oriented both transverse and parallel to V1 suggests that a 

switch in rotation mechanism (hypothesised by Carr & Rose, 2003) under a constant 

stress axis accounts for transverse rod populations, rather than a different force.  

 

6.2.4c Mapping large particles 

Increased numbers of particle contacts and grain interactions are known to have a 

significant effect on the mechanics and behaviour of surrounding particles (Zhang et al., 

2014), and the sediment body as a whole (Damsgaard et al., 2013, section 2.4). Clast-

supported sediments are more likely to accommodate strain through grain contacts and 

force chains, as dictated by granular flow laws (Oda et al., 1982; Yang, 2015). Conversely, 

the presence of relatively large particles in matrix-supported domains is thought to 

create perturbations during deformation, exhibiting a local impact on the fabricSCT of 

surrounding smaller particles (Menzies, 2012) immersed in fluid flow. Overlaying the 



Chapter 6: What Does Fabric Mean? 2: New Approaches  

 311 

position of large particles onto three-dimensional spatial maps should therefore reveal 

their role in the partitioning of fabricsSCT into discrete domains observed so far in section 

6.2, and ascertain if they are connected. For example, fabricSCT domains spatially 

correlated to large particles would suggest the former conditioned by the latter. This 

could support a bulk-deformation hypothesis, even though fabricsSCT are isolated in 

domains, as particles are simply responding to the local modification of a pervasive force 

by their larger neighbours. Fig. 6.13 provides insight into the spatial correlation of large 

particles and V1-parallel fabricSCT domains.  
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Figure 6. 22 (previous page): Mapping the influence of large particles on fabricSCT distribution for sample 127;  
a) On the three-dimensional spatial map, yellow diamonds indicate particles >-1phi, with the largest central particle 
-6phi (64mm) in size (an approximate outline of this particle can be seen in the mesh outlined in yellow, and clusters 
defined by this mesh are traced in green. Particle centroids highlighted in red are V1 ±15º with a 5mm proximity mesh. 
The two isolated rose diagrams on the left represent the fabricSCT of large particles in the bottom 1/3 and top 2/3 of 
the sample; red axes indicate V1; b) the large particle denoted by the largest yellow diamond in a) is mapped on a 
three-dimensional volumetric model. The heterogenous distribution of large particles can also be seen; c) the total 
stereonet shows an overall fabricSCT for the sample, where strong clustering in the southeast quadrant is noted. The 
corresponding rose diagram highlights particles ±15º dip and direction of V1. 

 

In the lower third of sample 127, significant domains of V1-parallel particles occur in 

areas with the densest concentrations of large particles (Figure 6. 22a). This pattern 

continues up through the sample; as the presence of large particles diminishes, so does 

the presence of V1-parallel particle clusters. At the sample core, the presence of a 

uniquely large particle (-6phi, shown in Figure 6. 22b) defines much of the surrounding 

fabricSCT distribution; V1-parallel particles are much more dispersed, although there are 

two clusters (marked with green lines) that follow the edge of this particle. At the top of 

the sample, significant domains of V1-parallel particles reemerge as the dominant spatial 

distribution, but there is a much weaker correlation with large (>-2phi) particles. 

 

Presenting the fabricSCT of these large particles further clarifies their role in conditioning 

the spatial distribution of V1-parallel grains, although the very low particle populations 

must be taken into consideration. 6 of the 14 particles in close proximity to the lower 

cluster highlighted in green are aligned either parallel or transverse to V1 with the 

remainder occupying oblique axes; moving up through the sample, this weak 

relationship diminishes further as only 6 out of 20 particles are aligned transverse or 

parallel to V1 (Figure 6. 22a) 

 

The presence of large particles has an inconsistent impact upon the distribution of V1-

parallel particles. In the lower section, clustering of V1-parallel particles around larger 

particles would suggest that smaller particles were oriented by a stress that could not 

shift all of the larger particles, hence their weakly anisotropic fabricSCT. This is similar to 

the role of larger “core” particles generating circular grain alignments described in thin-

section (van der Meer, 1993; Carr, 2004) where perturbations from the behaviour of a 

large particle generate relative orientations in the surrounding grains. Such grain 

alignments would remain undetected in bulk and spatially-mapped fabricsSCT, suggesting 

the role of large particles may have been underestimated in studies involving such 
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measurements, especially where grains above 6mm in diameter are removed (e.g. 

Hooyer & Iverson, 2000).  

 

This could also suggest that V1-parallel particles are locally influenced by large proximal 

grains. The largest central particle shows subtle indications of V1-parallel grains defined 

by its edge; it follows that this large particle would remain largely immobile (similar to 

the 14 large particles below it) while the surrounding matrix and smaller particles 

deformed around it. This could explain the presence of V1-parallel clusters at the particle 

edge; squeezing sediment past an obstruction is more likely to generate fabricSCT 

clusters than unconstrained deformation.  

 

The very top of the sample suggests a negative correlation between V1-clustered 

particles and larger ones. However, the “capping” of the sample by large grains could 

explain the large cluster of V1-parallel particles clustered underneath; again, the 

presence of an object with relatively large mass has likely complicated the transmission 

of stress, constraining underlying sediment between a very large, and collection of large, 

particles. This would promote the clustering of fabricsSCT, likely around V1, as this 

sediment is essentially squeezed between two rigid bodies, similar to necking structures 

identified by Menzies (2000). 

 

In conclusion, the lack of a unifying particle fabricSCT response to large particle proximity 

in sample 127 suggests the existence of spatially discrete fabricSCT domains is not a direct 

result of perturbations in bulk flow, and that frequent grain interactions do not produce 

unique fabricSCT domains. It is likely that these factors have a role to play in sediment 

deformation, but inconsistencies in theory highlighted in Section 2.4 are preventing a 

clear unifying theory from developing. In addition, the designation of “large” particles 

here is relative, often the case for skeleton and plasma (Carr, 2004) in micromorphology 

and matrix and clasts (Benn & Evans, 2010) in sedimentology. The physical laws 

underpinning stress transmission, grain interactions and rheology described in section 

2.3 do not distinguish between two materials with two different properties and applying 

these laws to a dataset separated as such cannot provide accurate results. 
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6.2.5 Summary 

The three-dimensional spatial mapping techniques employed in this section reveal, for 

the first time, the true three-dimensional relationship between particles, and groups of 

particles, with similar orientations and properties. It can be said with confidence that 

the spatial positioning of particles within a sample can be a primary controller of their 

orientation, due to the frequency and density of unique fabricSCT domains shown in 

samples 127 and 128. Assuming particles orient themselves in response to applied 

forces, we can hypothesise a spatial partitioning of stress within these samples, and by 

extension, subglacial traction tills at Falljökull. However, the homogenous distribution 

of fabricSCT domains in sample 129 suggests that similar forces can also generate a bulk 

response, potentially associated with spatial variation in till rheology.  

 

Spatial maps conditioned by particle form also provide unique information around the 

mechanisms and positioning of deformation in each sample; significant linear domains 

dominated by blades are interpreted as indicative of shearing. Equally, the proximity of 

transverse and parallel-oriented rod-shaped particles suggests that bimodal 

distributions of rod-shaped particles reflect a switch in rotation mechanism, rather than 

the existence of domains exposed to perpendicular forces. Carr & Rose (2003) 

hypothesise that a constant stress axis will trigger this switch, but there is also evidence 

presented here that spatial location can play a role.  

 

Key points: 

• Evidence presented indicates that particles of similar a-axis orientation and dip are 

likely to occupy discrete fabricSCT domains. There is evidence for a distributed, or 

“bulk” fabricSCT in sample 129, but this is not detected elsewhere. 

• The close proximity of transverse and parallel oriented rod-shaped particles, 

supports hypotheses of Carr & Rose (2003), that a switch in orientation mechanism 

is responsible for these common modes rather than a change in stress. 

• When mapped spatially, blade-shaped particles strongly align with shear planes as 

expected, spatially constraining deformation mechanics. 

 

While the root causes of these domains are still under investigation, we know for certain 

that fabrics in subglacial traction tills are not random (Hooyer & Iverson, 2000; Hiemstra 
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& Rijsdjik, 2003; Carr & Rose, 2003; Evans et al., 2006; Marques et al., 2014; Jacobson et 

al., 2015; Yang, 2015). Therefore, if we assume that fabrics form in response to unique 

force vectors and magnitudes, then Section 6.2 implies that each sample contains the 

signature of multiple discrete forces. This supports a mosaic model of till deformation, 

where fabricSCT signatures of past deformational events are preserved, rather than 

obliterated during the formation of a till-matrix framework.  

 

6.3 Proximity Normals 

The orientation of a-axes has been the principal method for representing particle fabric 

up until this point. However, there are numerous other directional parameters (see 

section 2.2) which provide an alternative perspective on fabric, especially useful in 

subglacial traction tills. For example, contact normals (Fonseca et al., 2013; Marsland, 

2013) measure the orientation of particle contacts, represented by best-fit-planes (Fig. 

2.6). The orientation of these contacts has not been evaluated in glacial sedimentology 

before now, and there is a possibility that could continue to evolve after particle a-axes 

have stabilised.  

 

However, a primary requirement of segmentation procedures outlined in section 4.5, is 

that particles “in contact” with one another are separated by at least one voxel of empty 

space. This is to avoid classifying two touching particles as one, resulting in an 

erroneous, “averaged” a-axis fabric for both. This provides accurate representation of 

particles for a-axis fabric, but a different approach is required when particle contacts are 

the primary metric. In order to tackle this problem, while ensuring the preservation of 

accurate segmentation, proximity normals (proximity normals) have been developed as 

an alternative to contact normals1. A proximity normal is defined as an axis 

perpendicular to the best-fit plane approximating the gap between two particles (Fig. 

2.6). Essentially, when two particles are separated by <P voxels (P being a user-defined 

number), they are assumed to be “in contact” for the purposes of obtaining a proximity 

measurement. The “gaps” in between these particles are typically composed of matrix 

grains, so it follows that proximity and contact normals are, mechanically speaking, 

                                                        
1 Howard Taylor is acknowledged for his contribution to the development of Matlab code for measuring proximity 
normals. 
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largely indistinguishable. Each sample is considered independently, but the value of P is 

always 3 voxels (~380µm) or lower, and the best-fit plane must be above 5 voxels 

(~630µm). This avoids the identification of gaps greater in volume than the particles they 

separate. As gaps between particles widen, the influence they have over each other, and 

their use as proximity normals, diminishes. 

 

 Three stages of proximity normal analysis are presented here, in order of increasing 

complexity: 

 

1. The number of particle proximities, when considered alongside the number of 

grains in a sample, can provide a good estimate of sediment packing or support. 

Samples with high numbers of particle contacts are likely skeleton-supported (after 

Carr, 2004), whereas those with low numbers are more likely plasma-supported. 

This can be used to infer how stress is transmitted through the sediment. 

2. The bulk orientation of particle proximity normals can be analysed alongside the 

number of contacts, to infer the path of least resistance when establishing a force 

chain in order to accommodate stress. For example, if the majority of CN’s are 

oriented horizontally, this suggests laminar flow or shearing, as particles are much 

more likely to touch their neighbours in the horizontal plane rather than those above 

and below. A predominately vertical distribution by contrast, could be used to infer 

laterally unconfined normal stress, resulting in vertical compression and horizontal 

extension. 

3. The spatial distribution of particle proximity normals is the final measurement used 

here; by presenting the orientation and relative position of each proximity normal, 

it should be possible to identify clusters which can then be used to infer the presence 

of force chains accommodating stress through the sample. 

 

Proximity normals are particularly relevant in subglacial traction tills where high-

magnitude strains, indistinguishable using a-axis fabric, are common (Luthra et al., 

2016). However, distinguishing strain history using proximity normals requires a bulk 

response from the sediment, which is rare in samples examined using X-ray µCT. 

Therefore, the relevance of proximity normals in a spatially-heterogenous strain 

environment must be clarified. Correlating the spatial distribution of proximity normals 
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with fabric domains identified in Section 6.2 could help identify reasons for fabric 

partitioning. For example, a dense, linear cluster of proximity normals traversing the 

sample could represent localisation of compressive strain along a force chain (Fonseca 

et al., 2013). This would accommodate the majority of applied stress, leaving other 

domains less unaffected, preserving their original fabric. The orientation and density of 

these proximity normals could also reveal axes of extension and compression, further 

constraining sediment behaviour. 

 

 
Figure 6. 23: Proximity normal identification and conversion; 
a) A visual representation of code (presented in Appendix 6.1) for obtaining proximity normals from binary images in 
Matlab: step i) builds a large matrix from all imported images and assigns particles an ID; step ii) measures all distances 
between particles on a VDM, and assigns a number based on proximity to nearest particle (1 = 1 voxel away); step iii) 
draws best-fit planes along contacts more than 5 voxels in length, and records the centroid position and vector of 
each proximity normal; b) Converting proximity normal vectors from (x, y: oriented to sample), to (n, e; oriented to 
north). For a single vector, x, the vector length (Lv) is multiplied by the Cos/Sin (E/N) of the difference between the 
new x1 position (N+) and the original vector x (Anv). 
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Figure 6. 23a illustrates key parts of the methodology developed to identify the location 

and orientation of proximity normals in natural sediments, with full code presented in 

Appendix 6.1. Binary images are imported, and vectors are exported, relative to the 

sample top, not to north. Post-processing must therefore translate vectors (directional) 

into axes (non-directional), and correlate with the north marker on sample X-rays 

(Figure 6. 23b). The upright nature of all samples scanned in kubiena tins simplifies this 

process down to 2D, but great care must be taken when processing and presenting this 

data. In addition, interpretations of proximity normal normals based on stereonets are 

difficult to interpret (Fonseca et al., 2013) and so 3 rose diagrams of vector projections 

are presented for each sample; one viewed from above, one from north, and one from 

east. It must be highlighted that this method is completely new; contact normals have 

been measured and described in engineering contexts using artificial sediments before 

(eg. O’Sullivan, 2011), but not in natural sediments. The proximity normal parameter, 

developed from contact normals for application in natural sediments and presented 

here, is designed to tackle this lack of overlap, providing a novel metric for measuring 

particle fabric.  

 

6.3.1 Proximity normals: bulk characteristics (fabricsBPN) 

Proximity normals are presented for samples 127, 128 and 129. Samples 128 and 129 

contain the same number of proximity normals (n = 5536) while 127 contains almost 

double (n = 9318). This sharp difference suggests that Sample 127 is compacted, which 

in turn implies granular behaviour with frequent particle interactions. This is in contrast 

to samples 128 and 129, where a much lower number of contacts reflect a more dilant 

sediment, where smaller, more isolated particles are less influenced by their neighbours 

during deformation. This would support a more viscous model of sediment deformation, 

where particles are responding passively to changes in strain, rather than actively 

contributing towards these changes by introducing perturbations in flow and increasing 

the frequency of collisions (Damsgaard et al., 2015; Yang, 2015). 

 

While the number of proximity normals offers a quantitative measure of sediment 

support, the orientation of these proximity normals provides a much more useful 

dataset. However, as stated in Section 6.1, the application and consequent 

interpretations of theoretical or experimental methods to natural sediments requires 
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careful data processing and sub-sampling to ensure representative results. Figure 6. 24 

shows how indicative distributions of proximity normals look in reality, and aids 

interpretation. Weakly anisotropic proximity normal fabricsBPN are likely to indicate a 

well-packed sediment, with a high frequency of grain contacts. Vertically- or 

horizontally-biased fabricsBPN indicate a preference for contacts in a series of parallel 

planes which can help to reconstruct strain axes during deformation. 

 

 
Figure 6. 24: a) 3 typical proximity normal distributions, illustrated with 2D cartoons;  
i) exhibits the most isotropic distribution, where there is no clear principal mode or systematic distribution. This could 
indicate a well-packed sediment with less matrix/pores than other examples. The likelihood of two particles touching 
is equal in every direction. Samples ii) and iii) are good examples of horizontal and vertical particle stacking 
respectively; b) a two-dimensional representation of the bulk proximity normal pattern identified in sample 129. This 
is a difficult pattern to represent in two-dimensions, or indeed conceptualise in three-dimensions. Essentially, particle 
proximities will resemble an hourglass in their orientation; however, this does not define their distribution within the 
sample. Sections i and ii show two theoretical distributions of this proximity normal pattern; one where normals are 
aligned in groups, appearing as an hourglass, and the other where they overlap and cross-cut. This highlights the 
importance of mapping proximity normal distributions, described in Section 6.3.3. 
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Figure 6. 25: Bulk proximity normals for all in-situ samples of deformed subglacial till.  
Three half-rose diagrams per sample are presented, with a colour-coded orientation marker. Samples 127 and 128 
exhibit a similar weakly anisotropic distribution when viewed from above, but are dominated by vertical contacts 
when viewed from the side. Sample 129 shows a similar top-down weakly anisotropic proximity normal fabricsBPN, 
but has a unique bimodal distribution when viewed from the sides (see Figure 6. 24). 

 

Figure 6. 25 shows the bulk distribution of proximity normals for samples 127, 128 and 

129. When viewed from above, all samples display a weakly anisotropic fabricsBPN; there 

are multiple modes in each case, but none of these are interpreted as significant using 

criteria proposed in Chapter 5 or by Hicock (1996). However, when samples are viewed 

from the side, this almost isotropic distribution is replaced by clear clusters of similarly 

oriented normals. Samples 127 and 128 contain proximity normal populations highly 

biased along the vertical, parallel to the z-axis, although sample 128 contains a slightly 

less constrained vertical distribution than sample 127, with larger rays oriented oblique 

to vertical (Figure 6. 25). This is in stark contrast to the clear bimodal signature shown 

in sample 129, where two modes, oriented 45º away from the sample top and separated 

by 90º dominate the distribution. 

 

The weakly anisotropic nature of all proximity normals when viewed from above 

indicates no preferred horizontal vector for the transmission of stress through particle 

contacts (Fonseca et al., 2013). Furthermore, a strong tendency for vertically-oriented 



Chapter 6: What Does Fabric Mean? 2: New Approaches  

 321 

proximity normals in samples 127 and 128 suggests the dominance of normal forces 

within the till, likely transmitting stress from an overlying ice mass. However, Fonseca 

et al. (2013) found an increase in the verticality of proximity normal distributions after 

shear initiation in both physical and computational models (Barreto, 2009), which 

supports previous interpretations of samples 127 and 128. Fonseca et al. (2013) also 

links a weaker vertical concentration of proximity normals, to the buckling of force 

chains under stress; this could explain the subtle differences observed for samples 127 

and 128, where force chains in sample 128 have been buckled and deconstructed more 

than 127, possibly indicating increased stress. Nevertheless, the bulk orientation of 

proximity normals found in samples 127 and 128 indicates shearing as the most likely 

deformation mechanism, with 128 possibly exposed to increased stress. 

 

The vertical distribution of proximity normals shown for sample 129 is unique when 

compared to samples 127 and 128. At the most basic level, this follows differences 

described earlier in this Chapter, but this can be expanded to reveal additional details 

about sample 129. Figure 6. 24b shows the hypothetical distribution of a bimodal 

population in two-dimensions; this is best thought of as an “hour-glass” shape in three-

dimensions. The meaning of such a distribution is complex, but the precise orientation 

and separation of the two modes indicates a systematic process is likely responsible, 

rather than random local variation. For example, the pattern of proximity normals 

identified in bulk could indicate a Riedel shear set (Fossen, 2010; Phillips et al., 2011b), 

subsidiary shear fractures forming a lattice oblique to the overall direction of shear. 

However, without the spatial distribution of these proximity normals, interpretations 

based on this complex bulk signature must be given with great care. 

 

The key observation to make, is the difference in bulk proximity normals between 

samples 127 & 128, and sample 129; this supports the difference in spatial fabricsSCT 

domains identified in Section 6.2. It would appear that bulk proximity normal 

orientations are constant across all three in-situ samples investigated here, and that 

vertical grain contacts, and particle interactions, dominate over horizontal ones, 

suggesting the dominance of normal force chains (Fonseca et al., 2013). By spatially 

mapping the distribution of particle proximities, clearer distinctions between these 

three samples, and correlations with a-axis fabricsSCT domains may be evaluated.  
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6.3.2 Proximity normals: spatial distribution (fabricSPN) 

The spatial distribution of proximity normals indicates grain interactions and areas 

where collisions and disturbances are likely to be dominant controllers on particle 

behaviour (Zhang et al., 2014; Yang, 2015); for example, Fonseca et al. (2013) found that 

shears, formed through the buckling of force chains, would spatially partition grains into 

bands defined by their contact normals. The distribution of proximity normals must be 

distinguished from both three-dimensional spatial mapping and three-dimensional 

volumetric representation; the spatial mapping of proximity normals equates to a 

visualisation of where particles are touching, without considering shape, size etc. This 

can help to visualise force chains, likely pathways of stress transmission, or strain 

accommodation, through each sample (Zhang et al., 2014; Fu & Dafalias, 2015). By 

combining proximity normal distributions with bulk proximity normals and three-

dimensional volumetric representation, it should be possible to identify force chains or 

partitioned strain vectors within each sample.  

 

Figure 6. 26-Figure 6. 28 show the distribution of proximity normals in samples 127, 128 

and 129. The first observation to make is the inconsistency, both intra- and inter-sample, 

in the distribution of proximity normals. For example, the similarity between bulk 

proximity normals in samples 127 and 128 (Figure 6. 25) is absent in their spatial 

distribution, while sample 129 is again an outlier. This is equivalent to the bulk vs spatial 

orientation of a-axis fabrics, and suggests that the spatial organisation of proximity 

normals is better able to distinguish patterns of stress transmission than simple bulk 

proximity normal fabricssBPN. In turn, this indicates a spatially heterogeneous 

partitioning of force between each sample, and within 127 and 128; this is in contrast to 

a bulk regime described by Alley (1998), hypothesised to produce different proximity 

normal distributions for samples with identical a-axis fabricsSCT (Fonseca et al., 2013). 

 

Figure 6. 26 highlights some clustering in the location and orientation of proximity 

normals for sample 127, appearing as a plane crossing the lower part of the sample SE-

NW, perpendicular to ice-flow direction but parallel to V1 (marked in black); this area of 

increased grain collisions and interactions is also visible in the three-dimensional 

volumetric reconstruction, showing smaller grains clustered tightly together in a sub-

horizontal plane dipping downwards. This linear clustering of grain contacts therefore 



Chapter 6: What Does Fabric Mean? 2: New Approaches  

 323 

may represent a macroscopic force chain permeating the sample, preferentially 

accommodating the transmission of lateral stress (Rathbun & Marone, 2010). 

 

 
Figure 6. 26: Distribution of proximity normals identified in sample 127 presented alongside a 3D volumetric 
reconstruction.  
North is marked in black and V1 in green. An uneven distribution of proximity normals is noted, and several structures 
defined by linear clusters of proximity normals can be noted. Upward-dipping planar clusters, possibly shear planes, 
can be seen running parallel with V1. 3D volumetric reconstruction indicates a linear area of increased grain density 
approximating a cluster identified using proximity normal data (marked in yellow). 

 

 
Figure 6. 27: Distribution of proximity normals identified in sample 128 presented alongside a 3D volumetric 
reconstruction.  
North is marked in black and V1 in green. An uneven distribution of proximity normals is noted, defined by a planar 
cluster cutting the lower third of the sample. The 3D mode suggests compositional similarity throughout the sample, 
with no density correlation associated with this planar cluster of contacts. 
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When these linear chains of particle contacts are compared with a-axis fabric domains 

presented in Figure 6. 10Figure 6. 12, some correlations can be noted. The large domains 

identifiable in Figure 6. 12G and H match a small cluster of increased particle contacts 

shown in Figure 6. 26b. However, the linear structures, interpreted as shears in Figure 

6. 12G & H, are not highlighted by proximity normals in Figure 6. 26; instead, a 

perpendicular linear cluster can be seen dipping towards the sample bottom (marked in 

blue). This suggests that shear stresses are accommodated through a combination of 

shearing, reflected by a-axis orientations, and force chains, represented by the 

distribution of proximity normals (Zhang et al., 2014). Fonseca et al. (2013) highlights 

that shears are essentially formed through the buckling of force chains, i.e. force chains 

form first, and then shear planes. Therefore, this may indicate a relative stress 

comparison for these two features; force chains form under lower stresses than shear 

planes, and are likely abandoned if such a plane can accommodate all stress. 

 

 
Figure 6. 28: Distribution of proximity normals identified in sample 129 presented alongside a volumetric 
reconstruction.  
North is marked in black, and V1 in green. The distribution of proximity normals shown here appears more 
homogenously distributed then in the previous 2 samples. There are some linear clusters, but these are difficult to 
constrain in 3D and are greatly dependent on the viewing angle. The large clast, marked ‘A,’ is likely to explain the 
large area where there are few proximity normals identified.  

 

Figure 6. 27 further demonstrates the preference for macroscopic force chains to arise 

in distributions of proximity normals. In this case, there are significant variations in 

proximity normal distribution throughout the sample, including a sharp decrease in 

proximity normal density at around z=500vox. This is directly underlain by a sub-
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horizontal planar cluster which dips towards the north-west. This cluster can be 

approximated in the associated three-dimensional volumetric representation (Figure 6. 

27a). Around the bottom 1/3 of the sample, a plane can be defined by small particle 

chains and common a-axis orientations (marked in yellow). Within this loosely-defined 

plane, there are several well-defined linear grain arrangements, similar to horizontal 

“layers” of grains shown in Figure 6. 24aii. Figure 6. 20 also supports this observation, 

with significant linear clustering of blades constrained to the bottom 1/4 of the sample, 

parallel to proximity normals. These features, identifiable using proximity normals and 

three-dimensional spatial mapping, could be of a similar origin to those described to 

sample 127; macroscopic force chains initially form and then coalesce into shear planes. 

In this case, it appears that strain axes have remained constant during this process. 

 

Figure 6. 28 further elucidates structural controls on proximity normal distribution, 

showing sample 129. While small, discrete clusters of proximity normals can be seen 

throughout the sample, the most significant change is associated with a large blank area 

just above the sample equator (marked “A”, Figure 6. 28c). This area contains almost no 

proximity normals, is surrounded on one side by significant clustering, and on the other 

by a less-dense distribution of proximity normals. When correlating this to the three-

dimensional volumetric model shown in Figure 6. 28a, the role of a large particle, again 

marked A, can be examined. The lack of proximity normals and grain interactions on the 

left of this particle indicate an area of unconstrained movement whereas the high 

density of proximity normals on the right would suggest an obstacle causing a 

perturbation in flow: the large particle ‘A’ in this case. This asymmetrical arrangement 

is likely reflecting viscous flow around particle A, as force-proximal particles are shunted 

and stacked around the edge, while force-distal particles are “shielded” by the larger 

particle and less likely to interact, represented by fewer proximity normals. This 

structure, detected using proximity normals and clarified using volumetric 

representation, appears more indicative of viscous, fluid flow behaviour than individual 

particle interactions, akin to pressure shadows described in ductile deforming tills (Carr, 

2004; Phillips et al., 2013). The absence of clear linear arrangements also suggests that 

as porewater pressure dropped and a till-matrix framework formed, there was little 

shear stress controlling the preferential partitioning of strain along particle contacts and 
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shears. This is further supported by the absence of any discrete linear domains located 

using three-dimensional spatial mapping. 

 

The spatial distribution of proximity normals presented here for samples 127, 128 and 

129 support the interpretations of bulk proximity normals in Section 6.3.1, and three-

dimensional spatial maps in Section 6.2. Samples 127 and 128 appear to have been 

deformed largely by shearing, forming linear chains of proximity normals throughout 

the sample. These features could be explained in the context of a till-matrix framework. 

The formation of a coherent till-matrix framework, described by Evans et al. (2006), is 

akin to a granular system reaching its jamming transition (Boyer et al., 2011). In a dilant, 

liquefied state, sediments have a yield strength of zero and will respond in a viscous and 

(relatively) spatially homogenous manner (Fossen, 2010) to applied stresses. As 

porewater pressure drops, sediment response becomes much more spatially complex; 

the jamming transition, or formation of a till-matrix framework, shifts strain 

accommodation from a distributed, viscous flow, to a series of frictional particle 

interactions prompting discrete localised sediment failure (Evans et al., 2006). The 

presence of proximal, geometrically unique, linear clusters, both shears and force 

chains, suggests a “gradient” in response to increasing yield strength as the till-matrix 

framework forms and begins to offer resistance to deformation. Logic would dictate that 

individual microscopic, and then macroscopic force chains would form first, before 

buckling into shear planes as porewater pressure continues to drop (Menzies, 2012; 

Fonseca et al., 2013). This would prompt a rheological switch, as the majority of stress 

is accommodated along planes, rather than through individual particle contacts. The 

geometry of these distinct features could therefore provide a coarse relative chronology 

of local deformation axes during till-matrix framework formation. Equally, the 

prevalence of macroscopic force chains, defined by proximity normal distributions, and 

shears, defined by fabricSCT domains, could provide a semi-quantitative estimate of 

strain localisation within subglacial traction tills. 

 

While proximity normals give a unique insight into particle interactions, and the 

distribution and development of force throughout a sample, shortcomings in this 

prototype methodology must again be highlighted and discussed. A key point to make 

about the acquisition and analysis of proximity normal data, is the “cutoff” between 
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particles and matrix. As a metric rooted in engineering geology, contact normals are 

routinely investigated in sorted, homogenised or modelled sediments where the only 

constituents are particles and pores (see Section 2.4). In natural sediments, particularly 

diamicts, the presence of matrix surrounding most grains must be taken into account. 

For example, large areas devoid of proximity normals when spatially mapped, may 

indicate areas of matrix, rather than increased pore space between particles. This 

becomes particularly important when image resolutions are considered; if samples, or 

suites of samples are to be compared by their number and distribution of proximity 

normals, the resolution of the scan must be identical. Comparing different scans at 

different resolutions will result in varying thresholds separating matrix from particles, 

undermining analysis. This is a key point to make, and is discussed in the greater context 

of scale in section 6.4. 

 

6.3.3 Summary 

The evidence presented here using proximity normals reveals the signature of both 

viscous deformation, albeit spatially constrained and partitioned (Figure 6. 28), and 

granular interactions in a hypothesised till-matrix framework (Figs. 6.17 and 6.19). By 

integrating evidence presented here with theories detailed in chapter 2, a tentative 

hypothesis regarding the spatial organisation and transmission of strain is presented. 

Essentially, as porewater pressure drops in a straining sediment, force chains emerge, 

coalescing into shear planes as the till-matrix framework forms. 

 

When considering these results in the context of section 6.2, a more complex debate 

surrounding the behaviour of subglacial traction tills emerges. The two main theories of 

till deformation, bulk vs spatially partitioned, are not mutually exclusive. Almost all 

evidence presented so far in this thesis indicates that fabric is split into unique domains 

within a sediment, rather than exhibiting a bulk response. However, the presence of 

pressure shadow-like forms, bimodal rod distributions and consistent distributed 

“background” fabrics suggest that some domains are exposed to continued bulk 

deformation. This highlights the issue of scale as a vital framework for discussing these 

results.  

 

Key points: 
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• Samples 127 and 128 have common bulk, and spatial, proximity normal 

distributions suggesting the development of shears to accommodate strain. 

• Sample 129 shows no significant clustering in the spatial distribution of proximity 

normals, and evidence is found of a more viscous bulk response to stress. 

• It appears that particle proximity normals not only indicate the presence of 

shearing through linear domains, but also the spatial partitioning of stress before 

shear plane activation.  

6.4 Discussion 

Data presented in Sections 6.2 and 6.3 suggest that both a-axis and proximity normal 

fabrics are spatially organised within each sample. This supports the findings of Phillips 

et al. (2011) and others, and forces a reconsideration of what fabric means. It has 

implications for the collection of fabric data - can a sample taken from a constrained 

area be representative of anything other than local conditions? There are also 

implications for the analysis of fabric data; applying summary statistics such as 

eigenvalues to small (n=50) samples is likely to produce a result which averages across 

several discrete fabric domains, leading to an over-simplified interpretation of a spatially 

complex system. 

 

Having said this, one could (pessimistically) hypothesise that fabric is therefore useless 

(see Bennett et al., 2001). A particle’s orientation is only representative of the conditions 

immediately surrounding it during the formation of a till-matrix framework. However, 

this is not the case; the additional layers of complexity, spatial heterogeneity and 

organisation of particle micro-fabrics revealed using X-ray µCT (similar to those found 

during microstructural mapping: Phillips et al., 2011) have the potential to address, in a 

much more detailed quantitative manner, the mechanisms and behaviour underpinning 

sediment deformation, and support an improved understanding of subglacial traction 

till rheology and the associated signature imparted by ice dynamics. 

 

However, before these fundamental questions are addressed, it still remains to 

ascertain what fabric actually means. It has been demonstrated in Chapters 5 and 6 that 

fabricSCT is spatially partitioned. However, the relationship between this and applied 

stresses, particularly from overriding ice has not been evaluated; how do discrete 



Chapter 6: What Does Fabric Mean? 2: New Approaches  

 329 

fabricSCT domains form, and what do they represent? Therefore, this section uses all 

evidence presented from Chapter 5 onwards, to logically interrogate the question - what 

does fabric actually mean? 

 

6.4.1 Fabric and ice-flow direction 

The relationship between particle fabric and ice flow direction is strongly relied upon in 

numerous analyses of subglacial traction tills (Miller, 1884; Krumbein, 1939; Holmes, 

1942; Benn, 2005; Narloch et al., 2013; Hiemstra et al., 2015). This relationship is visible 

at Falljökull (Figure 5. 6), where macrofabric data taken from unit FJ02 are strongly 

aligned parallel to ice-flow direction, and exposed striated clasts are also aligned with 

their long axes parallel to ice-flow direction (Figure 5. 7d). However, when the bulk 

fabricBCT signatures of all in-situ samples are compared to ice-flow direction, there are 

significant differences. V1 in samples 127-129 and 225 (4/5 of in-situ samples), is 

oriented transverse to ice-flow direction (Fig. 5. 13). This transverse orientation varies 

in strength (S1 = 0.43-0.54) but rose diagrams and stereonets present evidence for a 

preferential particle orientation, perpendicular to ice-flow direction.  

 

Rod-shaped particles have a preference to adopt transverse a-axis fabricBCT modes, in 

this case these secondary modes are parallel to ice-flow direction. The isolation of blade-

shaped particles a-axes produces fabricsBCT more strongly clustered in the direction of 

V1, though again this is transverse to ice-flow direction. The role of particle size in 

fabricBCT is complex; X-ray µCT fabrics presented in Chapter 5 show an overall decrease 

in a-axis isotropy with an increase in grain size, though this relationship is reversed by 

isolating prolate clasts. By considering the orientation of particle contacts through 

proximity normals, any role of ice-flow direction disappears; weakly anisotropic 

distributions dominate all three samples, and even the weak transverse orientations 

noted in bulk a-axis fabricBCT are absent. In all of these cases involving bulk, or 

subsampled bulk fabricBCT, ice-flow direction seems to exert a minimal influence, and 

there is little variety between samples 127, 128 and 129. 

 

However, by spatially mapping the locations of fabricSCT, differences between these 

three samples is observed and a more complex relationship to ice-flow direction 

suggested. The two main structures highlighted by three-dimensional spatial mapping 
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are interpreted to be force chains (represented as linear domains of particle proximities) 

and shear planes (represented as linear or planar domains of similarly oriented particles, 

enhanced by isolating blade-like grains). Sample 127 contains extensive evidence of 

shearing oriented in a similar direction to ice-flow and dipping up-glacier (Figure 6. 6) 

which is to be expected in subglacial environments (Benn, 2002; Evans & Twigg, 2002; 

Phillips et al., 2002; Evans et al., 2006; Menzies, 2012). When blade-shaped particles are 

isolated, these planes appear much better developed, again oriented in the direction of 

ice-flow. However, shears identified in sample 128 are oriented oblique to ice-flow 

direction, complicating this relationship (Figure 6. 7). It is also important to note the 

structures formed by presenting the spatial distribution of particles in 20º azimuth bins 

around ice-flow direction; Figure 6. 10c & Figure 6. 13c display an absence of fabricSCT 

domains, linear or otherwise, formed by particles oriented parallel to ice-flow. It would 

therefore appear that the most significant shear planes are formed by particles not 

oriented parallel to the principal stress axis. 

 

Samples 127 and 128 also contain evidence of force chains formed of proximal particles 

responsible for transmitting stress in a granular context. However, in both cases these 

linear domains are oriented transverse or oblique to ice-flow direction (Figure 6. 26, 

Figure 6. 27). Sample 129 contains no evidence of shearing or force-chain development 

and therefore it is difficult to compare its three-dimensional architecture to a vector 

such as ice-flow direction. The absence of fabricSCT domains, significant clustering of 

proximity normals, and an easily identifiable fabricBCT mode suggests that sample 129 

has not been exposed to the same forces as 127 and 128.  

 

Therefore, it appears that ice-flow direction generates transverse bulk fabricsBCT, and 

can provoke the development of multi-directional shearing. However, the relationship 

between ice-flow direction and particle fabric is complex; while some indices are 

comparable to ice-flow direction, such simplistic relationships are not tenable, and are 

arguably using X-ray µCT fabric data in an overly basic manner. 

 

Key points: 
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• Particle fabricSCT domains are inconsistently arranged between, and within, in-

situ samples; there is profound disagreement between the geometry, 

orientation and distribution of fabricSCT structures. 

• Therefore, it is suggested that ice-flow does not impart a consistent diagnostic 

signature, detectable using µCT, upon subglacial traction tills at Falljökull. 

 

6.4.2 Fabric and deformation “style”  

Physical laws outlined in section 2.4 dictate that particles do not randomly orient; two 

identical particles, exposed to two identical stresses, will respond identically (Iverson et 

al., 2008; Jacobson & Hooyer, 2015). Existing models of fabric development support this, 

implying bulk sediment strain with a predictable response based on depth beneath the 

glacier sole (Figure 6. 1). However, as demonstrated above, the spatial and temporal 

heterogeneity of natural diamicts complicates the existence of predictable, let alone 

identical subglacial conditions, especially when observed at the micro-scale. Particles 

are subject to a host of different forces during deformation, and this deformation itself 

is subject to changing rheologies and associated porewater pressures. Therefore, if 

particle fabrics extracted using X-ray µCT are not indicators of ice-flow direction, and are 

instead snapshots of local deformation conditions, then it should be possible to detect 

differences in the deformation style of a sediment, through its fabric, responding to 

relatively consistent stresses imposed by ice-flow.  

 

From bulk, three-dimensional a-axis fabric and proximity normal analysis, a clear 

distinction can be made between sample 129, and samples 128 & 127. Sample 129 

appears to have been deformed in bulk, as a viscous fluid rather than a granular flow. It 

contains no significant fabricSCT domains and no diagnostic populations of proximity 

normals. This would support a bulk strain style of deformation hypothesised by Alley et 

al. (1986) & Hindmarsh (1997), where particles have behaved as individual objects, with 

no preserved interactions between them. However, this is in stark contrast with samples 

127 and 128. Both of these samples support a mosaic deformation style, where fabricSCT 

is spatially partitioned into domains, supporting the observations of Phillips et al. 

(2011a). These domains vary in geometry; from isolated competent pods internally 

deforming under bulk conditions, to planar domains where shearing has oriented and 

arranged particles to accommodate stress. This indicates that bulk deformation can 
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occur within a mosaic model at the micro-scale; however, this in turn must be reconciled 

with models showing bulk viscous behaviour at the glacier or ice-sheet scale, and more 

localised plastic deformational styles at smaller scales (Hindmarsh, 1997; Alley 2000; 

Menzies, 2012); it would appear that deformation style is also scale-dependent at the 

micro-scale and as a result, so is fabricSCT. 

 

For the first time, multiple datasets presented here have quantified the close proximity, 

and even co-existence, of bulk and partitioned strain styles within subglacial traction 

tills. However, this is based on three samples, assumed to have deformed in a 

macroscopically similar manner. By introducing data from liquefied sediments discussed 

in Section 5.2, the fabric signature of a significantly deformation style (constrained 

liquefaction) can be integrated. This is relatively simple using X-ray µCT bulk fabricsBCT, 

as inconsistent and weakly anisotropic fabricBCT styles and shape dominate liquefied 

samples. However, there is variation within this, and exploring the extent to which an 

in-situ fabricBCT signature has been overprinted by liquefaction is a key component of 

ascertaining deformation style. 

 

Figure 6. 29 shows the a-axis fabricBCT of sample 130 binned into 9 20º azimuth ranges, 

alongside a total rose diagram. The bulk fabricBCT taken from sample 130 indicates it to 

be the least liquefied of all samples classed as such in Section 5.2, with a relatively 

clustered unimodal fabricBCT running transverse to ice-flow direction. 
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Figure 6. 29: Particles from sample 130 (liquefied) mapped into 9 20º orientation bins. 



Chapter 6: What Does Fabric Mean? 2: New Approaches  

 334 

 V1 is shown in green, and ICE-FLOW DIRECTION in cyan. There are very few significant clusters observed in this 
sample; in most cases, clusters are only formed in areas with high particle populations, as similar areas are highlighted 
for multiple orientation ranges. A-axis orientations are distributed relatively evenly throughout the sample. However, 
domains A, B and C contain two pod-like domains, in the top and bottom thirds of the sample. The grains forming 
these domains have an a-axis orientation within a 60º range, which is much larger than expected for a fabricSCT 
domain. 

 

A set of common pod-like structures is noted across a 60º range (Figure 6. 29a-c), but 

this is likely highlighting a dense cluster of particles at this point. Inspection of binary 

images confirms this as a fine-grained intraclast, possibly retaining characteristics of a 

parent fabric. No other domains or structures, linear or planar, are noted in sample 130, 

and particles of all orientations are distributed evenly throughout the sample. Figure 6. 

30 indicates a similar picture, showing no identifiable structures when V1-parallel 

particles, and V1-parallel blades, are isolated. Sample 130, the sample with the least 

liquefied bulk signature, has an unstructured 3D geometry, with no significant fabricSCT 

domains.  

 

 
Figure 6. 30: Particles from sample 130 (liquefied) organised according to a-axis orientation, specifically focussed 
on V1.  
The largely consistent proximity mesh drawn in the first plot indicates an even distribution of V1-parallel particles 
throughout the sample. No planar, linear or spherical structures are noted. This even distribution is reflected in the 
second plot, where the isolation of blade-shaped particles does not reveal planar structures, instead confirming the 
even distribution of particles oriented parallel to V1 throughout the sample. 
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This suggests that while the bulk fabricBCT of sample 130 has survived overprinting from 

liquefaction, the internal structures, suggested here to be better indicators of 

deformation style than bulk fabricsBCT, have been obliterated. This obliteration is even 

clearer in sample 231, hypothesised to be the most liquefied based on its weakly 

anisotropic bulk fabricBCT and analysis performed in Section 5.2. By segmenting the 

sample into 20º a-axis azimuth bins (Figure 6. 31), the absence of any structural fabricSCT 

distribution is much clearer. This could indicate that the magnitude of overprinting of 

in-situ fabricsSCT in liquefied tills varies somewhat, but that the distribution of 

overprinting is spatially heterogeneous. 

 

 
Figure 6. 31: Particles from sample 231 (liquefied) mapped into 9 20º orientation bins.  
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ICE-FLOW DIRECTION is shown in cyan. This sample appears to have the most isotropic bulk fabricBCT, and this is 
reflected in the distribution of fabricSCT domains throughout the sample. There are no significant structures defined 
by grain orientations observed. Proximity meshes are only drawn between 3 or 4 particles maximum, which indicates 
poor spatial correlation, at least for structures defined by common a-axis orientations. 

 

At this stage, it is difficult to distinguish sample 129 (in-situ, interpreted to have 

undergone bulk viscous strain) from liquefied samples (samples 130, 231). There is 

considerable overlap in their bulk fabricsBCT, and commonalities are prevalent in the 

three-dimensional distribution of structures, or lack thereof. However, the proximity 

normal data for these liquefied samples, presented in Figure 6. 32 highlights a key 

diagnostic difference between sample 129, and ex-situ liquefied samples. The unique 

bimodal distribution of proximity normals shown Figure 6. 25 only appears for sample 

129. This suggests that the in-situ, bulk viscous deformation style hypothesised to have 

deformed sample 129 is detectable using proximity normals as strain indicators. While 

the meaning of this bimodal distribution is still unclear, it acts as a diagnostic feature, 

distinguishing the bulk strain of in-situ and liquefied sediments. Figure 6. 32 also shows 

subtle variation in the weakly anisotropic distribution of proximity normals, particularly 

in parallel with the z-axis. Sample 130, again interpreted as the “least liquefied” appears 

to have a broader distribution of proximity normal orientations in this vertical plane. 

However, Figure 6. 33 shows no significant differences in their spatial distribution. While 

further work is needed to confirm the significance of this, proximity normals could have 

the potential here to address the level of post-depositional modification for example, or 

the relative magnitude of overprinting. 
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Figure 6. 32: Total proximity normals for 3 liquefied samples of subglacial till.  
All samples exhibit similar, inconclusive distributions in proximity normal populations, similar to those shown in 
samples 127 and 128. 

 

The significance and interpretation of proximity normal distributions is still unclear. 

Fonseca et al. (2013) notes that contact normals will align parallel to the principal stress 

axis, although in shearing sediments this alignment can be confined to the plane of 

shear. An interpretation of Riedel shearing given in Section 6.3.1 (Phillips et al., 2011b) 

could explain this bimodal distribution of proximity normals, although there is no spatial 

evidence supporting this hypothesis, in either proximity normal or a-axis fabric data. It 

is also possible that this unique proximity normal distribution could indicate increased 

strain magnitude when compared to other in-situ samples. This would explain the 

spatially homogenous nature of fabricsSCT in sample 129, likely homogenised through 

relatively intense bulk deformation. This homogenisation and increased strain has 

developed bimodal distributions of proximity normals, similar to bimodal distributions 

of a-axis azimuths developing under increased stress reported by Oda et al. (1985). 

Regardless, it can be said that proximity normals act as strain markers in subglacial 

traction tills, at least when measured in samples from Falljökull. 
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This supports a mosaic-model of till deformation proposed by Piotrowski et al. (2004), 

and also fits with the till-matrix framework model of deformation proposed by Evans et 

al. (2006). Considerable fluctuations in PWP recorded in subglacial traction tills (Phillips 

et al., 2013), combined with strain transmission heterogeneities highlighted above, will 

generate spatially and temporally heterogeneous distributions of till-matrix framework 

(illustrated in Fig. 6.20). Therefore, even with a reasonably constant stress vector and 

magnitude, such as that provided by ice-flow, there will be little indication of this in the 

orientation of particles detected using µCT. Individual fabricSCT domains are therefore 

likely representative of the most recent deformational forces, acting locally, during the 

formation of this till-matrix framework.  

 

Key points: 

• X-ray µCT fabrics, including proximity normals, are able to distinguish tills which 

have undergone in-situ shearing, bulk strain, or ex-situ liquefaction.  

• There is extreme variability, both inter- and intra-sample, in the small-scale 

deformation style of subglacial traction tills, including bulk strain and shearing in 

close proximity. 

• X-ray µCT fabrics therefore suggest a mosaic model of deformation style is the 

best description of fabric development in subglacial tills, although a spatially 

discontinuous till-matrix framework model may exist within this. 
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Figure 6. 33: The distribution of proximity normals in three liquefied samples;  
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no structures are noted, and a homogeneous distribution of proximity normals within each sample suggests a bulk 
response to stresses imparted through liquefaction. 

6.4.3 What does X-ray µCT fabric mean? 

X-ray µCT provides large fabric datasets of unparalleled quality and accuracy for grains 

under 64mm. This suggests these datasets present a true, unbiased three-dimensional 

representation of particle orientations in subglacial traction tills, and can therefore be 

used to explore the meaning of particle fabric, particularly at the micro-scale. 

 

6.4.3a Bulk fabricBCT 

The spatial heterogeneity of fabric domains and evidence for a mosaic form suggests 

that bulk particle fabrics are representative of the most recent force applied to a 

sediment. This has significant implications for previous fabrics taken from ancient till 

sequences which have likely undergone post-depositional modification, but also in-situ 

tills which may have slumped, or undergone localised post-glacial deformation. 

However, there are numerous requirements for a bulk fabricBCT dataset: 

• Mean vectors consistently stabilise after 750 particles have been analysed. 

• Particles must be selected from a common size and form range. 

 

As bulk fabricsBCT obliterate the subtle signature of spatially mapped fabricSCT domains, 

there is little need to constrain sampling to a small area. However, for this very reason, 

the use of bulk fabricsBCT is discouraged. Particle fabrics, particularly those collected 

using X-ray µCT, are shown to be far more useful in a spatial context. 

 

6.4.3b Spatial fabricsSCT 

By integrating three-dimensional spatial position into these datasets, and crucially 

proximity normals, a far more complex and useful role can be given to fabric, 

encompassing the style, and potentially magnitude of deformation:  

• The presence of suites of diagnostic structures can indicate deformation style; for 

example, planar fabricSCT domains indicate shearing and unstructured distributions 

suggest a bulk response. 

• The integration of proximity normals can allow for an estimation of deformation 

magnitude. Force chains indicate lower stress conditions then shear planes, and 

bimodal bulk distributions could suggest higher strain magnitudes. 
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By analysing fabrics using these more complex methods, a reasonably constrained 

deformation style can be attributed to each sample. However, as discussed above, one 

of the most important components of an X-ray µCT investigation is taking a variety of 

carefully positioned samples from a unit of subglacial traction till. The spatially and 

temporally heterogeneous distribution of rheologies suggested in mosaic models of till 

deformation, indicates the need for an appreciation of the relative importance of 

conditions at the bed when conducting an investigation such as this. 

 

Key points: 

• Bulk fabricBCT indicates the most recent stress to act upon a sediment, but 

requires large datasets of similar particles. 

• Spatially mapped fabricSCT can tackle issues of deformation style and relative 

stress magnitude. 

• X-ray µCT fabric suggests complex scale-dependence in processes associated 

with subglacial traction tills, with mosaic-like forms being most common for in-

situ samples. 

 

6.4.3c A model of fabric development in subglacial traction tills 

By considering all attributes of fabric described thus far, a model of fabric development 

conditioned by stresses can be presented (Figure 6. 34).  
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Figure 6. 34: A progressive strain magnitude model using X-ray µCT fabric (full caption overleaf). 
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A proposed model, supported with evidence from Chapters 5 & 6, showing a suite of fabric signatures acquired by a 
sediment undergoing mono-directional stress as a TMF is forming;  

a) sediment is undisturbed; any significant fabric components are inherited;  

b) as shear stress is applied, 2 simultaneous processes act to accommodate stress. Firstly, grains located in areas with 
the lowest PWP and the most coherent TMF will translate into force chains. Particle contacts will transmit the majority 
of stress through this environment. Secondly, particles in areas with high PWP will rotate, preferentially orienting 
themselves into the direction of stress. If relatively high PWP is maintained, some rod-shaped particles will adopt 
orientations transverse to the principal stress direction;  

c) the continued application of stress along this vector accompanied by a drop in PWP will generate fragmented 
shears as force chains buckle (Fonseca et al., 2013). Pockets of stress-parallel particles also lower frictional resistance 
along planes provoking failure;  

d) finally, when TMF coherency is maximised, micro-shears will merge into larger planes accommodating any 
continuing stress. 

If the stress vector changes after b), c) or d), it is hypothesised that features generated during the first event will be 
somewhat preserved, but their signal will be weakened by more recent deformational forces. 

 

This model suggests that subglacial traction tills acquire a “stack” of fabric signatures 

over time, which allows for comparisons of the relative magnitude of stress application. 

An initially undisturbed sediment will respond in two ways to the application of shear 

stress; firstly, the number of grain contacts, and their resultant stress transmission, will 

rise. Secondly, individual particles will begin to move, accommodating stress through 

rotation. The fabricSCT signature of these two initial stages comprises force chains in 

spatially mapped proximity normals (e.g. Figure 6. 26) and an increase in the strength 

and organisation of bulk fabrics. 

 

As shear stress along this axis is maintained or increased, force chains and small fabricSCT 

domains will begin to buckle into micro-shears. These will then accommodate stress 

through the spatially heterogeneous translation of particles or domains throughout the 

sediment as frictional resistance is lowered. The fabricSCT signature of this behaviour is 

the appearance of small, poorly developed or discontinuous linear and planar fabricSCT 

domains, defined by commonly oriented particles.  

 

Finally, micro-shears and buckled force chains will begin to merge into a larger, more 

coherent shear plane; this will then accommodate the majority of shear stress, 

facilitating the translation of sediment above this plane. This is manifest as well-

developed planar and linear fabricSCT domains throughout the sample, which can be 

highlighted by isolating blade-shaped particles. 

 



Chapter 6: What Does Fabric Mean? 2: New Approaches  

 344 

It is important to note that samples may theoretically contain multiple fabricSCT 

signatures from multiple events, as the sequence noted in Figure 6. 34 can be 

prematurely halted at any time. For example, samples 127 and 128 contain multiple 

force chains oriented in varying directions; these could indicate low-magnitude or 

duration shear stresses which dissipated before the formation of micro-shears. On top 

of these “abandoned” force chains, larger shear planes are visible in sample 127 which 

indicate the most recent, and highest (relative to other intrasample signatures) 

magnitude/duration stresses applied, presumably from ice-flow direction. 

6.5 Conclusions 

The data presented, analysed and interpreted in Chapters 5 and 6 are coordinated to 

answer the research question: “What does particle fabric in subglacial tills mean?” This 

is answered in 3 separate stages: 

 

• Determine how, and to what extent, inherent particle properties condition fabric. 

7. The number of particles used to generate a fabric is an important factor. FabricBCT 

mean vectors do not stabilise at populations <750. 

8. Sphere and disc shaped particles are likely to generate weak fabricsBCT. Isotropy 

increases with grain size. 

9. Rod shaped particles generate relatively strong fabricsBCT, which decrease in 

isotropy as grain size increases. Under high-magnitude/duration stress, some 

rods adopt transverse orientations. 

10. Blade shaped particles generate the strongest fabricBCT, and are shown to align 

in planes. Their isotropy decreases as particle size increases. 

 

• Link these relationships to theories of particle mechanics, revealing particle 

dynamics in deforming subglacial sediments. 

• Particles of similar orientations, independent of size and shape, are organised in 

discrete domains. This indicates spatially heterogeneous particle behaviour. 

• It is hypothesised that all particles undergo rotation, as well as translation, in 

response to stress in a viscous sediment. 

• Inter-granular contacts increase in frequency under continued stress, forming 

macro-force chains, distributing this stress in linear chains. 
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3) Integrate novel multi-scalar data into particle mechanical theory, establishing a 

link between processes and resulting mechanics. 

• The continued application of stress along a single vector will generate a suite of 

signature fabricsSCT originating in force chains and evolving into shears. 

• This resembles the formation of fabricSCT patterns as a till matrix framework is 

formed; particles rotate in sediments with high porewater pressures, and form 

shears when the effective pressure drops. 

• Porewater pressure is the principal controller of fabric preservation in subglacial 

traction tills, however the mosaic model does not distribute this evenly. 

• Therefore, the “bulk” fabric observed in each sample, is a crude approximation 

of the most recent stress acting on a sediment increasing in coherence. 

 

Essentially, µCT fabrics are indicators of the deformation events to which a till has been 

subjected. µCT fabric can distinguish liquefaction from shear, and also estimate the 

relative magnitude or duration of this shearing. However, the micro-mosaic form of 

almost all samples examined must be carefully considered when selecting samples for 

analysis, and this reflected in their use. µCT fabrics taken from complex, superimposed, 

clay-rich tectonised sediments are likely to represent behaviour in a very small area. 

However, those collected from carefully logged, macroscopically similar till units are 

likely to give a good overall indication of the pattern, distribution and style of 

deformation undergone in the sediment. 

 

The next logical step is to combine the protocols created in Chapter 4, and knowledge 

of micro-mosaics and the meaning of particle fabric presented in Chapters 5 and 6, to a 

glaciological “problem.” This will serve to examine fabric in more detail to further 

constrain its significance, and also introduce macro-scale evidence in order to show how 

µCT fabric can be integrated with existing methods. The final goal is to ascertain how 

µCT can be used in combination with secondary data and additional approaches, to 

answer important glaciological questions discussed in Chapter 2. 
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7: Integrating X-ray µCT Fabric into 

Glacial Sedimentology 

7.1 Introduction 

By significantly improving the quality of fabric data available for analysis (Chapter 4), an 

enhanced understanding of the meaning of fabric has been suggested (Chapters 5 & 6). 

Applying this new understanding, and associated high-quality data and analysis to a 

complex natural environment is the next step. This directly tackles the third research 

question highlighted below, and integrates all methods and knowledge generated up to 

this point. 

RQ3: How can X-ray µCT particle fabric contribute to an increased 

understanding of the relationship between glacial dynamics and 

subglacial traction tills? 

There are three key objectives associated with this question, outlined below: 

 

1) Much analysis in Chapters 5 & 6 is based on 3 samples. These samples are analysed 

to a high level of detail, but any conclusions concerning mechanics and rheology 

must take low sample populations into account. Data generated by analysing more 

samples in a similar fashion will help to challenge or confirm the tentative 

conclusions made in Chapters 5 & 6. This has implications for the meaning, 

consistency and usefulness of µCT fabric. 

2) In order for µCT fabric to be useful rather than a novelty, it must be contextualised 

by, and situated alongside, other more established sources of glaciological data. 

Chapters 5 & 6 indicate the potential usefulness of µCT fabric as a tool in glacial 

sedimentology for specific purposes, but Chapter 7 aims to deploy and test this tool 

as part of a broader investigation to see where µCT can practically contribute. 
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3) Finally, Chapters 5 & 6 have demonstrated the capability of µCT fabric data to assess 

and reconstruct, to some degree, forces acting within diamictons. The ultimate goal 

of this chapter is to deploy this capability in order to tackle a specific issue 

associated with the deformation of subglacial sediments. 

 

Chapter 2 details the significance of deforming subglacial sediments, and the major 

controversies within this area of study. One of the biggest paradoxes is the common 

occurrence of thick layers of subglacially deformed till present in the geological record 

(eg. Phillips et al., 2011b) juxtaposed with observations of deforming till almost 

exclusively limited to much thinner zones (eg. Evans et al., 2006). Many techniques, 

including macro-fabric analysis and micromorphology, have been deployed to help 

reconcile these two forms, with no clear solution (Piotrowski et al., 2001, 2002; Boulton 

et al., 2001).  

 

The theory of submarginal “stacking” of tills during winter ice-readvances, can explain 

the existence of ancient thick, and modern thin, layers of deforming till (Evans & 

Hiemstra, 2005; Chandler et al., 2017). However, it is difficult to reconcile this theory, 

and the associated till-matrix framework model presented in Chapter 2 (Evans et al., 

2006), with the mosaic model of subglacial till behaviour (Piotrowski et al., 2004) which 

has seen broad acceptance. A mosaic model treats subglacial tills as a palimpsest of 

process-forms, containing a cumulative record of deformational conditions, whereas a 

till-matrix framework model assumes only the most recent deformational events can 

encode sediment. Regardless, both models have significant implications for the 

interpretation of subglacial sedimentary sequences and should be thoroughly 

evaluated. X-ray μCT is well suited to this investigation, as it can describe the 

deformational characteristics of subglacial sediments within a macro-sedimentological 

framework. 

 

7.1.1 Submarginal incremental thickening 

The theory of till deposition by glacier submarginal incremental thickening (Figure 7. 1) 

proposed by Evans & Hiemstra (2005) can explain the presence of thick (c. >5m) 

sequences of till at active and relict glacier margins. Initially, Boulton (1996a, b) 

attributed thick sequences to high shear stresses and the increased advection and 
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squeezing of subglacial tills at margins, but Evans & Hiemstra (2005) extended this 

theory by proposing a seasonal cycle of till freeze-on at the glacier sole, followed by 

translation and melt-out. This leads to thick stacked sequences of till which are 

macroscopically indistinguishable, but are in reality the cumulative product of several 

seasonal re-advances. 

 

The implications of this theory are wide-ranging. Thick deforming subglacial till layers 

preserved in the geological record are typically described as a single unit (eg. Larsen & 

Piotrowski; 2005) and particle macro-fabrics, amongst other macro-sedimentological 

metrics, are often deemed representative of this single unit (e.g. Neudorf et al., 2015). 

The analysis, and resulting interpretation of this data, can therefore attribute a single 

deformational regime or history to this unit, even though it is likely comprised of an 

unknown number of seasonally deposited “slabs,” released at different proximities to 

the glacier margin. For example, the lowest part of a hypothetical “deep deformed till” 

could have been stressed by thick glacier ice, 100s of meters away from the margin, and 

then exposed to forces associated with the deposition and deformation of all sequential 

overlying tills. Equally, the uppermost part of the same “single unit” could have been 

deposited a few m away from the ice margin, and then remained undisturbed until 

sampling. 

 

Ascertaining small-scale heterogeneity at sites containing thick till sequences is 

therefore important not only for decoding a seasonal signature which may be present 

at active glacier margins, but also for a reappraisal of the representativeness of 

attributing a fabric signature, and therefore deformational profile, to thick deformed 

tills in the palaeo record. Equally, the fabric signature preserved in sequential stacked 

tills, is likely to reveal additional information regarding the till matrix framework and 

mosaic models of till preservation, and the resilience of fabrics in subglacial traction tills. 
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Figure 7. 1: Model of seasonal, cyclical till slab emplacement:  
1) Temporally and spatially evolving subglacial processes at a typical Icelandic glacier snout in late summer: A) 
lodgement and sliding; B) bedrock and sediment plucking; C) subglacial deformation; D) ice keel ploughing; 2) In early 
winter, subglacial till likely from the more porous A horizon freezes onto the margins of the glacier sole; 3) A late 
winter readvance triggers failure along a plane within the A horizon or at the junction with the more compact B 
horizon, resulting in the translation of A horizon till onto the proximal side of the previous year’s push moraine; 4) In 
early summer, melt-out of the till slab A facilitates water escape and sediment flow (small arrows) and sediment 
extrusion; 5) This is followed by the winter freeze-on and marginal stacking of subglacial till produced by the 
reworking of existing subglacial sediments and fresh materials advected to submarginal locations from up-ice. 
Repeated reworking of the thin end of submarginal till wedges is hypothesised to produce overprinted strain 
signatures and clast pavements. Figure and caption adapted from Evans & Hiemstra (2005). 
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7.2 Sólheimajökull 

Sólheimajökull (63°32’4.50”N, 19°21’11.20”W Figure 7. 2) is a 15km-long temperate 

outlet glacier of the Mýrdalsjökull ice cap located in southern Iceland. It drains an 

accumulation area located above the southwestern flank of the Katla volcano caldera 

(1300m a.s.l.). The glacier advanced nearly 1km from 1970-1995 (Figure 7. 3) due to 

positive mass balance and a hypothesised surge (Dugmore, 1987; Mackintosh et al., 

2002) and has since retreated around 50m/y to its current position, terminating in an 

ice-contact lake located in a subglacially-scoured bedrock trough (Mackintosh et al., 

2002; Schomacker et al., 2012). 

 

 
Figure 7. 2: The location of Sólheimajökull, SE Iceland. Photography from Google Earth. 
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Figure 7. 3: Ice marginal fluctuations shown at Sólheimajökull; two retreat phases are separated by a hypothesised 
surge between 1970-1995. Data from https://wgms.ch/fogbrowser/ 
 

The Little Ice Age (LIA) advance is punctuated by a suite of end moraines (Figure 7. 6) 

one component of a highly active proglacial area which has been the subject of extensive 

study (eg. Maizels, 1989; 1993; 1997; Staines et al., 2014) and has relatively well 

constrained process-form relationships. Sólheimajökull has been repeatedly 

photographed from the air since the mid 20th century and this enabled Staines et al. 

(2014) to identify the development of subglacial features such as fluted and drumlinised 

diamict (Figure 7. 4) and reveal significant proglacial fluvial incision which is likely to be 

accompanied by deep exposure of subglacially deformed tills. Evidence of stacked, 

“annual” tills is observed at the site (Evans & Hiemstra, 2005; Carr, pers comm.) with 

direct correlation to subglacial activity; these stacked tills are likely to comprise much of 

the moranic geomorphology in the foreland. The injection of subglacial clastic dykes has 

also been discussed by Heron & Etiene (2005), lending more weight to a dynamic theory 

which encompasses a soft deforming bed - the crucial component of each land system 

in this investigation.  

 

The supraglacial debris which blankets the glacier below the equilibrium line is sourced 

from the 1918 Katla eruption, a powerful 1999 jökulhlaup, steep valley sides and 



Chapter 7: Integrating X-ray µCT Fabric  

 352 

Jökulhaus, a prominent bedrock outlier to the south. Older sediments are exposed along 

valley walls and in a series of terraces (Friis, 2011). Sediment supply has dwindled since 

2001 as the proglacial lake has expanded (Friis, 2011; Slomka et al., 2015) and dissection 

of the foreland has also intensified.  

 

 
Figure 7. 4: A geomorphic map of the proglacial area of Sólheimajökull with the locations of sections SH01 and 
SH02 marked in white: 
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Sections are exposed by fluvial incision, likely annual snowmelt. Selected ice- front positions are also marked. 
“Annual” Moraines (Chandler et al., 2015) vary in height from 10-100cm and those closest to the ice margin are still 
ice cored. Figure taken from Friis (2011).  

 

Good, intact, clear exposures at the site are relatively rare given the friable nature of 

much of the till. Figure 7. 5a shows the location of the two sections (site choice is 

discussed later) exposed for analysis which are opposite one another, separated by an 

infilled channel; Figure 7. 5b shows a vertical transect marked with kubiena tin lids and 

highlights the crumbly and friable nature of the sediment. This sediment is difficult to 

extract intact, and will often only fail along planes of weakness dictated by the structure. 

However, monoliths or blocks that are successfully extracted are coherent, dry and 

difficult to disturb in the same manner as those extracted from Falljökull. 

 

 
Figure 7. 5: Detail of the two sections exposed at the margin of Sólheimajökull: 
a) The two opposite sections exposed at an incised channel. The till surface is winnowed with few fines compared to 
the larger cobble and boulder sized particles; b) Detail concerning one of the 5-sample transects sampled at SH02. All 
3 diamict units are difficult to sample due to their either friable and fragile nature, or their stiffness.  

 

Figure 7. 6 shows the glacial foreland of Sólheimajökull before and after the 1999 

Jökulhlaup, indicating the survival of recessional (Chandler et al., 2016), or “annual” 

moraines in the east, despite significant erosion in the western proglacial area. In 

addition, landscape architecture analysis by Staines et al. (2015) has shown that 2001-

2010 experienced more geomorphic change than the preceding period, including the 
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1999 jökulhlaup (Figure 7. 3) which flooded large sections of this area (Figure 7. 6b) and 

bisected many other proglacial features (Russell et al., 2010).  

 

 
Figure 7. 6: Sólheimajökull proglacial area shown a) before and b) after the 1999 Jokulhlaup. Maps from S. Carr. 
 

These observations and analysis demonstrate a proglacial area dominated by signatures 

of subglacial deformation and Jökulhlaup landforms in the west, with several suites of 
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preserved end-moraines comprised of stacked till units, bisected by meltwater channels 

in the east. 

  

The selection of sites for sampling at Sólheimajökull is dictated in a similar way to those 

detailed in Chapters 5 and 6, but with a broader context designed to address a specific 

glaciological question. The sequential stacking of tills hypothesised earlier in this 

Chapter necessitates an environment with such tills. As these sediments comprise many 

of the bisected recessional moraines identified in Figure 7. 6, selecting the most 

appropriate sites for sampling is dependent on several additional factors. The locations 

of both sections, SH01 and SH02, are shown in Figure 7. 7. This entire eastern section 

escaped reworking and disturbance during the 1999 jökulhlaup; evidence of post-

depositional modification here is rare even at a more local scale, apart from meltwater 

incision which has likely exploited moraine troughs, leading to exposure of the tills 

shown in Figure 7. 7.  

 

The specific moraine analysed here was selected based on the suitability of the exposed 

sediment, and the number of lithofacies visible after exposition; more lithofacies give 

the opportunity to consider the pattern of fabric change/overprinting down through a 

complex profile, and reduce the influence of anomalous or localised events affecting 

fabric. 

 

Sólheimajökull is a glacial landsystem which is well studied, logistically viable (the road 

to the site is now paved) and the sections chosen minimise the likelihood of reworking 

by other processes, due to the brittle nature of the till (blocks will be removed through 

slumping rather than deformed in a ductile manner in situ) and the proximity of a 

drainage “funnel” which reduces the likelihood of saturation or overburden by water 

during snowmelt or heavy precipitation. Crucially however, the geomorphology 

highlighted in Figure 7. 6 indicates a layer of soft deforming sediment underlying the 

glacier, deposited in sequential stacked landforms such as end moraines, which provide 

an excellent opportunity to tackle a glaciological question with the use of X-ray µCT data.  
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Figure 7. 7: Additional sampling location photographs showing the position of the two sections (opposite one 
another):  
a) corresponds to SH01 and b) to SH02. An incised channel removes the need for complete sample excavation, 
although sections were cleaned and dug down as deep as possible before sampling. 
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7.2.1 Sampling 

Sediment logs for the sampled sections are showed in Figure 7. 8 and Figure 7. 9; both 

logs show a similar profile which is to be expected, but there is a difference between the 

observed profile and that predicted by Evans & Hiemstra (2005); the stacked tills at 

Sólheimajökull are composed of pairs of Dmm and Dmf; a massive till which was 

presumably translated or strained during emplacement, and an underlying Dmf, a fissile 

diamict likely deformed through shearing, or acting as a decollement surface. This 

immediately suggests a more complex relationship than the re-activation of shear 

planes required to stack massive tills on top of one another, as decollement surfaces 

appear between them. 

 

 
Figure 7. 8: A sediment log for section SH01  
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Figure 7. 8 shows a sequence of fissile and massive matrix-supported diamict couplets, 

resembling classic A/B horizon Icelandic subglacial tills at section SH01; however, there 

are some localised features which can inform a more detailed deformation history. The 

lowest Dmf (fissile diamict, 40cm) is clast-poor, but highly fissile in the horizontal plane. 

It is overlain by 50cm of Dmm (massive diamict), which decreases in stiffness towards 

the top. This horizon is also horizontally bisected by a thin line of gravel sized grains. This 

is again overlain by a fissile (40cm) and massive (30cm) diamict. A semi-loaded contact 

is noted at the bottom of this pair, at 100cm.  

 

The first sample from profile 1, 297, is taken from just below the contact with the 

overlying Dmf, at 160cm. The 50cm of fissile diamict overlying this, contains the other 3 

sampling locations for transect 3. No unusual features were noted other than rare semi-

vertical fissility. Samples 375, 376 and 377 were taken from 185cm, 200cm and 215cm 

respectively. This couplet is completed by 35cm of massive diamict with no unusual 

features. Above this, another couplet follows, but sediment at this height in the section 

is far too friable to sample, readily crumbling when exposed.  

 

Section SH02 (Figure 7. 9), taken from opposite SH01, reflects many of the same 

structures and characteristics. Sediments towards the top are too friable to sample, and 

the unit of Dmm at ~100cm decreases in stiffness as you move upwards through the 

section. An additional 10 samples were extracted from this section, marked on the 

figure, as two transects - p2 and p3. While all till units described here appear massive 

and structureless in the logs, some evidence of water escape/fluidised intrusion were 

noted at other sites, supporting the theory of a ductile deforming subglacial till (le Heron 

& Etienne, 2005). This absence of structure noted at SH01 and SH02 allows for a 

relatively simple vertical transect of samples to be gathered, where the influence of 

abnormal local conditions (a large intraclast, or layers of clay introducing turbulence 

during flow for example) is minimised, and a holistic fabric signature is attainable. 

 

The sampling strategy at sites SH01 and SH02 is again dictated by the suitability of 

sediment for extraction, but in addition must address the overarching question of this 

chapter regarding incremental thickening of sub-marginal tills. Three vertical profiles 

were selected for sample extraction focussing on the Dmf, interpreted as relict 
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decollements. By taking samples evenly spaced within units, and above and below 

contacts, the nature of fabric change (sudden or gradual) can be hypothesised, and the 

method of till emplacement along with it.  

 
Figure 7. 9: A sediment log for section SH02 
 

Evans & Hiemstra (2005) found upward-decreasing macro-fabric strengths in individual 

slabs of deformed till, but were unable to extract a vertical profile of thin-sections for 
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micro-fabric analysis; those thin sections extracted contained no evidence of shearing, 

although in contrast to this they found strong macro-fabrics which are often thought to 

be indicative of shearing (Jacobson et al., 2015). This paradox, along with the ubiquitous 

presence of a macroscopically sheared till at the site (Figure 7. 8), reinforces the case for 

a high-resolution investigation using µCT fabric to ascertain a more detailed 

deformational history. 

 

 
Figure 7. 10: This cartoon shows the relationship between seasonal deposit and subglacial position, alongside a set 
of potential mechanisms which could account for the emplacement of the uppermost unit:  
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a) four sequential winter readvances, (t1-t4) during a period of overall retreat, have stacked at least four sets of 
deformed tills. The red dashed line shows the comparative distance each till was deposited from the ice margin; b) 
shows three possible mechanisms associated with the emplacement and deformation of the uppermost unit, t4; i) is 
based on the model of Evans & Hiemstra (2005), where an active decollement at the boundary between the A- and 
B- horizons, or within the B-horizon, facilitates the translation of a frozen block of till; ii) is based on the model of Kjær 
et al. (2006) where a decollement at depth, between two tills of distinct densities, has reactivated during the 
emplacement and deformation of t4; iii) proposes a more realistic hybrid model, where a combination of shearing, 
temporary decollements and bulk strain accommodate the deformation of t4. 

 

Figure 7. 10b shows three hypothetical deformational profiles for the sampled tills at 

Sólheimajökull; slabs are more than likely emplaced through the process of incremental 

thickening described by Evans & Hiemstra (2005), but their behaviour during 

subsequent ice-flow imparted stresses is still unclear.  

 

Figure 7. 10bi suggests that each fissile till would have acted as a decollement surface, 

allowing for the translation of an overlying block of massive till to a new location; this 

“resets” each year, as the shallowest decollement surface accommodates all stress from 

overlying ice. However, applying theories suggested by Kjær et al. (2006; Figure 7. 10bii), 

positions a re-activating decollement surface, exploiting a plane of weakness or 

particularly consolidated sediment, at depth within the till. This decollement reactivates 

for each winter push, facilitating the translation of till slabs. A more realistic hybrid 

model (Figure 7. 10biii), would suggest a combination of all processes, fluctuating over 

space and time, are responsible for the emplacement and deformation of these 

repeating layers of till, although evidence of this heterogeneity would be expected at 

the macro-scale. 

 

These alternating layers of diamict informed the practical sampling strategy at this site, 

as sediment composition, particularly the friable nature of the shallowest tills, 

fragmentary nature of the fissile diamict and the compaction of the massive diamict, 

prevented an equally spaced systematic sampling transect. Samples were taken from 

areas which were macroscopically distinguishable (e.g. contacts between units) and 

then wherever possible throughout the rest of the diamict. Full sampling locations are 

shown on Figure 7. 8 and Figure 7. 9, and discussed below. 
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7.2.2 Sample details 

Three-dimensional volumetric renderings of four typical samples are shown in Figure 7. 

11. As discussed in Chapter 3, the nature of till compaction and friability at 

Sólheimajökull not only prevented the extraction of samples along a pre-determined 

transect, but also complicated the extraction of samples in Kubiena tins. The advantages 

of this, including increased X-ray penetration but decreased stability, are discussed in 

detail in Chapter 3, but disadvantages associated with irregular sample size and 

morphology must be acknowledged. Sample 309 (Figure 7. 11a) is the only sample 

extracted in a kubiena tin; it was taken from the deepest accessible Dmm (Figure 7. 9) 

which had a higher water content, presumably due to its depth beneath the moraine 

surface; this higher water content was enough to facilitate easier extraction with a 

kubiena tin, but not too much to destroy any structure through liquefaction, flow or 

seepage.  

 

 
Figure 7. 11: three-dimensional volumetric representations of 4 samples taken from Sólheimajökull:  
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a) sample 309 was extracted and scanned within a Kubiena tin; b) sample 384 is a non-encased block where sample 
height is defined by natural fissility in the sampled till; c) is a block sampled from Dmm, where sample height is 
unrestricted, hence it is more cube-shaped; d) another samples block, where natural fissility has limited sample height 
to around 40mm. 

 

The three other renderings shown in Figure 7. 11 represent the majority of sample forms 

extracted at Sólheimajökull. Samples 384 (Figure 7. 11b) and 300 (Figure 7. 11c) are 

monoliths, extracted from the massive diamict by carving deep notches to weaken and 

extract coherent blocks. Sample 382 (Figure 7. 11d) has a flake-like shape, as it was 

extracted from the Dmf where planes of fissility essentially dictated sample size and 

form. Figure 7. 12 shows three typical segmentations for till samples from 

Sólheimajökull; qualitative inspections of three-dimensional volumetric models and 

two-dimensional binarised X-ray photomicrographs support a reliable and accurate 

segmentation of images. The integration of samples extracted from 6 till units (3 pairs), 

a macro-sedimentological scaffold, and theories discussed in Section 7.2 are presented 

as an investigation framework below.  

 



Chapter 7: Integrating X-ray µCT Fabric  

 364 

 
Figure 7. 12: Three samples showing raw X-ray photomicrographs and consequent segmented slices: 
a) sample 297 displays high contrast between large grains and surrounding matrix, allowing for an effective 
segmentation where particles can be cross-correlated with an associated three-dimensional volume; b) sample 384 
shows another successful segmentation, albeit with some under-classification, particularly of particles in the lower 
left of the image; c) finally sample 301 shows a largely successful segmentation, marred by some beam hardening 
artefacts, decreasing contrast in the sample core. 

7.2.3 Investigation framework 

From reviewing sedimentology at Sólheimajökull in the context of theories proposed by 

Evans & Hiemstra (2005), it can be hypothesised that the slabs of till identified in Section 

7.2.1 were emplaced subglacially during a series of sequential winter ice pushes. Each 

slab is comprised of an upper, massive diamict which was either translated as a frozen 

block, deformed through bulk strain, or a combination of both; this is underlain by a 

fissile diamict which has accommodated stress through shearing, and possibly acting as 

a decollement surface. This is analogous to an A/B horizon Icelandic till frequently 
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described in the literature (Benn, 1995). Based on data gleaned from geomorphological 

mapping, sedimentology and a review of existing literature, the principal stress axis (the 

strongest in magnitude and most recent in time) associated with the emplacement of 

these slabs is that generated through ice-flow, is around 210º.  

 

The three research aims summarised in the introduction can now be fully contextualised 

by the specific nature of Sólheimajökull. 

 

1) Do µCT fabrics extracted from Sólheimajökull support, or disagree with, correlations 

regarding particle properties presented in Chapter 5? 

2) How do macro-sedimentological characteristics affect X-ray µCT fabric at 

Sólheimajökull?  

3) In what manner have the sampled tills deformed, and what are the implications of 

this for till emplacement at Sólheimajökull? 

 

Chapter 7 takes the framework established in Chapters 5 and 6, based on image 

segmentation detailed in Chapter 4, to present a proof of concept. Chapters 5 and 6 

have shown there are varying degrees of fabric analysis possible using µCT – this is 

detailed in depth during the discussion of this Chapter, and in Chapter 8, but the key 

point is the uses of fabric are dependent on the extent to which it is analysed. Quick bulk 

fabricBCT and fabric shape calculations can give a basic overview, but the plotting of 

fabricSCT domains in certain particle form classes can give a much greater insight into the 

mechanisms of deformation at that point. Finally, the highest level of analytical detail 

available using X-ray µCT fabric is associated with the spatial distribution of these 

fabricsSCT; this has been shown to indicate specifics associated with deformation style, 

and possibly duration/magnitude. 

 

7.3 X-ray µCT Fabric: Bulk Data (FabricBCT) 

Bulk fabricBCT data is presented for all three profiles, beginning with the shallowest – 

profile one. Each profile is separated into descriptions of bulk fabricBCT, fabricBCT 

conditioned by grain size and fabricBCT conditioned by grain morphology. Bulk proximity 

normals (fabricBPN) are presented only for profile 1, and this is discussed in detail in 
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Section 7.3.1d. Total statistics are presented in Table 7. 1, and eigenvalue statistics for 

isolated grain size and particle morphology fractions are presented in Section 7.3.4. 

 

Table 7. 1: Statistics for all bulk fabricBCT datasets taken from Sólheimajökull. Sample style: I = isotropic, MM = 
multimodal, CU = clustered unimodal, SU = spread unimodal. Eigenvectors are presented as azimuth/dip. 

Profile Unit Sample Style V1º V2º V3º S1 S2 S3 

1 
Dmf 

377 I 244/06 153/00 061/83 0.46 0.43 0.11 

376 MM 163/15 071/10 309/72 0.48 0.38 0.14 

375 CU 209/09 118/05 359/80 0.49 0.31 0.20 

Dmm 
297 CU 063/13 155/08 277/75 0.44 0.34 0.22 

2 

300 SU 335/05 245/01 139/85 0.48 0.40 0.13 

Dmf 

380 CU 257/01 347/03 143/87 0.57 0.32 0.12 

379 CU 281/04 011/07 162/82 0.60 0.26 0.14 

378 CU 135/02 225/04 020/85 0.61 0.29 0.10 

Dmm 
301 CU 032/01 302/06 133/84 0.56 0.34 0.10 

3 

384 CU 169/11 259/02 359/79 0.56 0.32 0.12 

Dmf 

383 MM 265/10 172/17 024/70 0.46 0.39 0.15 

382 SU 228/06 137/05 008/83 0.54 0.38 0.08 

381 MM 166/07 256/02 358/83 0.50 0.35 0.15 

Dmm 309 CU 134/05 231/55 041/35 0.51 0.30 0.19 

 

7.3.1 Profile 1 

Profile one is the closest to the moraine surface and consists of four samples detailed in 

Figure 7. 8; 377, 376 and 375 are taken from Dmf, and 297 from the underlying Dmm. 

 

7.3.1a: Bulk a-axis fabricBCT 

Chapters 5 and 6 explain the role of bulk fabricBCT taken from X-ray µCT datasets; it is 

likely to indicate the most recent stress axis applied to a sediment, normally associated 

with ice-flow direction. Figure 7. 13 shows the range of fabricBCT styles and orientations 

found in the four samples from profile 1. All fabricsBCT s are weak (S1 < 0.50), and V1 

azimuth and dip varies between each sample.  
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Figure 7. 13: Total fabricBCT plots for samples from profile 1: 
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Sample 377 (S1=0.46, V1=244º/6º) exhibits an isotropic fabricBCT style for the entire particle population. Sample 376 
(S1=0.48, V1=163º/15º) has a multimodal fabricBCT style, concentrated in the eastern half of the stereonet. Sample 
375 (S1=0.49, V1=209º/9º) displays a clustered unimodal fabricBCT, parallel to the direction of ice-flow. Sample 297 
(S1=0.44, V1=209º/9º), taken from Dmm, has a number of key differences: it has 26k identified particles, and a 
symmetrical clustered unimodal fabricBCT style, with the principal axis 10º from parallel to ice-flow direction. 

 

Traditional investigations involving stratigraphic transects describe upwards from the 

bottom, equivalent to starting at the oldest deposits and moving forward in time up-

section. However, a mechanical approach based on the accumulation of stresses 

through incremental till thickening will start from the top – according to Evans & 

Hiemstra (2006) this is where the strain is “freshest.” Sample 377 has a weakly 

anisotropic fabricBCT style with contouring maxima parallel to ice-flow direction. Sample 

376 has a multimodal fabricBCT style, and a wide range of a-axis dips (V1 dip = 15º) 

compared to other samples from this profile. Sample 375 has a symmetrical clustered 

unimodal fabricBCT oriented parallel to ice-flow direction; it would therefore seem that 

fabricsBCT become more organised at depth within the Dmf. Crossing the contact into 

Dmm correlates with a significant change in particle properties; over 26,000 particles 

are measured in sample 297, more than double the previous 3 samples combined. 297 

has a symmetrical clustered unimodal fabricBCT, indicating unimodal flow oriented 

around 10º from parallel to ice-flow direction. However, it has the lowest S1 value 

(S1=0.44); this is a good illustration of the ineffective nature of eigenvalue statistics when 

applied to large complex datasets, and supports earlier observations, that eigenvalue 

statistics are not as useful as the manual interpretation of stereonets in X-ray µCT 

fabricBCT. 

 

7.3.1b: Grain size 

The inconsistencies in fabric evolution alongside particle size highlighted in Chapter 2, 

and further explored in Chapter 5, are examined here using samples from profile one 

(Figure 7. 14). Samples with less than 750 identified grains must be carefully considered 

due to the implications of low population datasets highlighted in Chapter 5, and these 

are highlighted in Tables 7.2 and 7.3.  

 

 FabricBCT appears isotropic at 0ϕ in sample 377, but becomes multimodal at -1ϕ and 

weakly bimodal at -2ϕ. For sample 376, fabricsBCT are multimodal at all size fractions 

except -3ϕ, while V1 dip increases with particle size (Table 7. 2); for the largest particle 
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sizes, a weak bimodal distribution emerges again. Sample 375 shows a unimodal 

fabricBCT, parallel to ice-flow direction which strengthens slightly, and dips more up-ice 

as grain size increases. Finally, in sample 297, the azimuth orientation of the unimodal 

fabricBCT does not change with size, but particles become more steeply dipping at larger 

grain sizes – this is particularly clear in the -2ϕ grain size. 

 
Figure 7. 14: fabricBCT style for profile 1 split by grain size (ϕ):  
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For sample 377, an isotropic fabricBCT style persists for the smallest grains, but at -2ϕ two principal modes, both 
oriented oblique to ice-flow direction appear. Sample 376 shows a similar fabricBCT style for all grain sizes, with a 
continued bias to the eastern hemisphere of the plot, and the formation of a bimodal distribution at the largest grain 
size. Sample 375 shows a clustered unimodal fabricBCT for all grain sizes, with a weak secondary mode emerging at 
the largest particle size. Sample 297 shows a spread unimodal fabricBCT style, with a higher range of dip values at 
larger particle sizes. 

 
Figure 7. 15: fabricBCT shape for profile 1 split by grain size fraction:   
Direction of travel (from smallest to largest) is shown in pink). Profile 1 contains a less predictable, and more isotropic, 
distribution of fabricBCT shapes than the other 2 profiles. Isotropy decreases with particle size for the smallest 3 
fractions (0ϕ - -2ϕ), but then increases for -3ϕ. It must be noted that only 2 data points exist for -3ϕ sized particles, 
and a very wide spread for -2ϕ and -1ϕ particles is noted. 

 

When the fabricBCT shape of these components is considered (Figure 7. 15), increasing 

grain sizes do not correlate with increasing isotropy, contradicting the relationship 

described for samples from Falljökull, described in Chapter 5 and supporting Kjær and 

Krüger, (1998); Carr & Rose (2003), Carr & Goddard (2007). As particle size increases, 

fabricsBCT become more clustered until the largest grain size (-3ϕ) where fabricBCT 

becomes more girdle although the low population of -3ϕ (n=2) sized particles must be 

considered. 

 

The key points connecting grain size with particle fabricBCT at profile one, are the 

increased tendency for larger grains to adopt transverse modes towards the top of the 

section, and also the tendency for larger particles to adopt more clustered fabricBCT 
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shapes. Chapters 5 & 6 demonstrate that bimodal fabricBCT distributions, unless in rod-

shaped particles, are likely indicative of multiple fabricBCT domains which have 

responded to different forces acting within the till. This would suggest that the samples 

taken from the section top, 377 and 376, have been exposed to two distinct stresses; 

the implications of this, and the size-isotropy relationship, are discussed in Section 7.3.5.   

 

7.3.1c: Grain morphology 

The relationships between grain morphology (described using a Zingg classification 

system) and fabricBCT properties detailed in Chapter 5 suggest that strong, clustered 

fabricsBCT in blade-shaped particles, and transverse modes in rod-shaped particles 

should be common. However, Figure 7. 16 shows a more complex set of relationships. 

Rods have more clustered fabricBCT styles than blades in samples 375 and 297, although 

sample 375 is oriented parallel to ice-flow direction, and sample 297 is oblique. Sample 

377 shows complex multimodal distributions for both grain morphologies which also 

diverge; blades are oriented parallel to ice-flow direction, whereas rods are oriented 

transverse, with a weakly developed mode parallel.  Multimodal fabricsBCT can also be 

seen in sample 376 for both grain morphologies, oriented oblique to ice-flow direction.  

 

Figure 7. 17 shows the fabricBCT shape of these samples by grain morphology, further 

highlighting their complex properties. Spheres are the most isotropic as expected, but 

blades and discs are very similarly distributed, at the girdle end of the triplot. The most 

clustered morphology is rods but this still has an isotropy index value of 0.45 which is 

relatively low. 
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Figure 7. 16: Bulk fabricsBCT  for profile 1 split by particle morphology: 
Sample 377 displays a spread unimodal fabricBCT style, sub-parallel to ice-flow, for blade shaped particles. When rods 
are isolated, a similar spread unimodal fabricBCT style emerges, transverse to that shown by blades. Sample 376 shows 
a spread isotropic fabricBCT style, oblique to ice-flow direction for blades, with significant variation in dip. Isolating 
rods produces a similar fabricBCT style, spread unimodal, oblique to ice-flow direction, but with a much greater range 
of dip values. For sample 375, isolating blade-shaped particles produces, a small transverse mode, and the unimodal 
peak parallel to ice-flow (Figure 7. 13) is diluted or widened. Rod-shaped particles have a more clustered unimodal 
fabricBCT style than blades, reflected in tighter contouring and a smoother rose diagram. Finally, Isolating blade-
shaped particles in sample 297 produces a similar fabricBCT style to that of the total plot, apart from a decrease in dip 
values. Rod-shaped particles show a similar distribution to blades, but with a higher range of dip values. 
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Figure 7. 17: fabricBCT shape for profile 1 split by particle morphology (Zingg class):  
While spheres are the most isotropic fabricBCT shape, which is expected, blades appear the most girdle and rods the 
most clustered; this is set in the context of a dataset skewed towards isotropy in general. 

 

Sample 377 shows the greatest difference in bulk fabricBCT between blade and rod-

shaped particles. Both morphology fractions display multimodal bulk fabricsBCT which, 

using data from Chapters 5 & 6, would suggest sample 377 has been exposed to multiple 

forces, possibly partitioned into discrete domains. The unclear and unexpected 

relationship between fabricBCT strength and particle morphology shown in Figure 7. 17 

could indicate the presence of multiple, superimposed styles of deformation rather than 

the prevalence of shearing interpreted from macroscopic observation; however, the 

inappropriate nature of eigenvalue statistics, upon which fabricBCT shape relies, could 

also play a role. 

 

7.3.1d: Proximity normals 

The bulk proximity normals described in Chapter 6 are integral for distinguishing 

deformation style, and are hypothesised to be conditioned by strain magnitude in bulk 
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deforming sediments; samples from Falljökull displayed very similar bulk orientations 

(other than sample 129), with their spatial organisation being a more useful metric. 

Figure 7. 18 shows a more complex distribution of proximity normals for samples taken 

from Sólheimajökull, better described along a gradient instead of obvious diagnostic 

distributions, such as the bimodal signature of sample 129. 

 

 
Figure 7. 18: Bulk proximity normal data shown for samples from profile 1: 
All samples display multimodal distributions when considered in plane view, and all are dominated by vertically-
biased proximities; however, sample 297 has a significantly wider distribution parallel to the z-axis, shown in yellow, 
and is better organised N-S than the overlying samples.  

 

There are subtle differences in the azimuth orientation of each sample, shown by the 

largest rose diagram in each case; they are all complex multimodal in style, but some 

repeating patterns which distinguish samples taken from Dmf and Dmm can be noted. 

For example, all three samples taken from Dmf (samples 377, 376 and 375) contain three 

main modes; one each in the eastern and western quadrants, and one oriented 
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approximately north. However, sample 297 contains multiple modes in the eastern 

quadrant, approximately parallel to ice-flow direction, and a much lower population of 

proximity normals in the western quadrant. This suggests that particle contacts trend 

parallel towards ice-flow direction in sample 297, the hypothesised principal stress axis, 

but that several complex superimposed forces have acted on samples 377, 376 and 375.  

 

The other main difference is the more distributed nature of vertical proximity normals 

for sample 297 (Figure 7. 18). This would indicate vertical particle contacts are less 

frequent, and therefore that grains have increased vertical mobility, possibly indicating 

a relatively unconsolidated sediment. On the other hand, samples 377, 376 and 375 are 

dominated by vertical contacts and more likely to contain stacks of particles along the 

z-axis, possibly indicating the alignment of grains into shear planes. 

 

The calculation of these proximity normals is deemed to be too computationally-

intensive (over 48 hours to calculate bulk proximity normals for sample 297) to justify 

their generation for other samples. If deformation is spatially partitioned, as suggested 

in Chapter 6, then proximity normals would not have enough time to evolve under 

consistent strains except in homogenised samples; the location of particle proximities is 

deemed to be a better indication of till deformation in these samples. 

 

7.3.1e: Summary 

The samples from profile one exhibit a variety of fabric properties, but some key points 

regarding µCT fabric and the macro-sedimentological framework can be distilled. The 

relationships between grain size, particle morphology and fabricBCT established in 

Chapter 5 using data from Falljökull disagree with the data presented for Sólheimajökull. 

In profile 1, an increase in particle size is matched by an increase in anisotropy, until the 

largest size fraction is reached. Similarly, rod-shaped particles do not reliably exhibit 

transverse modes, and blade-shaped particles are not the most clustered of those 

identified in each sample. Proximity normals have complex multimodal fabrics, with 

particle stacking thought to play less of a dominant role in sample 297 due to the 

widening of fabricBCT style in the vertical plane. 
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The clearest correlation with macro-sedimentology is the high (c. 26,000) number of 

particles found in the sample from Dmm: 297. Nevertheless, samples 297 and 375, 

under- and overlying the boundary between Dmm and Dmf, have the most clustered 

fabricBCT styles, with 375 parallel to ice-flow direction. However, fabricsBCT from sample 

297 are shown to dip up-ice which is expected (Benn, 2004), and 375 dip down-ice. A 

qualitative analysis of stereonets also shows a gradual weakening in clustering moving 

up through the Dmf from sample 375. It could be hypothesised that sample 297 (Dmm) 

displays an original “bulk” fabricBCT, imparted by stress-induced deformation. This then 

weakens crossing into the Dmf, where shearing accommodates stress. This shearing 

would increase in intensity with proximity to the overlying ice, which would explain the 

weakening of fabrics up through Dmf, from clustered unimodal to isotropic. This is 

supported by the increase in fabricBCT complexity moving up through the section; larger 

grains adopt bimodal signatures, blade and rod-shaped particles appear conditioned by 

multiple stress vectors, and the isotropy of particle contact orientations also increases. 

 

7.3.2 Profile 2 

Profile two is taken from SH02, at a similar height to profile one, but one “pair” of units 

deeper. It contains five samples crossing three units. Sample 300 is taken from Dmm, 

directly at the contact with the underlying Dmf, the same lithofacies as sample 297. 

Samples 380, 379 and 378 are taken from this Dmf, and finally sample 301 is taken from 

the underlying Dmm, close to the boundary with Dmf.  

 

7.3.2a: Bulk a-axis fabricBCT 

The bulk fabricBCT for profile two is shown in Figure 7. 19. fabricsBCT are generally much 

stronger than those described at profile one, as S1 values range from 0.48-0.61. The 

range of dip values is also much tighter than profile one, and all samples have average 

dip directions of <5º. A spread unimodal fabricBCT, oblique to ice-flow direction but 

transverse to the V1 in sample 297 (profile 1), is shown for sample 300. Crossing into the 

Dmf, clustered unimodal fabriscBCT dominate samples 380, 379 and 378, although 

azimuth directions are mixed. 380 and 378 are oblique to ice-flow direction whereas 379 

is oriented transverse. The strongest fabricBCT is in sample 378 (S1 = 0.61) which is 

situated directly above the contact with Dmm. Below this contact, sample 301 has a 

clustered unimodal fabricBCT oriented in the direction of ice-flow.  
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Figure 7. 19: Bulk fabricsBCT for profile 2. 
Sample 300 (S1=0.48, V1=335º/5º) has an isotropic fabricBCT style for the entire population; sample 380 (S1=0.57, 
V1=257º/1º) shows a clustered unimodal fabricBCT style for the entire population, oblique to ice-flow direction; sample 
379 (S1=0.60, V1=281º/4º) is similarly clustered unimodal in style, oriented transverse to ice-flow direction with a bias 
towards the eastern half of the plot. Sample 378 (S1=0.61, V1=135º/2º) also has a clustered unimodal fabricBCT style, 
oriented oblique to ice-flow direction, and sample 301 (S1=0.56, V1=32º/1º) has a clustered unimodal fabricBCT style, 
oriented sub-parallel to ice-flow direction. 
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Dip directions are similar for all samples, shown best on stereonets. Symmetrical 

contouring and an average V1 dip of 5º indicates that most grains are lying flat. These 

flat grains, combined with the strong unimodal clustered fabricsBCT identified above are 

likely indicative of shearing. However, the broad range of a-axis azimuths suggests that 

local deformational responses to a broader stress imparted by ice-flow are more likely 

responsible for their generation. The gradual degradation of particle fabricBCT up-section 

seen in profile one is not replicated here, rather fabricBCT strengths remain largely 

consistent, but orientations change. 

 

7.3.2b: Grain size 

FabricBCT styles associated with different grain size ranges are presented in Figure 7. 

20.As particle size increases in sample 300, a weak dominant mode (NNW-SSE) emerges, 

but is still deemed to be largely isotropic at smaller sizes. As the grain size in sample 380 

increases, the fabricBCT strength weakens becoming multimodal at the largest fraction (-

3ϕ, n=216). Sample 379 shows the emergence of a very weakly developed secondary 

mode in the largest grain size (-3ϕ, n=136) although the significance of this is low. It also 

reflects a feature common to larger grains, that is a great variety of a-axis azimuth dip 

angles. Sample 378 shows this increase in dip variety with grain size, but shows little 

other systematic change. Finally, the fabricBCT style in sample 301 significantly weakens 

within increase in grain size. The smallest grains (0ϕ, n=2416) show a spread unimodal 

fabricBCT style, but this becomes isotropic at -2ϕ (n=276) and -3ϕ sizes (n=64). 

 

When the fabricBCT shape of these samples is plotted as a function of grain size (Figure 

7. 21), a more clustered fabricBCT shape is noted overall, especially when compared to 

profile 1. However, as grain size increases in samples from profile 2, so does anisotropy 

– larger grains have more clustered fabricBCT shapes than smaller ones. Again, this 

disagrees with the results of grain size investigation at Falljökull, but is more consistent 

with relationships identified in Chapter 2, and those hypothesised by Kjær & Krüger 

(1999) and Carr & Rose (2003).  
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Figure 7. 20: fabricBCT styles for profile 2 split by grain size/ϕ:  
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Sample 300 shows an isotropic fabricBCT style for the smallest size fraction, moving to multimodal as grain size 
increases. Sample 380 shows a clustered unimodal style, oblique to ice-flow direction, for the smallest particles. For 
-3ϕ particles, a multimodal fabricBCT is shown. Samples 378 and 379 show a clustered unimodal fabricBCT style, oblique 
and transverse to ice-flow direction respectively, which strengthens slightly with grain size. Sample 301 shows a 
clustered unimodal fabricBCT style for 0ϕ, clustered unimodal for -1ϕ, isotropic for -2ϕ and spread unimodal for -3ϕ. 

 

 

 
Figure 7. 21: fabricBCT shape for profile 2 split by grain size/ϕ: 
Similar to profile 1, as grain size increases, isotropy decreases. All samples at all size ranges in profile 2 contain 
relatively anisotropic fabricsBCT. 

 

7.3.2c Particle morphology 

Figure 7. 22 shows a complex relationship between particle morphology and fabricBCT 

style at profile 2. No transverse populations are identified in rod-shaped particles and in 

some cases (379, 301) rods show a tighter unimodal distribution than blades. Other than 

these two samples, isolating the fabricBCT styles of particle morphologies at profile 2 

holds little significance. Sample 300 has a multimodal style while samples 380, 379 and 

378 all show clustered unimodal fabricBCT styles, again similar to their total plots. Sample 

301 maintains a spread unimodal fabricBCT style. 
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Figure 7. 23 shows the fabricBCT shape of these samples, which is similar to that identified 

in profile 1. Spheres are the most isotropic, and discs the most girdle, but rods are more 

clustered than blades, and blades are closer to girdle than cluster. The triplot shows a 

homogenous distribution of datapoints and little to suggest biasing by a single sample. 

The similarity between total bulk fabricsBCT, and those of isolated morphology fractions, 

suggests a consistent, well-developed stress axis present in profile 2, and fabricsBCT are 

reflecting this rather than a palimpsest of superimposed signatures. 

 

 
Figure 7. 22: Bulk fabricBCT s for profile 2 split by particle morphology: 
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Sample 300 has a multimodal fabricBCT style for isolated blade and rod-shaped fractions, similar to the total plot, and 
sample 380 shows a clustered unimodal fabricBCT style for blades and rods, again similar to the total plot. Sample 379 
shows rods to be more closely aligned to ice-flow direction than blades, although both fractions are still clustered 
unimodal. Sample 378 shows a clustered unimodal fabricBCT style for blades, and a spread unimodal style for rods; 
both oriented oblique to ice-flow direction. Spread unimodal fabricBCT styles also dominate the blade- and rod- shaped 
particles in sample 301. 

 

 

 
Figure 7. 23: fabricBCT shape for profile 2 split by particle morphology (Zingg class): 
Similar to Figure 7. 17, spheres are the most isotropic and discs are the most girdle, but rods are the most clustered 
more strongly aligned than blades. 

 

7.3.2d: Summary 

Samples from profile two have stronger fabrics overall, but fabricBCT /particle property 

relationships are more similar to those presented in profile one than at Falljökull 

(Chapter 5). As grain size increases, isotropy decreases; this is predicted in the literature 

(e.g. Carr & Rose, 2003; Carr & Rose, 2007) but disagrees with data presented in Chapter 

5. Equally, there are no transverse rod-shaped particle modes, and blades do not have 

the most clustered and strongest fabricBCT shapes and styles. The lack of similarity 

between particle property-fabricBCT relationships identified at Falljökull and 

Sólheimajökull in the first two profiles could suggest the variety in processes and 
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products acting at two macroscopically and microscopically similar Icelandic tills is 

greater than originally thought. This is discussed later in the chapter, but data currently 

suggests two markedly different strain regimes operating at two macroscopically similar 

profiles. 

 

Sample 300, taken from the same Dmm as sample 297, has a weak fabricBCT, transverse 

to that noted for sample 297. This implies locally variable deformation within this slab, 

rather than a simple frozen translation. Evidence for a progressive weakening fabricBCT 

profile similar to that identified for profile one is much less clear for profile two. Samples 

378, 379 and 380 have very similar fabricBCT styles, strengths, and relationships between 

grain morphology, particle size, and fabricBCT. The key difference between them is a 

heterogeneous orientation; assuming the clustered unimodal fabricBCT styles identified 

in Figure 7. 19 are indicative of a stress response within the sediment, variation in the 

local stress axis, or strain response, resulting from a 210º ice-flow direction is much 

greater than previously thought. 

 

7.3.3 Profile 3 

Profile three is taken from SH02, and contains five samples. Sample 384 is taken from 

Dmm at the boundary with the underlying Dmf. Samples 383, 382 and 381 are equally 

spaced down the Dmf unit, where 381 is immediately above the border with the 

underlying Dmm. Sample 309 is taken from this Dmm, below the contact. 

 

7.3.3a: Bulk a-axis fabricBCT 

Figure 7. 24 shows the bulk fabricBCT characteristics of all five samples taken from profile 

3. There is a much greater variety in style and shape with this profile than any other, 

although fabricsBCT are generally weak and oriented oblique to ice-flow direction. 

Sample 384 has a clustered unimodal fabricBCT oriented oblique to ice-flow, but with a 

V1 dip direction of 11º. Sample 383 appears multimodal (S1=0.46). Samples 382 and 381 

have spread unimodal fabricBCT styles (although 381 is much less clustered), both 

oriented oblique to ice-flow direction. Finally, sample 309 has a significantly larger 

particle count (c. n=10,000), and a strongly clustered, unimodal fabricBCT, again oblique 

to ice-flow direction. 
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Figure 7. 24 also highlights the usefulness, or lack thereof, of eigenvalue statistics in X-

ray µCT fabricsBCT. Samples 309 and 381 have very similar, low fabricBCT strengths, 

separated by only 0.01. However, the visual presentation of fabricsBCT shows a marked 

difference; sample 309 has a very strong, symmetrical, clustered unimodal fabricBCT 

transverse to ice-flow direction, and sample 381 has a weak, multimodal fabricBCT, 

oriented oblique to ice-flow direction. The significance of the strong fabricBCT reported 

for sample 309, considering the >10,000 particle population and new objective fabricBCT 

methodology, should not be underestimated. 

 
Figure 7. 24: bulk fabricBCT for profile 3: 



Chapter 7: Integrating X-ray µCT Fabric  

 385 

Sample 384 (S1=0.56, V1=169º/11º) has a clustered unimodal fabricBCT style oriented oblique to ice-flow direction, and 
biased to the northern hemisphere of the plot. Sample 383 (S1=0.46, V1=265º/10º) appears multimodal in fabricBCT 
style. Sample 382 (S1=0.54, V1=228º/6º) has a spread unimodal fabricBCT style, sub-parallel to ice-flow direction. 
Sample 381 (S1=0.50, V1=166º/7º) displays a spread unimodal fabricBCT style, oblique to ice-flow-direction. Sample 
309 (S1=0.51, V1=134º/4.7º) has the appearance of a strong, clustered unimodal fabricBCT style oriented sub-
transverse to ice-flow direction. 

7.3.3b: Grain size 

Figure 7. 25 continues the trend of complex relationships between fabricBCT and grain 

size shown for profiles one and two.  

 

 
Figure 7. 25: fabricBCT style for profile 3 split by grain size/ϕ:  
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Sample 384 shows a clustered unimodal fabricBCT style for sizes 0ϕ and -1ϕ, but developed a much higher degree of 
symmetry for -2ϕ. Sample 383 has an isotropic fabricBCT style, regardless of size fraction. Sample 382 has a spread 
unimodal fabricBCT style for the 0ϕ and -1ϕ sizes, but this becomes isotropic for -2ϕ and -3ϕ. Sample 381 shows a 
spread unimodal fabricBCT style for smaller size ranges, but again for -2ϕ and -3ϕ this becomes isotropic. Sample 309 
has a strongly unimodal clustered fabricBCT style, transverse to ice-flow direction, for each grain size. 

 

Sample 384 has a spread unimodal fabricBCT style, which weakens as grain size increases; 

grains -3ϕ in size form an isotropic fabricBCT. Sample 383 is isotropic, with an offset girdle 

fabricBCT style, which again degrades as particle size increases. This is similar for sample 

382, where a spread unimodal fabricBCT style weakens to isotropic as particle size 

increases. Sample 381, with a spread unimodal fabricBCT style, again shows a similar 

trend where larger particles are more likely to form isotropic fabricBCT shapes. Finally, in 

sample 309, fabricBCT style remains largely unchanged with particle size. Some small, 

weakly developed transverse modes are visible at -2ϕ particles (n=582) but they are 

deemed insignificant. Increasing particle size in this sample, improves the clustering of 

the single mode, transverse to ice-flow direction. This could suggest that sample 309 has 

been exposed to a single, well-defined stress vector, and the overlying samples contain 

signatures imparted by more complex variable forces. 

 

 

 
Figure 7. 26: fabricBCT shape for profile 3 split by grain size (ϕ):  
As grain size increases, isotropy decreases - this is the opposite relationship found at Falljökull. Smaller sizes are more 
likely to be girdle, and larger sizes clustered. However, there is a large spread of -1ϕ and -2ϕ sized grains, with some 
appearing isotropic (marked in yellow). 
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Fig. 7.22 shows a similar relationship between fabricBCT strength and grain size, as those 

presented for profiles one and two. As grain size increases, so does anisotropy. There 

are two outliers, marked in yellow, for the -2ϕ size range, which appear to be skewing 

this fraction towards the isotropic side of the triplot, but other than this, an almost linear 

relationship can be clearly noted between increasing grain size and fabricBCT clustering. 

 

7.3.3c: Particle morphology 

Figure 7. 27 shows the role of particle morphology on fabricBCT style for profile one. As 

with all other samples, there is no drastic change in principal vectors or fabricBCT styles, 

but some relationships are important to note. For example, sample 381 shows a weakly 

spread unimodal fabricBCT for rods, but an isotropic fabricBCT for blades. For sample 309, 

this relationship is reversed as blade-shaped particles adopt a more clustered fabricBCT 

style than rods. Figure 7. 28 supports the inconsistent role of particle morphology 

identified at profile 3; spheres are the most isotropic particles as expected, but blades 

are the most girdle. The distribution of blade-shaped particles on the triplot is also 

unusual, two main groups are highlighted, one forming the most clustered fabricsBCT on 

the triplot, and the other, three of the four most girdle. Rods appear the most clustered 

particle morphology, supporting the findings of previous profiles, while discs have a 

similar fabricBCT shape to blades. 

 

Again, it would seem that sample 309 has been exposed to (or at least responded 

homogeneously to) a single stress vector, whereas overlying samples contain signatures 

of multiple forces. 
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Figure 7. 27: fabricBCT style for profile 3 split by particle morphology (Zingg classification):  
The total clustered unimodal fabricBCT style for sample 384 is maintained (oblique to ice-flow), although weakened 
slightly for rod-shaped particles, and strengthened for blades. For sample 383, fabricBCT style is similar in rods to the 
total plot (isotropic) but this isotropy increases with blades. Sample 382 has a spread unimodal fabricBCT style for both 
rod and blade shaped particles. Sample 381 displays an isotropic fabric style for blade-shaped particles, which 
becomes spread unimodal, with a very weak secondary mode, in rod-shaped particles. Sample 309 shows a clustered 
unimodal fabricBCT style for blades and rods, both oriented sub-transverse to ice-flow direction. 
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Figure 7. 28: fabricBCT shape for profile 1 split by particle morphology (Zingg class):  
Spheres are the most isotropic as expected, but rods are the most clustered. Blades and discs are very similar, both 
girdled, but there are two distinct groups of fabricBCT shapes adopted by blades (marked in red). 

 

7.3.3d: Summary 

Overall fabricBCT styles identified at profile three are much less clustered than those 

found at profile two, but continue to exhibit some of the same particle property/ 

fabricBCT relationships identified in Chapter 7 up until this point. Larger particle sizes are 

again more likely to form strong clustered fabricsBCT, a fundamental disagreement with 

data presented in Chapter 5, but again supporting relationships identified in the 

literature. There does not appear to be a consistent relationship between fabricBCT shape 

and style, and the morphology of particles; blades form both strong and weak fabricBCT 

shapes, and unimodal and isotropic fabricBCT styles. Equally, rods appear to generate 

more strongly clustered fabricsBCT than other particle shapes analysed at profile three.  

 

There is also little obvious correlation with depth, or sediment unit. The two samples 

from Dmm (309, 384) are more unimodal in nature than the three Dmf samples 

interspersed between them, but 384 is oriented oblique to ice-flow direction, and 309 

is transverse. There is no gradational or step change in fabricBCT shape or style with 

sampling position, and the presence of ice-flow direction-oblique fabricBCT is common. 
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7.3.4 Summary 

The variety of bulk fabricBCT signatures identified at sites SH01 and SH02 support a 

macro-mosaic model of till at Sólheimajökull, but suggest relationships between grain 

size, morphology and fabricBCT are more complicated than those hypothesised in 

Chapter 5. FabricsBCT are still weak by macro-fabric standards, but there is significantly 

more variety in fabricBCT strength here than is seen at Falljökull. The strongest fabricsBCT 

with the most clustered styles can be seen in profile 2 in the Dmf. However, as a group, 

fabricBCT taken from the Dmm are more consistent, both strong, and with a component 

either parallel or transverse to ice-flow direction. Regardless, before the correlation of 

µCT fabricsBCT with macro-sedimentology, the relationships between particle properties 

and fabricBCT must be explored, to supplement data from Chapter 5.  

 

 
Figure 7. 29: Triplots showing the fabricBCT shape for grains of specific a) form and b) size classes:  
In all cases, a wide range of fabricBCT shapes can be seen, and there is no quantifiable method of distinguishing 
between particle size/form classes based on their fabricBCT shape. Mean values for each class are marked with a cross; 
a) When particles are separated by form (Zinng classification), the least isotropic class is blades; however, the most 
clustered class is rods. Spheres are the most isotropic class which is expected, but there are still some moderately 
well-clustered spheres. Equally, discs are the most girdle shapes, which is to be expected, but there is still a wide 
distribution on the triplot; b) The relationship noted between isotropy and particle size highlighted for samples from 
Falljökull is not shown here; instead, the smallest particles (0ϕ) are more likely to have girdle shapes; as particle size 
increases, they tend to become more clustered. Within these general descriptions, there is a lot of variation - the 
most clustered and isotropic samples are -2ϕ in size for example. 

 

Figure 7. 29a shows a homogenous spread of particle morphology fabricBCT shapes; 

blades are not the most consistently clustered forms, and rods often have stronger 

fabricBCT shapes, also shown in Table 7. 2. This could reflect a deformational process 

history at Sólheimajökull where localised shearing has oriented blade-shaped particles 

in multiple directions, and not generated a bulk response from rods, in the form of 

transverse fabricsBCT, as stress vectors have switched too frequently. When particle sizes 
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are considered, the relationship noted at Falljökull is inverted – smaller particles are 

more likely to have weaker fabricsBCT (Figure 7. 29b; Table 7. 3), agreeing with theories 

proposed by Kjær & Krüger (1999), Carr & Rose (2003) and Carr & Goddard (2007). 

Again, this discrepancy could be explained by two different styles of till deformation at 

the two sites; a series of relatively small-magnitude localised deformational events 

following the high-magnitude stress imparted by ice flow would fail to reorient the 

largest particles in a till (Carr & Rose, 2003). Small particles will reorient quickly parallel 

to the most recent stress, while at progressively larger grain sizes the signature of larger 

historical stresses will be more apparent. 

 

Table 7. 2: Eigenvalue statistics for all samples taken from Sólheimajökull, separated by particle morphology/Zingg. 

Profile Unit Sample 

Particle morphology/ZINGG 

Blade Disc Rod Sphere 

V1 S1 V1 S1 V1 S1 V1 S1 

1 
Dmf 

377 228/06 0.51 225/04 0.46 280/05 0.46 311/07 0.44 

376 174/12 0.53 153/16 0.49 156/19 0.48 166/13 0.45 

375 204/09 0.50 206/10 0.47 211/08 0.52 211/10 0.46 

Dmm 

 

297 060/12 0.47 067/10 0.46 063/18 0.45 064/10 0.42 

2 

300 330/05 0.50 337/04 0.48 338/06 0.48 339/40 0.46 

Dmf 

380 257/01 0.59 078/00 0.55 256/04 0.59 257/00 0.51 

379 280/05 0.61 280/04 0.57 281/05 0.63 283/01 0.57 

378 134/02 0.63 138/03 0.58 134/02 0.63 136/02 0.58 

Dmm 

 

301 036/01 0.57 029/01 0.54 033/01 0.58 029/02 0.54 

3 

384 169/10 0.62 163/11 0.56 170/10 0.56 171/14 0.51 

Dmf 

383 254/12 0.46 253/13 0.47 270/09 0.47 269/11 0.44 

382 227/05 0.54 227/05 0.53 231/07 0.55 222/06 0.52 

381 177/05 0.47 175/08 0.49 164/08 0.52 161/08 0.50 

Dmm 309 134/06 0.60 133/03 0.51 133/04 0.52 137/06 0.44 

 

By analysing particle bulk fabricsBCT as a result of their overall depth within the section 

(Figure 7. 30), simplistic models of strain and displacement dependent on depth 

presented in Chapter 2 are undermined. Figure 7. 30 shows no relationship between the 

depth from which a sample was taken, and orientation of V1 azimuth but crucially, the 

quadrant with the lowest population of samples is that parallel to ice-flow direction. If 

this is the case, and a depth-dependent relationship is not clearly manifest in fabricBCT 
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data, then a more complex relationship may exist, possibly incorporating overprinting 

during multiple deformational episodes over space and time. 

 

Table 7. 3: Eigenvalue statistics for all samples taken from Sólheimajökull, separated by particle size/ϕ. Subsamples 
with fewer than 750 particles are highlighted in red. 

Profile Unit Sample 

Particle size/ϕ 

1 0 -1 -2 -3 

V1 S1 V1 S1 V1 S1 V1 S1 V1 S1 

1 
Dmf 

377   256/07 0.46 229/05 0.47 276/05 0.44   
376   165/13 0.48 163/15 0.49 152/25 0.48 161/26 0.47 
375   210/09 0.48 208/09 0.50 205/07 0.50   

Dmm 
 

297   063/09 0.45 064/27 0.44 068/42 0.48 070/56 0.50 

2 

300 346/03 0.47 335/04 0.48 330/07 0.48 335/09 0.50   

Dmf 

380   256/01 0.57 258/01 0.57 255/04 0.57 257/12 0.56 

379   281/04 0.59 282/02 0.60 281/05 0.62 279/08 0.62 
378   134/03 0.61 135/02 0.62 317/01 0.58   

Dmm 
 

301   032/00 0.56 031/02 0.57 033/07 0.53 035/08 0.55 

3 

384   168/12 0.56 169/11 0.57 169/05 0.56 348/02 0.56 

Dmf 

383   274/07 0.47 259/13 0.45 253/28 0.45 249/18 0.59 

382   228/04 0.55 226/08 0.53 226/14 0.49 258/13 0.50 
381   165/04 0.51 167/10 0.50 151/17 0.44 184/25 0.57 

Dmm 309   134/04 0.50 135/06 0.53 134/08 0.60   

 

Perhaps the most significant observation, is the lack of similarity between the three 

profiles chosen for sampling. According to Evans & Hiemstra (2005), these slabs of till 

were deposited under a quasi-predictable cyclical stress regime, and should therefore 

contain broadly similar fabricBCT signatures, indicative of the forces involved in their 

emplacement. However, the variety in almost every aspect of fabric data presented here 

undermines the validity of this simple repeating process. There is diversity between 

samples, isolated fractions, within and between both sediment units and profiles. This 

suggests a highly complex history of deformational forces acting within this sequence of 

tills, and suggests there could be significant variability within each sample.  

 

Chapter 6 shows the value of applying novel, high-detail investigative procedures to a 

small number of samples in order to examine this internal variability, and better 

constrain their deformational history. However, time constraints negate the application 

of such methods to 14 separate samples. Therefore, samples from profile one will be 

spatially mapped and interrogated using appropriate methods from Chapter six. Profile 

one is chosen for two reasons; 
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Figure 7. 30: This figure shows the V1 azimuth and dip direction for each sample.  
Samples are coloured by the transect from which they were taken, and are connected by a line indicating their 
distance from the top of the section. There is a wide range of V1 azimuths, largely unconnected to sampling depth. 
The south-east quadrant, also contains the smallest number of samples, even though ice-flow direction is estimated 
to be 210º. The range of dip angles is slightly more constrained, between 0-20º, but again there is little correlation 
with sample transect, or depth within the section. 

 

1) Profile one is closest to the top of the section, overlain by only one other pair of 

Dmm/Dmf diamicts. This suggests that two broad deformational events have 

affected this profile; the first associated with its emplacement, and the second 

with the emplacement of the overlying unit. 

2) Profile one contains the most “gradational” fabricBCT signature. That is to say, an 

overall trend in bulk fabricBCT can be seen through the profile. An “original” fabric 

is hypothesised to exist in the lower Dmm, which is gradually dismantled at 

decreasing depth. 

 

Key Points: 

• Bulk fabricsBCT in samples from Sólheimajökull have different relationships with 

particle properties compared to samples from Falljökull, suggesting high 

heterogeneity between sites. 
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• There is little correlation between sediment unit and fabricBCT, or hypothesised 

emplacement process and fabricBCT. Clear fabrics associated with simple 

hypothesised processes are absent.  

• Profile one appears to contain an upward-degrading fabricBCT signature, which 

is contrary to expectations. 

 

7.4 X-ray µCT Fabric: Spatially Mapped Data (FabricSCT) 

The spatial mapping of fabricSCT domains in Chapter 6 reveals a host of additional 

information when compared to bulk fabricsBCT, such as those presented above. In order 

to fully utilise the X-ray µCT fabric method described up until this point, four separate 

strategies are employed. The mapping of ice-flow direction parallel domains, the 

characterisation of other fabric domains, the spatial positioning of diagnostic particle 

form fractions and the arrangement of particle proximities, representing particle 

contacts. 

  

7.4.1 Ice-flow direction 

Samples investigated in Chapter 6 were considered “internally,” that is, a common 

correlating datum such as ice-flow direction was impractical; fabricSCT domains were 

discussed in the context of V1 dip and direction instead of deviation from ice-flow 

direction. However, the integration of X-ray µCT data into a macro-sedimentological 

framework requires a datum applicable to macro-sedimentology and separate from µCT 

data – in this case, ice-flow direction. Ice-flow direction was estimated through 

geomorphological mapping and literature review at azimuth = 210º, detailed in Section 

3.3. This is deemed to be a precise, but non-accurate value. The applicability of a large-

scale ice-flow vector to X-ray µCT fabricSCT is discussed in detail towards the end of this 

chapter, and is indeed highly significant, but at this stage the integration of a common 

datum, independent of X-ray µCT data is prioritised. 

 

The dip angle of a particle said to be perfectly parallel to ice-flow direction is more 

difficult to ascertain; prolate particles tend to dip up-ice in subglacial traction tills (Evans 

et al., 2006) but this is too non-specific to apply to µCT data. Total fabric plots presented 

in Section 7.3 show the dominance of non- or gently-dipping particles in all samples and 
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therefore removing steeply-dipping outliers should increase the reliability of those 

grains analysed. For example, a particle with azimuth=180º/dip=89º has an orientation 

closer to azimuth=359º/dip=89º than azimuth=180º/dip=0º. Figure 7. 31 shows the 

approach taken to remove the upper quartile of dips from each dataset, sample-by-

sample. 

 

To reiterate, there are issues with nesting high-precision methodologies (µCT) within a 

less precise measure of ice-flow direction, but for now, azimuth = 210º and a 

constrained relative dip provide a macro-sedimentological framework to compare 

samples within. The implications of this are discussed in more detail in Section 7.5, as 

integrating methods of varying precision and scale is a key element of this project. 

 

 
Figure 7. 31: Histograms of dip direction / º for each sample, overlain by the 75th percentile: 
 All samples have a similar pattern, where dip angles between 0-10º dominate; this then drops to almost no dips 
above 80º. The rate at which dip angles decline is variable, reflected in the different distributions of the 75th%; in 
sample 382 for example, 75% of dip values are below 18.9º; however, in sample 297, this value is 36.7º. The 25% 
steepest dipping grains are removed from spatial mapping for ice-flow direction, explained in the text. 

 

Figure 7. 32 shows the location of ice-flow direction parallel clusters in sample 377, with 

individual grains omitted. This is a conscious choice for presenting this data in two 

dimensions, as numerous individual data points will make spatial maps more difficult to 

interpret. Sample 377 contains several weakly developed linear clusters, mostly formed 

of grains +/-10º of ice-flow direction. These clusters are oriented at between 65º and 
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95º, oblique to ice-flow direction; the best-developed ones are in the southern half of 

the sample, but there is an even distribution of clustering throughout. Figure 7. 33 

reveals clustering of ice-flow direction parallel particles in linear chains in sample 376, 

oriented in a similar direction to 377 (85º-100º), but better developed, and less 

homogenously distributed throughout the sample. A central dense pod of ice-flow 

direction parallel particles is also visible, although no particles within 5º of ice-flow 

direction were located close enough to form clusters where prox=3. 

 

 
Figure 7. 32: Sample 377 three-dimensional structural map: 
Sample 377 contains a heterogeneous distribution of weakly defined linear structures, oblique to ice-flow, oriented 
east-west. The southernmost structure contains domains of several particles +/-5º of ice-flow direction. 
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Figure 7. 33: Sample 376 three-dimensional structural map: 
Sample 376 displays heterogeneous distribution of fabricSCT domains, some linked into linear structures, oblique to 
ice-flow direction. There is a dense pod of ice-flow parallel particles at the sample core. No particles +/-5º of ice-flow 
direction are joined by proximity meshes. 

 

Figure 7. 34 shows the distribution of ice-flow parallel particles in sample 375 to be more 

complicated than the previous two; two dense clusters located at the sample bottom 

are cored by particles within 5º of ice-flow direction, but when this range is relaxed to 

10º the clusters spread out to approx. 10mm3 in volume; these significant clusters 

comprised of similarly-oriented particles are likely fabricSCT domains, and highlight the 

heterogeneous distribution of ice-flow-parallel particles in sample 375. The eastern 

domain is bisected by a dense planar structure, approx. 25mm long, which comprises 

grains within both 5º and 10º of ice-flow direction. This structure which could represent 

a shear, is oriented parallel to ice-flow direction. Finally, a 30mm linear structure runs 

from east to west in the sample, mainly comprised of grains within 10º of ice-flow 

direction. 
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Figure 7. 34: Sample 375 three-dimensional structural map: 
Sample 375 shows a heterogenous distribution of ice-flow direction-parallel particles, some organised into clusters. 
There are two main linear clusters, the northernmost oriented oblique to ice-flow, and the southern is oriented 
parallel to ice-flow direction. This southern cluster is also comprised of particles closer to ice-flow direction (marked 
in blue). Two dense pods of ice-flow parallel particles are found in the bottom south part of the sample, both 
containing blue domains, indicating tightly clustered particles. There are other small domains of ice-flow direction 
parallel particles distributed through the sample, with much less on the western side. 

 

Figure 7. 35 and Figure 7. 36 provide alternate views of fabricSCT clustering in sample 297 

as it has the most complex and dense assemblage of fabricSCT structures from profile 

one. This sample was extracted as a monolith rather than a flake and therefore contains 

more particles when scanned at the same resolution as 375-377. Figure 7. 35 shows the 

clustering of ice-flow direction parallel particles in sample 297 to be heterogeneous with 

several well-developed linear structures running upwards through the sample, 

originating in a dense pod of grains at the sample bottom. 
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Figure 7. 35: Sample 297 three-dimensional structural map 
Sample 297 contains a highly complex network of particles parallel to ice-flow direction, arranged in planar and linear 
clusters, and dense pods permeating the sample. The most significant cluster is a dense pod, occupying the bottom 
20mm of the sample. Several linear clusters permeate up through the sample from this cluster, comprised of blue 
domains, indicating tight clustering with ice-flow direction. 
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Figure 7. 36 (previous page): Two alternative views of sample 297 reveal additional structures created by ice-flow 
parallel particles:  
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a) three parallel, well-developed and dense planar clusters, comprised of both blue and red domains, cross the 
sample. There is an area in the northern middle of the sample where no structures are observed; b) additional planar 
clusters, some displaying kinks and hinges, are also visible throughout the sample. The uppermost 20mm of the 
sample contains a relatively sparse population of ice-flow parallel grains. 

 

The most pronounced linear structures are those including, and connecting, grains +/-

5º of ice-flow direction. They are all steeply dipping, over 60º in most cases, and are 

preferentially oriented parallel and transverse to ice-flow direction. The dense core of 

ice-flow direction parallel particles is also visible in Figure 7. 36a, although rotating the 

sample view shows two well-defined flat planar structures running through the entire 

sample. Figure 7. 36 also highlights a strongly clustered, well-developed linear cluster 

bisecting the entire sample from east to west, oblique to ice-flow direction.  

 

The heterogeneous distribution of ice-flow parallel particle fabricsSCT in samples from 

profile one could indicate one of three things;  

1. Firstly, that ice-flow direction was not the most recent or strongest stressor; 

however, there is little evidence to support post-depositional modification or an 

alternative depositional/deformational history for these samples.  

2. Secondly therefore, assuming ice-flow direction is the principal stress vector, we 

can say that samples from profile one, the closest to the moraine surface, have 

not acquired a strong signature from ice-flow direction stresses. 

3. Finally – the application of a coarse, relatively inaccurate ice-flow direction to 

samples displaying significant internal variability is inappropriate.  

 

The planar structures identified in samples 297 and 375 are likely to represent shear 

planes similar to those found in sample 127 (Chapter 6); planar structures comprised of 

particles oriented parallel to ice-flow direction are oriented parallel to ice-flow direction. 

Linear fabricSCT structures are identified in all samples, although the presence of more 

three-dimensional coherent fabricSCT domains increases with depth. The similarity in 

fabricSCT structures between those presented here and in Chapter 6, particularly the 

dominance of linear and planar domains, suggests two things: 

 

1) Subglacial traction tills have diagnostic fabricSCT signatures identifiable using X-ray 

µCT, supporting the results of Chapter 6; 
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2) Shearing will generate linear and planar structures comprised of commonly-oriented 

grains, though not always parallel to the principal stress axis, again supporting the 

results of Chapter 6. 

 

However, the structures identified here are all formed of grains parallel (to within a 

maximum of 10º) to ice-flow direction. In order to test the sample mosaic theory 

hypothesised above, and in Chapters 5 and 6, fabricSCT structures, mapped in 20º bins, 

will be presented in Section 7.4.2.  

 

Key points: 

• The greatest evidence for shearing parallel to ice-flow is visible in the shallowest 

samples, i.e. those from the upper Dmf. 

• Evidence for non-linear domains aligned to ice-flow direction, inferred to be 

intraclasts or self-contained “bulk” domains, increases with depth. 

• The deepest sample, 297, taken from the Dmm, contains evidence for both bulk 

and localised deformation in the direction of ice flow. 

 

7.4.2 Domain mapping 

The mapping of particle clusters with similar a-axis orientations shown in Chapter 6 

indicates that spatial distribution and geometry of fabricSCT is a key indicator of sediment 

behaviour. For example, the presence of discrete fabricSCT domains likely indicates 

heterogeneous deformation, whereas a distributed fabricSCT signature could suggest a 

more homogenous “bulk” style of deformation. While mapping fabricsSCT in 20º bins is 

an imperfect method (see Section 6.2.3b), it broadly characterises the relative 

distribution of particle orientations in a sample, allowing for comparisons of 

deformation style to be drawn. 

 

Figure 7. 37 shows the distribution of fabricSCT domains in sample 377; there are several 

well-defined linear clusters, mostly oriented north-south although the east-west linear 

clusters noted in Figure 7. 32 are absent, potentially due to their constituent particles 

crossing two 20º bins. There is little evidence for strong, significant clustering in sample 

377, as fabricSCT signatures seem evenly distributed amongst azimuth bins relative to 



Chapter 7: Integrating X-ray µCT Fabric  

 403 

other samples. The presence of well-defined linear clusters suggests a heterogeneous 

response to stress, as the sediment accommodates deformation through shearing.  

 

 

 
Figure 7. 37: The fabricSCT of sample 377 mapped as a series of discrete 20º bins. 
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Figure 7. 38: The fabricSCT of sample 376 mapped as a series of discrete 20º bins. 
 
Figure 7. 38 shows a different pattern of fabricSCT distribution in sample 376; there are 

some locations, along the sample bottom and in the core, where clusters of particles are 

more likely to form, but there is little exclusivity in this distribution; i.e. most areas in 

the sample contain particles oriented in all directions. The first 20º bin shown in Figure 

7. 38 does contain a linear structure oriented parallel to ice-flow direction, which should 

not be discounted as a diagnostic feature, especially when compared to a similar 

structure noted in Figure 7. 33. The distributed nature of fabricsSCT in sample 376 would 
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indicate homogenous mechanical behaviour, interpreted as a bulk response to stress, 

although this is tested further in Section 7.4.3 

 

Figure 7. 39 shows the distribution of fabricSCT domains in sample 375 to be more 

heterogeneous than 376 or 377; significant clusters are noted in the first four of the 

nine-degree bins, mostly forming linear and planar structures, dipping upwards, running 

south-north. This is accompanied by a dense cluster (marked in yellow) visible in Figure 

7. 39b, c and d. The significant ice-flow parallel planar structures shown in Figure 7. 34 

are not represented, although dense clustering along the sample bottom is shown. The 

heterogeneous distribution of particles with similar a-axis orientations in sample 375 

reinforces the heterogeneous deformation interpretation made in Section 7.4.1, and the 

linear nature of many of these structures could indicate shearing as a method for 

accommodating this. 

 

Finally, Figure 7. 40 shows a heterogeneous and structurally complex picture of 

deformation in sample 297. Small clusters of similarly oriented particles can be seen in 

every bin, throughout the entire sample volume. However, the most significant 

structures can be found in Figure 7. 40c, d and e. The dense fabricSCT domain identified 

in Figure 7. 35, in the lower 20mm of the sample, is represented well in Figure 7. 40, 

although the sub-horizontal linear structures are less clearly defined. The enhanced 

presence of multiple linear and planar clusters emerging from the lower fabricSCT domain 

in Figure 7. 40 could indicate a network of overlapping fabricSCT structures, but equally 

the coarse “binning” of particles into 20º fractions could produce some artefacts 

resembling significant structures. The remaining particle fractions are distributed widely 

throughout the sample, as shown in Figure 7. 40f-i. This would suggest a mixture of bulk 

and spatially-confined responses to similar forces, or two different stresses separated 

over time.  

 

In summary, there is extensive heterogeneity observed within, and between samples. 

Sample 377 contains evidence of shearing in multiple directions, which decreases in 

sample 376, where a more homogenous fabricSCT domain distribution is noted. 

However, in samples 375, extensive evidence of shears oriented 0º-80º can be noted 

alongside a homogenous distribution of domains from 80º-180º. Finally, sample 297 
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shows significant evidence for planar deformation in the top of the sample, and more of 

a bulk response in the sample bottom. This suggests that the degrading fabricSCT profile 

noted earlier in this Chapter is not defined by a gradual modification of fabricsSCT up-

section, but by step-changes, caused by localised deformation in the form of shearing. 

 

 
Figure 7. 39: The fabricSCT of sample 375 mapped as a series of discrete 20º bins. 
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Figure 7. 40: The fabricSCT of sample 297 mapped as a series of discrete 20º bins. 
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While the mapping of fabricSCT domains through bin-allocation allows for a relative 

assessment of deformation heterogeneity, the isolation of particular particle fractions 

identified in Chapter 5, can provide a more detailed assessment of the specific 

mechanics associated with deformation. 

 

Key points: 

• Evidence for the preservation of fabricsSCT oblique or transverse to ice-flow 

direction does not correlate with depth. This suggests locally heterogeneous 

distributions of till-matrix framework, supporting evidence presented in 

Chapter 6. 

• Evidence of the preservation of sheared fabricSCT domains is highest at depth, 

i.e. in samples 375 and 297. 

 

7.4.3 Isolating fractions 

Chapter 6 indicates two main particle fractions of use when assessing deformation style 

through fabric, based on existing theory and visible results from Chapters 5 and 6. By 

assessing the spatial distribution of rod-shaped particles oriented parallel or transverse 

to the desired datum (ice-flow direction in this case), inferences regarding the bulk or 

distributed nature of deformation can be made. Equally, by isolating the distribution and 

geometry of clusters comprised of blade-shaped particles, shear planes become clearer, 

providing more information on the heterogeneity of deformation mechanisms in the 

sample. 

 

The samples chosen for analysis using these techniques are based on interpretations 

made in the previous two sections; for example, samples 376 and 297 display evidence 

of a bulk response to stress; therefore, the close proximity of transverse and parallel 

rod-shaped particles will support this hypothesis, but their spatial separation is more 

indicative of discrete fabricSCT domains. Equally, samples 297 and 377 have some of the 

strongest linear structures, and therefore mapping the spatial position of blade-shaped 

particles can potentially characterise shear planes in the samples. 

 

Figure 7. 41 shows the orientation of rod-shaped particles oriented either parallel (red) 

or transverse (blue) to ice-flow direction for sample 297; Figure 7. 41a imposes a +/- 5º 
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range, and Figure 7. 41b +/-10º range. Overlaps between domains comprised of 

transverse and parallel particles, marked in yellow, are generally rare. Rod-shaped 

particles oriented parallel to ice-flow direction are likely to be spatially distinct from 

those oriented transverse. This is the case for both tolerance ranges; while some 

increased overlap is noted at the higher degree bin (+/-10º), there is still little mixing of 

domains.  

 

 
Figure 7. 41: The fabricSCT of sample 297 mapped as isolated rod-shaped particles:  
Rods are oriented either parallel (red) to ice-flow direction or transverse (blue). The top diagram applies a +/-5º 
tolerance, and the lower one a +/-10º tolerance. 
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Figure 7. 42: The fabricSCT of sample 376 mapped as isolated rod-shaped particles:  
Rods are oriented either parallel (red) to ice-flow direction or transverse (blue). The top diagram applies a +/-5º 
tolerance, and the lower one a +/-10º tolerance. 
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Figure 7. 43: The fabricSCT of sample 297 when blades parallel to ice-flow direction are isolated:  
Blue domains are within +/-5º of ice-flow direction, and red within +/-10º. Both diagrams show the same image from 
a different angle. 
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Performing the same operation for sample 376 (Figure 7. 42), where overlapping 

clusters of transverse and parallel rods would appear purple, generates similar results. 

There is surprisingly little mixing of rod-shaped particles oriented parallel or transverse 

to ice-flow direction, although areas where this does take place are marked in yellow.  

 

Rods transverse to ice-flow direction dominate the north side of the sample, whereas 

those parallel to ice-flow direction are commonly found in the south. This 

heterogeneous distribution of rod-shaped particle fabricsSCT suggests little bulk or 

homogenous deformation within the sample; two spatially separate populations of rod-

shaped particles oriented at 90º to one another suggests two different forces, not a 

single high-magnitude event provoking a switch in rotation mechanism. 

 

The isolation of blade shaped particles shown in Figure 7. 43 for sample 297 generates 

a different result, one much more indicative of deformational conditions. Strongly 

developed planar clusters are shown permeating the entire southern side of the sample 

along the z-axis. The planar nature of these structures, particularly those highlighted in 

blue, suggests the presence of shearing in the sample. In sample 377 however (Figure 7. 

44), there is little evidence for shearing picked out by blade-shaped particles; a 

homogenous distribution of ice-flow direction parallel blades would suggest a bulk-

deformation mechanism, rather than one where shear planes are defined by planar or 

linear chains of blade-shaped particles.  

 

The use of an ice-flow direction of 210º as a baseline datum must again be highlighted 

here. Clearly, the principal strain axis, represented by V1, is rarely 210º; bulk fabricBCT 

data presented in Section 7.3, considered in isolation, would indicate a variety of 

principal stress axes, or a variety of bulk fabricBCT responses to ice-flow stresses. 

However, the goal of this chapter, and indeed this project, is to examine how tills 

respond to stresses imparted by ice-flow. The principal modes identified in each sample 

are not indicative of ice-flow direction, they are indicative of how that sediment has 

responded to ice-flow. Therefore, it is not possible to ascertain how a sediment has 

responded to stresses imparted by ice-flow, if there is no independent measure of ice-

flow included. Otherwise, this investigation is circular in nature; comparing µCT data 
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with µCT data is not a robust methodology, and does not tackle issues of integration and 

usefulness imperative to this Chapter, and this investigation. 

 

 
Figure 7. 44: The fabricSCT of sample 377 when blades parallel to ice-flow direction are isolated: 
Blue domains are within +/-5º of ice-flow direction, and red within +/-10º.  

 

Key points: 

• Evidence for ice-flow parallel shearing, defined by blade-shaped particles is 

pervasive at depth, and much rarer in samples at the section top. This suggests 

shallower samples have been exposed to more localised forces. 

• There is little spatial mixing of transverse and parallel rod populations; this 

suggests these domains were formed by discrete forces. 

 

7.4.4 Proximity normals 

While the results of bulk proximity normal analysis have been largely inconclusive, the 

spatial distribution of particle proximities has proven important in diagnosing the 

relative stage of strain undergone in a sediment. Chapter 6 shows that force chains are 

amongst the first features to form in a straining sediment, as inter-particle pores close 

to accommodate the majority of stress through grain contacts. As these stress 

conditions continue or increase in magnitude, force chains buckle into shear planes, 

accommodating additional stress. Therefore, identifying linear structures formed of 
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particle proximities can attribute a relative magnitude or duration to the deformation 

characteristics of each sample. 

 

Figure 7. 45shows the distribution of particle proximities in sample 377; little correlation 

appears with ice-flow direction, but there are some clusters of particle contacts marked 

in yellow. Linear clusters tend to be oriented transverse to ice-flow direction, whereas 

pods of particle proximities are usually found at the top of the sample. The presence of 

ice-flow direction transverse linear particle proximity clusters suggests a weak 

compressional stress, compared to the principal stress from ice-flow direction. 

 

Figure 7. 46 shows the distribution of particle proximities in sample 376, with a clearer 

indication of a linear cluster aligned with ice-flow direction. This cluster traverses the 

entire sample, but does not correlate with similar structures noted in Figure 7. 33 or 

Figure 7. 38. This could indicate a stress along this axis, too weak to reorient particle a-

axes but strong enough to form multiple linear particle contacts. Figure 7. 47 show little 

evidence for the presence of force chains in sample 375; there is a homogenous 

distribution of particle proximities throughout the sample with no preferred clustering, 

linear or otherwise. 

 

No proximity normal distributions are presented for sample 297; the high particle count 

(>26,000) meant a bulk distribution required over 48 hours of intense computation; 

generating a spatial distribution of these points would require processing power not 

currently viable. Nevertheless, an evolution in distribution of particle proximity 

distributions can be seen throughout profile one; there are few proximity normals close 

to the contact with the underlying Dmm, and as the distance from this contact increases, 

so does the presence of linearly-organised particle proximities.  

 

The spatial distribution of proximity normals highlighted here supports the bulk and 

spatial fabricSCT data presented thus far for samples from profile 1. A gradual change in 

the distribution of proximity normals is observed moving up-section. According to the 

model presented in Chapter 6, the presence of linear proximity normal domains 

indicates the presence of force chains, which in turn can represent stress axes which 

were either abandoned, or of inferior magnitude to generate shear planes. The 
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significance of this is discussed towards the end of this Chapter, but to reiterate, all 

fabric data taken from profile one suggests a gradual upward change in fabric 

complexity. 

 

 
Figure 7. 45: The distribution of particle proximities in sample 377:  
Individual axis orientations are not shown. The distribution of proximities in sample 377 is heterogeneous, but they 
do not form consistent or significant structures; the dense concentrations of particle proximities are probably more 
reflective of grain density than force transmission. 
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Figure 7. 46: The distribution of particle contacts in sample 376:  
Sample 376 displays a heterogeneous distribution of particle proximities; the only significant structure noted is a 
weakly developed linear chain of proximal grains, parallel to ice-flow direction which is marked in yellow. 
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Figure 7. 47: The distribution of particle contacts in sample 375:  
Sample 375 appears to have the most homogenous distribution of particle contacts out of all samples analysed. 
There is no apparent structuring, in pods, chains or planes. 
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Key points: 

• The presence of deformational features defined by proximity normal 

distributions declines with depth.  

• Force chains are generally rare in all samples analysed. 

 

7.4.5 Summary 

Three-dimensional spatial mapping applied to samples from profile one indicates 

increased fabricSCT complexity within, and between samples. Table 7. 4 summarises the 

main findings from each of the spatial mapping methods applied above, showing overlap 

within each method used, but a clear overall trend moving down through the profile. 

 
Table 7. 4: Summary descriptions for all spatial mapping undertaken on samples from profile 1. 

Sample 7.4.1: Ice-flow 
direction 

7.4.2: 20º bins 7.4.3: Rods 7.4.3: 
Blades 

7.4.4: Particle 
proximities 

377 

Weakly 
developed 
linear 
structures 
oblique to ice-
flow direction 

Dominated by 
linear domains, 
heterogeneously 
spread throughout 
degree ranges 

 No planes 
identified 

Linear and 
planar 
structures 
formed of 
particle 
proximities 

376 

Weakly 
developed 
linear 
structures 
oblique to ice-
flow direction 

Homogeneous 
spread of non-
linear structures 
throughout degree 
ranges 

Parallel and 
transverse 
rod 
populations 
spatially 
discrete 

 One single 
linear cluster 

375 

Several 
strongly 
developed 
non-linear 
clusters and a 
single plane 

A combination of 
linear and non-
linear structures, 
heterogeneously 
spread throughout 
degree ranges 

  No structures 
observed 

297 

Strongly 
developed 
linear/planar 
structures at 
sample top, 
non-linear 
domains at 
sample bottom 

A mix of well-
defined non-linear 
clusters and 
planar/linear 
structures spread 
heterogeneously 
throughout the 
sample 

Parallel and 
transverse 
rod 
populations 
spatially 
discrete 

Well-
developed 
planes 
formed of 
blade-
shaped 
particles 

 

 

Sample 377 displays the strongest evidence of planar fabricSCT domains in the Dmf, 

interpreted as shearing, although the particles forming these shear planes are rarely 

parallel to ice-flow direction; this could account for the lack of planar features 

characterised by blade-shaped particles parallel to ice-flow direction. Moving down the 
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profile, sample 376 shows good evidence of discrete fabricSCT domains in rod-shaped 

particle fractions, and 20º bins distributed homogenously throughout the sample. There 

is little evidence of planar structures and shearing; a single chain of particle proximities 

is the only significant linear feature noted. Sample 375 contains the best evidence of 

fabricSCT partitioned into discrete domains; non-linear structures are heterogeneously 

spread throughout although a single clear plane, formed of ice-flow direction-parallel 

particles can be seen bisecting the sample. Finally, sample 297 shows enough internal 

variation to warrant splitting into upper and lower. The upper part of the sample 

contains well-developed planar and linear clusters, highlighted by blades, 20º domains 

and ice-flow direction particles. The bottom half of the sample contains fewer linear 

features, and is dominated by discrete domains, highlighted again by 20º bins, and the 

separation of parallel and transverse rod-shaped particles. 

 

The application of three-dimensional spatial mapping to samples from profile one has 

revealed a highly complex, heterogeneous suite of fabricsSCT, changing over very small 

spatial scales, even within samples. The final stage in characterising these sediment 

samples is to combine all data presented in Chapter 7, to present an interpretation of 

these stacked tills sampled at Sólheimajökull, and consider them in the context of till 

rheology, and their deformational characteristics. 

 

7.5 Discussion 

The principal goal of this chapter is to show how X-ray µCT fabric can be useful to 

glaciologists and glacial sedimentologists. With this in mind, this discussion will provide, 

in a glaciological context, an assessment of subglacial deformation, and its fabric 

signature, at all three profiles, followed by a detailed assessment of profile one. When 

summarised, and nested in a macro-sedimentological framework, this will directly 

address research question three, and show how X-ray µCT fabric can improve 

understanding of subglacial deformation and subglacial dynamics. 

 

7.5.1 Subglacial deformation at Sólheimajökull 

Bulk fabricBCT from all profiles show complexities in the subglacial system, suggesting a 

complex hybrid model (Piotrowski et al., 2004) of deformation and emplacement (Figure 
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7. 10biii) acting at Sólheimajökull. For example, a repeating, cyclical pattern of slab 

emplacement cannot adequately explain the significant differences in fabricBCT strength 

and orientation noted in all samples of Dmm taken from all profiles. Equally, the lack of 

any repeating patterns in fabricBCT style or strength indicate that individual slabs of till 

were emplaced and deformed through a variety of stress axes and magnitudes, rather 

than a single repeating process. 

 

Profile three shows marked variation in bulk fabricBCT style, strength and orientation 

throughout the section. There is little evidence to suggest that systematic processes 

such as those suggested by Evans & Hiemstra (2005) have been involved in the 

emplacement or deformation of these till units, instead bulk fabricsBCT provide evidence 

for a mosaic model of till response, where spatially heterogeneous responses to similar 

stresses, conditioned by sediment properties, have formed a suite of complex, 

overprinted fabricsBCT. Profile two shows similar variation in fabricBCT; while there are 

more similarities in the strength of fabricsBCT, the unpredictable and varying nature of 

these fabricBCT orientations undermine the attribution of a single force to their 

formation.  

 

This variation within, and between each profile, suggests a high level of strain 

heterogeneity within this subglacial system, including extensive local variation. A cyclical 

system of emplacement suggested by Evans & Hiemstra (2005) should involve relatively 

consistent stresses, and be reflected in repeating patterns, or, similar particle fabrics. By 

isolating a single profile, and comparing the samples within, it should be possible to 

evaluate the extent, and scale, of this variety in stress and consequent response.  

 

7.5.2 Subglacial deformation at profile one 

Profile one, the shallowest profile taken from Sólheimajökull contains significant 

evidence of heterogeneous deformational behaviour; this is unsurprising given the 

cross-unit nature of the transect, but by integrating bulk fabricBCT data and spatially 

mapped fabricSCT into theoretical frameworks established in Chapters 5 and 6, a much 

more detailed interpretation can be offered. Evans & Hiemstra (2005) hypothesise that 

fissile tills facilitate the translation of frozen or semi-frozen blocks of overlying massive 

diamict. If this is the case, then logic predicts an increase in the evidence of shear strain, 
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through strong clustered unimodal fabricsBCT, closer to the surface. However, at profile 

one, fabricBCT strength and style weakens with proximity to the surface (Figure 7. 13). In 

addition, blade-shaped particles, thought to align strongly with shear planes (Neudorf 

et al., 2015) increase in fabricBCT strength with depth, suggesting increased shearing at 

depth.  

 

However, when fabricSCT spatial distributions are mapped, a different picture emerges. 

The best developed linear fabricSCT structures are found in the upper samples, 377 and 

376; this could indicate the presence of multiple shear geometries, reflecting a complex 

local response to ice-flow direction stresses. This is supported by particle proximity data, 

which shows developed force chains in the upper samples, perhaps proto-shear planes, 

stress transmission pathways abandoned when shear planes have fully formed (Fonseca 

et al., 2013, Figure 6. 26).  

 

By contrast, the fabricSCT signature of sample 297, taken from the underlying Dmm and 

hypothesised to have been emplaced as a frozen block, is strong and symmetrical, 

oriented semi-parallel to ice-flow direction, and dipping up-ice. Equally, the upper half 

of this sample contains significant evidence for shearing parallel to ice-flow, while the 

lower contains fabricsSCT limited to discrete three-dimensional domains, including those 

oblique or transverse to ice-flow direction. This sample contains perhaps the strongest 

preservation of the principal strain axis, both in bulk and spatially mapped fabricsSCT. 

This must be reconciled with the hypothesised origin of sample 297; it’s position just 

below the contact with the overlying Dmf indicates it would have spent the most time 

frozen during its emplacement, and therefore should not contain a fabricSCT stronger 

than the overlying sheared till.  

 

This analysis would indicate a fundamental disagreement in the evidence for shearing 

presented by bulk, and spatially mapped fabricSCT data, and also for the overall 

mechanics of Dmm and Dmf emplacement at Sólheimajökull (Evans & Hiemstra, 2005). 

Section 7.3.1e introduces a hypothesis which can reconcile this disagreement, and the 

unexpected weakening of fabricsSCT with proximity to the glacier sole. 
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Sample 297, taken from the Dmm, contains fabricBCT closest to that expected from ice-

flow direction imparted stresses; symmetrical, oriented sub-parallel to ice-flow 

direction, and dipping up-ice. Moving upwards through the section, this signature is 

preserved to varying degrees in the overlying Dmf. FabricBCT from sample 375 is 

clustered unimodal in the direction of ice-flow, but dips down-ice; in addition, spatial 

mapping provides evidence for minimal shearing, and fabricSCT preservation in several 

discrete domains. Moving through sample 376 to 377, and the top of the profile, the 

strong fabric signature of sample 297 has been significantly degraded and replaced with 

a multimodal/isotropic fabricBCT style. The spatial distribution of these fabricsSCT, along 

with the distribution of proximity normals suggest extensive shearing, although not 

exclusively in the direction of ice-flow.  

 

This could indicate a progressive increase in shearing through both units, perhaps 

suggesting an alternative deformational history than that proposed by Evans & Hiemstra 

(2005). The Dmf is the underlying Dmm which has been extensively sheared to 

accommodate stresses associated with ice-flow. A combination of frequent particle 

contacts (Figure 7. 45), multimodal fabricsBCT in large particle sizes (Figure 7. 14) and the 

heterogeneity of linear structure orientations in the upper samples (Figure 7. 32, Figure 

7. 33) suggest shearing along multiple planes has destroyed the fabricBCT signature 

originally associated with sample 297 homogenising it to some extent. This would imply 

that till fissility was imparted post-emplacement, rather than being associated with it. 

 

7.5.3 Theories of till emplacement and deformation 

Key points presented above, and in Chapters 5 and 6, have revealed the diversity of 

fabric signatures detected using X-ray µCT; there is a clear indication that subglacial 

traction tills respond in different ways to similar stresses (from overlying ice for 

example) and there is significant evidence supporting an uneven distribution of Evans’ 

et al. (2006) till matrix framework model, possibly within a mosaic model (Piotrowski et 

al., 2004). A complex, dynamic three-dimensional distribution of porewater pressure is 

likely occurring, on a much smaller scale than the bulk, simultaneous liquefaction of an 

entire sediment body, and the steady generation of a till-matrix framework. This means 

that signatures of past stresses, similar to fabricSCT domains described in two-dimensions 

by Phillips et al. (2011) can be preserved through more recent deformational episodes. 
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Relatively coherent fabricSCT domains, which could be called intraclasts, may encourage 

hydrojacking and channelised porewater flow rather than the liquefaction of a spatially 

constrained volume (Evans et al., 2006; Hiemstra et al., 2015); a spatially homogenous 

till-matrix framework requires spatially homogenous porewater flow, a process rarely 

observed in subglacial tills. 

 

The presence of spatially and temporally heterogeneous porewater pressures would 

“protect” fabrics generated during a previous event, which would appear as distinct, 

potentially cross-cut, fabricSCT domains. This suggests that the contemporaneous mixing 

and deformation of tills operates at the µm scale, and that the preservation of some 

microstructures, even in high-stress environments, is reasonably high. This is supported 

by the universal variation in a-axis and proximity normal fabricBPN with particle size, 

shape, number, sample site, section, profile and sediment unit. The heterogeneity of till 

emplacement and deformation processes appears ubiquitous – the variety of process-

forms and fabric signatures supports a highly complex model of till emplacement at 

Sólheimajökull (Figure 7. 10biii), which is hypothesised to be the norm in natural 

environments. 

 

The increase in the number of a-axis and proximity normal fabric modes noted in the 

shallower samples taken from profile one offers further evidence for a mosaic model of 

deformation (Piotrowski et al., 2004), where signatures of previous deformational 

events are preserved, rather than a spatially homogenous till-matrix framework. If a till-

matrix framework model was responsible for the destruction of original fabrics, then 

macroscopically described shearing would impart a strong fabric signature (Evans et al., 

2006), rather than the weak, multimodal, spatially heterogenous fabric signature 

revealed in samples 377 and 376. Again, this supports the results of Chapter 6 and 

suggests that if a till-matrix framework model does exist, it is spatially and temporally 

heterogeneous and will not universally “reset” the fabric of a till during its formation. 

This is supported by considerable spatial and temporal fluctuations in PWP recorded in 

subglacial traction tills (Phillips et al., 2013) and strain transmission heterogeneities 

conditioned by sediment properties (Evans et al., 2006). 
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The final, and perhaps most important factor distinguishing macroscopically similar tills 

through fabric, is the disagreement between fundamental observations surrounding 

particle properties in Chapters 5 and 7. In Chapter 5, larger particles were shown to be 

oriented more isotropically than smaller ones. However, in this Chapter, the opposite 

relationship is noted. Equally, blade and rod-shaped particles are shown to acquire 

diagnostic fabric styles and shapes in Chapter 5, which differ significantly from the 

relationships identified here. This shows the fundamental heterogeneity in till behaviour 

at two sites which are very compositionally and historically similar, when considered in 

the broad scale of subglacial till characteristics.  

 

7.5 Conclusions 

The ideas presented here indicate the value of high-accuracy fabric datasets with an 

element of spatial mapping in reconstructions of subglacial conditions, but there are 

some components which require clarification or modification in order to improve their 

use. For example, the high accuracy of µCT fabric, compared to macro-fabric, requires a 

more accurate estimation of ice-flow direction. Correlating a coarse, geomorphology-

derived ice-flow direction to microfabric measured using µCT is difficult, although 

obtaining a higher accuracy ice-flow direction is also difficult; this is a similar problem to 

the scales of rheology question posed by Hindmarsh (1997), and detailed by Alley 

(2000); at what scale is the principal stress vector more influenced by local variations in 

granulometry, hydrology and geomorphology than ice-flow direction? It could be that 

fabric recorded at the intrinsic property scale (Boulton & Dobbie, 2001) requires an ice-

flow direction calculated to the same accuracy.  

 

The proof of concept presented here has shown how X-ray µCT fabric can detect, and 

diagnose, the signature of different deformation conditions in subglacial traction tills. It 

has also provided insight into processes of incremental till thickening, suggesting that 

macroscopically repeating couplets of A/B horizon till, are more than likely suites of 

complex overlapping, overprinted sediment units, which have interacted with each 

other in diverse ways. With this said, it remains to answer research question three, and 

the associated components defined at the start of this chapter: 
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Do µCT fabrics extracted from Sólheimajökull support, or disagree with, correlations 

regarding particle properties presented in Chapter 5? 

 

Particle fabrics extracted from Sólheimajökull have responded differently to those from 

Falljökull, in terms of the role of particle properties. This suggests a high degree of 

process heterogeneity between the two sites, and supports hypotheses of till 

heterogeneity in general.  

 

How do macro-sedimentological characteristics affect X-ray µCT fabric at 

Sólheimajökull?  

 

The three profiles analysed for µCT fabric from Sólheimajökull, should display broadly 

similar strain histories, and therefore fabric distributions. However, there is a marked 

difference in fabric throughout these profiles. There is little overlap between fabric 

properties, and equally poor evidence for macro-sedimentological controls on µCT 

fabric evolution.  

 

In what manner have the sampled tills deformed, and what are the implications of this 

for till emplacement at Sólheimajökull? 

 

It is hypothesised that extensive local variations in stress magnitudes and durations have 

occurred in all samples extracted from Sólheimajökull. There is however, evidence that 

in the uppermost profile, Dmf is actually a progressively sheared form of the underlying 

Dmm, rather than a decollement surface for the overlying Dmm.  

 

RQ3: How can X-ray µCT particle fabric contribute to an increased 

understanding of the relationship between glacial dynamics and 

subglacial traction tills? 

 

X-ray µCT particle fabric offers insight into micro-scale variation in strain heterogeneity, 

which may not be observed macroscopically, or in two dimensional thin-sections. This 
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Chapter has demonstrated the role of X-ray µCT in unpacking a complex signature of 

localised responses to stresses associated with ice-flow. 
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Chapter 8: Thesis Conclusions 

8.1 Introduction 

The aim of this project, was to improve the understanding of subglacial till deformation, 

through an improved fabric methodology. A literature review (Chapter 2) identified 

shortcomings in methods used to gather and analyse fabric data, and consequent 

knowledge gaps in theories of till deformation and fabric development. Based on these 

gaps, this project aimed to answer the research questions defined in Chapter 3, and 

detailed in Sections 7. 2-7. 5. 

 

Novel techniques have been developed in this thesis for comparing the accuracy of X-

ray image segmentations of natural diamicts, calculating the relative importance of 

modes in bimodal fabrics, plotting the spatial distribution of three-dimensional fabric 

domains and the detection, measurement and presentation of proximity normals, a 

novel parameter for reconstructing strain in natural sediments. As a result of this, a new 

model of progressive strain development in till is presented, enabling the quantitative 

comparison of stain response and characteristics in macroscopically similar tills. 

 

Much of this work is experimental; X-ray µCT is still a relatively new technique for non-

specialists, and there are numerous limitations imposed by hardware and software 

which have been tackled using the above techniques. The new methods, data and 

interpretations of subglacial till behaviour detailed here are among the first steps 

towards applying X-ray µCT more broadly, increasing the number of, and confidence in, 

quantitative procedures available to glacial sedimentologists. 

 

It is hoped that the answers to research questions given below, provide a fresh 

perspective on, and stimulus for increased investigation into, subglacial traction tills and 

the role of fabric within them. In addition to the review of each research question 

presented in Sections 8.2-8.4, Figure 8. 1 shows how X-ray µCT data has contributed 

towards the issues identified in Chapter 2. 
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Figure 8. 1: A flowchart detailing the contributions of X-ray µCT to the research questions detailed in Chapter 3. 
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8.2 Research Question One 

RQ1: HOW CAN THE QUALITY OF X-RAY µCT DATA BE MAXIMISED THROUGH ACCURATE 

SEGMENTATION? 

 

Quality has been maximised through experimentation with several different machine 

learning classification systems. This, along with the creation of an error quantification 

algorithm, has allowed for the presentation and legitimisation of a method designed to 

extract the best possible structural data from greyscale image stacks of natural 

sediments.  

 

• This method is practical. It does not require obstructive computing power, it is 

simple to set up, and it only requires a knowledge of basic sediment 

micromorphology in order to identify grains, matrix and pores for the generation 

of training areas.  

• The protocols developed here lead to accurate segmentations. While accuracy 

will vary between samples, it has been demonstrated that machine learning 

increases data accuracy over thresholding and is consistently able to identify and 

correctly represent the overwhelming majority of particles in a sample. 	 

• This method is also precise. Minimal filtration and data smoothing ensure that 

the precision of the data is directly controlled by the original scan resolution, not 

by any filters applied pre- or post-processing. This may generate marginally 

nosier images, but the removal of noise is reliable in statistical analysis. 	 

 

The quality of X-ray µCT data, particularly concerning natural sediments, is best 

maximised through machine learning approaches, compared using a quantitative error 

checking method presented here. The applications of this are not limited to fabric or 

glacial sedimentology, but extend to X-ray µCT datasets in general; any X-ray 

classification can be quantitatively compared to a manually segmented image; this 

includes geological, biological and other diverse types of material. 
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8.3 Research Question Two 

RQ2: What does particle fabric in subglacial traction tills mean? 

 

The spatial heterogeneity of fabric domains and evidence for a mosaic form suggests 

that bulk particle fabrics are representative of the most recent force applied to a 

sediment. By integrating three-dimensional spatial position into these datasets, and 

crucially proximity normals, a far more complex and useful role can be given to fabric, 

encompassing the style, and potentially magnitude/duration of deformation. 

 

Alongside these two main definitions of fabric, several other properties of X-ray µCT 

particle fabric in subglacial tills have been calculated: 

 

• X-ray µCT particle fabrics are much weaker and less well organised than their 

macro-fabric counterparts. 

• Particle mean vectors do not stabilise until populations reach 750. 

• Particle size exerts a complex influence of particle response to stress and should 

be considered when extracting fabric data. 

• Particle morphology also plays a complicated role in particle response to stress. 

In three-dimensions, blade-shaped particles are shown to align along shear 

planes. 

• Rod-shaped particles are likely to adopt transverse bulk fabrics, but these are 

spatially separate populations. 

• Proximity normals are a key indicator of strain in sediments. A model is 

developed in Chapter 6 which explains the role of particle proximities in 

representing granular force chains in deforming tills, along a spectrum of strain 

responses. 

• Large particles have been shown to exert an influence on the mechanical 

behaviour, and resulting fabrics, of smaller grains. 
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8.4 Research Question Three 

RQ3: How can X-ray µCT particle fabric contribute to an increased understanding of the 

relationship between glacial dynamics and subglacial traction tills? 

 

Data presented in Chapters 5, 6 and 7 support an overall mosaic model of till behaviour. 

Spatially controlled fabric domains have been described in almost all till samples 

extracted from beneath two Icelandic glaciers: Sólheimajökull and Falljökull. These 

domains can have linear or more compact geometries, defined as shears and pockets of 

isolated deforming till respectively. The co-existence of shearing and bulk deformation 

suggests that a till-matrix framework model of fabric development can exist in subglacial 

tills, but within a mosaic model; this would suggest the till-matrix framework model 

operates at a much smaller scale than previously suggested. 

 

Integrating X-ray µCT data into a macro-sedimentological context provides an 

opportunity to quantify, to some extent, relative strain magnitudes or durations in 

macroscopically homogenous subglacial tills. Particle fabrics extracted from 

Sólheimajökull and Falljökull display a high degree of heterogeneity, suggesting a similar 

spatial and temporal variation in process. When sequences of incrementally stacked tills 

are mapped using X-ray µCT transects, a set of diagnostic sequential fabric patterns is 

absent. Instead, a complex sequence of gradual and abrupt fabric evolutions is shown, 

including the presence of an “out-of-sequence” sheared till with three-dimensional 

fabrics indicating its role as a sheared massive diamict, rather than a decollement 

surface.  

 

 

8.5 Implications  

The data presented here has significant implications for previous fabrics taken from 

ancient till sequences using 50 clasts. A minimum of 750 particles, carefully controlled 

for size and morphology, is recommended here for a fabric representative of the parent 

population. Extracting such a large dataset for macro-fabric analysis is unfeasible, but 
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sampling would also likely cross multiple macroscopically invisible boundaries defining 

unique behaviours within the till. 

 

There are also implications for the use of fabrics derived from two-dimensional thin 

sections; the clear bimodal distributions associated with fabric domains represented in 

two dimensions are not replicated with µCT analysis. This, coupled with the 

demonstrated accuracy of X-ray µCT, casts doubt on interpretations based on two-

dimensional microstructucal mapping. 

 

8.6 Further work 

Table 8. 1: Strategies for further work involving X-ray µCT in glacial sedimentology. 

THEME SUGGESTIONS FOR FURTHER WORK 
DEVELOPMENT 
OF X-RAY µCT  

- Development of bespoke equipment for extracting, transporting 
and scanning samples.  

- Experiments involving synchrotron and particle accelerators to 
generate noise-free X-ray photomicrographs. 

- The creation and continuing development of specialist software, 
allowing for easier integration of X-ray µCT data. 

- Further experimentation and development using geotechnical 
parameters such as contact normals and branch vectors. 
 

LABORATORY 
EXPERIMENTS 

- Experiments utilising repeat scanning of natural tills or artificial 
analogues exposed to deformational processes: 

o Melting and refreezing of sediments between scans 
o Wetting and drying 
o Bi/Tri-axial shearing  

- All of these environmental conditions will affect the interior 
structure of samples (pore network structure and presence), fabric 
(of structures and individual particles) and other components. 
Isolating these variables in laboratory conditions will strengthen 
the relationship between fabric and process, showing the true 
micro-mechanics underpinning particle movement and rotation. 
 

GLACIAL 
SEDIMENTOLOGY 

- The creation, and expansion of an X-ray µCT “archive;” samples of 
glacial tills collected from all possible environments and conditions 
will enable much broader conclusions to be drawn from X-ray µCT 
data. Due to the non-destructive nature of X-ray µCT, this allows 
the permanent preservation of data taken from samples due to be 
resin impregnated and thin-sectioned etc. 
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- The continuing integration of X-ray µCT fabric data into glacial 
sedimentological studies (eg. Spagnolo et al., 2016), especially 
those involving thin-section micromorphology. 

- A detailed study comparing fabrics from microstructural mapping 
(Phillips et al., 2011) with those taken using X-ray µCT. 
 

LONG-TERM 
GOALS 

- The development of quantum computing will allow 3D computer 
modelling of natural sediments. This is to say the modelling of how 
a natural sediment (one scanned using X-ray µCT) responds to 
artificially applied stress. 

- Decreasing costs will allow much larger monoliths to be scanned 
(on the cubic meter scale for example), enabling issues of small-
scale variation to be more effectively tackled.  

- The ultimate goal is to allow X-ray µCT fabrics to contribute towards 
a unified theory of flow, reconciling granular and fluid approaches. 

 

The scope for further work in the quantification and analysis of X-ray µCT fabric data is 

significant and summarised in Table 8. 1. Data collected for this investigation can still be 

filtered and analysed before it is no longer useful. Thanks to the non-destructive nature 

of X-ray µCT, samples still exist and can be manually disaggregated, fixed in resin and 

turned into thin sections etc. The majority of analysis conducted here is also from two 

sites with similar sedimentology; exploring the signature of fabrics in relict tills, and 

other non-glacial deposits will facilitate the creation of a database of diagnostic fabric 

signatures. 

 

The extraction, fixing and transport of “fresh” subglacial tills should also be considered 

a priority for the X-ray µCT fabric workflow. Current equipment such as kubiena tins is 

designed for thin-section production rather than mounting and scanning using µCT. 

Creating more stable and less X-ray attenuating sample casings, along with an improved 

field-orienting and transportation method would be of great benefit to X-ray µCT fabric 

analysis, and in fact any study using µCT and structurally sensitive samples.  

 

The benefits of X-ray µCT to wider glacial sedimentology are not to be underestimated. 

The generation of three-dimensional volumetric models has the potential to 

revolutionise the field of micromorphology, and is held back by a lack of software 

capability rather than imagination. The introduction of technologies such as three-

dimensional printing, augmented and virtual reality and later holographic imagery will 
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enable a new type of research, fully considering natural complexity in three-dimensions, 

unhindered by the limitations of two dimensional slices.
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Appendices 

3.1: Scan parameters for each sample 

 
Key scan parameters for each sample. BH = beam hardening preset, TS = tiff scaling.	Power and resolution are 
coloured according to “desirable” results. Lower power enables better distinction between low density phases but 
may fail to penetrate the entire sample. However, every scan performed penetrated the entire sample and therefore 
power in this case can be a proxy for “density sensitivity. Resolution is much simpler; higher resolutions allow smaller 
particles and structure to be accurately detected. 

 

Loc Sample ID Voltage Current Power Focus BH TS Resolution
JGI13K6 170 240 40.8 -7 3 0.2 97
JGI13K4 170 240 40.8 39 3 0.2 113
JGI13K15 170 240 40.8 50 3 0.2 113
JGI13K2 170 240 40.8 -47 3 0.2 113
JGI13K1 170 240 40.8 -49 3 0.2 113
JGI13K14 170 240 40.8 -49 3 0.2 113
JGI13K10 170 240 40.8 50 3 0.2 95.65
JGI13K9 170 240 40.8 50 3 0.2 96
JGI13K16 170 240 40.8 50 3 0.2 96
JGI13K11 170 240 40.8 49 3 0.2 96
JGI13K12 170 240 40.8 50 3 0.2 96
JGI13K13 170 240 40.8 49 3 0.2 96
JGI13K5 170 240 40.8 49 3 0.2 96
JGI13K17 170 240 40.8 50 3 0.2 96
JGI15SH0104 200 190 38 50 2 0.1 128
JGI15SH0105 180 170 30.6 49 2 0.1 107.8
JGI15SH0208 190 200 38 50 2 0.1 128
JGI15SH0206 200 190 38 49 2 0.1 121
JGI15SH0209 200 190 38 24 2 0.1 84
JGI15SH0210 200 190 38 49 2 0.1 118
JGI15SH0213 195 180 35.1 50 2 0.1 118
JGI15SH0101 195 180 35.1 50 2 0.1 114
JGI15SH0212 185 160 29.6 49 2 0.1 102
JGI15SH0101.5 185 170 31.45 48 2 0.1 102
JGI15SH0214 190 175 33.25 47 2 0.1 115
JGI15SH0207 195 180 35.1 49 2 0.1 128
JGI15SH0102 210 200 42 49 2 0.1 128
JGI15SH0215TIN 200 190 38 50 2 0.1 88
JGI15SH0213.9 205 195 39.975 49 2 0.1 128
JGI15SH0103 190 190 36.1 50 2 0.1 121
JGI15SH0213SP 190 180 34.2 49 2 0.1 110
JGN14K18 180 230 41.4 31 3 0.4 89.321
JGN14K19 180 230 41.4 31 3 0.4 91.821
JGN14K20 180 230 41.4 -31 3 0.4 91.821
JGN14K21 180 230 41.4 12 3 0.4 91.82
JGN14K22 180 230 41.4 50 3 0.4 91.819
JGN14K23 180 230 41.4 44 3 0.4 91.818
JGN14K24 180 230 41.4 42 3 0.4 91.817
JGN14K28 180 230 41.4 48 3 0.4 91.816
JGN14K29 180 230 41.4 47 3 0.4 91.815
JGN14K30 180 230 41.4 31 3 0.4 91.814
JGN14K31 180 230 41.4 30 3 0.4 94.1
JGN14K32 180 230 41.4 49 3 0.4 94.1
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4.1: Filtration testing 

 
Total Accuracy of filters applied to 4 protocol slices. A = Anisotropic, DER = Derivatives, GAB = Gabor, HESS = Hessian, 
LAP = Laplacian, LIP = Lipschitz. Eg. ADER = Anisotropic and Derivative algorithms. AA or LAPLAP = Anisotropic only, 
or Laplacian only. For representation accuracy, the most accurate classifications are highlighted in green, worst in 
red. This colour ramp is used for all 4 samples, hence the overwhelming red for sample 127. Detection accuracies are 
more difficult to colour code. Under-Representation of particles is less desirable than over-representation. This is 
because post-processing can remove noise associated with inflated grain detection values, but it cannot add grains 
that were not detected. Values between 90-200 are highlighted in green. 

Sample	 127	 264	 275	 303	
Accuracy	type	(%)	 Rep	 Detec	 R	 D	 R	 D	 R	 D	

Filter	combo	
AA	 79.5	 232.3	 99.6	 560.0	 99.0	 100.0	 97.0	 289.2	
ADER	 81.7	 223.0	 99.8	 246.7	 99.0	 45.0	 97.3	 141.3	
AGAB	 83.2	 267.7	 99.8	 246.7	 99.0	 56.3	 86.5	 213.2	
AHESS	 77.2	 213.7	 99.8	 300.0	 99.0	 82.5	 96.5	 295.8	
ALAP	 78.4	 183.6	 99.7	 340.0	 99.1	 63.8	 96.3	 249.7	
ALIP	 81.4	 246.5	 99.7	 306.7	 99.0	 85.0	 97.4	 215.6	
DERDER	 75.3	 194.2	 99.8	 300.0	 98.9	 60.0	 95.2	 184.4	
DERHESS	 74.1	 205.8	 99.7	 340.0	 98.9	 55.0	 95.5	 235.3	
GABDER	 99.8	 226.7	 98.9	 50.0	 98.9	 50.0	 97.3	 174.3	
GABGAB	 83.2	 263.3	 99.8	 246.7	 98.9	 70.0	 97.3	 191.6	
GABHESS	 79.8	 266.4	 99.8	 246.7	 99.0	 67.5	 97.2	 209.6	
HESSHESS	 74.6	 194.7	 99.7	 333.3	 98.9	 100.0	 95.4	 274.3	
LAPDER	 75.6	 193.8	 99.7	 300.0	 99.0	 47.5	 96.0	 171.9	
LAPGAB	 82.1	 262.8	 99.8	 246.7	 99.0	 61.3	 97.3	 203.0	
LAPHESS	 74.8	 188.9	 99.7	 360.0	 98.9	 81.3	 95.5	 254.5	
LAPLAP	 75.4	 199.1	 99.6	 580.0	 99.0	 140.0	 95.8	 291.6	
LIPDER	 74.3	 436.7	 99.8	 273.3	 98.9	 50.0	 95.3	 200.0	
LIPGAB	 82.9	 196.5	 99.8	 226.7	 98.9	 67.5	 97.3	 197.0	
LIPHESS	 74.8	 265.0	 99.8	 306.7	 98.9	 91.3	 95.5	 273.1	
LIPLAP	 78.7	 204.9	 99.7	 300.0	 99.0	 112.5	 96.6	 262.3	
LIPLIP	 74.5	 213.3	 99.6	 966.7	 97.2	 1420.0	 95.8	 852.7	
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Representation accuracies for all classifications on all slices. The best three algorithms/algorithm combinations are 
highlighted in grey at the top. The frequency of these values is then plotted on the right, where the Anisotropic and 
Gabor filters occur the most frequently in accurate classifications. 

 
Detection accuracies for all classifications on all slices. The best three classifications are highlighted in green. 
Anisotropic and Derivative filters are the most frequently successful. 

127	 264	 275	 303	 	  

AGAB	 83.22	 LIPGAB	 99.80	 ALAP	 99.06	 ALIP	 97.36	 	  
GABGAB	 83.17	 AGAB	 99.80	 LIPLAP	 99.03	 GABDER	 97.34	 	  
LIPGAB	 82.93	 GABHESS	 99.80	 AA	 99.02	 LAPGAB	 97.32	 	  

GABDER	 82.62	 GABDER	 99.80	 LAPLAP	 99.01	 LIPGAB	 97.29	 	  
LAPGAB	 82.14	 GABGAB	 99.79	 ADER	 99.01	 GABGAB	 97.29	 	  

ADER	 81.66	 LAPGAB	 99.79	 ALIP	 99.01	 ADER	 97.27	 	  
ALIP	 81.36	 LIPDER	 99.78	 AHESS	 99.00	 GABHESS	 97.20	 	  

GABHESS	 79.76	 DERDER	 99.77	 AGAB	 98.98	 AA	 97.04	 	  
AA	 79.49	 ADER	 99.77	 LAPDER	 98.96	 LIPLAP	 96.64	 	  

LIPLAP	 78.66	 AHESS	 99.77	 LAPGAB	 98.96	 AHESS	 96.55	 	  
ALAP	 78.43	 LIPHESS	 99.76	 GABHESS	 98.95	 ALAP	 96.26	 	  

AHESS	 77.16	 ALIP	 99.74	 GABDER	 98.94	 LAPDER	 95.95	 	  
LAPDER	 75.56	 HESSHESS	 99.74	 LAPHESS	 98.93	 LAPLAP	 95.84	 	  
LAPLAP	 75.43	 LAPHESS	 99.74	 HESSHESS	 98.90	 LIPLIP	 95.83	 	  

DERDER	 75.33	 ALAP	 99.73	 DERDER	 98.89	 DERHESS	 95.54	 	  
LAPHESS	 74.79	 LAPDER	 99.73	 DERHESS	 98.88	 LAPHESS	 95.53	 Anisotropic	 6	
LIPHESS	 74.77	 DERHESS	 99.73	 LIPDER	 98.88	 LIPHESS	 95.49	 Derivitives	 1	

HESSHESS	 74.64	 LIPLAP	 99.73	 LIPHESS	 98.88	 HESSHESS	 95.44	 Gabor	 9	
LIPLIP	 74.49	 AA	 99.63	 GABGAB	 98.87	 LIPDER	 95.28	 Hessian	 1	
LIPDER	 74.29	 LIPLIP	 99.61	 LIPGAB	 98.85	 DERDER	 95.15	 Laplacian	 3	

DERHESS	 74.13	 LAPLAP	 99.59	 LIPLIP	 97.18	 AGAB	 86.47	 Lipschitz	 4	
	
	
	
	
	 127	 264	 275	 303	 	  

ALAP	 184	 GABDER	 50	 ADER	 45	 ADER	 141.3	 	  

LAPHESS	 189	 LIPGAB	 227	 LAPDER	 48	 LAPDER	 171.9	 	  
LAPDER	 194	 ADER	 247	 GABDER	 50	 GABDER	 174.3	 	  
DERDER	 194	 AGAB	 247	 LIPDER	 50	 DERDER	 184.4	 	  
HESSHESS	 195	 GABGAB	 247	 DERHESS	 55	 GABGAB	 191.6	 	  
LIPGAB	 196	 GABHESS	 247	 AGAB	 56	 LIPGAB	 197.0	 	  
LAPLAP	 199	 LAPGAB	 247	 DERDER	 60	 LIPDER	 200.0	 	  
LIPLAP	 205	 LIPDER	 273	 LAPGAB	 61	 LAPGAB	 203.0	 	  
DERHESS	 206	 AHESS	 300	 ALAP	 64	 GABHESS	 209.6	 	  
LIPLIP	 213	 DERDER	 300	 GABHESS	 68	 AGAB	 213.2	 	  
AHESS	 214	 LAPDER	 300	 LIPGAB	 68	 ALIP	 215.6	 	  
ADER	 223	 LIPLAP	 300	 GABGAB	 70	 DERHESS	 235.3	 	  
GABDER	 227	 ALIP	 307	 LAPHESS	 81	 ALAP	 249.7	 	  
AA	 232	 LIPHESS	 307	 AHESS	 83	 LAPHESS	 254.5	 	  

ALIP	 246	 HESSHESS	 333	 ALIP	 85	 LIPLAP	 262.3	 	  

LAPGAB	 263	 ALAP	 340	 LIPHESS	 91	 LIPHESS	 273.1	 Anisotropic	 5	
GABGAB	 263	 DERHESS	 340	 AA	 100	 HESSHESS	 274.3	 Derivitives	 6	
LIPHESS	 265	 LAPHESS	 360	 HESSHESS	 100	 AA	 289.2	 Gabor	 3	
GABHESS	 266	 AA	 560	 LIPLAP	 113	 LAPLAP	 291.6	 Hessian	 4	
AGAB	 268	 LAPLAP	 580	 LAPLAP	 140	 AHESS	 295.8	 Laplacian	 4	
LIPDER	 437	 LIPLIP	 967	 LIPLIP	 1420	 LIPLIP	 852.7	 Lipschitz	 2	
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Filtration descriptions: 

• Anisotropic filtration produces very dark particles in both slices indicating a good 

standard of particle and edge detection. Slice 264 does contain some areas of dark 

grey matrix however, indicating the misclassification of some matrix which is 

perhaps denser than that represented in pure white. This is replicated in the 

classification of slice 303 as much of the matrix is dark grey in colour. Even though 

the anisotropic filter appears in the most accurate classification algorithm 

combinations, it appears that it must be combined with another algorithm, 

depending on the sample, in order to produce an accurate result. Pure anisotropic 

filtration produces a very uncertain matrix classification which will lead to particle 

bridging, or shell effects during manual thresholding of probability maps.	 

• There is a great deal of erroneous edge detection using the derivatives algorithm in 

both slices and a significant amount of streaking visible as well. The images also 

possess little in the way of solid black/white end member pixels. This highlights the 

general uncertainty of the classification of both images. Large particles, most 

obviously in slice 303, are not classified with the same accuracy as those when using 

anisotropic filtering, and this will have repercussions for the identification of particle 

long axes.	 

• Gabor filtration provides accurate classification of particles in both slices and this 

correlates with the high representation accuracy highlighted in Table 4.7 Matrix and 

voids are generally white or light grey while most particles are a deep solid black. 

However, the Gabor algorithm over-detects edges. Slice 303 has a solid black edge 

traced around the whole sample, where sediment meets void. The same is true for 

slice 264 to a lesser extent. Linear voids are lined by medium grey, indicating the 

detection of false edges due to sharp transitions in greyscale values. 

• Hessian filtration generates edge effects similar to Gabor, but more pronounced and 

problematic. Dark grey channels run through slice 264 where the void/matrix 

boundary has been falsely identified as a particle edge. Similar errors are visible on 

slice 303, where even the clingfilm used to wrap the sample has been detected as 

an edge and misclassified as a particle. The large particles in slice 303 also have poor 

interior definition with the largest particle in slice 303 being misclassified as filled 

with background. 
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• The Laplacian filter produces similar edge effects to Hessian in slice 264, but the 

definition of smaller particles is much clearer. Bridges of high density material are 

still not too dark, which leaves much scope for improvement during post-processing. 

Slice 303 is very well classified using the Laplacian algorithm. Particles are dark black, 

surrounded by bright white, indicating the accuracy of edge detection when using 

this filter. The surrounding dark grey material away from the sample is easily 

removed by cropping or manual thresholding and is indicative of a high level of 

smoothing and noise removal.	 

• The Lipschitz filter accurately identifies particles in slice 264, but generates a very 

noisy probability map. Particles are surrounded by halos of noise, and there is 

significant dark grey noise in the matrix. There are however, no edge effects. This is 

the same for slice 303 - dark grey or black outlines which outline the whole sample 

when using other algorithms are not present here indicating the ability of the 

Lipschitz filter to accurately detect edges and attribute them to the correct class. 

 

  



Appendix 

 455 

5.1: Identifying multiple modes 
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6.1: Proximity normal MATLAB code 

clear all 
close all 
  
PROX = 4; 
  
tic 
for i = 0:9; 
    ival = num2str(i); 
    name = strcat('tiffs0000',ival,'.tif'); %%%% assuming the files are called "tiffs...", if 
not change 
t = Tiff(name); 
im(:,:,i+1) = t.read();  
t.close 
end 
for i = 10:99; 
    ival = num2str(i); 
    name = strcat('tiffs000',ival,'.tif'); 
t = Tiff(name); 
im(:,:,i+1) = t.read(); 
t.close 
end 
for i = 100:199;   
    ival = num2str(i); 
    name = strcat('tiffs00',ival,'.tif'); 
t = Tiff(name); 
im(:,:,i+1) = t.read(); 
t.close 
end 
 
%{ 
IF NEEDED!! 
  for i = 100:999; 
      ival = num2str(i); 
      name = strcat('tiffs0',ival,'.tif'); 
  t = Tiff(name); 
  im(:,:,i+1) = t.read(); 
  t.close 
 end  
  
IF NEEDED!! 
  for i = 1000:9999; 
      ival = num2str(i); 
      name = strcat('tiffs',ival,'.tif'); 
  t = Tiff(name); 
  im(:,:,i+1) = t.read(); 
  t.close 
  end 
%} 
toc 
  
fprintf('3D matrix created \n') 
  
PIDs = bwconncomp(im);  
  
ImWithIDs = labelmatrix(PIDs); 
  
figure 
imshow(ImWithIDs(:,:,100),[0 PIDs.NumObjects])  
set(gcf,'NumberTitle','off')  
set(gcf,'Name','Slice 100: individual particle IDs')  
toc 
fprintf('Particle IDs assigned \n') 
 
DM = bwdist(im); 
  
%{ 
 figure 
 imshow(DM(:,:,100),[0 max(max(DM(:,:,100)))]) 
 set(gcf,'NumberTitle','off') %don't show the figure number 
 set(gcf,'Name','Slice 100: void distance map') 
%} 
%%now try to remove 1 particle at a time and see what changes in the distance map 
 
%% Complete particles 
tic 
  
ImWithContacts = zeros(size(im)); 
  
    for RemID = 1:10  
     
ImRemover = im; 
ImRemover(ImWithIDs==RemID) = 0; 
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DMRemover = bwdist(ImRemover); 
  
LessThanPROX = zeros(size(ImRemover)); 
LessThanPROX(DMRemover<=PROX & DMRemover>0 & DM==0) = 999; 
  
ImWithContacts(LessThanPROX==999) = 999; 
  
    end 
  
ContIDs = bwconncomp(ImWithContacts); 
  
ImWithContIDs = labelmatrix(ContIDs); 
     
toc 
fprintf('Ive just finished finding contacts around LOTS OF particles \n') 
  
  
RecordNormalsVEC = zeros(ContIDs.NumObjects,3); 
RecordNormals = zeros(ContIDs.NumObjects,3); 
RecordCentroids = zeros(ContIDs.NumObjects,3); 
       figure 
        hold on 
for iCont = 1:ContIDs.NumObjects 
     
ThisCont = zeros(size(ImWithContIDs)); 
ThisCont(ImWithContIDs==iCont) = 1; 
PPc  = regionprops(ThisCont, 'PixelList'); 
        CoCo = cat(1, PPc.PixelList); 
         
    PPc  = regionprops(ThisCont, 'Centroid');     
    Centr = cat(1, PPc.Centroid); 
     
           scatter3(CoCo(:,1),CoCo(:,2),CoCo(:,3),'ob','fill') 
  
         
        if(size(CoCo,1) >= 5)  
                 
        [Coeff,Score] = princomp(CoCo); 
        PCAvec = transpose(Coeff(:,3));  
        [azi,ele,r] = cart2sph(PCAvec(1),PCAvec(2),PCAvec(3)); 
         
         
        quiver3(Centr(1),Centr(2),Centr(3),PCAvec(1)*10,PCAvec(2)*10,PCAvec(3)*10,'r') 
        RecordNormalsVEC(iCont,1:3) = PCAvec; 
        RecordNormals(iCont,1:3) = [azi,ele,r]; 
        RecordCentroids(iCont,1:3) = Centr; 
        end 
end 
  
  
RecordNormalsDEG = RecordNormals; 
RecordNormalsDEG(:,1:2) = RecordNormalsDEG(:,1:2).*180./pi; 
  
toc 
fprintf('Ive just finished finding contact normals for LOTS OF particles \n') 
  
%clean up plot 
axis equal 
 dlmwrite('RecordNormalsVEC.txt',RecordNormalsVEC); 
dlmwrite('RecordNormalsDEG.txt',RecordNormalsDEG); 
dlmwrite('RecordCentroids.txt',RecordCentroids); 
  
  
%% NORTH CHECKER!!! 
%make a voxelised image of slice 100 
PPc  = regionprops(im(:,:,100), 'PixelList'); 
        NoCo = cat(1, PPc.PixelList); 
        figure 
        %%make a "0 degrees azimuth" arrow 
        VecX = [1,0,0]; 
        [azi,ele,r] = cart2sph(VecX(1),VecX(2),VecX(3)); 
        AnglesX(1:3) = [(180/pi).*azi,(180/pi).*ele,r]; 
                VecY = [0,1,0]; 
        [azi,ele,r] = cart2sph(VecY(1),VecY(2),VecY(3)); 
        AnglesY(1:3) = [(180/pi).*azi,(180/pi).*ele,r]; 
         
        quiver(0,0,VecX(1)*100,VecX(2)*100,'r') 
        hold on 
        quiver(0,0,VecY(1)*100,VecY(2)*100,'g') 
         
        scatter(NoCo(:,1),NoCo(:,2),'ob','fill') 
        axis equal 
        legend('X+ direction, Azimuth = 0','Y+ direction, Azimuth = +90 degrees') 
  
      

 


