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Abstract

An integrated approach to landform genesis which incorporates morphological and
sedimentological analysis with geophysical technologies, such as Ground Penetrating Radar
(GPR) enables the internal structure and geometry of landforms to be better understood.
Such an integrated approach to landform genesis was developed and tested as a case study, to
develop depositional models for moraines at the Mueller Glacier, New Zealand. The
sedimentary composition of the moraines surrounding the Mueller Glacier was characterised
as supraglacial, glaciofluvial, englacial, and ice marginal deposits. The internal structure of
the right lateral moraines was dominated by glaciotectonic deformation, collapse features,
glaciofluvial activity and surface-parallel down-glacier dipping beds. These moraines are
compound polyepisodic landforms formed as ice contact fans that are influenced by repeated
advancement/thickening and retreat/down wasting of the ice margin. The terminal moraines
and left lateral moraines were subdued single ridges. Terminal moraines were characterised
by steep ice marginal slopes and gentle ice distal slopes with an internal composition of down
glacier dipping sediments while the left lateral moraines were characterised by steeply
dipping up glacier reflections. These moraines where inferred to be ice contact fans formed
by ice marginal deposition and debris flow, which have subsequently been deformed via
remobilisation of the sediment after ice retreat. The case study of the Mueller Glacier has
shown that the use of ground penetrating radar is beneficial in the understanding of glacial
geomorphology.
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Chapter one

Chapter One
Introduction

Environmental reconstructions have commonly been undertaken using either a facies
approach, where distinct bodies of sediment are grouped according to their physical
characteristics, or the landsytems approach where geomorphology and sedimentary material
that characterise a landscape are genetically related to the processes of formation (Evans,
2003). Both the facies and landsystems approach to landform genesis rely on the assumption
that the surface morphology reflects the subsurface structure. By using these approaches, an
understanding can be gained about past environmental conditions and ice marginal dynamics
and behaviour (Evans, 2003; Evans and Benn, 2004). However, further information on the
internal organisation and composition of landforms with limited or no sediment exposures can
also contribute significantly to determining formation processes (Lonne and Lauritsen, 1996).
Therefore in environments with limited sediment exposures, the traditional approaches to
landform reconstruction, facies analysis and landsystems approach, can result in an
oversimplification of the landform genesis and subsequently an oversimplification of glacier
dynamics and behaviour that contributed to landform development. This is especially true in
highly dynamic environments. This has implications within dynamic environments where the
surface morphology does not always reflect the subsurface structure. Hence understanding the
internal structure is a key factor in determining landform genesis (Benn and Lukas, 2006;
Bentley, 1996; Glasser et al., 2006; Jakobsen and Overgaard, 2002; Lonne and Lauritsen,
1996; Lukas, 2005).
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To date relatively little research on landforms associated with debris-covered glaciers
within temperate alpine valley glaciers in tectonically active and high precipitation settings
has been undertaken within New Zealand (Ellery, 2005; Mager & Fitzsimons, 2007). The
majority of the research that has been carried out on debris-covered glacial landforms has
mainly been in the Himalayas and has focused on the use of surface morphology and sediment
observations, sometimes from limited exposures (e.g. Owen and Derbyshire, 1989, 1993a,
1993b; and Small 1983). The majority of the research undertaken on debris-covered glaciers
within New Zealand has focused on the formation of glacial lakes (Kirkbride 1993; Kirkbride
2000), or dating of landforms (Burrows 1973; Burrows 1979; Burrows & Orwin, 1971;
Gellatly, 1982, 1984; Porter 1975; Winkler 2000, Winkler 2005; Schaefer et al., 2009).
Where research has been undertaken on landform formation this research has used either the
facies approach or the landsystems approach, often using limited exposures (Ellery, 2005;
Mager & Fitzsimons, 2007). Additionally this research has been undertaken with limited or
no use of geophysical techniques to assist in determining the internal structure of these
landforms. It is considered that where research has been undertaken using sedimentary and
morphological observations, further detailed investigations of the internal structure, using
geophysical techniques could assist in gaining more insight to the composition of glacial
landforms, and hence, assist in determining the processes and environments of formation.
Thus, there is a need to address this limited access to internal structure of landforms
associated with debris covered glaciers as this limitation prevents a more complete
understanding of the complex interactions of glacial, fluvial, and lacustrine processes at
dynamic ice margins.

The use of geophysical techniques, in combination with more

traditional methods of investigation, offers an opportunity to study the subsurface geometry of
landforms and to gain greater understanding of depositional sequences and hence formational
processes. To address this gap in knowledge an integrated framework will be developed
which combines morphological, sedimentological and geophysical techniques to gain a
greater insight to landform genesis. As already outlined, there is relatively little research
which includes detailed investigations of the internal structure of landforms associated with
debris-covered glaciers. Therefore, this research will focus on a case study of the moraines at
Mueller Glacier to determine landform genesis and produce a depositional model.
The following chapter discusses common landforms of glaciated valley systems, and
describes common approaches to landform genesis. On the basis of these an integrated
framework to landform genesis is developed. This research will be used to test the validity of
such an integrated approach to develop a depositional model for a temperate, debris-covered
valley glacier in a tectonically active and high precipitation environment. The results from
2
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this case study are presented in chapter four and are used to describe landform morphology
and internal composition and structure, which form the basis for an environmental
reconstruction. In addition, the soundness of an integrated approach, especially the use of
geophysical techniques, for investigating glacier geomorphology in a highly dynamic
environment is discussed in chapter five. Finally chapter six summarises important issues and
the main conclusions of the research.
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Chapter Two
Developing an integrated approach to
landform genesis

2.1 Introduction
Accurate interpretations of ancient glacial landforms and terrains rely heavily on
existing knowledge of process-form relationships from contemporary analogues. Studies of
contemporary ice margins provide an opportunity to observe depositional processes, to gain
an understanding of the behaviour of ice margins and act as partial environmental analogues
for the spatial and temporal distribution of sediments (Glasser and Hambrey, 2002; Mager and
Fitzsimons, 2007). Increased knowledge about the formation of contemporary moraines and
their relationship with the present-day climate also improve our ability to recognise changes
caused by climatic factors in ancient moraine systems (Lonne and Lauritsen, 1996).
Currently, there is a paucity of detailed descriptions of sediments and landforms at temperate
alpine glacier margins within New Zealand, and in particular, there are very few studies of
landforms at margins of temperate alpine valley glaciers in tectonically active settings (Evans
and Twigg, 2002; Mager and Fitzsimons, 2007; Schaefer et al. 2009; Winkler, 2005).
The current knowledge of landforms in temperate alpine valley glaciers in tectonically
active settings is based on observations from surface morphology and analysis of sediment
4
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characteristics from limited exposures, for example Owen and Derbyshire used morphological
and sedimentological observations to describe the formation of glacial landforms in the
Karakorum Mountains (Owen and Derbyshire, 1989; 1993b). Although limited, this research
highlights the importance of the internal composition and structure of landforms as a key
element for understanding their formation (Benn and Lukas, 2006; Evans et al., 1999; Froese
et al., 2005; Ham and Attig, 2001). To gain detailed knowledge of the internal structure of
landforms, researchers are now turning to geophysical techniques such as ground penetrating
radar to assist in the study of glacial sediments and landforms (Lonne & Lauritsen, 1996;
Jakobsen & Overgaard, 2002; van Overmeeren, 1998; Olsen & Andreasen, 1995;
Vandenberghe & van Overmeeren, 1999).

This provides an opportunity to develop an

approach which combines morphological, sedimentological and geophysical techniques to
gain greater insight into glacial landform genesis.

This chapter presents the current

understanding of glacier dynamics (section 2.2), and landforms (section 2.3) for temperate
alpine valley glaciers before discussing a range of approaches to landform genesis (section
2.4). Finally this chapter draws together elements of current approaches and develops a
framework for an integrated approach to landform genesis (section 2.5).

2.2 Dynamics of valley glaciers
To understand the dynamics of a debris-covered valley glacier it is essential to
understand the transportation, distribution and deposition of sediments by glaciers as well as
the processes that control the type and extent of the landforms which develop. This section
will firstly discuss sources of sediment, the processes of entrainment, transportation and
deposition as relevant to an alpine environment.

Secondly this section will discuss the

influence of the sediment budget on mass balance and in particular debris-covered glaciers in
temperate valley glaciers.
2.2.1 Sediment source, entrainment, and transportation
Sediment input in glaciated valleys is highly variable over space and time, which in
turn results in variable sediments and landforms. In tectonically active environments much of
the sediment input into a glacier is derived from mass movement of debris from valley sides,
as rockfalls, avalanches, or remobilised lateral or medial moraines (Boutlon, 1978; Small,
1983). This material tends to accumulate on the glacier surface and is transported as either
5
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supraglacial or englacial debris (Boulton, 1978). Material is also derived from rock head
walls and from beneath the glacier as it is plucked by glacier movement and subsequently
entrained as subglacial debris (Boulton, 1978). Additionally meltwater can erode ice and rock
material, contributing significantly to the morphology of the glacier and the development of
landforms. The efficiency of meltwater as an erosive agent is determined by the resistance of
the bedrock material, structural weaknesses, susceptibility to chemicals, the discharge regime
(in particular the water velocity and turbidity) and the volume of sediment in transportation
(Bennett and Glasser, 2009). Glaciofluvial processes are often an overlooked component of
the valley glacier system.

However, glaciofluvial erosion, transport, and deposition of

sediment are an important component in developing the morphology of debris covered
glaciers and can occur in the supraglacial, englacial and subglacial zones (Kirkbride and
Spedding, 1996).
Sediment transportation occurs as either supraglacial, englacial, or subglacial
transportation (Figure 2.1). Subglacial sediment may be incorporated by basal ice as the
glacier flows (Alley et al., 1997; Clarke, 1987). When flow decelerates at the terminus the ice
starts to compress, resulting in thrust-faulting and transfer of sediment away from the basal
zone (Figure 2.1) (Boulton, 1978; Clarke, 1987). Supraglacial material can be incorporated
within the glacier through deposition into crevasses on the glacier surface. Traditionally
supraglacial transportation has been classified as passive transportation (Boulton and Eyles,
1979), where little or no modification of particles occurs.

Conversely subglacial

transportation was classified as „active transportation‟ as particles experienced significant
crushing and abrasion and smoothing of the particle edges (Boulton and Eyles, 1979;
Spedding and Evans, 2002). Thus in early studies of glacial sediments, such as Boulton
(1978) the presence of rounded fluvial particles was inferred to be of subglacial origin and
angular particles were inferred to be supraglacial deposits. However, this is a simplified view,
as supraglacial debris is exposed to aeolian abrasion, frost thaw processes, and in the case of
temperate glaciers, meltwater reworking, which can also modify particle shape and size
(Owen et al. 2003). Additionally the „zones‟ are not mutually exclusive as material can be
transferred between the supraglacial, englacial, and subglacial zones. Also fluvial processes
on the surface and any entrained debris may pass from one „zone‟ to another. For example,
Owen et al. (2003) found a strong correlation between debris thickness and the percentage of
fine sediment within supraglacial debris and concluded that the angular debris had a high
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potential for stress concentrations during supraglacial transport. This resulted in modification
of the particle shape and size thereby producing finer sediments.

Figure 2.1: Sediment transport paths through a valley glacier. Source: Boulton
(1978).

2.2.2 Mass balance
The mass balance of a glacier can be described as the balance between the inputs
(accumulation) and the output (ablation).

When input exceeds the output then the glacier

fronts advance and when the outputs exceeds the inputs then more ice is lost from the system
and results in either shortening (ice front retreat) or thinning (downwasting) of the ice mass.
How glaciers respond to the changes in the input and outputs depends on glacier morphology
(Kirkbride, 2000). For example in temperate valley settings, particularly in tectonically active
environments, glacier termini tend to be covered in a mantle of debris. These glaciers are
often referred to in literature as debris-covered glaciers. To understand the behaviour of
debris-covered glaciers it is necessary to outline the importance of a debris cover and its
influence on the mass balance of a glacier.
For a valley glacier, accumulation occurs at the upper profile area and is removed
from the glacier terminus, causing the surface profile to steepen until sufficient stress is
generated within the ice to cause forward movement (Bennett and Glasser, 2009). The mass
balance of a valley glacier is strongly influenced by the presence of a thick debris cover.
7
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Debris covers are of critical importance in determining the rate of ablation at the debris/ice
interface (Kirkbride, 2000; Mattson et al., 1993). A thin layer of debris will accelerate
ablation of the underling ice surface as the debris cover increases the absorption of shortwave
radiation (Mattson et al., 1993). However, a debris cover that exceeds a threshold thickness
of 0.5 m will reduce ablation rates, as the debris cover prevents heat from the surface being
conducted through to the ice, thus preventing ablation (Mattson et al., 1993; Kirkbride, 1993).
For example, the characteristics of ablation and heat balance from debris-free and debriscovered areas of the Khumbu Glacier, Nepal Himalayas were described by Takeuchi (2000).
The research by Takeuchi (2000) found that melting under a debris layer decreased with
increasing thickness of debris because of the decrease in absorbed energy.
The thickness of the debris cover on glaciers is influenced by sediment supply, ice
velocity, and the ablation rate. Additionally a debris cover can spread on the glacier surface
as a result of cycles of thickening (positive mass balance) and thinning (negative mass
balance), for example, in periods of positive mass balance the faster ice flows coupled with a
low ablation rate cause the debris cover to contract towards the terminus and thicken (Figure
2.2). However, during negative mass balance, reduced flow and increased ablation cause the
upstream spread of the debris cover (Kirkbride, 2000) (Figure 2.2). Research by Kirkbride
(2000) on the Tasman Glacier in New Zealand determined that alternating states of positive
mass balance and negative mass balance resulted in variations in debris cover thickness, and
as a result the glacier termini has become decoupled from climatically driven mass balance.
Therefore the behaviour of the termini of large debris-covered valley glaciers can be
controlled by the effects of the debris cover rather than climatic changes.

2.3 Landforms of glacier deposition
The characteristics of glacial deposits are dependent on the interactions between
glacier dynamics, regional and local climatic controls, bed topography and lithology, fluvial,
lacustrine, and mass wasting processes (Benn and Ballantyne, 1994).

Consequently,

glacially-derived sediments reflect the properties of the source material, and the influence of
erosion, weathering and transportation. Therefore sediments can be used to infer entrainment,
transport, and depositional processes (Benn and Ballantyne, 1994). For example, particle size
is an important indicator of the energy levels of the depositional process, as a low energy
system will be incapable of transporting larger clasts (Visher, 1965).
8
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Thus, physical characteristics of landforms and sediments can be used to deduce an
interpretation of origin and depositional environment. As sedimentary bedding and structures
characterise the transportation process, depositional environment and in situ deformation or
post-depositional deformation of a landform. Therefore to assist in gaining an understanding
of landforms created by glacier deposition, the following sections (2.3.1 to 2.3.4) describe the
process of formation, characteristic morphology, and the interpretation of landforms common
of temperate valley glaciers. Since the focus of this research is on the formation of moraines,
greater consideration of these landforms is given below.

Figure 2.2: Kirkbride’s (2000) Schematic module of the evolution of a debris-cover
tongue over multiple mass balance cycles. Debris accumulation to the debris cover
occurs during oscillating ablation dominant (AD) conditions while glacier expansion
occurs during transport (TD) dominant conditions. Debris (odd-numbered increments)
melts out when mass balance is negative and ablation enhanced (AD conditions), and is
accreted to the debris cover by higher ice velocities during positive balance (TD
conditions) phases. This results in debris covers expanding over time and thickening
towards the terminus. As long as low terminus velocities mean that losses by icemarginal deposition are exceeded by additions to the debris cover, then a lengthening
glacier will increasingly favour long-term accumulation. Source: Kirkbride (2000).
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2.3.1 Ice marginal landforms
Ice marginal landforms are composed of sediments that are mostly deposited directly
by ice. Since these deposits are in contact with the ice the resultant landforms are useful for
reconstructing former ice positions as well as stages of retreat and advance (Benn and Lukas,
2006; Evans and Twigg, 2002; Fredin and Hattestrand, 2002; Glasser et al., 2006; Glasser and
Hambrey, 2002). Moraine formation occurs via a number of processes, such as the dumping
of supraglacial and glaciofluvial debris, melting of sediment covered stagnate ice, the pushing
of deposited sediments at the glacier margin, and the thrusting of englacial or subglacial
sediments from within the glacier (Bennett, 2001; Eyles, 1983; Hambrey and Hubbart, 1995;
Hambrey et al, 1997; 1999; Kirkbride and Spedding, 1996; Owen and Derbyshire, 1989).
Thus, ice marginal deposits can be composed of sediments from different origins and
numerous advance and retreat cycles. The resultant landform can have material from several
different origins and can be considered “polygenetic” (Benn and Lukas, 2006; Hambrey et al.
1997).

These landforms and their formation processes provide key data on the

glaciodynamics and palaeoenvironment of the glacier foreland.

2.3.1.1 Glaciotectonic moraines
Glaciotectonic moraines (more commonly referred to as push moraines) are formed by
the deformation of ice, sediment and rock and can result in numerous morphological and
structural forms. For example these moraines can occur as small or large moraines, with
single crests orientated parallel to the ice margin or as narrow or wide multi-crested moraines
and are often referred to by numerous terms, such as push moraines and thrust moraines
(Table 2.1). The morphological and structural forms produced by glaciotectonic activity are
dependent on the magnitude and rate that stress is applied, the efficiency that the glacier is
coupled to the foreland, the presence and properties of a decóllement horizon, and the strength
and rheology of the foreland (Bennett, 2001). For this reason, push moraines, like most
moraines, can differ greatly in terms of morphology, compositional material and internal
structures (Bennett et al., 1996; Hambrey and Huddart, 1995; Hambrey et al, 1997; Ham and
Attig, 2001; Kruger, 1995, 1996; Mathews et al., 1995; Winkler and Nesje, 1999).

10

Chapter two

Table 2.1: Summary table of glaciotectonic moraines and their significance in glacier
reconstruction. Modified from Bennett and Glasser (2009).
Depositional

Morphology

Indicative of

„Seasonal‟
push moraines

Low sediment ridges transverse to
the direction of ice flow.

Position of the ice margin, warming based ice in
a maritime climate. The number of moraines
along a flow line may provide an estimate of the
rate of retreat, assuming annual moraine
formation.

„Composite
push moraines

Large multi-crested ridges transverse
to the ice flow.

Position of ice margin, may also suggest surging
behaviour or strong ice compression at the ice
margin either due to thermal variation at the
snout or due to the presence of a focus for frontal
tectonics.

Thrusts
moraines

When ice cored they can consist of
single or multi-crested ridges
transverse to the ice flow.

The tectonic structure, thrust and shear zones
within the ice. They do not provide direct
evidence of ice-marginal positions.

Landform

For example, re-advance of a glacier terminus can result in glaciotectonic deformation,
which results in widespread compressional structures caused by the horizontal shortening of
the sediment. The extent of compression, and hence the scale of deformation, is controlled by
the stress through the foreland and the coupling of the foreland to the ice margin and the
extent by which that stress is transmitted beyond the glacier margin (Bennett, 2001). For
example, high levels of friction in the foreland and basal zones favour the development of
rooted folds, while low friction results in the transport of nappes with little internal
deformation (Bennett, 2001; Aber et al., 1989). These internal structures can also be
characterised as either ductile or brittle structures. Ductile structures occur when sediment is
deformed out of shape but does not break; some ductile structures include anticlines, which
are folds which arch upwards, and synclines, which are folds that bend downwards
(McCarroll and Rijsdijk, 2003). Brittle structures can occur where the material is deformed
out of shape and breaks along a fracture, and can results in either normal faults, reserves
faults, and thrust faults (McCarroll and Rijsdijk, 2003).
Bennett (2001) provides and extensive review of the morphology, structural evolution
and significance of push moraines and outlines four modes for generating stress necessary for
deformation, these are push from the rear, compression from within, gravity spreading, and
gravity sliding (Figure 2.3).

11

Chapter two

Figure 2.3: Schematic diagram showing the four modes for generating stress necessary
for deformation Push from the rear) deformation is caused by the forward advance of
the glacier into a sediment pile that causes its lateral compression. The critical variable
in this model are the transmission of stress through the foreland and the coupled of the
foreland. Gravity-spreading) this is a result of gravitational forces, associated with
lateral pressure gradient induced by vertical loading. Push-from-within) Compression
occurs within the terminal zone of the glacier due to deceleration of ice flow, which may
occur: across a thermal boundary, due to change in substrate, due to the passage of a
surge-front, or due to the presence of a reverse bedrock or material slope. Gravitysliding) deformation is caused by the down-slope movement of thin sediment packages
under their own weight. Source: Bennett (2001).

2.3.1.2 Dump moraines and ice contact fans
Dump moraines are accumulations of debris along stationary ice margins, which form
as a ridge of debris, or as slope deposition by debris-flow and glaciofluvial processes that
form latero-frontal fans and ramps. These landforms have much shallower ice distal slope
gradients than dump moraines (Benn and Evans, 1998). The size of the moraine is a function
of the rate of retreat as a quick retreat will distribute sediments widely, whereas a slow retreat
will concentrate the sediment at the ice margin. The ice velocity and the debris content and
12
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debris flux is a major control on the moraine size as typically larger sediment fluxes produce
larger moraines, assuming that glaciofluvial activity is unable to remove sediment from the
ice margin (Benn et al., 2003).

Therefore, large moraines tend to develop in areas

characterised by high sediment loads where the ice margin occupies a similar position for
long periods of time. An example of large moraines formed by high sediment loads is the
lateral moraines of the Tasman Glacier, Southern Alps, New Zealand (Benn et al., 2003).
Ice contact moraines develop through the deposition of supraglacial, englacial, and
glaciofluvial material released at the ice margin by predominately gravitational and some
glaciofluvial processes (Eyles, 1983; Kirkbride and Spedding, 1996; Owen and Derbyshire,
1989, 1993).

The sediment characteristics of these moraines reflect the wide range of

sediment sources. Owen and Derbyshire (1993) and Benn and Owen (2002) described the
sediment characteristics of debris fans and dump moraines in the Karakorum Mountains in
Pakistan as being composed of massive or stratified sediment, including poorly sorted
diamicts, and interbedded facies of gravels and sand dipping away from the ice margin.
Additionally, this deposition by gravitational and glaciofluvial processes has been observed to
develop strong fabric and crude internal bedding within the moraine at angles between 10˚
and 40˚ that show an outward dip away from the glacier surface. This internal bedding is a
result of a stable ice margin and the accumulation of and stacking of variable sediment
material, such as diamictons, sand and gravel, which reflect the varying and alternating
deposition sources and any subsequent reworking (Benn et al., 2003; Eyles, 1983; Small,
1983). Moraine formation by progressive deposits of debris from a rising glacier surface can
occur seasonally or over more than one advance-retreat cycle. As a result old moraine crests
may be completely buried, or new moraines may form on the proximal slope of the older
moraine surface resulting in multi-crested moraine complexes (Figure 2.4) (Burrows, 1989;
and Bennett and Glasser, 2009).

Figure 2.4: Possible growth methods for a lateral moraine formed by successive
advances: Source: Bennett and Glasser (2009).
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2.3.1.3 Hummocky moraines
Hummocky moraines have an irregular topography, which can range from entirely
chaotic landforms to nested transverse ridges (Benn and Evans, 1998). The term hummocky
moraine has in past literature been used to refer to moraines produced from stagnant ice,
glaciotectonic deformation, and the melt-out of debris-covered glaciers. Therefore hummocky
moraines are considered an excellent example of polygenetic landforms. Several models for
the formation of hummocky moraines have been developed i.e. thrusting of subglacial and
englacial sediments. Traditionally hummocky moraines were thought to indicate areas where
widespread ice stagnation and mass wasting occurred beneath a blanket of debris cover
(Sugden and John 1976), but recent research on the origin of hummocky moraines by Lukas
(2005) suggests that a range of processes can be responsible for the same product and
suggests a more complex formation history. For instance, Hambrey et al. (1997) suggested
that one type of hummocky moraine formation found in both Svalbard and Scotland was via
thrusting of subglacial sediments from beneath a polythermal ice mass. Similarly, Benn and
Lukas (2006) found hummocky moraines composed of subglacial-derived sediments in northwest Scotland, but considered that the sedimentological evidence did not support a hypothesis
of englacial thrusting. They suggested an alternative origin for these hummocky moraines,
which were composed of sediments deposited from debris flows and fluvial deposition into
ice-contact fans that were later subjected to tectonic deformation. Again hummocky moraines
in south-central Alberta (Canada) studied by Evans et al. (2006) were interpreted as the
morphological expression of glaciotectonic folding and thrusting due to post-depositional
disturbance.

These contrasting interpretations reflect the ambiguity of morphological

evidence and highlight the importance of studying the internal composition and structure of
landforms to form a more detailed understanding of their formation.

2.3.1.4 Ice marginal moraines: a synthesis
From the above discussion of moraines it is evident that their formation can be
polygenetic, and can be formed by different processes which can appear to have similar
surface characteristics, but vastly different internal structures that reflect the different
formation processes. For example, moraines can become major sediment sinks of not only
supraglacial debris, but also glaciofluvial sediments and valley wall debris resulting in
supraglacial debris being interbedded with sand and gravel from glaciofluvial processes (Benn
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et al., 2003; Lysa and Lonne, 2001). Morainic deposits can be further complicated by postdepositional collapse and reworking of sediments following the removal of ice support
(Lukas, 2005; Bennett et al. 2004). Such complexity is compounded by the possibility that
multiple advances can terminate at the same location (Benn and Owen, 2002; Benn et al.,
2003).

This complex depositional history is not always reflected by the landform

morphology, but can be preserved in the subsurface and internal structure of the moraine in
the form of multiple depositional sequences bounded by erosion surfaces (Eyles, 1983; Evans
et al., 2003). Consequently, it is vital to use a combination of geomorphological, structural
and compositional tools to reconstruct the formative processes. The surface variations and
processes responsible for deposition of materials in moraines have been extensively studied
(Benn et al., 2003; Bentley, 1996; Glasser and Hambrey, 2002; Lysa and Lonne, 2001), yet
the internal structures and composition of moraines that are not frequently exposed are not
well understood (Sadura et al., 2006). Studies of contemporary ice margins provide an
opportunity to observe depositional processes, to gain an understanding of the behaviour of
ice margins, and can act as partial environmental analogues for the spatial and temporal
distribution of sediments (Glasser and Hambrey, 2002; Mager and Fitzsimons, 2007).

2.3.2 Glaciofluvial ice marginal landforms
Glaciofluvial processes can play an important part in the formation of a number of
landforms in combination with other non glaciofluvial processes, as well as those landforms
which are predominantly formed by glaciofluvial processes. The principal glaciofluvial
landforms at ice margins are outwash fans, outwash plains, kames and kame terraces (Table
2.2). These glaciofluvial landforms can occur as both erosion and depositional features. The
morphology of these landforms depends on their location with respect to the ice margin, the
presence or absence of buried ice, the sediment load of the meltwater, and the rate at which
any buried ice melts relative to the rate of the drainage evolution (Bennett and Glasser, 2009).
Outwash fans build up in front of stationary ice margins and develop from coarse sediment
accumulating close to the source of the meltwater. Outwash fans propagate away from the
glacier, grading into braided river systems to form outwash plains. The ice contact face of an
outwash fan is commonly referred to as an outwash head and creates a reverse slope, such as
those which have formed at the Tasman Glacier and Mueller Glacier, New Zealand
(Kirkbride, 1993). If a glacier is steadily advancing or retreating then the time period for
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sediment accumulation may be insufficient to form a fan, and a broad and flat outwash plain
may form instead (Benn and Evans, 1998; Glasser et al., 1999). These outwash plains often
contain fluvial incised terraces caused by changes in the sediment supply and fluvial
discharge.
Glaciofluvial sediment can also be deposited between a reverse slope, such as a
valley side or ice-contact face of a moraine and the ice margin to form a kame terrace
(Bennett and Glasser, 2009). Kame terraces are steep sided mounds of various shapes, which
are formed by glaciofluvial deposition and often form tracts of kame and kettle topography,
where mounds (kames) are intermittent with hollows (kettle holes) (Table 2.2). A significant
influence on glacier hydrology and glaciofluvial landforms is the formation of supraglacial
lakes, and proglacial lakes (discussed in the following section, section 2.3.3).

Table 2.2: Summary table of glaciofluvial landforms and their significance in glacier
reconstruction. Modified from Bennett and Glasser (2009).
Depositional

Morphology

Indicative of

Outwash Fans

Low-angled
fan
shaped
accumulations of sand and gravel,
with braided surface and fan apex
located at a meltwater portal. They
usually have a steep ice-contact face.

Stationary ice margin with a relatively high
meltwater/sediment
discharge,
usually,
although not exclusively, associated with warm
based ice.

Outwash Plain

Flat surface of sand and gravel
formed by braided river systems.

Retreating ice margin with a relatively high
meltwater/sediment discharge.

Kames

Irregular collection of mounds and
ridges, often with enclosed kettle
holes or depressions.

Areas of outwash deposition in which melt out
of buried ice occurred, indicate the location of
former channels and therefore stream patterns.

Kame Terraces

Valley-side terraces with outer edges
which possess a concentration of
kettle holes or kames and kettle
topography.

Position of the ice margin.

Fluvial Terraces

Flat terraces incised in outwash
material.

Fluctuation in the sediment supply and
discharge regime.

Landform

2.3.3 Glaciolacustrine landforms
Glacial lakes develop in a variety of situations, for example, in front of the glacier
(proglacial) or on the glacier surface (supraglacial); and may be dammed by ice, moraines, or
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outwash head (Kirkbride; 1993).

Research on the terminus of the Tasman Glacier by

Kirkbride (1993) suggests that the formation of the proglacial lake was controlled by the
downwasting glacier surface under a supraglacial debris cover. The progressive downwasting
of the glacier surface exposed englacial conduits that formed shallow thermokarst lakes on the
glacier surface. These thermokarst lakes then expanded through backwasting of the ice walls
and disintegration of ice floors as a result of increased ablation of the exposed ice and thermoerosion and notching of the ice wall (Kirkbride, 1993). Eventually the thermokarst lakes
coalesce to form a supraglacial lake. These supraglacial lakes can act as large sediment sinks,
and can form a range of glaciolacustrine landforms and are described in Table 2.3.
Glaciolacustrine moraines are composed of fine sediment which often has sedimentary
bedding which characterise the transportation process, depositional environment and in situ
deformation or post-depositional deformation.

For example, ice advance over soft lake

sediments results in compressional folds and high angle faults (Benn and Evans, 1998).
Recent environmental reconstructions of ice marginal moraines within New Zealand have
identified moraines composed predominantly of glaciolacustrine sediment (Ellery, 1995;
Mager and Fitzsimons, 2007; Webb, 2009). It has been suggested that these moraines were
constructed by supraglacial lakes forming during glacial downwasting resulting in the
formation of a proglacial lake. Continued downwasting and lowering of the lake level
exposes sediments that are deposited against a pre-existing landform (Mager and Fitzsimons,
2007). Webb (2009) observed deformation structures, such as normal and reverse faults and
nappes within lacustrine cored moraines near Lake Ohau from a glacial advance to a similar
terminal position, while at the margins of Lake Pukaki. Mager and Fitzsimons (2007)
identified a range of small and broad scale deformation features indicative of syn-depositional
deformation due to collapse from supporting ice melt. These observations support a growing
body of evidence that large proglacial lakes are a common feature in glacier retreat of
temperate debris-covered glaciers, and that these lakes influence glacier dynamics and
landform construction (Bentley, 1996; Ellery, 1995; Glasser and Hambrey, 2002; Hochstein et
al., 1995, 1998; Kirkbride, 1993; Mager and Fitzsimons, 2007).
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Table 2.3: Summary table of glaciolacsturine landforms, and their significance in glacier
reconstruction. Source: Bennett and Glasser (2009).
Depositional

Morphology

Indicative of

Ice-contact Deltas

Mound with a flat or gently
sloping top and a steep frontal
slope. Often found in mid-valley
locations with a steep ice-contact
face.

Ice-marginal position in glacial lake.

Deltas

Mound with a flat or gently
sloping top usually extending
from a valley side into the former
lake. Has a steep frontal slope
and the mound top may merge
laterally with lake shorelines if
present.

Point of water inflow into a lake.

Delta Moraines
(Subaqueous
moraines)

Extensive mound or ridge
composed of individual fans or
deltas. Deltas may appear as
large mounds with flat or gently
sloping tops and steep frontal
slopes. Fans may possess steep
ice-contact faces and gently
sloping
distal
flanks.
Morphology very variable.

Ice marginal position in a glacial lake.
Morphology may provide some indication of
water depth; evidence suggests that fans tend to
form in deep water while deltas are more
common in shallow water.

De Geer
Moraines

Low asymmetrical, often very
straight, ridges transverse to the
direction of ice flow. Tend to
form distinct suites of ridges with
regular spacing.

Ice marginal position in a glacial lake.

Subaqueous Fans

Small steep-sided fan; may
merge with other fans along a
distinct line.

Ice-marginal position in a glacial lake and the
location of meltwater portals.

Lake Shorelines

Horizontal or near-horizontal
bench, may be formed by either
deposition or erosion. Tend to be
paired across a valley side.

Lake water level.

Landform

2.3.4 Subglacial landforms
Subglacial landforms (Table 2.4) exist as either a preserved bed over which the ice
flowed, such as rôches moutonnées, crag and tail, glacial grooves and striations or as
sediments deposited at the ice base, such as drumlins and fluting (Clayton and Morain, 1974;
Eyles, 1983). Subglacial landforms are typically characterised by a streamlined form, and are
often used as indicators of the ice flow or glaciofluvial flow direction. However, nonstreamlined landforms can form beneath stagnant ice, such as crevasse-squeeze ridges, which
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are characterised by straight ridges of sediment, often forming a rectilinear pattern (Table
2.4). Therefore, subglacial landforms where observed in the field can be indicators of past
subglacial conditions including, but not limited to, ice behaviour, thermal regime of glacier
hydrology.

However, often in high alpine environment there is an abundant supply of

sediment and meltwater, so that subglacial landforms are often limited and in some cases nonexistent due to burial under thick valley fill deposits.

Table 2.4: Summary table of subglacial landforms formed by ice or subglacial sediment flow,
and their significance in glacier reconstruction. Source: Bennett and Glasser (2009).
Depositional

Morphology

Indicative of

Flutes

Low linear sediment ridges formed in
the lee of boulder or bedrock obstacles
(L/W ratio > 50).

Local ice flow directions, thin ice, and the presence
of warm based ice.

Drumlins

Smooth oval-shaped or elliptical hills
composed of glacial sediment (L/W
ratio < 50).

Local ice flow directions; subglacial deformation,
and warm based ice. Superimposed drumlins may
record changes in subglacial conditions and ice
flow directions.

Rogens

Streamlined ridges of glacial sediment
oriented transverse to the direction of
ice flow. The ridge may have a lunate
form and be drumlinised.

Subglacial deformation and warm-based ice. May
provide a record of changing ice flow patterns.

Mega-scale
glacial
lineations

Broad low ridges of glacial sediment
that can only be recognised clearly on
satellite images (L/W ratio > 50). May
possess small bedforms superimposed
upon them.

Regional ice flow patterns, subglacial deformation
and probably the presence of warm-based ice.
Superimposed bedforms record changes in
subglacial conditions and ice flow directions.

Crevassesqueezed
Ridges

Low, often straight ridges, with a
rectilinear pattern in plan form.

Stagnant ice often associated with surging glacier
lobes, but may be preserved under cold ice if rapid
change in basal thermal regime occurs post
formation. They may also be used to reconstruct
crevasse patterns.

Eskers

Steep-crested sinuous
variable extent and size.

The location of discharge routes within the glacier.
If they formed in englacial or subglacial tunnels
they should follow the equipotential surface, in
which case the eskers may be used to predict the
surface slope of the glacier in which they formed.

Landform

ridges

of
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2.4 Approaches to reconstructing landform genesis
2.4.1 Facies analysis
The concept of facies was first introduced and published by Swiss geologist Gressly in
1838 (in Fairbridge and Bourgeois, 1978). Gressly recognised the relationship of lithological
and Palaeontological properties in both lateral and vertical changes of sedimentary rock. The
facies concept does not describe a rock body, but is an expression of all the primary properties
of a rock or sedimentary body. Facies are distinct bodies of sediment that form under specific
sedimentary processes and as a result exhibit a set of physical characteristics that collectively
reflect the processes of formation (Evans and Benn, 2004). Once individual facies have been
identified they can be grouped together to create facies associations (Walker, 1992). By
identifying the relationships between facies and the sequence in which facies occur,
information about the depositional environments and processes occurring at the time of
deposition can be inferred (Walker, 1984). Analysis of facies and facies relationships requires
detailed information on both the physical properties and the sedimentary structures of the
sediments‟ assemblages.
Within sedimentology the concept of facies has been used as a tool to identifying the
environment of deposition and the processes of origin that produced the sediments and
sediment associations (Miall, 1978; Brodzikowski and Van Loon, 1987). To apply the
concept of facies, facies codes have developed as a method of abbreviating and recording the
characteristics of sediment units within the field, such as dominant clast size, structure and
bedding. Since the introduction of facies codes a number of facies frameworks have been
developed, such as Miall (1978) who developed a generic facies code based on grain size and
Brodzikowski and Van Loon (1987) who developed facies codes based on a hierarchical
framework with well defined sub-environments for glacial and periglacial sediments. Eyles et
al. (1983) established a formal lithofacies code to allow rapid description and visual appraisal
of vertical sequences of sediments (Table 2.5). The facies codes are a combination of letters
that corresponds to specific characteristics of the facies. For example in Eyles et al. (1983)
facies code the first letter conveys the dominant grain size; this is followed by a lower case
letter which conveys the internal structure. The benefit of the facies code developed by Eyles
et al. (1983) is that the framework is adaptable to any depositional environment as it is a
generic facies code based on the appearance of the facies.
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Table 2.5: lithofacies codes used for rapid assessment of sediment characteristics. Modified
from Eyles et al. (1983), Mager (1999), and Maill (1978).
Facies

Facies
Codes

Facies Description

Gm

Massive or crudely bedded gravels. Clasts are angular to well rounded and are
consolidated by a matrix of sand and fines. The term massive refers to the
unstructured nature of these units. There is no sorting or stratification of the
material in to size divisions

Gg

Graded gravels. The largest clasts are the base of the facies clast size grads to a
smaller clast size at the top of the facies. The clasts are well rounded, well
sorted and are horizontally bedded.

Gs

Stratified gravels. A cyclic pattern grading from largest to smallest clast size
that repeats itself throughout the sequence. The clasts are well rounded and
well sorted.

Gsp

Planar sands capped by a gravel unit

Dmm

Massive and matrix supported Diamicton. Diamicton are poorly sorted,
variable clast size admixtures with a beige coloured matrix of fine to coarse
silts

Dcm

Massive, clast supported Diamicton that are poorly sorted, variable clast size
admixtures. The clasts are well- to sub-rounded; with a range of clasts sizes
and the facies is structure less.

Sm

Fine to coarse sands that are massive

Sr

Fine to coarse sands with ripple structure. Brown in colour and iron weathering
has also stained the sands.

Sp

Medium to coarse sands that are planar bedded

Fl

Mud, Silt and sand deposits with fine lamination. The lamination is horizontal
except where there has been deformation of the facies

Flc

Laminated mud, silt and sand deposits with clasts present. The laminations are
horizontal except where deformation of the facies has occurred

Fm
Fmc

Mud, silt and sand deposits that are massive
Mud, silt and sand deposits that are massive with occasional clasts.

Gravel
Facies

Diamicton
Facies

Sand
Facies

Silt
Facies

The use of facies analysis as an approach to landform genesis is limited by the
availability of exposures showing the internal sediments and structures of a landform. In
some environments exposures are limited, and result in the interpretation of surface
composition only (Shakesby, 1989).

Facies analysis provides a systematic approach to
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interpreting exposures of landforms. However, it is a subjective approach that is dependent on
the knowledge and practice of the individual. Another limitation of the facies approach is that
exposures often only provide a limited view of the lateral continuity of the internal
components of a landform. Busby and Merritt, (1999) and Froese et al. (2005) highlighted the
importance of lateral continuity of facies to the understanding of the entire system. One
method of countering the limitation of the frequency of exposures and the extent of exposures
would be the combination of both facies analysis and non-invasive subsurface imaging
(Section 2.4.3) to provide a framework for investigating landform genesis.

2.4.2 Landsystems approach
Landsystems are approaches to terrain evolution, where the geomorphology and
subsurface materials that characterise a landscape are genetically related to the processes
involved in their development (Eyles, 1983). The landsystems concept is used to define areas
of common attributes based on the identification and „grouping‟ of sediment landform
associations (Evans et al., 2003). When used for landform genesis, the landsystems approach
is a systematic way of dealing with the scale and classification of sediment sequences,
landforms and their relationship within a particular environment. This approach attempts to
provide a holistic approach to environmental reconstructions that distinguishes between the
sediment-landform associations and identifies the links between sedimentological outcomes
and morphology. Eyles (1983) defines landsystems on the basis of sediments and landforms
of a single ice advance-retreat cycle. However, in glaciated areas researchers are often
dealing with more than one advance-retreat cycle and in such cases older sediments and
landforms can be buried by sediment of a more recent ice advance. Therefore the surface
expression of glaciated landforms can represent more than one glacial cycle.
Eyles (1983) identified three original glacial landsystems; subglacial, supraglacial, and
glaciated valley.

The subglacial landsystem deals with landforms and sediments,

predominantly influenced by and deposited at the ice base. Two subglacial landsystems are
defined on the basis of topography, these being lowlands and highlands, where a lowland area
is characterised by soft bedrock and highland area by firmer bedrock (Figure 2.5). The
supraglacial landsystem (Figure 2.6) collectively refers to landforms and sediments derived
from the ice surface which have been superimposed on glacial deposits. Finally the glaciated
valley landsystem classify sediments and landforms of high relief areas (Figure 2.7).
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Figure 2.5: The subglacial landsystem. A) A highland area, with hard substrate: 1) rock
drumlins, 2) basal debris, 3) subglacial lodgement/deformation till, 4) lee-side cavity
fill, 5) basal till, 6) supraglacial debris, 7) esker, 8) kettled outwash, 9) proglacial
sandur. B) An lowland area, with soft substrate: I) hummocky kame and kettle
topography, II) terraced outwash incised into subglacial sediments, III) esker, a)
aligned faceted clasts, b) shear lamination, c) slickensided bedding planes, d) stratified
subglacial cavity or canal fills, e) folded and sheared off channel fill, f) diapiric till
intrusion into cavity fill, g) vertical joints produced by pedogenesis, h) drumlin, i)
interdrumlin depression filled with postglacial sediment, 1) striated rock head, 2) buried
channel or valley, 3) glaciotectonised rock head producing rock rafts and boulder
pavements in till, 4) lowermost till with local lithologies, and 5) cold water karst (After
Eyles 1983). Source: Evans (2003).
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Figure 2.6: The supraglacial landsystem. 1) melt-out till, 2) and 3) flowed supraglacial
diamictons, 4) hummocky terrain composed of kames and chaotic hummocky moraine,
5) terraced glaciofluvial sediments, 6) failure of strata by normal faulting due to the
melting of adjacent ice cores, 7) kettle holes and small ponds located between
hummocks, 8) outwash fan fed by melting ice cores in hummocky terrain, 9) drumlinized
subglacial till surface visible through a window in the supraglacial landsystem, and 10)
buried valley or infilled tunnel valley. (After Eyles, 1983). Source: Evans (2003).
Since the introduction of landsystems concept by Elyes (1983) the concept has been
applied to other glacial depositional environments, such as glaciolacustrine and glaciomarine
environments (Evans, 2003). It has also been applied to particular styles of glaciations, based
on ice masses and ice dynamics, for example, landsystems have been developed for icemarginal terrestrial landsystems relating to polythermeral and polar glaciers (Hambrey et al.,
1999). More recently, researchers have been applying the landsystems concept to investigate
sediment signatures and landforms, resulting from single events. For example Evans and Rea
(1999) applied the landsystems concept to investigate the sediment and landforms of a single
glacier surge event.
The use of the landsystems approach to environmental reconstruction provides a
holistic way of systematically linking processes to sediments and resulting landforms.
However, the landsystem approach is limited by the same issues as the facies approach
(discussed in section 2.4.1) because the interpretation of the sediments is subjective and
limited to the availability of exposures. Also, errors caused by the misinterpretation of
sediment facies and landform identification can be magnified, when applied at the larger scale
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of the landsystem. Another major challenge when utilising the landsystems approach is the
reliance on modern day analogues (Benn and Lukas, 2006; Lukas 2005). Determining which
modern analogue is applicable requires a detailed investigation of the internal composition of
landforms, and not just surface morphology. This reliance on modern analogues for the
reconstruction of ancient glacier landforms stresses the importance of having comprehensive
data sets for contemporary landforms, from a range of environments (Spedding and Evans,
2002).
2.4.2.1 Glaciated valley landsystem
The glaciated valley landsystem describes sediments and landforms of glaciers found
in mountainous environments (Figure 2.7) (Eyles, 1983). Glaciated valley landsystems are
characterised by a wide variety of landforms and landform associations, which reflect the
local topography, lithology, climate, debris supply, and the efficiency of sediment transport
from the glacier to the proglacial environment (Benn et al., 2003). To include all of these
factors, the entire depositional basin needs to be considered. This means the glaciated valley
landsystem is broader and more varied than other landsystems. This can be seen by the
common acceptance that glaciated valley landsystems are composed of a „family‟ of
landsystems, which may incorporate ice-marginal, supraglacial, subglacial, proglacial, and
paraglacial landsystem that can occur in close proximity or superimposed on one another
(Boulton and Eyles, 1979; Benn et al., 2003).
The glaciated valley landsystems can occur as two distinctive groups, those that are
dominated by debris cover, and those with limited debris cover (clean) (Benn et al., 2003).
The major difference between clean and debris-covered valley glaciers is the dominant
processes operating at the ice margin and hence, the development of landforms. These
landforms reflect a set of interrelated controls, such as relief, bedrock, climatic regime, debris
supply and transfer rates (Knight, 2006; Owen and Derbyshire, 1989). Eyles‟s (1983) work
on the glaciated valley landsystem tended to portray glaciofluvial processes as minor and only
important for landforming activity at and beyond the glacier margins. However, recent
research by Spedding and Evans (2002) has emphasised the importance of water within the
glaciated valley landsystem and suggest that ice and water should be treated as equally
important elements. In the light of recent developments in both glaciated valley landsystems
and process-form relationship‟s a reappraisal of the glaciated valley landsystem for different
environmental settings is required.
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Accurate interpretation of ancient glacial landforms and terrains rely heavily on
current knowledge of process-form relationships at contemporary analogues. Consequently
greater detailed investigations and increased knowledge on landform genesis for temperate
valley glacier in high mountain tectonically active environments are an important component
for the development of a landsystem for this environment. It is in this context that this
research aims to provide detailed data for a contemporary ice marginal landform, in a high
mountain/alpine tectonically active environment.

Figure 2.7: The Glaciated Valley landsystem, the diagram shows the main transport and
deposition of valley side-derived course-grained supraglacial moronic till by valley
glaciers: 1) Bedrock; 2) Buried valley; 3) Decaying ice-cores with basal melt-out till; 4)
Lodgement till with streamlined drumlinized surface; 5) Thick hummocky sequences of
supraglacial morainic till; 6) Stratified cores of lateral moraine ridge. Outward dip of
both beds and clasts increases the structural stability; 7) Large angular and far travelled
clasts common; 8) Complexly interbedded glaciofluvial sediments and flowed tills
deposited in kettle holes or against lateral moraine ridges along valley sides; 9)
Deformation and collapse resulting from melt of ice-cores and glacier recession; 10)
Medial moraine; 11) Minor ridges of supraglacial moronic till dumped from crevasses or
the ice front; 12) Lateral moraine ridge; and 13)Valley side fans which may subsequently
breach the lateral moraine ridge resulting in smooth valley side slopes as part of
paraglacial infill processes. (After Eyles 1983). Source: Evans (2003).
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2.4.3 Subsurface imaging: The use of geophysical techniques
The interpretation of the geometry and subsurface structure of sediment assemblages
is a key element in the analysis of depositional systems (Nobes et al., 2001). Research by
Busby and Merritt (1999), and Froese et al. (2005) have identified the importance of lateral
and vertical variability in sediment assemblages. Additionally the subsurface expression of
glacial landforms may not always be directly reflected in the surface form of these glacial
landforms, because not all sediment assemblages are arranged in a uniform manner. These
discrepancies between surface form and subsurface structure, combined with lateral and
longitudinal variability of sediment assemblages are problematic for interpretation of
landform genesis. Benn and Lukas (2006) found that in some cases several alternative and
incompatible interpretations had been proposed for the same sediment assemblages. This was
also exemplified by Lukas (2005) with the comparison of two contrasting theories (active
retreat verses englacial thrusting) for hummocky moraine formation in the North Western
Highlands of Scotland.
The problematic aspects of landform genesis have arisen because interpretations are
made on the basis of sedimentological and geomorphologic observations alone, with limited
or no information on the internal structure of the landform. Thus, there is an opportunity to
incorporate the use of geophysical techniques with sedimentological and geomorphologic data
to gain insight to the internal structure of landforms. By using an integrated approach to
landform genesis a greater understanding of former sedimentation processes and patterns can
be obtained and result in a detailed reconstruction of former depositional environments. One
geophysical technique is Ground Penetrating Radar (GPR) which is a non invasive tool that
uses electromagnetic waves to detect electrical discontinuities within the sub-surface (outlined
in further detail in section 3.6).

The use of this tool within glacial geomorphology is

relatively new, but is being increasingly employed successfully. For example the application
of ground penetrating radar (GPR) to research on lacustrine deltas in western Canada was
undertaken by Smith and Jol (1991). These authors found that GPR was useful in recognising
continuous subsurface data on facies thickness and depths, orientation of major sedimentary
structures, and post-depositional failure planes. To assist in the interpretation and
communication of GPR profiles and their significance, radar facies is used as a tool for
interpretation. The radar facies concept has been developed from the ideas of physical
stratigraphy and that radar reflections are a result of changes in the material and/or bedding of
the subsurface material (Jol and Bristow, 2003). The radar profile can be grouped into
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facies/units which represent continuous patterns and reflection character which can also be
related to sedimentary structures and/or depositional environments (Reading, 1996).
Although the use of geophysical techniques offers the opportunity to study the
subsurface material in greater detail, it can only express a limited amount of information
about the geometry of glacial landforms. For this reason geophysical applications should be
part of an integrated framework for investigating the genesis of landforms.

2.5 Synthesis: an integrated frame work for landform genesis
Throughout the literature on glacial depositional environments it is evident that a
range of processes can be responsible for the same end-product and that this is especially
apparent with moraines. Therefore in an attempt to resolve this issue research has increasingly
placed more emphasis on the importance of gaining a greater understanding of the internal
structure of the landforms in question and the surrounding area (e.g. Bentley, 1996; Glasser et
al., 2006; Jackosen and Overgaard, 2002; Jol and Smith, 1991; Lonne and Lauritsen, 1996).
Recent studies have shown that geophysical techniques can be successfully applied to
glacial sediments to identify the internal structure (Jakobsen and Overgaard, 2002; Lonne and
Lauritsen, 1996; Olsen and Andreasen, 1995; Overmeeren, 1998).

For example, Jakobsen

and Overgaard (2002) successfully characterised several thrust planes and folds in an outwash
plain adjacent to an ice-push ridge in northwest Zealand, Denmark. Lonne and Lauritsen
(1996) identified thrust faults and buried ice blocks in the proglacial area of the Scott
Turnebreen Glacier, in Svalbard. These studies have shown that it is beneficial to include
geophysical techniques with sedimentary and geomorphological analyses as they improve the
mapping of the subsurface and therefore provide better characterisation of depositional
sequences and determination of their spatial extent (Vandenberghe & van Overmeeren, 1999).
This highlights the opportunities within the current literature to employ an integrated
approach to the study of glacial sediments. Such an approach would combine geophysical,
sedimentological, and morphological techniques and have the potential to provide a greater
understanding of contemporary landforms. The combination of these techniques enables the
link between processes and landforms to be inferred and ultimately provide insight to
landform genesis. Therefore, a case study of the Mueller Glacier was undertaken.
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2.5.1 Previous research on the Mueller Glacier
The Mueller Glacier is a debris-covered, temperate, valley glacier located within the
Aoraki-Mt Cook National Park in the Southern Alps, New Zealand. The Southern Alps of
New Zealand are characterised by high precipitation and frequent tectonic activity.
Therefore, the Mueller Glacier provides a perfect exemplar of a valley glacier within a
dynamic environment. Past research on the Mueller Glacier has used a range of techniques to
date the moraines and produce a chronology of moraine ages (Burrows 1973; Burrows and
Orwin, 1971; Gellatly 1982, 1984; Porter, 1975; Winkler 2005; Schaefer et al., 2009).
However, as thinking on landform dating has progressed and dating techniques have
developed many of the earlier studies have been readjusted. Burrows (1973) produced an
extensive moraine chronology on the basis of the moraine morphology and lichenometric
dates for the Mueller Glacier, and concluded that eight periods of moraine construction were
present at the time of dating (Figure 2.8).

Figure 2.8: Map of moraine chronology based on moraine morphology and lichenometric
dating. Source: Burrows (1973).
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Burrows (1973) suggested that sharp crested moraines were formed during glacier
advance when both a forward and upward directional component of ice movement was
present and that areas of irregularly distributed smaller moraines, interspersed with areas of
outwash gravels, terraces and kettle holes are associated with periods of glacier retreat. The
identification of these two „styles‟ of moraine formation is further complicated by
modification, partial destruction, or partial burial by subsequent glacial advance-retreat
cycles, and glaciofluvial activity. Recognising the presence and extent of modification, in
particular partial destruction or burial of moraines from multiple glacial cycles, highlights the
importance of investigating the subsurface to fully understand past depositional environments.
The ages of the moraines suggested by Burrows (1973) were revised by Gellatly
(1984), using rock weathering-rind thickness as a dating technique and suggested that at least
15 glacial depositional events were preserved in the Mueller Valley. The importance of
examining the internal structure of landforms and landscapes was further emphasised by
Gellatly (1982), who observed that at some localities the lateral moraines were comprised of
successive layers of till with buried wood and soil layers present. Burrows (1989) also
observed the occurrence of plant remains, and buried soils within the lateral moraines of the
Tasman Glacier, located in the Tasman Valley which is located to the north and adjacent to
the Hooker valley. Burrows (1989) attributed this to the formation of composite lateral
moraines ridges, where ice-marginal debris was „plastered‟ over pre-existing surfaces as the
glacier level raised during expansion periods (Figure 2.9). Former moraine surfaces were
identified by the presences of soils, or by lines of yellowish, weathered cobbles and boulders
i.e. evidence from the left lateral moraine at the Mueller Glacier produced dates of 1130 ± 50
year B.P and 1010 ± 50 year B.P (Burrows, 1989). The dates from the Mueller Glacier were
found to be within the range of those collected from the Tasman Glacier, and believed by
Burrows (1989) to correlate to the same episode of glacier expansion.

Porter (2000)

suggested that some buried organic and soil matter in the lateral moraines can be attributed to
large rock fall events that can bury and override lateral moraines. However, Porter (2000)
purported that rock fall material can also be indistinguishable from glaciogenic debris layers
produced by glacier expansion.
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Figure 2.9: diagram showing a composite moraine, with observed soil layers and
corresponding dates for the Tasman glacier. Source: Burrows (1989).
Winkler (2005) used the Schmidt hammer technique for dating the relative-age of the
landforms around the Mueller Glacier and identified four major ice advances, including the
Little Ice Age (LIA). Winkler (2005) also investigated a multiple ridge moraine complex and
found no statistically significant difference between the individual ridges of the 2000 yr old
moraine complex, suggesting that the individual ridges were formed during minor oscillations
of the glacier and should be interpreted as being built up by one advance period with a
maximum duration of 200-300 years. More recently Schaefer et al. (2009) sampled boulders
for

10

Be surface-exposure dating to develop a chronology of glacier fluctuations in the

Southern Alps, New Zealand (Figure 2.10). Schaefer et al. (2009) defined the

10

Be surface-

exposure by arithmetic means of boulder ages from the respective moraines; these were
assumed to represent the completion of moraine formation. A range of ages were determined
for the moraines surrounding the Mueller Glacier. For example, ice proximal moraine age
between 132 ±17 years, 164 ±22 years, and 185 ±22 years, while the ice distal moraine age
was determined to be 2000-150 years (Figure 2.10) (Schaefer et al. (2009).
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Figure 2.10: Schaefer et al. 2009 Glacial geomorphology map, showing the locations of
sampling sites and 10Be dates for the Holocene moraine sequences of the Mueller,
Hooker, and Tasman Glacier
The Mueller Glacier appears to be following the same recession patterns as a large
number of the lower gradient glaciers east of the Main Divide (Southern Alps of New
Zealand). The Mueller Glacier has undergone extensive downwasting of ice thickness and
large scale disintegration of the termini region resulting in the formation of a thermokarst lake
(Watson, 1995). Kirkbride (1993) studied the formation of a thermokarst lake on the Tasman
Glacier and suggests that the melt lakes form by the gradual collapse of englacial channels
and the formation of kettle holes that expanded through thermal notching and coalescing to
form a large supraglacial lake (section 2.3.3). Evidence for a similar sequence of processes
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can be seen at the Mueller Glacier as extensive down-wasting can be seen by the relative
position of the glacier surface against the lateral moraines and the presence of thermokarst
holes on the glacier surface (Figure 2.11). It is evident that the landforms of the Mueller
Glacier have been shaped by repeated advance and retreat cycles of the glacier and that these
cycles are marked by remnant landforms (Table 2.6 and 2.7). It is also evident that fluvial
activity has had a significant role in the development of the landform.

Figure 2.11: photograph of the surface of the Mueller glacier in March, 2007 showing
the presence thermokarst holes on the glacier surface.

Table 2.6: Historical observations of ice thickness and moraine development at the
Mueller Glacier. Modified from Burrows (2005).
Year
1590 –
1670 A.D
1740 A.D

Surveyor
Burrows

Comment
Considerable spill over of ice at the kea point end of White Horse Hill.

Burrows

Ice spill over at kea point and east end of White Horse Hill.

1888

Hutton

Lateral ridge has been built up on the inside the main lateral moraines.
about 15m below the existing moraine surface. A ridge extends across
the base of White Horse Hill spill over.

1891

Ross

Flood water from the glacier surface flowed out at Kea Point.

1893
1914

Da Faur

Flood water from the glacier surface flowed out at Kea Point.
Glacier was 10m below the 1862 level.

Mid 19th
Century

Burrows

Ice rose to level of lateral ridge observed in 1888, bulge of ice.
extended into gap formed by the Kea Point spill over trough but no real
spill over of ice observed.

1960- 1970

von Haast

1980

von Haast

Small lateral moraine ridge lay inside and 15m lower than the main
crest that marked the upper limits of the ice period in 1860-1862.
Glacier fallen 60m below the main moraine crest of northern side.

2001

Burrows

Small lateral moraine crest observed in 1960 collapsed.
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Table 2.7: Historical observations of the Mueller Glacier terminus. Modified from
Burrows (2005).
Year

Surveyor

Comments

1860-1862

von Haast

1862

von Haast

Terminus well forward, with the Hooker river running under the
glacier.
Sketechs, maps, observations of Mueller terminus
Glacier terminus is approx. 1 km further forward than the 1994
position.

1867

E.P. Sealy

First sketch map of Mueller.

1869
1879
1885-1888

von Haast
Sealy
von Haast
von Haast

1888

Hutton

Ice had retreated almost 100 m since 1862 (rate of retreat 4m/yr) .

1889

T.N. Broderick

Survey of Mueller Glacier terminus estimated to have retreated 170m
since 1862 (retreat rate of 6 m/yr).

1893

Ross

Hooker River flowed under the ice at the terminal face. Observed
evidence of the Hooker River being forced towards the base of Mt
Wakefield during period of advance.

1888- 1905

and

Sketches, maps, photographs.
Height of terminus measured at 819 m above sea level.
Retreat of terminus position. Recorded evidence of let back for the
years 1868, 1878, 1884, 1887, 1890. After these periods of melt the
terminus lay 20m back from the 1862 limit in the SW side and 60m on
the NW side.

Mueller began to re-advance and ice bridge formed once again over the
Hooker river.

1905

Marshall

Terminal face shows slight advance since 1889.

1905
1905- 1930
1931
Mid 1930
1950

von Haast

Small advance.
Standstill period terminus position does not change.
Retreat starts again.
Level of ice at terminus appears to have dropped.
Terminus on the SW side is now 450 m from the 1862 limit and the
NW side is 100 m. change of 430 m in SW side and 40 m for NW side
since 1888.

Late 1930‟s
-1994
1972
Early
1980‟s
1982

von Haast
von Haast

Terminus drops back 600 m.
Burrows

Extent of glacier ice approx level with the Hooker river.
Melt pools form at terminus.

von Haast

Early
1990‟s
1994

Terminus lay next to old spill over valley (known as Kea Point) at the
NW end of white horse hill.
Melt pools coalesce to form small terminus lake.

Watson

Terminus lake has approx, double in surface area since 1993. present
terminus average elevation 770 m, 49 m down waste at terminus since
1879.
Assumed linear rate of down waste  0.5 m/yr since 1897.

1996

Burrows

Lake fills area between terminus and 1890 position.
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2.5.2 Research objectives
The previous discussion on approaches to glacial landform genesis has suggested that
it is beneficial to include geophysical techniques with the sedimentary and geomorphological
analyses as a means of improving the mapping and identification of the subsurface. This
highlights the opportunities within the current literature to employ an integrated approach to
the study of glacial sediments. Such an approach would combine geophysical,
sedimentological, and morphological techniques and have the potential to provide a greater
understanding of contemporary glacial landforms.

Therefore an integrated approach to

landform genesis will be used in a case study of the Mueller Glacier. Previous research on
Mueller Glacier has focused on dating, rather than on the genesis of the sediments and
landforms. The lack of information on the genesis of the moraines is a critical „gap‟ in the
current research. By highlighting the missing elements of research at the Mueller Glacier the
following research questions have been identified.


Can the internal structure of the ice marginal moraines be mapped using ground
penetrating radar?



Can a depositional model of ice marginal moraine formation be developed using an
integrated framework?



Does geophysical data used in an integrated approach lead to a different interpretation
of depositional models?

To understand the relationship between the Mueller Glacier and its landforms, chapter three,
will provide an overview of the environmental setting, the research strategy and methods used
to carry out the research.
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Chapter Three
Research strategy, regional setting
and methods

3.1 Research Strategy
This research takes an integrated approach to determine genesis of the ice marginal
moraines of a debris covered valley glacier. This is undertaken by employing a combination
of morphological, sedimentological, and internal structural characteristics of landforms with
the aid of geophysical investigation.

Both morphological and sedimentological approaches

are common in landform genesis and typically used in combination. However, the use of
geophysical investigations in glacial geomorphology is rare especially in high mountain
environments such as the Mueller Glacier.

By combining the use of geophysical

investigations with morphological and sedimentological data, this research can present a more
comprehensive understanding of landform development and the relationship between the
subsurface structure and the surface form.
The morphological analysis involves both geomorphic mapping of the landforms
using aerial photographs combined with field observations. The sedimentological analysis
involves field observations and descriptions of the particle size, roundness, facies
classification, and subsequent laboratory analysis. The geophysical investigation entailed the
data collection and post collection processing before interpreting the geometry and relative
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strength of reflection signals. The remainder of this chapter outlines the study area and the
techniques used to complete each component of the research.

3.2 Regional Setting
The Mueller Glacier is a 13.9 km long, temperate valley glacier located in AorakiMount Cook National Park on the eastern side of the Main Divide of the Southern Alps of
New Zealand (Figure 3.1). The Mueller Glacier flows from its névé along the Main Divide, at
an altitude of approximately 2000 m above sea level. The flow path of the Mueller Glacier is
confined by steep valley sides of the Sealy Range and is forced to turn around the buttress of
Mt Oliver, Sealy Range (Figure 3.1). While the Mueller Glacier is bounded by steep valley
sides along its upper and middle reaches, it emerges at the terminal area into a wide, open
valley at an altitude approximately 700 m above sea level (Burrows, 1973).
The Aoraki-Mt Cook area which forms part of the Southern Alps, is characterised by
high rates of compressional strain and up lift rates of between 8 to 10 mm/yr along the Alpine
Fault (Fitzsimons & Veit, 2001; Tippett and Kamp, 1995). The Southern Alps form a
southwest-northeast trending barrier that lies across the prevailing westerly circulation. This
barrier results in orographic uplift of the air, leading to high precipitation on the west coast
and a steep precipitation gradient declining into a rain shadow east of the main divide
(Fitzsimons & Veit, 2001). The effects of the orographic uplift resulted in a large input of
precipitation to the Mueller Glacier system. This combination of high uplift and rainfall
results in exceptionally high rates of erosion throughout the Southern Alps, particularly in
areas of high relief (Hicks et al., 1996). In the Mueller valley these high erosion rates have
resulted in 37 percent of the Mueller Glacier’s surface being covered by debris (Hicks et al.,
1996).

3.2.1 Geological setting
The underlining geology of the Mueller Glacier is part of a thick sequence of steeply
dipping regional schist that forms the Haast Schist Group (Cox and Barrell, 2007; Gair, 1967)
(Figure 3.2). The metamorphic grade of the schist decreases eastward and gradually
transitions into the strongly deformed greywacke of the Torlesse Group (Cox and Barrell,
2007) (Figure 3.2). Along the valley floor, from the terminus onwards alluvium deposited
during the Holocene period, dominates the surface geology (Figure 3.2). Alluvium deposits
follow the Hooker River south and become bounded to the west by glacial deposits.
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Figure 3.1: Geographical location of the Mueller Glacier, Southern Alps, New Zealand.
The Mueller Glacier is bounded at its upper reaches by the Main Divide to the north and
to the south, by the Sealy Range. The Mueller Glacier terminates into the Hooker Valley
and was once confluent with the Hooker Glacier, which now lies approximately 1500 km
north, north east of the Mueller Valley. The Hooker Glacier Lake is drained by the
Hooker River, which also drains the Mueller Glacier. Source: New Zealand Map Series
260-H36.
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Legend

Figure 3.2: Map of the underlying geology of the Mueller Glacier area: Institute of
Geological and Nuclear Sciences 1:250,000 Geological Map 15, 2007.
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3.3 Geomorphic mapping
A geomorphic map was constructed prior to field work to identify landforms, examine
the spatial relationship between landforms and the identification of potential field sites. The
map was constructed by examining aerial photographs SN 8595 runs 15 and 16 for 1986.
Topographic map sheet H36 of the New Zealand map series 260. Finally this map was field
checked to ensure that the landforms and spatial relationships between landforms were
correctly recorded. Field checking also provided a method of verifying the morphological
characteristics of the moraines and to map any landforms which were too small to be clearly
recognised through stereoscopic analysis of the aerial photographs.

3.4 Field observations and sediment logging
The description and analysis of the sediments and landforms were described from
natural exposures. The facies present were classified using a lithofacies scheme based on
Eyles et al. (1983), Mager (1999), and Miall (1978) (Table 2.5). Clast size of the sedimentary
units was identified and recorded in the field using the Wentworth grain size scale and phi to
millimetre conversion chart (Table 3.1). Particle roundness was assessed by comparing
samples against the Krumbein scale of roundness, while sorting was identified on the basis of
sorting indices as defined by Evans and Benn (2004).
Vertical and horizontal sediment logging was carried out to determine the facies
present and their extent within the environment as a detailed description of the sediment
properties and structure were recorded. Observations and sketches of the exposures were
recorded in the field and digital photographs were taken. Exposures were logged using
overlapping photographs to identify and record the facies present, and then field checked to
ensure the accuracy of the logs.

3.5 Particle size analysis
Particle size analysis was carried out in the laboratory for the nine samples collected
from the sites where observations and sediment logging occurred. These samples contained a
range of particles sizes. Analysis of particle size involved sieving for the gravel and sand
fractions and the pipette method for the finer fraction i.e. less than 62.5 µm.
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3.5.1 Sieving
Each sediment sample collected in the field was evenly divided into sub-samples for
particle size analysis. From the sub-samples the gravels, sands, and finer particles were
separated by the wet sieve method over an evaporation basin to remove all particles greater
than 4Φ. The gravel and sand portions of the sample were then dried, while the finer particles
were set aside in beakers with the remaining water for the pipette analyse. The coarse fraction
was sieved for five minutes through a stack of Endecott brass mesh sieves. The sieve sizes
used to analysis the samples ranged from -4 to 4 Φ using a half phi interval.
3.5.2 Pipette analysis
The fine sediments left over from sieving were collected and transferred into 1000 ml
measuring cylinders to which 20 ml of sodium hexametaphosphate (calgon) was added and
the cylinders were topped up with distilled water.

The cylinders were stirred and left

overnight and checked the following day for flocculation. Representative sub samples of 20
ml were taken following the phi (Φ) collection for each cylinder following the method of
Lewis and McConchie (1992). The 20 ml samples were placed into weighed beakers and
dried at 105 ºC. Once cooled the beakers were re-weighed. The weights represented
everything under 4 Φ and were analysed along with the coarser gravel and sand fractions to
establish the total particle size distribution for each sample.

3.6 Ground Penetrating Radar
Ground penetrating radar (GPR) is non-invasive geophysical technique that works by
transmitting and receiving short bursts of electromagnetic waves, which detect electrical
discontinuities within the sub-surfaces (Neal, 2004). A GPR system consists of a pair of
antennas; one a transmitter antenna which generates a pulse of electromagnetic energy into
the ground where it is either reflected or absorbed; and a receiver antenna, which detects any
reflected signals. These antennas are operated with a receiving computer console that records
and triggers the pulses, and a battery supply.

The use of GPR is limited by the

electromagnetic properties of the subject materials and energy losses (Neal, 2004).
Understanding these limitations is therefore vital to using the system and any subsequent data
interpretation. The following section will firstly address the properties of electromagnetic
waves in the context of a GPR system and discuss the properties of material which control the
behaviour of electromagnetic energy. Secondly this section will outline the energy losses
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associated with a GPR system and were appropriate will outline how these energy losses may
occur or provide limitations within a glacial environment.
Table 3.1: The Wentworth scale is almost the universal scale for particle size. This
scale and was first proposed by Udden in 1898 and further modified by Wentworth in
1922 Source: Evans and Benn (2004).
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3.6.1 Electromagnetic wave properties
Electromagnetic wave theory can be described by Maxwell’s equations which describe
the propagation of electromagnetic energy as a coupled process between electrical and
magnetic forces and fluxes. The total flux of an electromagnetic system includes charges
moving in response to an applied electric and magnetic field (Olhoeft, 1998). The total flux
of electromagnetic waves is expressed within Maxwell’s equations as the parameters of a
given materials properties. These parameters describe the behaviour of the material’s
properties in response to an applied force; and are essentially describing the ability of the
material to move and store the applied force as energy (Olhoeft, 1998).
3.6.2 Material properties
Reynolds (1997) describes the detective properties of a material, as the composition of
the material and water content of the material, as these two factors influence both the speed of
electromagnetic wave propagation through a material and the attenuation of the material.
More importantly the proportion of the electromagnetic energy reflected at each boundary
encountered is determined by the contrast in electromagnetic velocities, and more
fundamentally by the contrast in the properties of the adjacent material (Reynolds, 1997).
There are three main material properties that control the behaviour of electromagnetic energy.
These are dielectric permittivity (ε), magnetic permeability (µ), and electrical conductivity (σ)
(Reynolds, 1997; Neal, 2004). Dielectric permittivity is the ability of a material to store
electrical charge, which is measured in units of electrical capacitance (farads) per metre (Neal,
2004). Magnetic permeability is a measure of the magnetic field energy stored and lost when
induced magnetisation occurs; this is measured in inductance (henrys, H) per metre (Neal,
2004). Electrical conductivity measures the ability of a material to transport a charge when an
electrical field is applied. Electrical conductivity losses appear to be frequency dependent, as
the dissipated energy, transportation, and amount of energy stored change with different
frequencies (Annan, 2004; Neal, 2004).
When a significant difference in dielectric permittivity (ε), magnetic permeability (µ),
and electrical conductivity (σ) is encountered, then some of the propagating electromagnetic
wave is reflected. The strength of this reflection is considered to be proportional to the
magnitude of change between the two adjacent materials (Neal, 2004). However, reflections
from the subsurface are not the only signals which are recorded by the GPR, as both an
airwave and ground wave are also recorded. Neal (2004) describes the airwave as a record of
the electromagnetic pulse travelling in the air at the speed of light, 0.2998 m ns-1 between the
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two antennas (Figure 3.3) while the ground wave is a record of the electromagnetic pulse
travelling directly through the ground between the antennae (Figure 3.3) (Neal, 2004).
The relationship between the sedimentary characteristics of a material and its
composition and the resulting reflections is the underlying concept for the application of GPR
within sedimentology. This is because significant reflections are generated by differences in
the quantity and type of porous fluid and the characteristics of the material clasts, such as their
size, shape, orientation and packing (Neal, 2004). That is because changes in these variables
result in changes to the porosity of a material and the sedimentary bedding i.e. the sediment
characteristics (Figure 3.4). It is these differences of sedimentary characteristics which result
in different electromagnetic properties of material and hence enables the GPR to detect
sedimentary structures; as the electromagnetic waves will be reflected from the boundaries
between materials with different electromagnetic properties.

Figure 3.3: Ray paths between transmitting and receiving antennae for the
airwave, the ground wave, a lateral wave and a reflected wave. Source: Neal
(2004).
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Figure 3.4: Bedding in sediments and sedimentary rocks resulting from changes in
composition, size, shape, orientation and packing of sediment grains. Source: Neal
(2004).

3.6.3 Energy losses
As electromagnetic waves propagate through the subsurface they encounter factors
which can result in a decrease of the signal strength (Reynolds, 1997). For example each time
the electromagnetic wave passes through a boundary layer in the sub-surface it incurs energy
losses.

Energy losses associated with geological characteristics include geometrical

spreading, scattering, absorption, and attenuation. By understanding the sources of energy
loss and the limitations associated with them, one can account for them in the data collection
and interpretation phase to obtain more realistic sub-surface information (Annan, 2004). The
following sections (3.6.3.1 to 3.6.3.3) outline the energy losses and why depth gains are
employed and the limitations and implications of energy loss in relation to sedimentological
investigations.
3.6.3.1 Geometrical spreading
As electromagnetic waves propagate down into the subsurface, energy losses occur as
a result of geometric spreading and scattering. Losses associated with geometric spreading
occur because the ‘radar signal’ is transmitted as an ever-expanding cone; with an angle of
90o (Figure 3.5) (Plewes, & Hubbard, 2001).

Geometrical spreading causes the power to

decrease as the distance from the transmitter increases, and as such energy is lost at a rate of
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1/r2 (Annan, 2004; Neal, 2004). This inverse relationship between power and distance has
consequences for interpreting GPR data, as reflections from targets at greater depths will be
weaker than those closer to the surface. This can result in primary bedding and structures
located at greater depths remaining undetected or being under represented in unprocessed
GPR data sets. This limitation of the data may lead to the incorrect interpretation of landform
genesis.

Figure 3.5: Electromagnetic waves propagation through the ground in an everexpanding cone, with the cones apex at the transmitting antenna. All reflections within
one-quarter of the dominant wavelength will interfere constructively to form a single
reflection. Source: Neal (2004).
3.6.3.2 Scattering
Signal scattering is an umbrella term that covers a variety of energy loss processes
including reflection, refraction and diffraction. Losses associated with scattering are a
function of the number, size and type of scattering bodies in a material and their electrical and
geometrical contrasts with the adjacent material (Annan, 2004).

The fundamentals of

scattering can be described by Snell’s Law, which defines the propagation of a wave front
through material with different properties. When an electromagnetic wave passes through
materials with different velocities the direction of the wave path alters (Figure 3.6). For
example, within the study area large boulders are common on the moraine surfaces and can
also be observed in the internal structure of the lateral moraines at sediment exposures.
Therefore, these boulders are a potential source of scattering and hence a potential source of
energy loss within the subsurface imaged.
Scattering can be divided into two categories; desirable scattering and noise.
Desirable scattering is where a target of interest is reflected, while noise occurs when objects
with dimensions similar to the wavelength of the ‘radar signal’ come into contact with the
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electromagnetic field, scattering the energy in a random manner (Reynolds, 1997). In an
unprocessed data set a large amount of noise from scattering can impede the interpretation of
target objects. However, within the study area it is interesting to note that the boulders within
the landforms can be considered as both a desirable scattering and a noise, as the interception
of boulders along a transect line is partly a target as it provides further information regarding
the internal structure of the landform. But, frequent the interception boulders may also result
in scattering of the signal which would cause energy loss and in turn would limit the
penetration depth of the signal.

Figure 3.6: Snell’s Law predicts that waves change direction of propagation when the
waves encounter changes in material properties. In a subsurface that has multiple
layers, Snell’s Law applies for each layer Source: Annan (2004).
3.6.3.3 Resolution and attenuation
There are two important elements of resolution, the ability to determine a reflectors
position in space and time, and the ability to resolve two closely spaced features (Neal, 2004).
For example when two pulses coincide in time, the amplitude will be enhanced and one large
amplitude event will occur instead of two separate events (Annan, 2004). This may be
resolved by using a higher antenna frequency to obtain greater resolution of the subsurface, as
the wavelength is governed by wave frequency and velocity (Neal, 2004). However, it has
been shown that attenuation is directly proportional to frequency; and hence higher
frequencies lead to higher attenuation, decreasing the penetration depth. Therefore the
selection of the antenna frequency will be dependent not only on the resolution required but
also on the target depth. Additionally, the frequency of the antenna used is an important
factor for the attenuation of the signal, along with the electric () magnetic () and dielectric
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() properties of the material (Table 3.2), and the frequency of the signal itself (Reynolds,
1997).
Resolution is critical to interpreting GPR data because it determines the scale of the
sedimentary structures that can be observed. The implication of this is that a trade off exists
between the target depth and the scale of resolution. If the target is shallow, greater resolution
and determination of the target can occur with higher frequencies. However, if the target is at
greater depths, the frequency needs to be decreased and there is a subsequent decrease in
resolution. For the case study of the Mueller Glacier a lower frequency 50 MHz antenna was
utilised as penetration depth of the GPR was a critical factor due to the largely unknown
internal structure of the landforms studied. Nobes et al. (1994) also used a similar antenna
frequency in their radar profiling of the Tasman and Mueller Glacier.
Table 3.2: Examples of the electrical properties of some common geologic materials at
80-120Mhz. Source: Neal (2004).

Medium

Relative
dielectric
Permittivity
(r)

ElectromagneticConductivity
wave velocity (m
(mS m-1)
ns-1)

Attenuation
(dB m-1)

Air

1

0.3

0

0

Freshwater

80

0.03

0.5

0.1

Seawater

80

0.01

30,000

1000

Unsaturated sand

2.55-7.5

0.1-0.2

0.01

0.01-0.14

Saturated sand

20-31.6

0.05-0.08

0.1-1

0.03-0.5

Unsaturated sand
and gravel

3.5-6.5

0.09-0.13

0.007-0.06

0.01-0.1

Saturated
and gravel

15.5-17.5

0.06

0.7-9

0.03-0.5

Unsaturated silt

2.5-5

0.09-0.12

1-100

1-300a

Saturated silt

22-30

0.05-0.07

100

1-300a

Bedrock

4-6

0.12-0.13

10-5-40

7 x 10-6-24

sand

3.7 Ground Penetrating Radar collection and processing methods
3.7.1 Data Collection
This research used a Pulse Ekko100 (Sensors and Software Inc.) for data collection.
There are four types of GPR reflection data setups: common offset, common midpoint,
common source and common receiver (Figure 3.7). For this research the common offset
configuration (i.e. antenna perpendicular to the survey line) was used for the data acquisition
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with the GPR, along with a Digital Video Logger (DVL) system. The DVL system was
programmed so that the data was collected with the following parameters: 50 MHz antennas
with a separation of 2 m, step size of 0.5 m, and a time window of 520 ns. The time window
of 520 ns was determined following an initial assessment, in which data was collected using a
range of time windows and reviewed to determine the time window which allowed for the
collection of data from a suitable target depth.
Common-mid point surveying (CMP) and semblance analysis was used to estimate the
radar signal velocity versus depth in the ground. The CMP data was collected by varying the
antenna spacing at a fixed location and measuring the change of the two-way travel time to
the reflection (Figure 3.7).

When CMP data is collected, each of the horizons in the

subsurface will give rise to a reflection event, which covers a velocity range. To interpret
CMP data a plot of travel time squared verses antenna separation squared yields a straight line
relationship. It is this slope that gives a velocity estimate, while the time intercept yields a
depth estimate (Figure 3.8). For the study area, there were two main landform types imaged
using the GPR, namely the outwash and moraines, therefore a CMP and semblance analysis
was undertaken for both the outwash and moraine material.

The velocity range of the two

material types will be dependent on their characteristics; however, common geological
materials at 80-120 MHz are outlined in table 3.2.

Figure 3.7: Four main types of geophysical reflection surveys, a) common offset,
b) common midpoint, c) common source, and d) common receiver. T= transmitter,
R= receiver. Source: Neal (2004).
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Figure 3.8: Example of a CMP Printout of showing the two way travel time (ns). The
air and ground waves are labelled on the right, as well as the hyperbolic reflection
events from horizons one, two, and three, which have intercepts times of t1, t2 and t3.
Source: Annan (2004).
For each transect, 100 m of tape was laid out and followed with the GPR for data
collection. Following the collection of the GPR data the surface topography was surveyed
using a clinometer and recording the distance and angle of every major break in slope.
Pythagoras theorem was used to calculate the change in height from the start to the end point
of each slope (Figure 3.9 and equation 1 and 2). This topographic data was later used to
correct the GPR data for topography, and subsequently correct the relationships between the
reflections recorded.

O

H
α
A

Figure 3.9: Diagram of Pythagoras theorem for calculating the change in vertical
distance from a slope survey.
Where:
O = Opposite
A = Adjacent
H = Hypotenuse (distance measured)
α = Angle measured
To calculate for Opposite = Hypotenuse x SIN α
To convert recorded angle to radians = α/57.296

(1)
(2)
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3.7.2 Data Processing

Unprocessed GPR data can contain unwanted artefacts and noise, which can be
corrected through the use of laboratory techniques, using Ekko-View Deluxe; a computer
software package by Sensor and Software Inc. The initial step in any data processing is the
management and maintenance of the data files, which includes any data re-organisation, file
merging, and reversing. File merging is used to combine data from two or more data files
into a single, separate file. Files that have been collected in opposite directions can be
corrected for by reversing the direction of the data file. After the data files are reorganised in
the correct sequence the data is de-wowed. De-wowing is the use of temporal filtering to
remove the low frequency components from the data. These low frequencies are normally
associated with inductive phenomena or instrumentation dynamic range limitations (Sensors
& Software Inc. 1992a, 1992b). Therefore, these frequencies can obscure the desired target
reflections from the GPR and need to be removed for clearer interpretation.
Once de-wowed the data was migrated to remove diffractions, distortions, dip
displacement and out-of-line reflections. The overall goal of migration is to manipulate the
reflections profile so that it represents the geological structure in the plane of the survey
(Neal, 2004). For example, in this case at the Mueller Glacier migration was used to remove
diffractions associated with point sources such as boulders, which are abundant in the
moraines. To convert two-way-travel-time to depth for the reflection profiles using migration
the velocity of the material needs to be known. This can be determined by viewing the
semblance analysis of the CMP data collected in the field. The semblance analysis is an
essential stage in the processing of the data as each semblance analysis is specific to the
sediment type that the CMP was undertaken for.
Finally all data sets were corrected for the surface topography, using the topographic
data collected in the field during the clinometer survey (section 3.7.1).

To correct for

topography a ‘topo’ file was used and each topography file contained the position and the
elevation at that position. The GPR traces were then shifted according to the two-way travel
time to the common datum which is determined by the topographic displacement indicated in
the topography file (Neal, 2004).
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Chapter Four
Results

4.1 Introduction
This chapter describes the field observations and results from the ice marginal
landforms of the Mueller Glacier. The first section describes the principal proglacial landforms
(section 4.2), followed by observations from four sedimentary exposures (section 4.3). An
interpretation of the sediment facies is presented in section 4.4. Section 4.5 presents a total of 10
GPR profiles from the ice contact landforms (with an additional 4 GPR profiles supplied in
Appendix one). Each of these GPR profiles are then described with individual interpretations
presented. These interpretations of the GPR profiles are then used to determine radar facies
associations (section 4.6). These results are then summarised in section 4.7.

4.2. Geomorphology of the Mueller Valley
The landforms in the terminal area of the Mueller Glacier were studied using a
combination of aerial photographs, topographic maps and field observations. The terminus of the
Mueller Glacier is dominated by outwash and compound moraines characterised by nested
moraine ridges that dam a large proglacial lake. The moraine ridges adjacent to the Mueller
Glacier reveal two types of morphology. The first, along the right valley wall and the terminus of
the Mueller Glacier is dominated by a lateral-frontal moraine complex, consisting of multiple
ridges. Another multi-ridge moraine occurs along the left lateral valley side, where the Mueller
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and Hooker Glacier once converged. The second moraine morphology is characterised by single
moraine ridges, which have a subdued elevation when compared to the other moraine complexes.
Single moraine ridges were observed along the left valley side and at the terminus (Figure 4.1).
The moraines at the terminus are bounded by an outwash plain which fills the width of the valley
floor and continues down valley to the confluence with the outwash plain from the Tasman
Glacier (Figure 4.1). The outwash surface also encircles isolated sections of moraine in the
glacier foreland, which is inferred to be of a much older age (Figure 4.1)
The geomorphological map shows an abundance of relict fluvial channels along the
left valley side, which are intermittent with the single lateral moraine ridges (Figure 4.1). The
present Hooker River channel flows from the Hooker Valley into the Mueller Lake, and has
significantly incised the lateral moraines (Figure 4.1). The Mueller River drains the Mueller Lake
at the left valley side and has incised moraines and outwash at the terminus (Figure 4.1). From
the geomorphological map, aerial photographs, and site observations four exposures in the ice
marginal landforms were identified, and provided an opportunity to observe the internal
composition of these landforms. A further 14 sites were identified for subsurface investigations,
using a GPR. The locations of these sites are shown in Figure 4.2. The facies observed at these
exposures are described in section 4.3 and interpreted in section 4.4.

4.3 Sedimentary facies of the Mueller moraines
Access to sedimentary outcrops was limited to only four sites within the study area,
and sediment samples were attained from only three sites due to the dangerously steep moraine
slopes of the fourth site. Site one (section 4.3.1) is located on the outwash on the ice distal side of
the right lateral terminal moraine, while both sites two and three are located on the left lateral
moraines close to the present day lake shoreline (sections 4.3.2 and 4.3.3 respectively). Due to
extensive downwasting of the glacier surface, large sections of the lateral moraine have been
exposed.

These exposures have been mapped from a distance using a photo mosaic and

binoculars (section 4.3.4). From these observations a facies classification based largely on
dominant particle size was developed. In total ten sedimentary facies were identified in the field,
comprising mostly of clast supported diamict and massive gravels; these are described in Table
4.1.
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Figure 4.1: Geomorphological map of the terminus of the Mueller Glacier.

54

Chapter four

Figure 4.2: Location map of the Mueller Glacier, with red lines showing the location of both
the GPR profiles and red diamonds representing the facies sites.

4.3.1 Observations from site one
Site one is an exposure of the outwash surface located in the White Horse Hill
camping ground that was exposed due to construction works within the Department of
Conservation camp (Figure 4.2). This section is approximately one metre in height and the
sediments are composed of massive sand (Sm) and gravels (Gm) in a coarse matrix (Figure 4.3).
The massive gravels are characterised by very poorly sorted sub-angular to sub-rounded clasts.
Samples of these gravels were analysed and showed a prominence of coarse to fine gravel (-3.5 to
-1 Φ), with a small fraction of very coarse to medium sand ( -1 to 2 Φ) and a tail of coarse to very
fine silt (4 to 8 Φ) (Figure 4.4). The massive sand facies was characterised by fine gravels (-1 Φ)
and medium to coarse sands. An example of the particle size distribution curve exemplifies the
multi-modal characteristics of facies two (Figure 4.5).
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Table 4.1: Summary of the facies observed in the Mueller moraines.
Code

Description

Bo

Boulders, typically angular to sub-angular and greater than -10 phi.

Dcm

Massive, clast supported diamict that are poorly sorted, variable clast
size admixtures. The clasts are angular to sub-rounded; with a range
of clasts sizes and the facies is structureless. The term massive refers
to the unstructured nature of these facies. There is no sorting or
stratification of the material into size divisions

Dcg

Clast supported diamict that are poorly sorted, variable clast size
admixtures. The clasts are angular to sub-rounded; with a range of
clasts sizes. Facies show a degree of grading whereby the smallest
clasts are the basis of the facies clast size grades to largest clast size
at the top of the facies.

Dmm

Massive and matrix supported diamict. Diamict are poorly sorted,
variable clast size admixtures with a grey coloured matrix of fine to
coarse sands.

Gm

Massive or crudely bedded gravels. Clasts are angular to sub-rounded
and are consolidated by a matrix of sand and fines. The term massive
refers to the unstructured nature of these facies. There is no sorting or
stratification of the material in to size divisions.

Gsm

Massive or crudely bedded gravels with a large component of sands.
Clasts are angular to sub rounded and are consolidated by a matrix of
sand and fines.

Gg

Graded gravels. The smallest clasts are the base of the facies clast
size grads to a largest clast size at the top of the facies. The clasts are
sub rounded, well sorted and are horizontally bedded.

Sm

Fine to coarse sands that are massive.

Sp

Medium to coarse sands that are planar bedded.

Fm

Cream coloured massive and unstructured deposits.
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Gm
Sm
Gm

Figure 4.3: Vertical sediment log of site one, showing the facies present and the relationship
between facies. Two facies were observed, massive gravels (Gm) at the bottom and top and
massive sand (Sm). The horizontal scale represents the particle size, silt, sand (S), and gravel
(G), cobbles (C), and boulders (B). Location of the profile is marked on figure 4.2.

Figure 4.4: Particle size distribution of Gm facies from site one, indicating that the
dominant sediment size is gravel, although sand, and silt are present.
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Figure 4.5: Particle size distribution of Sm from site one, showing the multi-modal nature of
facies two, with peaks at -1 phi, 1 phi and 5 phi. The dominant particle size is fine gravels,
coarse sand with a tail of coarse to fine silt.

4.3.2 Observations from site two
Site two is an exposure of the true left lateral moraine (Figure 4.2).

Sediment

exposures were observed from two localities approximately four metres in height and four metres
apart. The first locality was composed of boulders (Bo), gravel (Gm), and sand (Sm) (Figure
4.6A). Facies Bo was observed at the base of the exposure at both sites and was characterised by
large boulders with an average diameter of one meter. While facies Gm was identified as massive
clast supported angular to sub-angular gravels. Sediment analyses verified the dominance of
coarse to fine gravel (-4 to -1 Φ) (Figure 4.7). At the first locality (Figure 4.6A) the gravel facies
were separated by massive sands (Figure 4.6a). This sand facies was not observed at the second
exposure (Figure 4.6 B).
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A

B

Gm
Gsm

Gm
Gm

Bo
Bo

Figure 4.6: Vertical sediment logs of sites 2A and 2B. At the first locality, vertical profile A,
three facies were identified, Boulders (Bo) at the base of the exposure this was overlain by
massive gravels (Gm) between 1 and 3 metres high. Massive gravels were again observed
between 3.8 and 4 metres and is underlain by massive sandy gravel (Gsm). At the second
locality, vertical profile B, only two facies were identified. Boulder (Bo) at the base of exposure
and were overlain by massive gravels (Gm). Locations of the profiles are marked on figure 4.2.

Figure 4.7: Particle size distribution curve of facies Gm, from site 2B showing the dominant
particle size is coarse gravel.
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4.3.3 Observations from site three
Site three is located on the true left lateral moraine (Figure 4.2) and is composed of
only two facies; gravel (Gcm) and sand (Sm) (Figure 4.8). The bottom of the exposure was
obscured due to slumping. The first facies observed is located above the slumped material and is
characterised by poorly sorted, massive clast supported, very angular to sub-rounded gravels
(Gm) (Figure 4.8). This is overlain by massive coarse sand (Sm) (Figure 4.8). The third facies
observed is characterised by very poorly sorted, unstructured, angular to sub angular, cobbles and
coarse gravel (Gm) and is located between 4 and 5 m (Figure 4.8). Above the coarse gravel (Gm)
is an additional 20 m of inaccessible exposure. This area was observed to be similar in nature to
the coarse gravel, with cobbles and boulders becoming more frequent.

Gm

Sm

Gm

Obscured

Figure 4.8: Vertical sediment log of Site 3, showing the three sedimentary facies and their
corresponding facies codes (facies codes are described in table 4.1). The lower section of this
profile is unstable and experienced frequent slipping, thus the sediment characteristics could
not be defined. Location of the profile is marked on figure 4.2.
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4.3.4 Observations from site four
Site four is a one kilometre-long near-vertical exposure on the true right lateral
moraine that has been exposed due to down-wasting of the glacier surface, of which 700 metres
was able to be observed and recorded (Figure 4.2). The steep unstable nature of this exposure
meant that samples of the sediments could not be collected. However, the facies were identified
and their lateral extent logged via field observations made from a distance and a photo-mosaic
and binoculars (Figure 4.9).
The facies identified at site four were a mixture of diamict (Dmm, Dmc, Dcg), gravel
(Gm, Gsm, Gg), sands (Sm, Sp) and silt and clay (Fm) (Figure 4.9). Throughout the exposure
large boulders were present and occasionally smaller boulders appeared to be aligned in lengths
extending up to 50 m long. The percentage of each facies is shown in Table 4.2 and indicates that
the exposure was dominated by clast supported diamict which represented approximately 34 % of
the total exposure area (Table 4.2).

The diamict facies were observed in large areas, typically

adjacent to gravel or sand facies (Figure 4.9). Gravel facies were recorded as a long continuous
facies of up to 20-30 m in length and 7 m thick (Figure 4.9). Gravels with upward grading was
identified at one locality and equated to less than 0.2 % of the total exposure area. While sand
facies were present as long continuous lenses, typically between 30-50 m long and 3-5 m thick
and were predominantly massive and made up 16 % of the total exposure area (Figure 4.9).
Planar bedded sand (Sp) was observed as an isolated facies (Figure 4.9). Silts and clays were
only observed at two localities in the exposure and made up only a small percentage of the total
exposure area, approximately 2 % (Table 4.2). This facies was identified as massive and
unstructured and occurred below large boulders and clast supported diamict (Figure 4.9).
Table 4.2: Relative importance of facies types observed at site four
Facies

Facies code

Diamict

Dcm
Dmm
Dcg
Subtotal
Gm
GSm
Gcg
Subtotal
Sm
Sp
Subtotal
Fm
Subtotal

Gravel

Sand

Fines

Total Area
(m2)
1334
865
72
220
872
99
5
977
644
7
650
77
77

Percentage Total
Area (%)
34
22
2
56
22
3
0.2
25
16.2
0.3
17
2
2
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Figure 4.9: Cross section of facies units at site four (figure 4.2), along the right lateral moraine, mapped from south-east to north-west.
Vertical exaggeration = 2. Photo insert showing part of the sediment log mapped.
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4.4 Interpretation of facies
4.4.1 Boulders
Large isolated sub-angular to angular boulder sized particles were observed within the
moraine forms and on the moraine surface. The large size and angular nature of the boulders
indicate that the material has undergone little abrasion which is normally associated with
subglacial transportation or transportation by flowing water (Glasser and Hambrey, 2002). This
material is therefore interpreted as supraglacial material, derived from episodic rock avalanche
from the very steep ranges which surround the Mueller Glacier.
4.4.2 Diamict facies
Diamict was observed at site four, as massive and matrix-supported (Dmm), massive,
clast-supported (Dcm), and graded clast-supported diamict (Dcg). These diamicts were typically
extensive deposits, without any visible structures, except for the graded clast-supported diamict.
However, the observations of site four were made from some distance as the exposure is near
vertical and unstable, and hence structures may have been present but were not visible at the
observation distance. The particle size of the diamict varied, although all matrix supported
material consisted of sandy to gravely material.

There are three possible origins for the

deposition of diamict, these are subaqueous, subglacial, or supraglacial origin. Matrix supported
diamict, with a matrix of fine material, such as silt and clay have been described as low energy
subaqueous environments by Bennett et al. (2002). The matrix of the diamict observed is
characterised by sand and sub-angular to very angular clasts, with a distinct lack of silt and clay
material.

Therefore, it is considered unlikely that the diamict observed here are deposited

predomiantely in subaqueous environments. Similarly striations and faceting were not observed
on those clasts, which could be observed at a close proximity, thus ruling out a predominantly
subglacial origin.
The diamict observed was massive and matrix-supported with sub-angular to very
angular clasts. Similar matrix supported sub-angular to very angular clasts were described by
Glasser and Hambrey (2002) at the margin of Soler Glacier, Patagonia, as supraglacial material
deposited at the ice margin. Therefore based on the similarity of the diamict observed with that
described by Glasser and Hambrey (2002), it is suggested here that the diamict observed at the
Mueller Glacier is mostly of supraglacial origin. This interpretation is consistent with the vast
supply of supraglacial material and avalanche material from the steep valley sides. This type of
deposit is commonly associated with supraglacial depositional environments along the margins of
glaciers where material is deposited from the glacier surface (Boulton and Eyles, 1979; Evans,
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2003; Eyles, 1983). Deposition of supraglacial material sustained over a period of time can result
in the formation of diamict facies (Boulton and Eyles, 1979).
The occurrence of graded clast-supported deposits have been described by
Brodzikowski and van Loon (1987) as the product of local sorting of debris flows and results in
higher concentration of larger clasts at the base of the deposits, hence the graded appearance. An
alternative explanation is that these deposits have undergone glaciofluival reworking. Given the
presence of glaciofuvial activity within the study area it is considered likely that the graded
deposits have been formed by glaciofluvial reworking.
4.4.3 Gravel facies
Gravel facies were observed at all four sites, as massive, clast-supported gravels,
massive gravel with some sand, and graded gravels. The gravel facies observed at site one,
contained sub-rounded particles. Due to the lack of striated clasts it is considered unlikely that
these gravel facies are subglacial in origin. Similarly the poor sorting of both the clast supported
and massive gravely sands indicates that these facies are not purely glaciofluvial in origin,
although some evidence of glaciofluival activity is present in the clast rounding. These facies are
typical of ice marginal deposits described by Glasser and Hambrey (2002) which are composed of
a mixture of supraglacial material and glaciofluvial material. Based on similarities between
massive clast supported gravels and massive gravely sand facies observed and those described by
Glasser and Hambrey (2002) it is suggested that these facies have been formed via deposition at
the ice margin, from a combination of supraglacial deposits and glaciofluvial reworking. The
graded gravel facies observed throughout the study area are interpreted as glaciofluvial in origin,
due to both the sub-rounded clasts and the degree of sorting.
4.4.4 Sand facies
Sand facies were observed at all four sites as massive sand, however, stratified sand
was also observed at site four. Massive sand facies have been described by Eyles et al. (1983) as
the product of sediment gravity flows propelled by either grain collision or fluid turbulence,
within a subaqueous environment. However, given the proximity of the sand facies to gravel and
diamict facies which have been interpreted as subaerial in origin, it is unlikely that these sand
facies observed at the Mueller Glacier are subaqueous in origin. Brodzikowski and van Loon
(1987) describe massive sands as the product of glaciofluvial activity which are often found
adjacent to massive gravel and massive sandy gravel facies. Given the proximity of the massive
sands to both massive gravels and areas of known glaciofluvial activity, it is considered that the
massive sand facies is glaciofluvial in origin. Stratified sand found in close association with
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glaciofluvial material has been interpreted by Glasser et al. (2006) as waning periods of as
glaciofluvial deposition, where changing flow regimes deposit heterogeneous non-sorted
sediment as the result of sheet and stream flooding. Given the location of the stratified sands in
comparison to the location of know glaciofluvial activity it is likely that the stratified sands have
been deposited in a glaciofluvial environment.
4.4.5 Silts and clay facies
Sediment identified as massive silts and clay (Fm) were observed at site four, as a 4 m
thick, and 13 m long facies. Similar material was also observed at the base of the proximal lateral
moraines, and along the present lake shoreline where a thin coating of silt draped the surface of
boulders.

Thin layers of massive fines, typically one to two centimetres thick, have been

described as mud-drapes deposited during the waning stages of flooding, where pools of stagnant
water are commonly left in abandoned channels, allowing fine sediment to settle without being
entrained (Kjaer et al., 2004; Miall, 1977). However, the thickness of the silts and clay facies
observed at site four is significantly thicker than mud-drapes identified by Kjaer et al. (2004). An
alternative depositional environment of clays and silts is episodic flooding, however, this
depositional environment is characterised by laminated clays and silts rather than the massive
depositions observed in the study area (Glasser et al., 2006). Observations of silt and clay facies
were not made at a close enough proximity to determine if laminations were characteristic of the
silt and clay facies. Therefore, the deposition during waning stages over episodic flooding cannot
be ruled out. An alternative explanation is that of deposition in either localised ponding of water,
such as kettle lakes, or in a much larger scale supraglacial, or proglacial lake (Kirkbride 1993;
Mager and Fitzsimons, 2007; McCarroll and Rijsdijk, 2003). Evidence for both methods of
deposition are present at the contemporary margin of the Mueller Glacier, as the Mueller Glacier
currently terminates into a large supraglacial lake and smaller thermokarst lakes are present on
the glacier surface (Figure 2.11).

4.5 Ground Penetrating Radar observations
GPR profiles were surveyed across true right lateral moraine at a locality referred to as
Kea Point (Figure 4.2). The GPR was then deployed in the terminal area of the Mueller Glacier to
obtain three profiles and a further six profiles were located on the true left lateral moraines
(Figure 4.2).

For each profile collected the processed data together with a structural

interpretation are presented in the following sections. Throughout the GPR data the first strong
reflection is interpreted as the air wave and represents the signal travelling between antenna in the
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air (Figure 3.3). The airwave is underlain by another strong reflection which is the ground wave
and represents the signal travelling between the antenna just beneath the ground surface (Figure
3.3).

The vertical exaggeration of each image presented is 1, unless otherwise stated.

Observations of 10 GPR profiles from the three localities are described and interpreted in section
4.5.1 to 4.5.3 respectively, a further four GPR profiles, which show similar data and
interpretations as the 10 profiles presented in sections 4.5.1 to 4.5.3 are supplied in Appendix one.
A CMP survey and semblance analysis was carried out to determine the
electromagnetic wave propagation velocity at the Muller Glacier for both the moraine material
and outwash material, which recorded velocities of 0.045 to 0.06 mns-1 and 0.045 mns-1,
respectively (Figures 4.10 and 4.11). When comparing these velocities with those of common
geological materials (table 3.2) the closest materials are saturated sand and saturated sand and
gravel. However, table 3.2 refers to materials at frequencies of 80-120 MHz while the data
collected at the Mueller Glacier was undertaken using a frequency of 50 MHz. Knowledge of the
wave velocity assists in the data processing and provides clues to the composition material, as
higher velocities are typically a cause of either larger particle sizes or lower moisture contents. In
addition this data is required to convert the radar two-way-travel time to depth in order to render a
geological cross section (section 3.7).
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Figure 4.10: Semblance analysis of CMP data for moraine material, indicating an average
velocity of 0.045-0.06 mns-1 at 200 ns, which is marked with a red circle. There is also a near
surface reflection event with a higher velocity of 0.12 to 0.15 mns-1.
66

Chapter four

0

100

Time (ns)

200

300

400

0.01

0.05

0.09

0.13

0.17
Velocity (m/ns)

0.21

0.25

0.29

Figure 4.11: Semblance analysis of CMP data for outwash material, located in-between moraine
ridge, with an average velocity of 0.045 to 0.05 mns-1 at 100 ns, marked with a red circle. Again
there is a near surface reflection event with a higher velocity of 0.12 to 01.4 mns-1.

4.5.1 Observations from True Right Lateral Area (RL1-RL4)
4.5.1.1 Description of right lateral profile one (RL1)
The first of four GPR profiles collected from the true right lateral moraine system at
Kea Point is presented in Figure 4.12. This profile starts at the proximal glacier face and extends
towards the valley side, crossing one of the lateral moraine crests (Figure 4.2) and is divided into
four parts on the basis of the GPR reflections. Position 0 to 32 m is characterised by strong
reflections that parallel the surface topography forming a concave depression (feature 1, Figure
4.12). Between 32 to 100 m the reflections become discontinuous and chaotic. At 63 m, the
reflections dip sharply upslope following the surface topography to the moraine crest (feature 2,
Figure 4.12). Similar reflections, dipping upslope at a maximum angle of 60˚ were also observed
at profile RL5 (Appendix 1). The area between the moraine crest and the end of the profile is
also characterised by a chaotic GPR signal. These reflections are underlain by a strong continuous
reflection at approximately 8 m below ground level (feature 3, Figure 4.12).
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4.5.1.2 Description of right lateral profile two (RL2)
The second profile at the right lateral margin (Figure 4.13) runs from the proximal glacier
face towards the valley side. This profile is located 50 m upglacier from profile one (Figure 4.2).
The area between 0 and 40 m is composed of short sinuous reflections (feature 6, Figure 4.13)
and a tight recumbent fold between 16 and 32 m (feature 5, Figure 4.13).

These sinuous

reflections appear to be contained within a strong antiform reflection (feature 4, Figure 4.13).
From position 35 to 64 m, reflections form a concave depression with slopes of 45˚ (feature 1,
Figure 4.13).

This depression is in-filled by sub-horizontal, sub-parallel reflections.

The

uppermost reflections have been displaced at the point of contact with a set of curved reflections
(feature 2, Figure 4.13), while the lower-most reflections are truncated (feature 3, Figure 4.13).
The remainder of the profile is characterised by chaotic reflections, except for a strong continuous
reflection similar to that observed in profile one is located between position 50 and 70 m and 8 m
below ground level.

4.5.1.3 Description of right lateral profile three (RL3)
GPR profile RL3 extends from the cliff edge towards the valley side (Figure 4.2) and
is presented in Figure 4.14. Reflections between position 0 and 50 m are short and sinuous and
between position 28 and 47 m a tight, gently inclined fold is present at a depth of 200 ns, or 840
metres elevation (feature 3, Figure 4.14). The reflections immediately surrounding the fold are
more sinuous in nature. The set of reflections located between 0 and 50 m are similar to those
observed in profile RL2 between 0 and 40 m (Figure 4.13). Between position 0 and 16 m is a
concave depression with in filled sub horizontal reflections (feature 5, Figure 4.14). Another
prominent feature of this profile is the trough shaped reflections between position 50 and 72 m,
which are filled with reflections, dipping right by 20˚ (feature 1, Figure 4.14). This trough shaped
structure is underlain by a strong continuous reflection which extends from 30 to 80 m and is
truncated by a reflection dipping up-glacier at 20˚. This reflection is further displaced between 50
and 70 m where the reflection becomes curved (Figure 4.14).
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Figure 4.12: A) GPR data from of profile RL1, B) interpretation diagram for profile RL1 showing 1) Concave
depression feature, with reflections dipping both left and right at an angle of 41˚, interpreted as area of collapse
followed by infilling; 2) steep surface parallel reflections, interpreted as scree slope; and 3) Strong reflection,
interpreted as a sediment surface. Vertical exaggeration of GPR profile RL1 is 2.
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Figure 4.13: A) GPR data from of profile RL2, B) interpretation diagram for profile RL2 showing 1) inward
dipping reflections overlaid by sub-horizontal reflections, interpreted as a sediment slump from the melting of
localised ice block; 2) reflection pattern which pinches out, interpreted as the product of slope failure; 3)
displaced sediments, caused by the impact of the slope failure; 4) buried moraine; 5) tight recumbent fold; and
6) area of shortening. Vertical exaggeration of GPR profile RL2 is 2.
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Figure 4.14: A) GPR data from of profile RL3. B) interpretation diagram for the profile RL3 showing 1) large
trough shaped reflection, interpreted as a relic channel with cross bedding infill, 2) buried moraine ridge, 3) tight,
gently inclined fold, 4) line indicating the area of significant shortening, and 5) concave depression, interpreted as
an area of collapse followed by infilling .Vertical exaggeration of GPR profile RL3 is 1.

4.5.1.4 Interpretation of right lateral profiles one, two, and three
The concave reflection features present in profiles RL1 and RL2 are interpreted as infilled collapse features. Collapse features, such as these have been linked by Busby and Merritt
(1999) to the melt-out of isolated buried blocks of ice left behind by retreating ice. Melting blocks
of ice are often associated with a reduction in support of the overlaying sediments, which can lead
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to deformation sometimes accompanied by normal faulting (Kruger, 1994). This was observed
by Busby and Merritt (1999), who observed both sediment slumping and large scale kettlehole
formation in GPR traces of Quaternary deposits of the Sellafield District, on the west coast of the
United Kingdom.

Busby and Merritt (1999) distinguished between smaller scale sediment

slumping and larger scale kettlehole formation in GPR traces, on the basis of flat laying
sediments infilling a strong underlying reflection which was described as a basin that formed the
base of a kettlehole. On this basis the collapse features observed in profile RL1 and RL2 are
interpreted as the product sediment slumping. The collapse structure in profile RL1 is interpreted
as syn-depositional as the reflections are continuous and do not show any evidence of brittle
deformation (Figure 4.12). In profile RL2 three the sub-horizontal reflections are interpreted as
infill, which has been displaced by post-depositional faulting as it is overlaid by undisturbed
reflections (Figure 4.13).
The interpretation the reflection features labelled 2 and 3 in profile RL2, which shows
the displacement of flat lying sediments caused by overlying sediments, is problematic (Figure
4.13). The displacement of the underlying reflections is similar to that of saturated or semisaturated sediments, which results in ductile deformation rather than brittle deformation. One
possible explanation is that a melting ice block increased the pore water content and as the ice
continued to melt the slope angle increased resulting in slope failure. This reflection pattern is
interpreted as syn-depositional deformation caused by material deposited during slope failure.
Another strong reflection feature identified in profiles RL2 and RL3 are the double
crested formations (feature 4, Figure 4.13, and feature 2, Figure 4.14), which are interpreted as
remnants of the crests of buried moraines. The recumbent, tight, gently inclined folding within the
buried moraines is a ductile style of compressional deformation and records the horizontal
shortening of sediment (McCarroll and Rijsdijk, 2003; Evans and Benn, 2004). Glaciotectonic
structures such as these have been linked to the mechanisms of bulldozing sediments at the ice
margin (Kruger, 1995, 1996; Mathews et al., 1995; Winkler and Nesje, 1999) and thrusting
(Bennett et al., 1996; Hambrey and Huddart, 1995; Hambrey et al., 1997; Ham and Attig, 2001).
Since these moraines are lateral to glacier flow, the folding is interpreted as the result of
bulldozing.
The trough-shaped feature identified in profile RL3 is interpreted as a relict
glaciofluvial channel on the basis of its morphology and similarities to trough-shaped features
identified by Busby and Merritt (1999), Regli et al. (2002) and Jakobsen and Overgaard (2002).
These authors used sedimentological data to support their interpretation of trough-shaped features
as relict channels. The multiple dipping reflections within the trough-shaped feature are
interpreted as cross-bed reflections infilling the channel (feature 1, Figure 4.14).
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4.5.1.5 Description and interpretation of right lateral profile four (RL4)
The final profile presented for the right lateral area, profile RL4 (Figure 4.15), is
located parallel to the walking track that ascends Kea Point (Figure 4.2). Between positions 0 to
50 m the reflections have an increased sinuosity when compared to the rest of the reflections. The
dominant group of reflections in this profile are between positions 150-200 m, where reflections
form a convex, upward structure with the highest point at 3 m depth and underlain by sub-parallel
reflections forming an antiform (feature 1, Figure 4.15). The antiform structure is bounded on the
left and right by on-lapping planar bedded reflections, which parallel the surface topography
(feature 2, Figure 4.15). Other continuous, strong reflections dip left at 15˚ are observed between
20 and 120 m and start at a depth of 2, 4, and 6 m. Reflections are chaotic and discontinuous
between these stronger more continuous reflections. Between positions 60 and 100 m and at a
depth of 6 m below the surface, three convex reflections on-lap each other. These reflections are
bounded below by a strong reflection (feature 4, Figure 4.15).
The areas where the reflections have increased sinuosity are suggestive of
glaciotectonic deformation and sediment shortening, which would have likely occurred during a
re-advancement of the ice margin. The convex structure observed between 160 and 200 m is
interpreted as the crest of a buried moraine ridge. The horizontal reflections bounding each side
of the convex structure are interpreted as planar bedded material, which has in-filled the
depressions and smothered the surface expression. These are interpreted as glaciofluvial material
that has been deposited over and around a moraine, because of their gentle, down-valley dip and
the lateral continuity. The interpretation of a buried moraine ridge and glaciofluvial infill is
supported by historical observations, which record an ice spilled during 1950-1960 in this area
and outburst of melt water in 1981 and 1983 (see Tables 2.6 and 2.7). Similar convex structures
observed as feature 4, (Figure 4.15) are also interpreted as buried moraine mounds. These
numerous moraine crests have again been overlaid with successive glaciofluvial material. It is
considered that these moraine crests are in fact a hummocky moraine complex and these moraine
crests show irregular topography. The presence of hummock moraines suggests that this area has
in the past contained melting buried ice blocks or melting stagnate ice from the retreat of the
glacier margin, which has since been the area of frequent glaciofluvial activity. This conclusion is
also supported by the historical observations of both the ice margin and glaciofluvial activity at
the Mueller Glacier (Tables 2.6 and 2.7).
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Figure 4.15: A) GPR data from profile RL4, B) interpretation diagram for the profile RL4 showing 1) buried moraine crest, 2) planar, surface parallel
reflections, interpreted as draped gently inclined glaciofluvial material , 3) convex reflection which then extends up-glacier for the entire transect, and 4)
overlapping convex reflections, interpreted as buried moraine crests, which form part of a hummocky moraine complex 5) Area of increased sinuosity,
interpreted as evidence of glaciotectonic activity. Vertical exaggeration 2:1 (horizontal: vertical)
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4.5.2 Observations from the terminal area (T1-T3)

4.5.2.1 Description and interpretation of profile one (T1)
Profile T1, presented in Figure 4.16, was located on the ice distal slopes of the lateralterminal moraine complex, known as White Horse Hill (Figure 4.2). The transect starts at the base
of the distal slope and continues for 100 m, where it terminates 20 m below the crest of the
moraine. The reflections at the base of the slope (feature 2 on Figure 4.16) have a gentler angle
than the surface parallel reflections between 10 and 80 m (feature 1 on Figure 4.16). While the
reflections between position 80 to 100 (feature 3 on Figure 4.16) are not surface parallel but are
dipping into the slope. Reflections, similar to those observed at the base of the steep slope have
been described as the product of slope instability and slumping by Sadura et al. (2006) at end
moraines of the Laurentide Ice Lobe. Sadura et al. (2006) and Jakobsen and Overgaard (2002)
described steeply dipping surface parallel reflections as the ice distal slope of an ice contact fan.
Based on the similarities of the reflections observed with those described by Sadura et al. (2006)
and Jakobsen and Overgaard (2002) profile T1 is interpreted as the ice distal slope of an ice
contact fan. However, based on the angle of the reflections in position 80 to 90 (feature 3, Figure
4.16) it is more likely that these reflections represent soil development layers, such as those
identified by Burrows (1989) rather than soil remobilisation.

4.5.2.2 Description and interpretation of terminal profile two (T2)
Profile T2 starts at the base of the proximal slope of the outer moraine and extends
390 m towards the melt lake (Figure 4.2). The reflections on the distal slope, between 0-100 m
are planar to slightly sinuous and sub-parallel to the surface (feature 1 on Figure 4.17). The
planar, slightly sinuous reflections on the distal slope are interpreted as primary bedding. Sadura
et al. (2006) describes similar wavy, discontinuous reflections from an ice distal slope of an ice
contact fan and suggested that deformation was the product of sediment flows.
A trough-shaped reflection is present at position 200 m and is interpreted as a relict
channel. From the crest of the moraine (240 m) down the proximal slope, the internal reflections
are steeply dipping up-glacier and less continuous (feature 2 on Figure 4.17). At the base of the
proximal slope the surface flattens out, and a wide, shallow reflection is present between 310-325
m and is underlain by discontinuous, chaotic reflections (feature 3 on Figure 4.17), it is
considered that this reflection is representative of an older landscape. The steep up-glacier
dipping reflections are interpreted as ice proximal rectilinear slopes, which have undergone
remobilisation. This interpretation is based on the similarities with landforms described by
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Krzyszkowski and Zielinski (2002) and Lukas (2005). In Figure 4.17 an insert box is used to
show an area of the profile between 80 and 140 m at a larger scale (Figure 4.17). The reflection
within this area shows increased sinuosity of the reflections along with a number of reverse faults.
Similar increased sinuosity reflections were found adjacent to folding in GPR profiles RL2 and
RL3 (Figure 4.13 and 4.14). However, in profile T2 the increased sinuosity reflections are found
adjacent to reverse faults (Figure 4.17) and are considered to record an area of shortened
sediment, most likely which has occurred due to the advancement and bulldozing of sediment at
the ice margin (McCarroll and Rijsdijk, 2003; Winkler and Nesje, 1999).

4.5.2.3 Description and interpretation of profile three (T3)

Profile T3 (Figure 4.18) starts at the base of the terminal moraine and extends out over
the outwash surface for 200 m (Figure 4.2). Between positions 160-180 m an artefact of vertical
distortion, has been introduced as a result of topographic correction, these artefacts have not been
considered in the interpretation (feature 3 on Figure 4.18). The most prominent feature of this
transect is the continuous planar reflections which are sub-parallel with each other (feature 1 on
Figure 4.18). It is possible that some of these multiple planar reflections, in particular the
symmetrical reflections are an artefact of the topo correction. However, it is considered that the
remaining continuous planar reflections that of an ice proximal zone of outwash which is
dominated by crudely horizontal bedding (Reading, 1996). Sedimentation patterns of outwash
have been compared to those formed by braided rivers that are characterised by large seasonal
variations in discharge (Vandenberghe and van Overmeeran, 1998). It is this large variation is
discharge, which deposits bed boundaries that causes strong sub-parallel reflections (Jackobsen
and Overgaard (2002). At position 15 m, down-glacier dipping reflections forming part of the ice
distal slope on-lap the planar reflections (feature 2, Figure 4.18).

The geometry of these on-

lapping ice contact slope reflections suggest that moraine has been built on top of the outwash,
and is therefore a younger landform.
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Figure 4.16: A) GPR data from of profile T1 showing the internal structure of the distal slope of the right lateralfrontal moraine complex B) interpretation diagram for the profile T1 showing 1) Steeply dipping surface parallel
reflections and 2) accumulation of reworked material at the foot of the slope 3) Reflections dipping into the slope,
interpreted as layers of soil development. Vertical exaggeration: 1.
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Left blank for T2, A3 profile Figure 4.17
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Figure 4.18: A) GPR data from profile T3, showing the internal structure of the contact of the subdued terminal moraine and outwash B)
interpretation diagram for the profile T3 showing 1) continuous planar, sub-parallel bedding interpreted as primary bedding of the outwash; 2) downglacier dipping reflections on-lapping the planar reflections, interpreted as the contact between the moraine, built out on to the outwash surface; and
3) artefacts, vertical distortion, introduced during processing. Vertical exaggeration for GPR profile T3 is 1:2.
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4.5.3 Observations from the left lateral area (LL1-LL3)
4.5.3.1 Description and interpretation of profile left lateral one (LL1)
Profile LL1 (Figure 4.19) is located on the left lateral moraine complex and starts at
the depression between two moraine ridges and extends 52 m up the proximal moraine slope to
the crest and down the distal slope for 18 m (Figure 4.2). The reflections at the base of the
proximal slope are parallel to the surface topography (feature 1, Figure 4.19). Strong reflections
on the proximal slope are moderately continuous, sub-parallel with the surface at the moraine
crest (position 52 m) these reflections follow the surface topography and curve over and dip by
25˚ (Figure 4.19). Rounded reflections are also observed between 20 m and 24m, at 5 m and 3 m
below ground level (GL). Similar reflections are also observed at position 40 m at 3 m below GL.
These reflections are surface parallel reflections with rounded crest (feature 2, Figure 4.19).
The strong, continuous reflections are interpreted as primary bedding, from
supraglacial deposition from the moraine surface and slumped and remobilised material, whereas
the reflections which are rounded and dip downwards to the right could either represent buried
moraine ridges or soil development on these older moraine surfaces. The rounded reflections
located at position 21 and 24 m in LL1 are also identifiable in profile LL4 (Appendix 1). Based
on the lateral extent of the rounded reflections, they are interpreted as buried moraine crests. The
reflections at the base of the slope are like those observed at T1 (Figure 4.16), interpreted as
slumped and reworked sediment.

80

Chapter four

Figure 4.19: A) GPR profile of LL1 B) interpretation diagram for the profile LL1 showing, 1)
surface parallel reflection, interpreted as the primary bedding, 2) reflections which round off
and dip back into the moraine form, interpreted as buried moraine surfaces, 3) surface
parallel reflections interpreted as primary bedding of slip surfaces forming the distal slope,
and 4) reflections with slopes steeper than the surface slope and rounded crests, interpreted
as possible older moraine crests, which could include layers of soil development . Vertical
exaggeration of GPR profile LL1 is 1.
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4.5.3.2 Description and interpretation of profile left lateral two (LL2)
The second profile collected along the Left lateral area, profile LL2 (Figure 4.20),
starts from a terrace 4 m above the lake surface and extends for 190 m towards the valley side,
transecting three moraine ridges (Figure 4.2). The first moraine ridge appears to have poor
reflection signal compared to the other two moraine ridges (Figure 4.20). The distal slope of ridge
one is characterised by down-glacier dipping reflections, with a dip of 15˚ (feature 1, Figure
4.20). Between positions 20 to 60 m is an area of increased sinuosity of the reflections (feature 8,
Figure 4.20). Within this area, trough-shaped reflections are also present at positions 45 m and 60
m (Figure 4.20). Ridge two, between positions 60 to 90 m is dominated by up-glacier dipping
reflections, while from position 90 to 120 m the reflections are down-glacier dipping (feature 3,
Figure 4.20). This area is also underline by a convex dome structure that continues into a troughshaped reflections between 100-132 m and approximately 3 m below the surface (feature 2,
Figure 4.20) located between the second and third moraine ridge. Adjacent to this area and
located approximately 8 m below the surface is a convex shaped reflection which is over lapped
by surface parallel reflections (feature 7, Figure 4.20). The third ridge, at position 170 m is again
dominated by up-glacier dipping reflections (feature 4, Figure 4.20). From position 145 m a
series of four convex reflections, which drape to form another crest (feature 5, Figure 4.20) and
are underlain horizontal reflections (Figure 4.20).
Stratification and the surface-parallel nature of the reflection on the distal sides of the
moraine ridges closely resembles the internal structure of rectilinear ice contact fan slopes that
have collapsed and undergone gravitational reworking due to the loss of slope support (Benn and
Lukas, 2006; Lukas, 2005, Sadura et al. 2006). On-lapping concave reflections are formed by the
collapse of the slope material as support is removed (Lukas, 2005). The large convex dome
structure identified as feature 6 in Figure 4.20 is interpreted as an older moraine crest. The area
located between ridge one and two was characterised by increased sinuosity (feature 8, figure
4.20). Similarly to other profiles with areas of increased sinuosity in the reflections this area
represents shortening of sediments. Feature 7 (figure 4.20) is comparable to other collapse
features identified in RL1 and RL3. The numerous trough-shaped reflections identified in profile
LL2 are interpreted as relict channels similar to those described by Busby and Merritt (1999) and
Regli et al. (2002). These relict channels record a series of ice marginal streams at different
periods of time along a changing ice margin. It is likely that these relict channels record the
position of the Hooker River as it has been pinned by the glacier ice at difference levels.
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Figure 4.20: A) GPR profile of LL2, showing the internal structure of the left lateral moraines B) interpretation diagram for profile LL2 showing, 1) surface parallel
reflection, interpreted as the primary bedding of scree slopes 2) areas which are dominated by trough shaped and cross bedded reflections, interpreted as result of
glaciofluvial activity, 3) primary bedding of the proximal slopes of the moraines, interpreted as rectilinear slopes caused by slope failure, 4) primary bedding of the
distal slopes of the moraine, showing the gentle slope angle and more continuous nature of the reflections; 5) on lapping concave up reflections, interpreted as
primary bedding of slope collapse 6) convex dome shaped reflection underlain with planar reflections interpreted as an older moraine surface; 7) concave feature
with on lapping surface parallel reflections, interpreted as a collapse feature; 8) line showing area of increased sinuosity interpreted as an area of sediment
shortening; vertical exaggeration: 2.
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4.5.3.3 Description and interpretation of profile left lateral three (LL3)
The profile, LL3 (Figure 4.21) is located on a terrace and is orientated in the direction
of ice flow (Figure 4.2). The dominant reflection pattern is a series of planar, surface-parallel
reflections, gently dipping down-valley (feature 1, Figure 4.21). These planar reflections are
interrupted by displacements at 20 m, 74 m, and 92 m (feature 2 Figure 4.21). The displacements
at position 20 and 92 are described as being orientated up glacier, while the displacement at
position 74 metres has a down-glacier orientation. Between positions 56 and 60 m reflections
dipping left (at a maximum angle of 22˚) cross cut the planar reflections (feature 3, Figure 4.21).
Planar reflections with a gently down valley dip are interpreted as glaciofluvial
bedding. Further evidence for glaciofluvial activity is found in LL3 in the form of trough shaped
reflections, especially between position 60 and 80 m and again between position 10 and 20 m at
approximately 8 m below the surface. Channels like these represent relict channels and record the
changing location of the Hooker River as it migrated across the surface of the terrace.
Displacements at position 20 m and 92 m are interpreted as reverse faults. Faults,
such as back thrusts are common structures in glaciotectonic sediments and record displacement
in the opposite direction of the compressional force (Benn and Evans, 1998). McCarroll and
Rijsdijk (2003) suggest that compressional structures, such as thrusts, will dominate the ice
marginal environment in areas where the ice margin has been either pinned or at the limits of an
advancing ice front. Therefore, the reverse thrust faults observed here as displacements in an upglacier orientation, are interpreted as brittle response to shear stress applied by compression.
Displacements with a down-glacier orientation flow are interpreted as normal faults, which result
from loss of ice support during glacier retreat.
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Figure 4.21: A) GPR profile of LL3 showing the internal structure of the kame terrace B) interpretation diagram for the GPR profile LL3 showing 1) gentle
down valley dipping surface parallel reflection, interpreted as glaciofluvial material; 2) reflections displacements, up-glacier dipping displacements are
interpreted as brittle response to stress, while down-glacier dipping displacements are interpreted as normal faults caused by a lose of ice support; and 3)
cross bedded reflections in filling a trough shaped reflection, interpreted as a channel and channel fill. Vertical exaggeration of GPR profile LL3 is 1.
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4.6 Radar Facies associations
This section builds on the individual interpretations of the GPR results presented in
4.5, to develop radar facies (Table 4.3). These radar facies are determined as patterns of repeated
radar signatures identified within the radar profiles presented in section 4.6. From the radar
profiles, four radar facies have been described based on their spatial organisation and geometry
(summarised in Table 4.3). These associations will be interpreted and designated genetic names in
sections 4.6.1 to 4.6.4.
4.6.1 Radar facies Association A: Glaciofluvial

Radar facies association A is comprised of trough-shaped features which vary in scale.
Some of the trough-shaped features are also in filled with cross bedded reflections or planar
reflections that are laterally continuous (Table 4.3). Previous research (Busby and Merritt, 1999;
Jackobsen and Overgaard, 2002; Regli et al. 2002) has described these features as relict
glaciofluvial channels and erosional scour surfaces.

Given this, along with the extent of

glaciofluvial evidence in both the sedimentological and morphological data, radar facies
association A is interpreted as relict glaciofluvial channels. These features are products of
glaciofluvial activity on the Mueller Glacier. Radar facies association A was identified at various
localities within the ice margin. However, the most prominent feature was identified in RL3
(Figure 4.14), located on the right lateral moraine. The scale and frequency of radar facies
association A is an indication of the influence of glaciofluvial activity in the Mueller Valley.
4.6.2 Radar Facies Association B: Ice Contact Fan Slopes
Radar facies association B consists of steeply dipping surface parallel reflections, or
surface parallel down-glacier dipping reflections (Table 4.3). Similar reflections have been
described as the product of slope instability, slumping, and mass movement along the ice distal
slope of moraines (Sadura et al. 2006; Jakobsen and Overgaard, 2002).

Ice contact fan

associations were observed at the Mueller Glacier at profile T1, LL2 (Figures 4.16 and 4.20).
The observation of radar facies association B within the terminal area and left lateral area of the
Mueller Glacier is an indication of the former ice margin and ice retreat and may be an indicator
of the removal of ice support from the terminal area that has resulted in subsequent material
instability.
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4.6.3 Radar Association C: Glaciotectonic Deformation
Radar facies association C is comprised of antiform reflections and inclined folds in
areas characterised by increased reflection sinuosity surrounding these folds (Table 4.3). Radar
facies association C also comprised of areas with increased sinuosity of reflections in areas
without evidence of folding. Other indicators of glacioteconic deformation included low angle
faults. McCarroll and Rijsdijk, (2003) describe folding structures within moraines as indicative
of ductile style of compressional deformation, recording the horizontal shortening of sediments.
Such deformation features have been commonly associated with glacier bulldozing sediments
during terminal advance and/or glacial expansion (Kruger, 1995, 1996; Mathews et al. 1995;
Winkler and Nesje, 1999). This radar facies association, which included folding was primarily
observed on the true right moraine in profiles RL2 and RL3 (Figures 4.13 and 4.14) as part of a
buried moraine crest and is considered to be indicative of fluctuations of the ice margin.
However, other evidence of this radar facies association, areas of increased sinuosity and faults
were observed in areas of the right moraine, terminal moraine, and left moraine (Table 4.3).
4.6.4 Radar Association D: Collapse Features and Vertical Deformation
Radar facies association D consist of concave depressions with surface parallel
reflections which may be displaced by high angle faults capped with in filled structures, such as
extensional normal faults (Table 4.3). Concave depressions have been interpreted as the gravity
driven collapse of the depositional floor as a result of melting buried ice (Busby and Merritt,
1999; Kruger, 1994; McCarrol and Rijsdijk, 2003). The extent of the buried ice block can be
inferred from the presence of sub-horizontal reflections infilling the depression. Sub-horizontal
reflections are considered to be indicative of sedimentation in still water (Busby and Merritt,
1999).

Based on previous descriptions radar facies association D associated with concave

depressions is interpreted as collapse features. Collapse features were observed at the Mueller
Glacier at profiles RL1, RL2 (Figures 4.12 and 4.13).
Radar facies association D was also observed throughout the study area as extensional
normal faults in areas where there was with no evidence of localised melting of buried ice. The
radar facies association in this configuration was often found in the ice marginal environment and
in close proximity to moraine slopes. Normal faults in the ice marginal environment can be the
product of slumps associated with the release of ice-proximal support as the ice retreated from the
moraine crest, resulting in slumping caused by extension (Bennett et al. 2004). Based on the
geomorphologic context, radar facies association D exhibiting only normal faults is interpreted as
the product of extensional deformation formed during the removal of ice support as the Mueller
Glacier down-wasted and or retreated.

Vertical deformation features were observed at the
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Mueller Glacier at profile RL5 (Appendix one), profiles LL2, and LL3 (Figure 4.20 and 4.21).
The interpretation of radar facies association D as the product of either localised melting of buried
ice or more extensive down wasting and retreat of the ice surface is based on the presence or
absence of associated structures and the geomorphologic context of radar facies association D.
Table 4.3: Radar facies association’s descriptions and interpretation for the Mueller Glacier,
including the locations and environment of formation.
Radar Facies
Association

Locations
observed

Description

Interpretation

Environment of
formation

A-Glaciofluvial

Right lateral
profiles RL3,
RL4. Terminal
profile T2. Left
lateral profiles
LL2, LL3, and
LL4.

Trough shaped
(concave) reflections
of various sizes, these
may be in filled with
multiple dipping
reflections.

Large scale troughs
are relict
glaciofluvial
channels.

Glaciofluvial, ice
marginal.

B-Ice contact fan
slopes

Terminal
Profile T1 and
Left Lateral
Profile LL2.

Surface parallel
down-glacier dipping
reflections.

Product of slope
instability,
slumping, and mass
movement.

Ice distal slope of
moraines.

C-Glaciotectonic
deformation

Right lateral
profile RL2,
RL3, and RL4.
Terminal
profile T2. Left
lateral profile
LL2.

Folding and
antiforms in areas of
increased sinuosity;
Faults.

Compressional
stress and
horizontal
shortening of
sediments.

Glacier advance, or
expansion.

D-Collapse
Features

Right lateral
profiles RL1,
RL2 and RL3.

Collapse structures.

Melting of isolated
blocks of ice.

Detached ice located
in the ice margin.

D -Vertical
Deformation

Right lateral
profile RL5 and
left lateral
profiles LL2,
LL3

Extensional normal
faulting.

Loss of ice support
from the moraine
crest.

Removal of the ice
surface from the
moraine crest.

4.7 Summary
The observations from the Mueller Glacier presented in this chapter show that the
lateral moraines have been formed in a dynamic environment, which can be considered more
complex than the current literature on similar landforms has accounted for. The sedimentary
composition of the moraines where dominated by massive gravels, massive sands, and massive
sandy gravel in the left lateral moraine (sections 4.3.1 to 4.3.3) and diamict, massive gravel,
massive sand in the right lateral moraine (section 4.3.4). These sediments were deposited in a
number of depositional environments, including supraglacial, englacial, ice marginal and
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glaciofluvial.

The internal structure of the left lateral moraines was characterised by relict

glaciofluvial channels, folding, collapse structures and normal faulting. The internal structure of
the right lateral moraines was characterised by glaciofluvial channels, slope instability and
slumping, and mass movement. These internal structures are suggestive of ice marginal
deposition,

glaciotectonic

remobilisation.

deformation,

glaciofluvial

activity,

and

post

depositional

The observations of geomorphic form, sediment composition, and internal

structure presented in this chapter will be used to develop a series of depositional models for
moraine formation at the ice margin of the Mueller Glacier in Chapter Five.
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Chapter Five
Discussion

5.1 Introduction
This chapter interprets the sediment composition, geomorphic form, and internal
structure of the ice marginal landforms present in the Mueller valley to determine if GPR can
be used to investigate the internal structure of moraines and determination of moraine
formation (section 5.2). This information is then used to develop a series of depositional
models of moraine formation at the Mueller Glacier (section 5.2).

This is followed by a

critique of the integrated approach used to develop the depositional models and a comparison
between the findings of this research to the glaciated landsystems approach (section 5.3).
Finally this chapter critiques the use of GPR as a tool for investigating glacial geomorphology
(section 5.4).

5.2 The development of ice marginal moraines in the Mueller Valley
The sedimentary composition and internal structure of the moraines at the Mueller
Glacier are considerably more complex than that presented in the current literature which
would classify these moraines as supraglacial moraines (Boulton and Eyles, 1979; Eyles,
1983).

The sedimentary composition of the moraines is indicative of deposition in a

combination of supraglacial, englacial, ice marginal and glaciofluvial environments, while the
internal structure appears to be due to a combination of sequential ice marginal deposition,
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glaciotectonic deformation and glaciofluvial erosion and deposition.

The presence of

meltwater at the study site is a significant factor in controlling landform formation and was
observed in numerous radar profiles as glaciofluvial radar facies, such as profile RL3, RL4,
T2, and LL2 (figures 4.14, 4.15, 4.17, ad 4.20 respectively). The abundance of glaciofluvial
material is similar to other landforms described in the current literature, where the influence
of meltwater on landform development has in the past been underrepresented but is now being
realised as an important element. At present research on the formation of moraines of debris
covered glaciers within tectonically active environments have typically associated moraine
development with the dumping of supraglacial debris at the ice margin (Boulton and Eyles,
1979; Eyles, 1983). Little consideration has been given to the contribution of glaciofluvial
and glaciotectonic processes at the margins of debris-covered glaciers (Boulton and Eyles,
1979; Evans, 2003).

However, the observations from the Mueller Glacier presented in

chapter four reflect a different process of formation, which includes a combination of episodic
ice marginal deposition, glaciotectonic deformation and glaciofluvial erosion and deposition
Not only is the composition and structure of these landforms consistent with a
complex formation, but their spatial organisation and geomorphic expression within the
Mueller Valley reflects a very dynamic ice margin, with a proglacial foreland dominated by
outwash aggregation and remnant moraines. Since the processes appear to be strongly
spatially differentiated these remnant moraines are discussed separately as four distinctive
areas, these are; the right lateral, lateral-frontal, terminal, and left lateral moraines. The
following sections discuss the landforms observed, their complexity and the processes that
have led to their development. Again due to the strong spatial differentiation and complexity
of these areas, a series of depositional models, one for each area will be produced rather, than
one model for the Mueller Glacier.

5.2.1 Right lateral moraines
The right lateral moraines increase in height away from the ice margin with an area of
relatively flat terrain between the proximal cliff face and the innermost moraine ridge (Figure
4.1). These outer moraine ridges are likely to have once been connected with the lateral
frontal moraine complex, but are now separated by a wide depression in the moraine surface
which is recorded to be the flow path of glaciofluvial outbursts from the moraine surface
(Burrows, 2005). Sedimentary composition of the right lateral moraine was visible in the
upper 50 m of the proximal cliff edge due to down-wasting of ice, while the lower sediments
were obscured by slumped material. The landform is composed of supraglacial, glaciofluvial
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and ice marginal derived sediments (section 4.3) which suggests that episodic deposition
occurred, dominated by glaciofluvial activity intermittent with supraglacial and ice marginal
deposition.
On the basis of the sedimentary composition and size of the landform it is likely that
both the right lateral moraine and right terminal moraine complexes were formed when
supraglacial and glaciofluvial sediment has been deposited from the ice surface at the ice
margin which was located against the valley side (section 4.3). However, the right lateral
moraine has been constrained between the valley side and ice margin which has resulted an
area where processes occurring simultaneously with landforms often being subsequently
buried or modified so that the surface form is not reflective of the internal landform structure.
For example the GPR profiles facilitated the characterisation of the internal structure for the
upper 10-15 m of this area and reveal a complex depositional history in which deformation
and shortening of sediments has occurred. This area also shows evidence of localised blocks
of ice melting out resulting in surface depressions and collapse features, such as those
observed in RL1 and RL2 (Figure 4.12 and 4.13). The melt out of these ice blocks have
caused further deformation of the upper right lateral moraine.
Previous research on the origin of deformation features has been undertaken by
Bennett et al. (2004) in Hagafelljökull-Eystri in Iceland. Bennett et al. (2004) interpreted a
series of listric thrusts, folding and faulting as the product of an advancing ice margin
overriding and deforming an ice-contact delta as a result of gravity spreading. However, no
evidence of thrusting, such as nappes were observed at the Mueller Glacier, and therefore it is
unlikely that the formation process was the result of gravity spreading, or thrusting of
subglacial or englacial material.

An alternative may be that an advancing ice margin

‘bulldozed’ proglacial sediments resulting in localised compression and deformation in the
direction of the ice flow and the formation of a moraine ridge in front of the ice margin. A
similar process of moraine ridge formation was described at Brigsdalsbreen, Norway by
Winkler and Nesje (1999). Winkler and Nesje (1999) also observed glacier advance at the
lateral margins and noted that when the ice margin did not reach the ice front position of the
previous year, sediment was pushed up into small moraine ridges on the proximal side of
existing moraine ridges thereby creating a nested series of moraine ridges. Ham and Attig
(2001) observed a similar process of formation. However they described an advancing ice
mass that partially overrode proglacial sediment, which following glacier retreat resulted in
the deposition of debris-rich ice blocks on the proximal side of the ridge. Observations from
the Mueller Glacier, in particular radar facies association C – glaciotectonic deformation and
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D-collapse features, provide evidence for a similar process of formation as both those
described by Winkler and Nesje (1999) and Ham and Attig (2001).
The buried feature observed in RL2 and RL3 (Figure 4.13 and 4.14), interpreted as a
buried moraine ridge dominated by glaciotectonic deformation, is consistent with the product
of bulldozing proglacial sediment by an advancing ice margin. While the slumped features
are interpreted as the product of melting isolated blocks of ice, that where deposited when
debris-covered ice became detached from the glacier margin during retreat. Glaciotectonic
deformation structures such as folding, sediment shortening and faults are concentrated in the
right lateral moraine in the down-glacier section (profiles RL2, RL3, and RL4 Figure 4.1) and
are absent in the surrounding area approximately 100 m up-glacier (profile RL5, Appendix 1).
The concentration of deformation structures at profiles RL2 and RL3 raises the question, why
is the glaciotectonic deformation not seen anywhere else in the GPR data collected from the
right lateral moraines?

There are two possible explanations for this; the first is that

glaciotectonic deformation is not present, as these areas are relatively un-deformed. The
second is that the glaciotectonic deformation is present in the up-glacier area, but that the
locations of the profiles were such that the areas of deformation were not imaged. This seems
plausible given the relatively small area covered by the GPR profiles compared to the size of
the landform.
A possible explanation of the ‘isolated’ deformation features is that the deformation is
at least partially controlled by the rheology of the foreland material, such as localised area of
fine grained lacustrine sediment surrounded by coarse grained supraglacial and glaciofluvial
material. For example Bennett (2001) describes how the rheology of proglacial sediments is
an important controlling factor in the development of glaciotectonic deformation. However,
as previously discussed the sedimentary composition of the lateral moraine and proglacial
sediment is considered to be of a similar nature throughout the areas where deformation was
and was not observed. Alternatively, glaciotectonic structures may not be present in some
locations as the ice pressure may not have been sufficient to exceed the shear resistance of a
larger moraine (Benn and Owen, 2002). An additional consideration is the dynamics of
debris-covered ice margins at the valley sides, as debris-covered glaciers typically respond to
mass balance via thickening and thinning rather than ice marginal movement (Kirkbride,
2000). Thus, the presence of deformed moraines superimposed on larger lateral moraines is
suggestive of a feedback whereby existing landforms contain subsequent ice advances,
producing glaciotectonic deformation and resulting in progressively more overriding and
polyepisodic deformation of the landform, unless the ice advance is larger enough to override
and destroy the existing compound landform.
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Glaciofluvial sediment, radar facies associations A-Glaciofluvial (profile RL3, Figure
4.14), channels on the moraine surface, and radar facies associations C- glaciotectonic
deformation (profile RL2, RL3, and RL4 Figure 4.13, 4.14, and 4.15 respectively) all
surround a local depression valley in the right lateral moraine complex. The presence of all
these radar facies associations and glaciofluvial activity suggests that this area was once the
main foci of ice lobe and glaciofluvial drainage. Historical observations (Table 2.6) record an
ice lobe extending out of this local depression from 1590-1670 and again during 1740 and
1888 (Burrows, 2005). This area subsequently became the foci of supraglacial drainage in
1891 and 1893 (Burrows, 2005). Although the landforms and sequences of events described
may not correspond to these exact dates, these observations provide evidence of the
phenomenon occurring. However, the record of a stable ice lobe during 1590 to 1670 may
correspond to the buried moraine ridge, which was observed in the GPR profile RL4 (Figure
4.15), which extended down the valley which the ice lobe occupied. Given the hummocky
moraine ridges identified in profile RL4 (Figure 4.15) it is likely that the ice lobe became
detached and stagnant melting occurred. Simultaneous or subsequent glaciofluvial drainage
through the local depression has then buried any surface expression of the moraine ridges.
The ice marginal landforms along the right lateral and lateral terminal margin record a
number of depositional environments and events. A schematic representation is presented in
Figure 5.1. The antecedent conditions require a reverse slope that constrains the advancing
ice mass where sediment (ice marginal, supraglacial and glaciofluvial) is deposited at the ice
margin forming a lateral moraine (a). Downwasting of the ice surface occurs and removes ice
support from the ice distal lateral moraine. A steady state ice margin results in a second
moraine ridge being deposited at the ice margin and superimposed on the proximal slope of
the first ridge (b). Following the deposition of the second lateral moraine, it is considered that
the ice margin has downwasted and then re-thickened, bulldozing sediment on the ice
proximal slope to form a small ridge characterised by faulting and folding (c). This is
followed by a period of extensive glaciofluvial activity (this area is considered to be a foci of
glacial drainage at this point in time) which has subsequently buried the small ridge (d).
Strong climatic triggers cause extensive down-wasting of the glacier surface, thermokarst
lakes appear and coalesce to form a supraglacial lake (e). Following the removal of ice
support with each downwasting event, it is likely that extensional faulting at the ice proximal
slopes would occur. Normal faulting would also be present were ice cores and/or ice blocks
melt.
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A) This represents the debris covered
Mueller Glacier which is constrained by
the valley side. Sediment (ice marginal,
supraglacial and glaciofluvial) is deposited
at the ice margin forming a lateral moraine.
B) Downwasting of the ice surface occurs,
followed by steady state ice margin which
deposits supraglacial, glaciofluvial, and ice
marginal deposits forming a second
moraine ridge which is superimposed on
the proximal slope of the first ridge.
C) Ice margin has downwasted and then

re-thickened, bulldozing sediment on
the ice proximal slope to form a small
ridge characterised by faulting and
folding
D) Right lateral area is the foci of glacial
drainage and glaciofluvial sediment and
redistribution of sediments buries smaller
moraine ridges and fluvial channels.
E) Significant retreat and downwasting
occurs resulting in extensional faulting on
the ice proximal slope from the loss of ice
support. Melting of buried ice blocks result
in sediment slumping and normal faulting.
Continued downwasting results in the
development of the Surpraglacial Lake.

Legend
Supraglacial, ice marginal,
glaciofluvial sediments
Glacier Ice
Glaciofluvial drape
Shortened sediment
Supraglacial Lake

Figure 5.1: Schematic representation of conceptual model for the right lateral moraine
complex at the Mueller Glacier. Supraglacial, ice marginal and glaciofluvial sediments
deposits are represented by a slightly darker shade for each subsequent depositional event.
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5.2.2 Right lateral terminal moraines
The ice marginal landforms in the right latero-terminal area consist of a compound
moraine system that extends from Kea Point across the valley floor (Figure 4.1). This
moraine system is composed of several closely nested ridges of increasing size from ice distal
to ice proximal and at the highest point is approximately 150 m above the valley floor. The
sediment composition of this landform remains largely unknown as no exposures cut through
the moraine ridges. Sediments observed on the ice proximal slope were similar to those seen
at the lateral moraine exposures. These sediments were interpreted as being deposited by
intermittent and simultaneous supraglacial, glaciofluvial and ice marginal processes (section
4.3). Given the close proximity and similarity of sediments observed it is suggested that this
moraine system was formed in a similar depositional environment to the lateral moraines,
dominated by intermittent and simultaneous deposition from supraglacial, glaciofluvial and
ice marginal deposition environments. The internal structure of the ice distal slope was
dominated by continuous surface parallel sedimentary units dipping away from the ice front,
as observed in profile T1 (Figure 4.16). This internal structure is consistent with debris flows
and slope mass movement processes at the ice margin. Given the morphology of the slope
together with the down-glacier dipping units (dipping at a slope angle of approximately 15°),
it is considered likely that this landform is an ice contact fan.

Ice contact fans

characteristically have steep ice proximal and gentle ice distal slopes and can produce
landforms that stand up to 100 metres above the valley floor, like those observed at the
margin of the Mueller Glacier. Benn and Owen (2002) and Owen and Derbyshire (1993)
describe landforms in the Karakorum Mountains (Pakistan) which consisted of stacked
massive or stratified diamicton interbedded with sand and gravel facies that dipped away from
the ice margin, deposited by mass movement and glaciofluvial processes, suggesting debris
flow activity at the glacier front (Lysa & Lonne, 2001).

Landforms composed of down-

glacier dipping units of diamicton and sorted sediments were interpreted by Benn et al. (1992)
as ice-contact fans, adding further weight to the interpretation of this landform as an ice
contact fan.
The similarity between the internal structure of the lateral moraine slope and the
landforms described by other authors (Benn et al., 1992; Benn & Owen, 2002; and Owen and
Derbyshire, 1993) is limited given the difference between the size of the landform compared
to the penetration depth of the GPR signal (approximately 15 m) as it is acknowledged here
that the subsurface data may not be representative of the internal structure of the entire
landform. Additionally, the absence of extensive and accessible exposures for each of the
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subject landforms at the Mueller Glacier is also a constraint on the investigation of the
sedimentary composition and internal structure of the lateral-terminal moraine system.
As described previously, the moraine system consists of several closely nested
moraine ridges of increasing size on the ice proximal side. Boulton and Eyles (1979) suggest
that the formation of multiple moraine ridges at the margins of valley glaciers record
sustained deposition at relatively stable ice margins.

Debris-covered glaciers can also

undergo cycles of thickening and thinning in response to climatic fluctuations, rather than
cycles of marginal advance and retreat (Benn et al., 2003; Kirkbride, 2000). For nested
moraines to develop the in situ ice thickening needs to be matched by deposition at the ice
margin to ensure that the landform continues to impound the ice margin and restrain forward
movement of the ice terminal. Therefore, the development of a multiple ridge moraine
system requires continued formation over a number of glacier advances/oscillations where the
glacier has re-advanced and/or thickened in situ depositing new material abutted to, and
superimposed on the ice proximal surface of the existing landform. While this process may
continue to result in ice margin impoundment it does not explain what initially constrained the
ice mass. The outer moraine ridge of the complex is approximately 20 metres above the
valley floor, while the outwash accumulations may be over 180 metres in height. It is
suggested here that the outwash deposits initially constrained the advancing ice mass, where
deposition from a stable ice margin resulted in the formation of the most ice distal moraine
ridge.
Further

evidence

for

moraine

development

over

a

number

of

glacier

advances/oscillations is evident from dating of the moraine ridges at the Mueller Glacier. For
example Burrows (1973) developed a moraine chronology (Figure 2.8) on the basis of
moraine morphology and lichenometric dates. This moraine chronology outlined at least
eight periods of moraine construction, with some landforms containing more than one
construction period, indicating that these landforms are episodically formed. More recently
Schaefer et al. (2009) sampled a number of boulders for

10

Be surface-exposure dating at the

Mueller Glacier, Hooker Glacier and Tasman Glacier. The results from the

10

Be surface-

exposure dating at the right lateral frontal moraine of the Mueller Glacier suggested that the
ice distal moraine ridges were approximately 2000 to 3200 years old, while the ice proximal
moraine ridges were approximately 570 years old (Schaefer et al., 2009). While there can be
substantial errors associated with

10

Be surface-exposure dating of moraines, this research

supports the theory that the right lateral frontal moraine has been episodically formed.
A schematic diagram of the moraine formation is outlined in figure 5.2.

The

antecedent conditions require an existing outwash head, built up over continuous steady-state
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conditions, which formed a reverse slope for the advancing ice mass, from which material
was deposited from the ice surface forming what was likely an ice cored moraine (a). The
development of a multiple ridged moraine system resulted from continued formation over a
number of glacial advances/oscillations, where the glacier has re-advanced and/or thickened
in situ depositing further supraglacial, glaciofluvial, and ice marginal material abutted to, and
superimposed on, the ice proximal side of the existing landform surface (b-c). A localised
event of ice marginal expansion results in the bulldozing of moraine sediment of the third
ridge which forms a small loop in the ridge shape (d). This is followed retreat of the ice
margin and significant downwasting occurs; thermokarst lakes appear and coalesce to form a
supraglacial lake that is impounded by large latero-frontal moraine complex (e). Between the
development of each moraine ridge (b-d) it is unknown if glacier retreat or down wasting
occurs. However, there is significant time period before further moraine construction occurs
as evident by the development of soil on the moraine surface. Additionally those soil
development layers showing in b-d of Figure 5.2 are a simplified version of what is actually
occurring as the soil layers will not only be on the present moraine surfaces but are also into
the moraine, such as those soil layers identified by Burrows (1989). An example of these is
shown in figure 2.9.
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A) This represents the antecedent conditions of
the debris covered Mueller Glacier, with the
ice margin adjacent to an outwash head with
an extensive outwash plain. Supraglacial,
glaciofluvial and ice marginal material
depositing at ice margin forming a moraine
ridge. Glaciofluvial material deposited.
B) Soil development occurs. Ice margin
expands
and
thickens,
glaciotectonic
deformation likely. Supraglacial, glaciofluvial
and ice marginal material depositing at ice
margin abutted to and superimposed on the
existing moraine ridge.
C) Soil development occurs. Further ice
expansion or thickening occurs glaciotectonic
deformation likely. Supraglacial, glaciofluvial
and ice marginal material depositing at ice
margin abutted to and superimposed on the
existing moraine ridge.
D) Localised event of Ice marginal expansion
results in the bulldozing of moraine sediment
of the third ridge which forms a small loop in
the ridge shape. Glaciotectonic deformation is
likely.
E) Significant retreat and downwasting occurs
resulting in extensional faulting on the ice
proximal slope from the loss of ice support.
Continued downwasting results in the
development of the Surpraglacial Lake. Soil
development occurs on the ice distal moraine
slopes.

Legend
Supraglacial, ice marginal,
glaciofluvial sediments
Glacier Ice
Outwash and glaciofluvial sediments
Supraglacial Lake
Soil Development
Glaciofluvial sediment drape

Figure 5.2: Schematic representation of the conceptual model for the right latero-terminal
moraine complex at the Muller Glacier. Supraglacial, ice marginal and glaciofluvial deposits
are represented by a slightly darker shade for each subsequent depositional event.
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Evidence of a once more extensive latero-terminal moraine system can be observed
further down valley, where segments of moraines which have undergone partial destruction
and burial by glaciofluvial processes, such as Foliage Hill (Figure 4.1). The geometry of the
moraines and outwash system within the Mueller Valley suggests a chronology of moraine
building on pre-existing outwash deposits and subsequently younger outwash deposits
surround and cover some of these moraines. These moraines are therefore likely to have been
deposited prior to the present day outwash surface. Alternatively, the moraine ridges, which
form the terminal margin loops distal slope sit on top of a gently sloping outwash plain
(Profile T3, Figure 4.18) and therefore represent a younger landform than the outwash plain
that these moraine loops have been developed upon. Moraines deposited on top of older
outwash deposits was also reported by Glasser et al. (2006) at the margins of Laguna San
Rafael in Chile and by Mager and Fitzsimons (2001) at the margin of Lake Tasman, New
Zealand. These authors compared the height of the outwash plain on the distal moraine slopes
to infer the chronology of the two landforms. More recently Webb (2009) has also detected
moraine surfaces built out on top of outwash using GPR in the Ohau Basin, New Zealand.
The geometry of Foliage Hill (Figure 4.1) and its partial burial by subsequent outwash
deposits, followed by the more recent deposition of the terminal moraine loops out onto an
outwash surface suggests alternating periods of moraine constriction and outwash deposition
has occurred in the Mueller Valley .
Given the elevation of Foliage Hill from the valley floor it is apparent that similar
processes which have formed the present ice margin latero-terminal moraines also occurred in
the past. The deposition of younger outwash material surrounding Foliage Hill suggests that
following the retreat of the glacier margin from this location a supraglacial or proglacial lake
is unlikely to have formed as such landforms typically act as a sediment sink, and thus the
sediments which have been deposited as outwash would have instead contributed to
glaciolacustrine deposition. It is also interesting to note that no moraine segments were
observed further down valley at the true right margin. There are two possible explanations for
this pattern. The first is simply that no moraine was deposited along this valley side; this is
plausible given that the Mueller and Hooker glaciers converged at the true right valley side.
However, it is also possible that any deposits in this area of the valley were more heavily
modified by subsequent glaciofluvial activity, similar to that which has occurred at the present
ice margin.
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5.2.3 Terminal moraines
The ice marginal landforms in the terminal area of the Mueller Valley are
distinguished from other moraines by their spatial position in that they rest across the valley
floor, at the terminus of the Mueller Glacier and their subdued morphology when compared to
the right lateral frontal moraine. The terminal area of the Mueller Valley is dominated by
outwash deposits with a series of at least three single crested moraine ridges forming partial
latero-terminal loops across part of the valley floor (Figure 4.1). The outer moraine ridge has
been deposited on top of the outwash head and is approximately 20 metres high. This ridge is
separated from the next, more ice proximal moraine ridge by an area of outwash. The inner
moraine ridge is the largest of the moraines at approximately 30 metres above the valley floor.
This is the only moraine ridge for which a counterpart moraine ridge can be identified on the
opposite side of the Hooker River (Figure 4.1). Both the outer distal moraine ridges are
characterised by steep ice proximal slopes and gentle ice distal slopes. Only a fragment of the
most ice proximal moraine ridge remains (Figure 4.1).
Throughout this area sedimentary investigations were constrained by fact that the
moraine ridges are covered in vegetation and/or obscured by sediment slumps. The sediments
observed on the surface were typically sub-angular to sub-rounded boulders.

Although

detailed sediment observations were unable to be undertaken several clues to the sediment
composition can be gained by comparing the GPR signal depth from areas of known
sediments. The average signal penetration depth in the terminal area was observed to be
approximately 10 m. This is similar to signal penetration depth observed at right lateral
moraines. Therefore this may be an indicator that the terminal moraines are composed of
similar supraglacial, glaciofluvial, and ice marginal deposits. This is further supported by the
fact that if the moraines were composed of finer material such as silt then the penetration
depth of the landform would be much less.
The internal structure of the inner moraine ridge was observed in profile T2. This
profile was characterised by step up-glacier dipping units on the ice proximal slope and downglacier dipping units, with increased sinuosity on the ice distal slope (profile T2, Figure 4.17),
similar to those observed at the left lateral moraines (profile LL3 and LL4, Figure 4.21 and
appendix one). Research on ice marginal debris fans in the Karakorum Mountains, described
these landforms as consisting of down glacier dipping units of diamicts, gravels and sand
facies (Benn and Owen, 2002; Owen and Derbyshire, 1993). Based on their morphology and
internal structure, these single crest moraine ridges are interpreted as ice marginal debris fans,
which have developed as material has been formed by glaciofluvial and mass movement
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processes at the ice margin. The lack of compressive deformation structures within profile T2
indicates that glaciotectonic processes are not responsible for moraine development.
When comparing these moraine ridges to the right latero-terminal moraine ridge,
commonly referred to as White-Horse Hill, there is a significant morphological difference in
both the size of these moraines and the fact that White-Horse Hill is a compound moraine,
with multiple ridges whereas the terminal moraine loops are single crested moraines. Small
moraine ridges can form when a stationary ice margin remains during winter, but retreats
during summer, with each moraine ridge marking one winter’s increment of debris
accumulation (Benn and Evans, 1998). However, the lack of small moraines suggests that
there is no high frequency landform development at the Mueller Glacier which Could
represent seasonal terminus fluctuation. Additionally, the thick supraglacial debris covering
the Mueller Glacier is likely to dampen the glaciers response to short term climatic
fluctuations. An alternative explanation for the subdued morphology of these moraine ridges
is that the meltwater discharges are higher than sediment fluxes in this area of the ice margin,
resulting in a smaller volume of sediment contributing to moraine formation and also lower
preservation potential due to the high meltwater discharge. A similar situation was observed
at moraines in Himalayas and Transhimalaya by Benn and Owen (2002). Here Benn and
Owen (2002) describe large latero-terminal moraines forming continuously around the ice
margin in the absence of high meltwater discharges rates. Similarly, where the meltwater
discharge was higher than the sediment flux, a central corridor is kept open between separate
lateral moraines, such as the terminal area surrounding the Mueller River (Benn et al., 1992;
Bennett and Boulton, 1993). It is suggested here that the deposition of these moraine ridges
have been controlled by the balance between the sediment flux and meltwater discharge, and
that the volume of water within the environment which has influenced landform preservation
potential. These moraines record periods of stable mass balance or minor re-advances on top
of a signature of overall glacier retreat.
A schematic diagram of the moraine formation is outlined in figure 5.3.

The

antecedent conditions require an existing outwash head which formed a reverse slope for the
advancing ice mass, from which supraglacial, glaciofluvial and ice material was deposited
from the ice surface forming the (a). Retreat of the glacier margin and possible downwasting
occurred, withdrawing ice support from the ice proximal slope and resulting in remobilisation
of sediment and likely extensional faulting. Glaciofluvial material deposited from the ice
surface and redistributes material between the ice margin and moraine ridge. Stable ice
margin results in supraglacial, glaciofluvial and ice marginal material from the glacier surface
being deposited at the ice margin forming a second, more subdued moraine ridge loop (b).
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Further ice marginal retreat occurs, which again withdraws ice support from the ice proximal
slope resulting in remobilisation of sediment and likely extensional faulting.

Further

glaciofluvial material deposited between the ice margin and moraine ridge. Stable ice margin
results in supraglacial, glaciofluvial and ice marginal material from the glacier surface being
deposited forming the third, and more prominent moraine ridge loop. Following a strong
climatic signal the glacier surface downwasted, withdrawing ice support from the ice
proximal slope and resulting in remobilisation of sediment and likely extensional faulting.
Further stable ice margin results in the deposition of a small superimposed moraine ridge on
the ice proximal slope (d). During the final stages of retreat and downwasting thermokarst
lakes appear and coalesce to form a supraglacial lake that is impounded by the outwash head
and moraines (e).
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A) This represents the antecedent conditions of
the debris covered Mueller Glacier, with the ice
margin adjacent to an outwash head with an
extensive
outwash
plain.
Supraglacial,
glaciofluvial and ice marginal material
depositing at ice margin forming a moraine
ridge loop.
B) Ice marginal retreat results in extensional
faulting on the ice proximal slope from the loss
of ice support. Glaciofluvial material deposited
between the ice margin and moraine ridge.
Supraglacial, glaciofluvial and ice marginal
material deposited forming second, more
subdued moraine ridge loop.
C) Ice marginal retreat occurs and results in
extensional faulting on the ice proximal slope
from the loss of ice support. Glaciofluvial
material deposited between the ice margin and
the second moraine ridge. supraglacial,
glaciofluvial and ice marginal material from the
glacier surface at the ice margin forming the
third, and more prominent moraine ridge.
D) Downwasting of the glacier occurs, it is
uncertain if the ice margin retreats. Stable
period, small moraine ridge is superimposed on
the proximal slopes of the third moraine ridge.
This ridge is not extensive along the entire loop
of the moraine.
E) Significant retreat and downwasting occurs
resulting in extensional faulting on the ice
proximal slope from the loss of ice support.
Continued downwasting results in the
development of the Surpraglacial Lake.

Legend
Supraglacial, ice marginal,
glaciofluvial sediment
Glacier Ice
Outwash and Glaciofluvial
sediment
Supraglacial Lake

Figure 5.3: Schematic representation of conceptual model for the terminal moraines at the
Mueller Glacier. Supraglacial, ice marginal and glaciofluvial deposits are represented by a
slightly darker shade for each subsequent depositional event.
104

Chapter five

5.2.4 Left lateral moraines
The moraines on the left valley side consist of two distinct areas with different
morphologies. The first is a large moraine complex, which extends from the valley wall as a
single crested ridge and grades into a multiple ridge moraine complex (similar to that
described at the right lateral terminal margin) and stands approximately 120 metres above the
valley floor (Figure 4.1). This landform extends onto the valley floor and partly blocks the
embayment where the Hooker Glacier was once confluent with the Mueller Glacier (Figure
4.1). The second distinct area is composed of a series of closely spaced moraine ridges,
which rest against the valley side and have a significantly subdued elevation when compared
to the first area (Figure 4.1). These moraine ridges increase in size from the steep ice
proximal to gently sloping ice distal margins and are interspersed with relict channels and
tracts of flat terrain (Figure 4.1).
Observations of the sedimentary composition of the nested moraine complex showed
alternating layers of gravel and sandy gravel which were angular, sub-angular, and subrounded (Figure 4.2). These sediments were interpreted as supraglacial, glaciofluvial and ice
marginal deposits, which are similar to those described for the left lateral moraine. The
internal structure of these moraines was dominated by near-surface parallel reflections on
both the proximal and distal slope, which were interpreted as the product of progressive
aggradations of supraglacial deposits and remobilisation of unstable material. Given the
similarities between the right moraine complex at the Hooker embayment and the right lateral
terminal moraine complex it is likely that these two landforms were formed by similar
processes, where material is deposited by mass movement and glaciofluvial processes at the
ice margin (Figure 5.1). The large left lateral moraine complex has been built up on top of
outwash gravel from the Hooker Glacier, similar to that observed at the contact between the
terminal moraine and terminal outwash of the Mueller Glacier. Therefore it is suggested here
that the large left lateral moraine complex located at the Hooker embayment has been
deposited during and following the retreat of the Hooker Glacier.

It is also likely that

processes operating at the margin of this moraine complex are more characteristic of lateroterminal areas rather than those operating in a constrained lateral environment because
moraine development was unlikely to be unconstrained following the retreat of the Hooker
Glacier.
Sedimentary observations of the subdued left lateral moraine ridges were limited to
two exposures (Figure 4.2) due to a lack of exposures. These sediments were interpreted as a
combination of supraglacial, ice-marginal and glaciofluvial sediments (section 4.3) while
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sediments observed on the moraine surface consisted of boulders and angular clasts. GPR
profiles of the left lateral moraines showed that the ice proximal slopes were dominated by
steeply dipping up-glacier reflections parallel to the surface topography, and were underlain
by sub-horizontal and often wavy reflections. These GPR reflections signals were classified as
radar facies association B; Ice contact fan slopes (section 4.6.2). The ice distal slopes were
characterised by gentle dipping structures, at 15˚ angle. Given the sedimentary and internal
composition of these landforms it is unlikely that they are predominately subglacial in origin,
as they lack faceted or striated clasts and are not streamlined. Similarly, the internal structure
of these moraines does not contain large scale thrust planes or nappes, which have been used
by previous studies to infer the process of up thrusting of sediments to form moraine ridges
(Bennett, 1996; Hambrey et al. 1997). Unlike successive inlaid moraines described by Benn
and Lukas (2006) the topography of these moraines is not characterised by chaotic hummocks
and kettle holes. Thus it seems unlikely that uneven melting of detached ice cored moraines
has contributed solely to their formation. While the morphology of the outer moraine adjacent
to the valley side is more uneven than the inner moraines, it is not chaotic nor does it contain
kettle holes. It is suggested here that the cause of the uneven topography can be attributed to
melting of smaller detached ice cored moraines, but also, and more prominently, by the
progradation of alluvial fan development which has been built on top of the moraine (Figure
4.1).
Based on the similarity of these landforms to those described by Benn (1992),
Krzyszkowski and Zielinski (2002), and Lukas (2005) the successively inlaid moraine ridges
observed along the left lateral margin are interpreted as deposits of fan aggradations
comprising of supraglacial, glaciofluvial, englacial and ice marginal material. These steep ice
proximal slopes have been strongly influenced by remobilization.

Similar slopes were

described by Lukas (2005) as the product of gravitational collapse and reworking of the iceproximal moraine slopes following the withdrawal of the ice margin support. The lack of
collapse features on the surface and in the GPR data in this area suggests that these moraines
were not ice cored at the time of retreat. Additionally, the lack of deformation structures in
these features suggests that once the ice margin retreated it did not re-advance to its former
position. However, deformation features characteristic of compression were observed at both
the inner-most moraine ridge (Figure 4.20) and the flat terrain between the two outer most
moraines ridges (Figure 4.21). It is suggested here that this compression probably occurred
during a minor advance of the ice margin following the initial formation and subsequent ice
margin retreat, similar to ice marginal fluctuation described by Lukas (2005).
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When looking at the left lateral margin in comparison to the right lateral and lateralterminal margin, there is a significant cross valley asymmetry in moraine morphology, in
particular the subdued elevation of the inlaid ridges at the left lateral moraine. These
observations raise the question, why is there such a strong across valley asymmetry?
Observations from a high arctic valley glacier at Rieperbreen, Svalbard by Lysa and
Lonne (2001) attributed glacier meltwater as the dominant factor in controlling landform
development and suggested that asymmetry in the glacier profile resulted in meltwater being
concentrated in the northern part of this glacier. While the glacial profile of the Mueller
Glacier has not been extensively covered in this investigation, the left lateral area of the
Mueller Glacier has been an area with extensive glaciofluvial activity; in particular it has been
an area of drainage for the Hooker Glacier, via the Hooker River. It is suggested here that
glaciofluvial activity has been a main controlling factor in landform development and the
across valley asymmetry observed at the Mueller Glacier. This is supported by historical
observations which have recorded the changing relationship between the left lateral ice
margin and the Hooker River (Table 2.5 and 2.6).

Furthermore this investigation has

identified frequent glaciofluvial sediment and structures. For example, structures attributed to
glaciofluvial activity were observed on the left lateral margin, which has undergone
significant post- depositional modification, as can be observed in profiles LL3 and LL5
(Figure 4.21 and Appendix one).

It is apparent that meltwater has been a primary driver of

depositional processes in this ice marginal environment. These observations are similar to
findings by Bennett et al. (2000), Evans and Twigg (2002), Spedding and Evans (2002) and
Winkler and Nesje (1999) which have all identified the role of meltwater and glacier drainage
as a key factor in glacial landform development. These studies suggest that the glaciofluvial
element of ice margin has been significantly underestimated in reconstructions of alpine
glacial environments.
The left lateral moraines were also interspersed with relic fluvial channel and an area
of flat terrain (Figure 4.1). Similar areas of flat terrain have been described by Alexanderson
et al. (2002) as elevated lake level shoreline features, reflecting a once higher lake level.
However, the left lateral moraines at the Mueller Glacier lack the lacustrine sediment that
characterises lake shorelines and are instead composed of glaciofluvial and supraglacial
material, thus ruling out a glaciolacustrine origin. Rather, the large tract of flat terrain located
between the outer-most moraine ridges is interpreted as a fluvial terrace deposited by either/or
a combination of supraglacial glaciofluvial processes and englacial processes as a lateral
deposition of outwash. This interpretation is based on the similarity to landforms described
by Boulton and Eyles (1979) and Evans and Twigg (2002). The smaller features observed
107

Chapter five

along the ice proximal moraines are interpreted as fluvial terraces on the basis of their
morphology and proximity to the Hooker River and the historical records of the Hooker River
following an englacial flow path (Table 2.7). This provides further evidence of the influence
of glaciofluvial activity within the left lateral margin of the Mueller Glacier.

When

considering the geomorphic relationship between the inlaid moraines, fluvial terraces and
relict channels it is clear that the landforms along the left lateral margin record the
relationship between the ice margin and glacier drainage, and in particular the changing
location of the Hooker River along the margin of the Mueller Glacier and between the valley
side and subsequent landforms. The moraine development is consistent with a down-wasting
glacier margin which is punctuated by a series of still stands (Figure 5.4).
The antecedent conditions shown in Figure 5.4, require a reverse slope (valley side)
that constrains the advancing ice mass where sediment (ice marginal, supraglacial and
glaciofluvial) is deposited at the ice margin forming an ice cored lateral moraine (a).
Downwasting of the ice surface occurs withdrawing ice support from the ice proximal slope
resulting in remobilisation of sediment and likely normal faulting. While the ice core of the
first moraine melts, and alluvial fan material is deposited on the moraine surface. A steady
state ice margin results in a second moraine ridge being deposited at the ice margin (b).
Further ice marginal downwasting occurs, which again withdraws ice support from the ice
proximal slope causing remobilisation of sediment and likely extensional faulting.

The

Hooker River is constrained between the valley side and ice margin, and glaciofluvial
material is deposited. This is followed by a steady state ice margin from which supraglacial,
glaciofluvial and ice marginal material is deposited from the glacier surface forming a
moraine (c -d). This is followed by a period of extensive glaciofluvial activity (this area is
considered to be a focus of glacial drainage at this point in time) which has subsequently
buried the small ridge (d). This is followed by extensive down-wasting of the glacier surface,
thermokarst lakes appear and coalesce to form a supraglacial lake (e).
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A) This represents the debris covered
Mueller Glacier which is constrained by the
left valley side. Supraglacial, glaciofluvial,
and ice marginal sediment is deposited at the
ice margin forming an ice cored lateral
moraine.
B) Downwasting of the ice surface occurs,
the ice core of the first moraine melts and
alluvial fan material is also deposited on the
out moraine surface. Steady state ice margin
deposits supraglacial, glaciofluvial, and ice
marginal sediment forming a second
moraine ridge. Hooker River flows between
the ice margin and moraine, depositing
fluvial material.
C) Ice margin has downwasted removing ice
support from ice proximal slope of moraine
resulting in faulting and remobilisation of
sediment. Steady state ice margin deposits
supraglacial, glaciofluvial, and ice marginal
sediment forming a third moraine ridge.
Hooker River flows between the ice margin
and moraine, depositing fluvial material.
D) Ice margin has downwasted removing ice
support from ice proximal slope of moraine
resulting in faulting and remobilisation of
sediment. Steady state ice margin deposits
supraglacial, glaciofluvial, and ice marginal
sediment forming a third moraine ridge.
E) Significant retreat and downwasting
occurs removing ice support from ice
proximal slope of moraine resulting in
faulting and remobilisation of sediment.
Continued downwasting results in the
development of the Surpraglacial Lake.

Legend
Supraglacial, ice marginal,
glaciofluvial sediment
Glacier ice
Glaciofluvial and fluvial
sediments and landforms
Alluvial fan sediment
Supraglacial Lake

Figure 5.4: Schematic representation of conceptual model for the left lateral moraines at the
Mueller Glacier. Supraglacial, ice marginal and glaciofluvial deposits are represented by a
slightly darker shade for each subsequent depositional event.
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5.2.5 Summary of sequence of events
The depositional models presented in sections 5.2.1 to 5.2.4 suggest that the ice
margin of the Mueller Glacier is a complex depositional environment dominated by a
combination of supraglacial, glaciofluvial, englacial, and ice marginal deposition. The right
lateral moraine was characterised by internal deformation, in particular the shortening of
sediments, vertical deformation, collapse features and glaciofluvial activity (section 5.2.1).
Landform development was determined to be influenced by repeated advancement/thickening
and retreat/down wasting of the ice margin which respectively resulted in glaciotectonic
deformation and detached ice blocks which subsequently melted out (Figure 5.1). In addition
to this an ice lobe formed during glacier advance that was subsequently the focus of
glaciofluvial drainage (Figure 5.1). The right lateral terminal moraine was characterised by
large nested moraine ridges which were interpreted to be a series of ice contact deposition
formed by the repeated advancement and oscillation at a similar position that was confined by
the a outwash head (Figure 5.2). The moraine chronology proposed by Burrows (1973)
suggests a pattern of older landforms in the ice distal area and younger landforms at the ice
proximal locations (Figure 2.8) for both the right lateral and right lateral terminal moraines at
the Mueller Glacier. These younger landforms are frequently superimposed on top of or
adjacent to older landforms which suggests that once the ice margin advanced to the preexisting landforms forward movement was retarded and that further positive mass balance
resulted in ice thickening.
The terminal area of the Mueller Glacier was determined to be the area in front of the
terminus area of the Mueller Glacier and was characterised by a series of subdued single
ridged moraines with steep ice marginal slopes and gentle ice distal slopes with down glacier
dipping sediments. These moraines where inferred to be ice contact fans (Figure 5.3). The
left lateral moraines were characterised by two morphological types: a large compound
moraine with nested ridges up glacier of the Hooker valley; and a series of subdued single
moraine ridges parallel to the ice margin down glacier of the Hooker valley. The large
compound moraine was interpreted to be formed by a similar process to the right lateral
terminal moraine, in which material is deposited from the moraine surface and subsequent
depositional events result in material being superimposed on the existing landforms (Section
5.2.3). The internal composition of the moraines down glacier of the Hooker River were
characterised by a combination of supraglacial, ice-marginal and glaciofluvial sediments with
steeply dipping up glacier reflections (section 5.2.4). Landform development has occurred by
sequential deposition of supraglacial, glaciofluvial, and ice marginal material from the glacier
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surface and debris flow, which have subsequently been deformed via remobilisation of the
sediment after ice retreat (Figure 5.4).
The terminal landforms and left lateral landforms down glacier of the Hooker River
are significantly subdued in comparison to the right lateral moraines and the left lateral
moraines up glacier of the Hooker River. In addition to the subdued nature of these landforms
Schaefer et al. (2009) showed that the oldest

10

Be age for these moraines is approximately

400 to 570 years at the ice distal landforms, while the ice proximal landforms are less than
300 years old.

10

Be ages from the larger landforms in the Mueller Valley were recorded to be

as old as 3200 years old (Schaefer et al., 2009). It is suggested here that the terminal and left
lateral areas (down glacier of the Hooker River) have been the foci of glacier drainage and as
a result higher melt water discharges compared to sediment influx has provided less sediment
for moraine formation and resulted in a lower preservation potential for landforms in this area.
From the depositional models presented in sections 5.2.1 to 5.2.4 a number of factors
influencing landform development and conclusions on landform development were frequently
deduced. These influential elements were the abundance of supraglacial debris cover, the
presences and extent of glacier hydrology, the presence and extent of pre-existing landforms
and their ability to confine subsequent ice advance. The consequence of this association of
events is that landforms are polyepisodic due to repeated oscillation and advance to a similar
terminal position which has resulted in glaciotectonic deformation.

5.2.6 Limitations of the depositional models
Depositional models are only as good as the observations on which they are based
upon. Therefore it is important to acknowledge the limitations of the series of depositional
models presented above (section 5.2.1 to 5.2.4). It is considered that both the collection of the
sedimentary data from exposures and the GPR data had limitations.

For example,

observations of the sedimentary composition of landforms were limited by the lack of natural
exposures and access to exposures, which often occurred in areas of dangerously steep
unstable slopes with very large boulders. The fragmented nature of the observations may
have resulted in an over simplification of depositional environments present in the Mueller
Valley. Additionally uncertainties may have arisen from the lack of comparisons of the GPR
reflections with known sedimentary structures which could be observed and mapped from an
exposure.

Therefore as it has been inferred that GPR reflections observed represent

boundaries between sedimentary units, and changes in the electromagnetic properties of the
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units. Similarly, erroneous results may have been produced due to inexperience with both lab
procedures and calculations and also during collection and interpretation of the GPR data.

5.3 An evaluation of an integrated approach to ice marginal landform
genesis
By using an integrated approach to landform genesis at the study site, many
inconsistencies are apparent when compared to the glaciated valley landsystem originally
described by Eyles (1983) and more recently by Evans (2003).

The most significant

difference in the approaches is the assumption that the interpretations of surface form will
inform subsurface structure. Clearly surface expression and geomorphology may not be an
appropriate predictor of subsurface structure in dynamic environments, like the Mueller
Glacier, which are dominated by polyepisodic margin fluctuations. For example there are no
landforms at the margin of the Mueller Glacier that are obviously glaciotectonic when looking
at morphology alone; glaciotectonic components of these moraines were only identified
through the use of geophysical techniques to determine the subsurface structure.
Furthermore, Eyles (1983) described glaciofluvial activity as an element of the glaciated
valley landsystem which only becomes important beyond the ice margin and considered ice
and water as two separate entities in landform development and not integrated processes.
However, observations from the Mueller Glacier suggest that glacial and fluvial processes are
in fact closely interlinked and the relationship between these two elements is a major
determinant of landform evolution. This relationship between glacial and fluvial processes is
further complicated in polyepisodic environments, where there are more than one advance and
retreat cycle. This reinforces the findings of other proponents that meltwater and glacier
drainage are vastly underestimated in glacial environments (e.g. Winkler and Nesje, 1999;
Bennett et al., 2000; Spedding, 2000; Spedding and Evans, 2002; Evans and Twigg, 2002).
The glaciated valley landsystem as defined by previous researchers using both the
landsystem and facies approach is typically divided into: clean glaciers that, deposit smaller
moraine loops and outwash plains superimposed on subglacial landforms, and debris-covered
glaciers, which are dominated by supraglacial debris and produce massive complex lateroterminal moraines and steep outwash fans.

While the Mueller Valley exhibits some

characteristics of alpine valley glaciers such as those described by Benn and Owen (2002),
Eyles (1983) and Owen and Derbyshire (1993a, 1993b), it also exhibits similar characteristics
to temperate Icelandic outlet glaciers, where large areas of outwash develop immediately in
front of the glacier (Kruger, 1994; Kjaer, 1999; Spedding and Evans 2002). Observations
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from the Mueller Glacier show that outwash accumulations have not only occurred in front of
the glacier but also around and between moraines.

The combination of steep alpine

topography and unconfined valley topography has contributed to the mixture of landforms
being present at the Mueller Glacier. It is contended here that the Mueller Glacier cannot be
classified as either a clean, or a debris-covered glaciated valley landsystem, as per current
literature, as the Mueller Glacier only exhibits some characteristics from these landsystems
and also exhibits characteristics that are not typically characterised by these landsystems.
Therefore, by classifying the Muller Glacier as either a clean or debris-covered would result
in an over-simplification of the environment. Consequently the use of an integrated approach,
using a combination of geophysical, sedimentological, and morphological techniques has
resulted in greater understanding of the landform development at the Mueller Glacier and has
identified that glaciated valley landsystems can be more complex than current literature
accounts for. It is suggested here that further investigations of valley glaciers, in particular
alpine valley glaciers, should be undertaken using an integrated approach to gather more
comprehensive data for determining landform development.

5.4 Critique of Ground Penetrating Radar as a tool in Glacial
Geomorphology
Reconstruction of past glacial environments for temperate alpine valley glaciers in
tectonically active environments has typically been undertaken using facies or landsystems
approaches. The approach undertaken in this research has incorporated a third element, that
is, a geophysical technique to characterise the internal geometry of ice marginal landforms.
One of the aims of this research was to test the ability of GPR to reveal the internal structures
of ice marginal landforms in a highly dynamic glacial environment and determine the value of
such a technique to aid reconstructing landform development.

Given the nature of the

sediments within these environments it was initially thought that the GPR data would have a
large presence of diffractions and that sediment boundaries may not have sufficient contrast to
produce reflections. However, the results presented in chapter four have shown that not only
is GPR able to generate reflections but also that the penetration depth (approximately 10 to 15
metres below ground level) and ability to detect changes in the sedimentary units was of
sufficient quality to determine a dynamic environment dominated by polyepisodic landforms.
Furthermore, the GPR data characterised more extensive glaciofluvial activity and
glaciotectonic deformation than what could be identified by traditional means such as facies
or landsystems approach at the study site.
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Without the aid of geophysical analysis to interpret the internal structure of the ice
marginal landforms at the Mueller Valley, this research would have relied on facies analysis
and the landsystem approach. The use of a landsystems approach relies heavily on knowledge
of process-form relationships and assumes a link between the surface forms and subsurface.
This study has shown that approach to be very limited in this environment, particularly given
that these landforms are polyepisodic and that the surface form does not always reflect the
internal structure. For example a number of buried moraine crests were observed in profiles
RL2, RL3, and RL4 (figures, 4.13, 4.14. and 4.15). These were not observed in either the
surface topography or from sediment exposures. Therefore if a landsystems approach was
taken for this research, it would have resulted in an over-simplification of the processes. In
addition to this, the fragmented nature of the sediment exposures means that the internal
composition of the ice marginal landforms has some inherent limitations. Therefore
interpretations based solely on facies analysis would also result in an over-simplification of
the processes. However, the use of the GPR has allowed more detailed characterisation of the
sediment structures and hence has contributed significantly towards the interpretation of the
landforms at the Mueller Glacier.
Geophysical data alone will not always provide an adequate representation of
landform geometry as it should not be expected that bounding surfaces obvious in outcrops
are easily recognised in radar profiles. If boundaries are not associated with marked contrasts
of material properties, which are large enough to produce contrasts in the electromagnetic
properties, then a reflection will not be produced (Sass, 2006). Consequently smaller scale
changes are may not be recorded. Therefore if there is a lack of sediment exposures to
calibrate geophysical data against outcrops, then the ability to obtain a full view of the
sedimentary structure may also be limited and the reliability of the data will be decreased.
Additionally the ability to accurately map deformation in the subsurface material can be
further restricted by the nature of the area in which the GPR is employed. For example at the
Mueller Glacier, GPR profiles were limited to areas in which the topography was stable
enough to gain access, meaning large areas of landforms were not mapped. At the study site
the collection of GPR data was further complicated by the presence of numerous diffractions
from large boulders both within and on top of landforms.
Some indication of the material composition can be gained via a comparison of the
electromagnetic wave velocity through known geologic materials. The average wave velocity
of the moraine material and the outwash material was determined to be 0.06mns-1 and
0.5mns1 respectively (section 4.5). When comparing this to known geologic materials it is
reflective of saturated sand and sand and gravels (Table 3.2). However, it is considered that
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the material is more likely to be reflective of sand and sand and gravels with a lesser soil
moisture content as those material properties referred to in Table 3.2 have been based on
higher frequencies than that employed in the study area.
At the Mueller Glacier the ability to employ the GPR was restricted to limited areas
of each landform, while the reliability of GPR data was further restricted by the lack of
sediment exposures to allow a direct comparison known boundary changes and sediment
structures from the exposures with the GPR data. However, it is considered that through this
study area the benefits of the GPR information on the internal structure of these landforms
have clearly outweighed these limitations. Although geophysical techniques have limitations
this study has shown that an integrated approach to landform genesis which includes an
element of geophysical techniques has, in this case assisted in understanding the sediment
landform associations of the Mueller Valley. Such an approach has aided in the formation of
a series of depositional models which are more comprehensive than one which would have
been established for the area, if it were based purely on a landsystems approach using only
sedimentological and geomorphological analysis.
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Chapter Six
Conclusions

This research sought to employ the use of geophysical techniques (GPR) to determine
if the internal structure of moraines could be mapped in a debris covered valley glacier
environment at the study area of the Mueller Glacier. Morphological, sedimentological and
geophysical techniques were combined in an integrated approach and a case study of
landform development was undertaken at the Mueller Glacier. The depositional models
developed using an integrated approach were compared to current literature to determine,
what, if any differences in landform genesis were observed using an integrated approach.
The utility of the GPR for mapping the moraines has proven to be beneficial in
determining the internal structure of the moraines, as the average penetration depth obtainable
for the area was between 10 to 15 metres. At this penetration depth both small and large scale
features were able to be mapped, such as the buried moraine ridges including folding and
sediment shortening mapped in GPR profile RL2 and RL3 (Figures 4.13 and 4.14) and
smaller relict fluvial channels mapped in GPR profile LL2 (Figure 4.20). The employment of
the GPR was successful despite the nature of the material, in particular the numerous boulders
that can cause diffractions, as these were removed from the GPR data set in the post data
collection processing. The data collection was further limited by the topography of the area
which was often steep and covered in dense subalpine vegetation an average. This issue was
overcome by selection of profile sites and undertaking slow and careful surveying along the
profile transects.
The morphological, sedimentological, and GPR observations from the moraines at the
Mueller Glacier resulted in the interpretation of deposition from supraglacial, englacial,
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glaciofluvial and ice marginal depositional environments (section 4.4) and landforms which
have undergone in situ deformation by glaciotectonic processes, post depositional
remobilisation and mass movement processes (section 4.5). From these observations a series
of four depositional models have been developed which show the sequence of moraine
formation (Figures 5.1 to 5.4). The following four factors have been identified as the overall
controlling influences of landform development at the Mueller Glacier:


The abundance of supraglacial debris cover



Glacier hydrology, in particular the location of foci for drainage



Pre-existing landforms



Repeated oscillation/advance to a similar terminal position

The abundance of supraglacial debris on at the Mueller Glacier influences the glacier’s
response to climate change. In addition this debris cover has been the main source of
sediment for landform construction. Glaciofluvial activity has significantly contributed to
landform construction and post depositional modification throughout the study area.
Additionally the efficiency of the link between the glacier and the proglacial transport systems
determines whether landform construction occurs and the extent of the landform.

For

example at the left lateral margin of the Mueller Glacier an efficient link exists between the
glacier and the proglacial transport system, and the moraine construction and preservation
potential is significantly less when compared to the right lateral terminal margin where a large
compound moraine has developed.

Another important controlling factor on landform

development is the ability of the pre-existing landforms, such as outwash heads, to constrain
glacier advance, thus contributing to repeated oscillation of the glacier terminus at a similar
terminal position to produce large polyepisodic landforms, which have continued to constrain
glacier advances.
The sequence of moraine development at the Mueller Glacier, as identified using an
integrated approach indicates that moraine development is more complex than typically
portrayed in previous research from similar environments (Boulton and Eyles, 1979; Eyles,
1983; Evans et al., 2003). The use of geophysical data for determining the internal structure
of landforms mapped by the GPR has significantly contributed to determining landform
genesis as a number of GPR profiles indicated that glaciotectonic processes contributed to
moraine development at the right lateral margin (RL2 Figure 4.13 and RL3, Figure 4.14).
This would not have been identified without the use of a GPR as these features were not able
to be observed from the surface topography or from sediment exposures. Additionally a
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number of buried moraine surfaces were identified in the study area, such as those in GPR
profiles RL3, RL4 and LL2 (Figures 4.14, 4.15, and 4.20) which has led to the inference that
these landforms are formed episodically. These landforms have then often undergone further
deformation and/or burial by subsequent glaciofluvial activity or ice advance and moraine
development. Again these buried landforms were not able to be observed in the surface
topography or from sediment exposures. Therefore, without the inclusion of the GPR data an
important element of landform development would not have been recognised and the
depositional models of landform genesis would have been more simplistic. Literature on
similar landforms (Owen and Derbyshire, 1993b) has not placed much emphasis on the
episodic nature of the landforms and has not outlined the implications of this for subsequent
deposition and burial of surface expression of landforms and the ability of existing landforms
to impound further glacier advance.
Overall the use of an integrated approach to landform genesis has provided for greater
understanding of ice marginal landform formation. It has identified that those landforms of
the Mueller Glacier have been formed by significantly more complex processes when
compared to current literature on similar landforms. It is considered that the complexity of the
landforms would not have been identified using just morphological and sedimentological
techniques, as many features were not observed on the surface or in sediment exposures.
Therefore, there is potential for geophysical techniques such as GPR, to be used a tool to
assist in determining landform development within glacial geomorphology research.
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Appendix one
GPR profiles

Profile RL5: A) GPR data image of profile RL5, showing the internal structure of the right lateral moraine B)
interpretation diagram for profile RL5 showing 1) Normal faulting, resulting from collapse following ice
support removal 2) steep surface parallel reflections, interpreted as scree slope; and 3) Strong reflection,
interpreted as an sediment surface. Vertical exaggeration 2:1 (horizontal: vertical). Artefact has been
introduced with the topographical correction data, as can be seen between position 30 and 40 metres.
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Profile LL4: A) GPR profile of LL4 B) interpretation diagram for the profile LL4 showing, 1) surface parallel
reflection, interpreted as the primary bedding; and 2) reflections which round off and dip back into the moraine
form, interpreted as buried moraine surfaces.
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Profile LL5: A) GPR profile of LL5 showing the internal structure of the left lateral moraine B) interpretation diagram for the
GPR profile LL5 showing 1) primary bedding of the proximal slopes of the moraines, interpreted as slope failure; and 2) on
lapping concave up reflections, interpreted as primary bedding of slope collapse.
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Profile LL6: A) GPR profile of LL6, showing the internal structure of the left lateral moraine B) interpretation
diagram for profile LL6 showing, 1) Surface parallel reflection, interpreted as the primary bedding; 2) upglacier dipping reflections, interpreted as the ice distal moraine slope; 3) trough-shaped reflection interpreted
as a relict glaciofluvial channel; and 4) sub-parallel reflections interpreted as glaciofluvial in origin.
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