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Abstract 
 

Environmental reconstruction of ancient glacial environments encompasses a variety of 

evidence sources that include morphology, sedimentology and structures within 

sedimentary deposits. The analysis of glaciotectonic deformation structures is one source 

of evidence that can be utilised, in tandem with other sources, in determining the 

glaciological scenario and foreland/bed characteristics present either at the time of 

deposition or during subsequent reworking. Interpreting evidence of glaciotectonic 

deformation requires guidance from modern analogues, where the majority of the literature 

is largely restricted to the Northern Hemisphere. Research on glaciotectonism has not been 

carried out on modern glacier margins in the South Island, and the range of investigations 

on Late Pleistocene deposits is very limited. This study focuses on the Hawea moraine 

and, based on a combination of geomorphological, sedimentological and geophysical 

techniques, evidence of glaciotectonic deformation in both the extensive glaciolacustrine 

sediments and glaciofluvial gravels was found. Deformation observed included normal 

faults and folds resulting from melt out and the removal of supporting ice following 

retreat, and thrusts, folds, and normal and reverse faults as products of ice advance into the 

deposit. Variation in the type and extent of deformation throughout the deposit was 

attributed to localised differences in the glacial stress field and sediment type and its 

associated properties, which influence its yield strength such as grain size distribution, 

pore-water content and structure. Based on the findings in the Hawea moraine and limited 

literature on glaciotectonic deformation in the eastern valleys of the Southern Alps, it is 

clear that, at this stage, one regional model of ice marginal deformation cannot be applied 

to Late Pleistocene deposits in the South Island. It was shown that modern analogues 

drawn from the Northern Hemisphere do not adequately account for the thermal controls 

on glaciotectonic processes in the South Island, and the relative importance of 

glaciodynamics and the paleoenvironment of the glacial foreland remains unclear. 
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Chapter One:  
Introduction 
 

Numerous studies that focus on the reconstruction of ancient glacial environments exist 

within the literature on glacial geomorphology and sedimentology (e.g. van der Wateren, 

1994; Benn, 1996; Bennett et al., 2002; Mager and Fitzsimons, 2007). Environmental 

reconstruction involves the interpretation of ancient sediment-landform assemblages which 

should be founded on pre-existing theory and guided by appropriate modern analogues 

(Benn and Evans, 1998). Observations at the margins of modern glaciers where the origin 

and environmental significance of the sediment-landform assemblages are well-

documented are mostly from the Northern Hemisphere (e.g. Boulton, 1986; Bennett et al., 

1996; Winkler and Nesje, 1999). These studies have demonstrated the enormous 

variability in possible sediment-landform assemblages resulting from complex interactions 

of geomorphic processes that encompass a range of different climatic, tectonic, geologic, 

and topographic settings. The assortment of modern analogues thus guides and constrains 

the interpretation of sediment-landform assemblages in ancient environments enhancing 

the quality and value of reconstruction. 

 

Considerable progress has been made in understanding glacial dynamics in Europe and 

North America based on the interpretation of ancient sediment-landform assemblages 

(Benn and Evans, 1998). In comparison, environmental reconstruction in New Zealand is 

in its infancy with only a few studies taking advantage of the information preserved in 

extensive Late Pleistocene glacial deposits, particularly in the eastern valleys of the 

Southern Alps (Speight, 1942; McKellar, 1960; Hart, 1996; Mager and Fitzsimons, 2007; 

Webb, 2009; Hyatt, 2009). Research in New Zealand has to date focused on modern 

glacier margins (e.g. Kirkbride and Spedding, 1996; Davies et al., 2003; Hambrey and 

Ehrlmann, 2004; Carrivick and Rushmer, 2009), producing a range of modern analogues 

which have and can continue to be employed in reconstructive studies. Examination of 

sediment-landform assemblages at modern glacier margins in New Zealand are 

constrained by the lack of exposures and limited accessibility, thus restricting the range of 

modern analogues in this context. This suggests that there is a wealth of information 

present within Late Pleistocene sediment-landform assemblages that may contribute to 
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understanding glacial dynamics in New Zealand. Interpreting this information, however, 

involves the consideration of modern analogues from studies in the Northern Hemisphere, 

as there is considerably less knowledge to draw from in the Southern Hemisphere 

analogues. 

 

An example of this is the emergent exploration of the role of glaciotectonism in the 

formation of Late Pleistocene sediment-landform assemblages in New Zealand by a small 

number of studies (e.g. Hart, 1996; Mager and Fitzsimons, 2007; Webb, 2009; Hyatt, 

2009). Glaciotectonic deformation is defined as structural deformation of unconsolidated 

material as a direct result of glacier ice loading and movement (van der Wateren, 1995; 

Aber and Ber, 2007). However, glaciotectonic deformation as a consequence of 

gravitational instabilities related to stagnant ice can also occur (Hart and Boulton, 1991). 

The vast range of modern analogues of glaciotectonic deformation acquired from 

observations of high-arctic glaciers in the Northern Hemisphere (Gripp, 1929; Kälin, 1971; 

Sharp, 1985; Boulton, 1986; Croot, 1988; Boulton et al., 1989; Lehmann, 1992; Hambrey 

and Huddart, 1995; Bennett et al., 1996; Etzelmüller et al., 1996; Hart and Watts, 1997; 

Bennett et al., 2004; Midgley et al., 2007) must be employed to guide and constrain 

reconstruction based on this phenomena, as elsewhere knowledge on glaciotectonic 

deformation is often absent or scarce at best. In modern glacial theory, deformation is now 

considered as primary field evidence for glaciation in combination with erosional and 

depositional features (Aber and Ber, 2007). Therefore, glaciotectonic phenomenon should 

be incorporated in any environmental reconstruction. 

 

While the value of glaciotectonic research has clearly been recognised in the Northern 

Hemisphere, the significance of preserved glaciotectonic deformation structures in ancient 

deposits in the Southern Hemisphere has not been widely recognised. It is the scarcity of 

information on glaciotectonism within New Zealand, in particular, that initiated this 

research, where the role of glaciotectonism in the formation of Late Pleistocene end 

moraines in a formerly glaciated valley will be examined. Chapter Two provides an 

overview of glaciotectonic deformation, with particular emphasis on the causes behind 

subglacial and proglacial glaciotectonic deformation structures and landforms, which then 

leads into the research questions and objectives that guide this thesis. An introduction to 

the regional setting and a description of the field methods employed in this research is 
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provided in Chapter Three. Chapter Four presents the results obtained from the 

morphological, sedimentological, and geophysical investigations, which are then 

interpreted using both modern and ancient analogues. Chapter Five will provide a detailed 

interpretation of the terminus environment and present an environmental reconstruction of 

the research area. Glaciotectonic deformation structures and/or landforms will then be 

compared and contrasted with examples from within the region and placed in the wider 

context of studies that have been undertaken in the Northern Hemisphere. 
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Chapter Two: 
Deformation of Glacial Sediments 
 

2.1 Introduction 

Glaciotectonic deformation is the structural deformation of unconsolidated material as a 

direct result of glacier ice loading and movement (van der Wateren, 1995; Aber and Ber, 

2007). However, glaciotectonic deformation as a consequence of gravitational instabilities 

related to stagnant ice can also occur (Hart and Boulton, 1991) (Figure 2.1). The origin of 

glaciotectonism is outlined in Section 2.2, where the interaction of glacially induced 

stresses with the glacier bed and foreland is discussed. The structures and landforms 

resulting from these stresses are examined in Section 2.3, where both modern analogues 

and Quaternary examples of the proglacial (Section 2.3.2) and subglacial (Section 2.3.3) 

zones will be considered. Section 2.4 will summarise the key ideas highlighted in this 

chapter and state the research questions and objectives that will guide this thesis. 

 

 

Figure 2.1: Schematic diagram of styles of glaciotectonic deformation associated with (a) an 

active ice sheet (b) a stagnant ice sheet. Source: Hart and Boulton (1991). 
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2.2 Origin of glaciotectonism 

Glaciotectonic deformation occurs when the stress (pressure) conveyed from a glacier 

exceeds the strength of the stressed material; at which point the sediment fails and deforms 

(Aber et al., 1989). This definition does not capture the passive process of ice melt 

(addressed in Section 2.3.2), which can also produce glaciotectonic deformation. An active 

glacier creates two kinds of stress on its bed: (1) vertical stress caused by static weight of 

the ice column (glaciostatic pressure) and (2) shear stress due to movement of the ice over 

its bed (glaciodynamic stress) (Aber et al., 1989). The normal stress in a vertical direction 

creates glaciostatic pressure on the substratum, regardless of ice movement. The 

glaciostatic pressure is given by: 

 ��� = 0.9�
10  

 

(Equation 2.1) 

where ��� is the glaciostatic pressure (kg/cm2), � is ice thickness (m), and 0.9 is ice 

density (g/cm3) (Aber et al., 1989). For each 1000 m of ice thickness this stress equals 90 

kg/cm2. This far exceeds likely basal shear stresses created by ice movement, which are 

often only 1-2 kg/cm2 (Aber and Ber, 2007). Where the ice is frozen to its bed or flows 

around obstacles values of up to 10 kg/cm2 for basal shear stress can be found (e.g. 

Weertman, 1957; Cohen et al., 2000).  

 

Glaciostatic pressure is a function of ice thickness, as ice density remains constant 

(Equation 2.1). Variation in ice thickness is characteristic of glaciers, particularly near the 

margin where thickness can increase rapidly from 0 m at the margin to several 100 m a 

short distance inside the margin. It is this disparity in ice loading that produces the 

fundamental cause of glaciotectonic deformation: a lateral pressure gradient, which can be 

considered independent from the direction or rate of ice movement (Rotnicki, 1976; van 

der Wateren, 1985; Aber et al., 1989). The generation of the lateral pressure gradient 

involves a portion of the glaciostatic load on the substratum at any point being transferred 

to a horizontal stress, due to the tendency for subglacial materials to bulge outwards and 

push laterally against adjacent particles in response to the load imposed by the overlying 

ice and sediment (Benn and Evans, 1998). This horizontal stress is transverse to the ice 

margin or to the ice divide, and parallel to the slope of the ice surface. 
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Due to the dependence of glaciostatic pressure on ice thickness (Equation 2.1), the 

horizontal stress decreases in magnitude from the centre of the ice mass towards the 

margin, which generates the lateral pressure gradient in the substratum. However, the 

horizontal stress differences are cumulative, meaning that the stress difference over a given 

interval is added to the stress difference of the adjacent interval (Benn and Evans, 1998). 

Factors such as the cohesion or internal friction of ice and substratum limit the distance to 

10 km or less over which lateral pressure may build up (Aber et al., 1989). The result is the 

build up of maximum horizontal compressive stress beneath the margin (Rotnicki, 1976) 

(Figure 2.2). This explains why most glaciotectonic features are created at or within a few 

kilometres of ice margins. Other features are created in the equilibrium zone (Figure 2.2) 

as there is an increase in basal shear stress, indicating that glaciotectonic deformation is 

active (Hart, 1995). 

 

 

 

Figure 2.2: Idealised profile across an ice sheet showing glacier thickness, basal shear stress, and 

base of deformation. Four zones: 1 – marginal (0-20 km), 2- equilibrium (20-200 km), 3 – 

intermediate (200-800 km), and 4 – ice divide (800-1000 km). In zone 1 there are low basal shear 

stresses but high rates of deposition, both glacial and fluvial, in conjunction with active 

glaciotectonic deformation. In zone 2 the basal shear stresses increase, and there is an interaction 

of erosion and deposition along with active glaciotectonic deformation. In zones 3 and 4 there is 

very low basal shear strain and little, if any, deformation, deposition and erosion. Note the large 

vertical exaggeration and different scales for ice thickness and depth of deformation. Source: Hart 

(1995). 
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The total glaciotectonic pressure imposed horizontally on the substratum is given by: 

 �
� = � ^�� + ����  

(Equation 2.2) 

where �
� is the glaciotectonic stress operating horizontally at ice/substratum contact, ^ is 

the change in value between points of observation, �� is normal stress in a horizontal 

direction (kg/cm2), and ���� is the glaciodynamic stress (kg/cm2) (Aber et al., 1989). 

Glaciodynamic stress caused by ice movement is added to the lateral pressure, assuming 

ice movement is normally in the same direction as the lateral pressure gradient. The 

resulting total glaciotectonic pressure can get up to a maximum of approximately 35 

kg/cm2 (Aber et al., 1989) however, much lower pressures are sufficient to produce 

glaciotectonic deformation. The inconsistency in the total glaciotectonic pressure required 

for material failure is due to the spatial and temporal variation in the yield strength of the 

glacial bed and foreland. Yield stress refers to the level of stress necessary to instigate the 

deformation of a given material. The factors that contribute to a material’s yield strength 

are highlighted throughout Section 2.3, which discusses the structures and landforms that 

result from glaciotectonic deformation. 

 

2.3 Glaciotectonic structures and landforms 

2.3.1 Deformation structures 

The displacement of materials due to total glaciotectonic pressure (Equation 2.2) from an 

active ice sheet produces both structures and landforms of varying scales: from 

microscopic to continental. Deformation structures that are attributed to a stagnant ice 

sheet such as ice collapse structures, crevasse infill structures and flow tills are also found 

within the wider glacial environment and are encompassed in the term glaciotectonic 

deformation (Figure 2.1). A comprehensive list of all glaciotectonic structures is probably 

not possible, mainly due to the wide variety in type, style, and size (Aber et al., 1989).  

 

Deformation structures can form either during deposition (syn-depositional) or after 

deposition (post-depositional) (Evans and Benn, 2004), and can be of compressional or 

extensional origin, often depending on its location in relation to the glacier (Figure 2.3b). 

The proglacial zone in front of an advancing glacier is associated with compressional 
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structures such as thrust faults and various types of folds (Figure 2.4). These result in the 

net thickening of sediment as the compressive stresses are transmitted through a subglacial 

deformable wedge and into the glacial foreland (Hart et al., 1990a). Extensional structures, 

such as normal faults (Figure 2.4), result in the net thinning of sediment and are also found 

in the proglacial zone. They are associated with the failure of sediments as a consequence 

of the melt out of supporting ice (Evans and Benn, 2004). Longitudinal extension is 

commonly found in the subglacial zone (Figure 2.3b) as a result of simple shear within the 

bed below an active glacier. 

 

 

 

Figure 2.3: a) A schematic diagram showing the positions of subglacial and proglacial 

glaciotectonic deformation. b) The theoretical pattern of longitudinal strain. Source: Hart and 

Boulton (1991). 

 

Deformation structures are ductile or brittle in nature, or they can be a combination of 

both. Ductile and brittle structures are often closely associated within the same sequence of 

deformed strata, due to localised variations in mechanical properties (Rotnicki, 1976; Aber 

and Ber, 2007). According to Aber et al. (1989), brittle structures are most characteristic 

of, but not limited to, consolidated or coarse-grained strata that were deformed under low 

confining pressure, such as that found in ice-marginal areas. The opposite was said about 

ductile structures where they are often found in, but also not limited to, unconsolidated or 
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fine-grained strata that were deformed under high confining pressures, such as that found 

at the bed of a glacier (Aber et al., 1989). Laboratory investigations indicate that where 

there is an increase in confining pressure, there is an increase in material ductility (de 

Sitter, 1956; Handin and Hager, 1957). This confining pressure increases with depth, 

which can influence the creep velocity (Rotnicki, 1976) (Equation 2.3). The creep process 

involved in ductile deformation, which produces various folds, intrusions (e.g. water-

escape structures) and contortions (Figures 2.4 and 2.5), may be modelled by linearly 

viscous flow of a Newtonian fluid: 

 ��� = ��
���� 
����

 
 

(Equation 2.3) 

where ��� is the applied shear stress, �� is the Newtonian viscosity (a material constant), 

and 
���� 
����

 is the rate of change of the creep velocity with depth zcs across a layer of creeping 

sediment where ���� 
����  = γs, the shear strain rate in the plane of shearing (van der Wateren, 

1995).  

 

Figure 2.4: Common fold types and normal and reverse (thrust) faults. Source: Evans and Benn 

(2004). 
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Unlike the fluid or plastic manner in which ductile deformation occurs (Equation 2.3), 

brittle deformation results when sediment masses fail by fracturing along discrete planes 

(Aber and Ber, 2007). Brittle deformation is controlled by effective stresses (Equation 

2.4), which is the total stress imposed on a sediment mass minus pore-water pressure. The 

formation of fault planes involved in brittle failure is described by the Coulomb equation. 

Normal, thrust and reverse faulting, imbrication, fractures, and décollement commonly 

represent brittle structures encountered in glaciotectonic disturbances. Since failure is 

governed by the effective stresses, this law is formulated in its general form as: 

 � = � + �� �� −  !"# (Equation 2.4) 

where � is the shear stress along a potential fault plane, equalling the sediment’s shear 

strength or plastic yield strength, � is cohesion, ��  is the coefficient of friction (a material 

constant, ��  = tan $, where $ is the internal friction angle of the material), � is the normal 

stress on the fault plane, !" is the pressure of the pore-water (the relationship (� −  !") = 

��  thus represents the effective normal stress across a fault plane) (van der Wateren, 1995). 

The relative importance of the normal stress on the fault plane and the coefficient of 

friction depends on the internal friction angle, which is a material constant, and values of 

cohesion, which is dependent on the forces binding a material together. These forces 

include the chemical bonds between grains and electrostatic forces between charged clay 

particles (Benn and Evans, 1998). For example, clay-rich sediments possess high cohesion 

but the internal friction angle is low; the opposite is true for sediments dominated by large, 

coarse clasts (Murray, 1997).  

 

The calculation of effective normal stress across a fault plane (Equation 2.4) includes the 

pressure of the pore-water, indicating that it can significantly influence effective stress. 

High pore-water pressure can be thought of as having a lubricating effect on faults in the 

sense that it reduces frictional resistance to movement (Rubey and Hubbert, 1959). It does 

not affect the coefficient of friction, which is reasonably constant for a wide range of pore 

pressures (Hobbs et al., 1976). The pressure of the pore-water reduces normal stress which 

allows faulting to occur even though the shear stress present would not have been adequate 

for faulting in dry material, or in wet material at lower pore pressures. The substratum 

below a glacier is assumed to be saturated with water, therefore high water pressures will 

often develop. Hydrostatic pressure is the term used to describe the fluid stress transmitted 
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Figure 2.5: Soft sediment deformation structures: the loss of pore

consolidation results in water

more localised deformation results in clastic dykes; the liquefaction or fluidization of whole units 

can produce intense deformation that

and ball and pillow structures. Source: Evans and Benn (2004).
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The amount of liquid water present is related to a glacier’s thermal regime, which also 

plays a fundamental role in its behaviour (Hambrey, 1994). More specifically, a glacier’s 

thermal regime can affect the degree of interaction that the ice has with the underlying 

substrate. This idea will be explored further in the following sections, where examples and 

causes of glaciotectonic deformation in the proglacial (Section 2.3.2) and subglacial 

(Section 2.3.3) zones from glaciers of differing thermal regimes will be discussed from 

both modern analogues and Quaternary examples. 

 

2.3.2 Proglacial glaciotectonic deformation 

Glaciotectonic deformation takes place in both proglacial and subglacial locations (Figure 

2.3). Proglacial tectonics often manifest as a ridge or a series of ridges, in which the 

deformation occurs (Hart and Boulton, 1991). There are a wide variety of ice-marginal 

moraines (e.g. push and squeeze moraines, dump moraines, latero-frontal fans and ramps), 

which are generally considered depositional (constructional) features. However, these ice-

marginal features can be of glaciotectonic (structural) origin, to a lesser or greater extent. 

Push-moraines, for example, are often distinguished from other terminal moraines by 

being structural (glaciotectonic) rather than constructional (depositional) features 

(Fitzsimons, 1996). Push-moraines do not occur at every margin; hence, they are 

“associated with either specific glaciological scenarios, the occurrence of conditions 

favourable for deformation in the glacial foreland, or more likely some combination of 

both” (Bennett, 2001, p. 198). A range of terminology to describe ice-marginal moraines 

has been used within the literature and a universal nomenclature still does not exist 

(Bennett, 2001). The classification system designed by Aber et al. (1989) for proglacial 

glaciotectonic landforms has been adhered to, however, in the context of ice-marginal 

moraines it is complicated as the link between these landforms and the ice margin is not 

always apparent (Bennett, 2001). 

 

Ductile deformation in the proglacial zone commonly produces large open folds (Figure 

2.4) in the sediments in front of an advancing glacier. Brittle deformation in the proglacial 

zone involves the thrusting of semi-coherent blocks along discrete planes of failure (Figure 

2.4), which are also referred to as thrust-moraines. Both of these styles of glaciotectonic 

deformation have been observed at numerous modern glacier margins in high-arctic 

regions in the Northern Hemisphere (e.g. Gripp, 1929; Kälin, 1971; Sharp, 1985; Boulton, 
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1986; Croot, 1988; Boulton et al., 1989; Lehmann, 1992; Hambrey and Huddart, 1995; 

Bennett et al., 1996; Etzelmüller et al., 1996; Hart and Watts, 1997; Bennett et al., 2004; 

Midgley et al., 2007). These observations have been useful in reconstructing the extent and 

behaviour of former Pleistocene ice sheets and glaciers, as many modern high-arctic 

glaciers terminate in permafrost terrain, which is considered comparable to the conditions 

that were believed to exist during the Last Glacial Maximum (LGM), even in the mid-

latitudes (Hambrey and Huddart, 1995). 

 

An example of a comparison between modern and ancient glacial landforms are the 

parallels that have been drawn between moraine morphology at modern high-arctic glacier 

margins in Svalbard and ancient moraines found in Britain. Hambrey et al. (1997) and 

Bennett et al. (1998) compared the morphology and composition of moraine mounds 

associated with contemporary, polythermal glacier margins in Svalbard with previous 

observations of ‘hummocky moraine’ in Britain. The longstanding theory that these 

ancient glacial landforms were a product of down-wasting stagnant ice (e.g. Sharp, 1949; 

Hoppe, 1952) was contested, and it was proposed that thrusting was the dominant 

mechanism in their formation. Thrusting at the ice margin is often associated with either 

glacier surging or polythermal glaciers (Bennett et al., 1996); although there have been 

examples of thrust-moraines occurring at the margins of cold-based glaciers in the Dry 

Valleys area, Antarctica (Fitzsimons, 1996). Glacial thrusts develop at polythermal ice 

margins as a consequence of flow compression, caused by the warm-based, and therefore 

sliding, ice in the glacier’s interior coming into contact with a cold-based and therefore 

non-sliding margin (Hambrey, 1994; Hambrey and Huddart, 1995). These thrusts often 

have an inclination of between 30º to 40º (Bennett et al., 1996). Similarities in both the 

morphology and sedimentology of the landforms in Svalbard and Britain were found, 

therefore it has been suggested that some British Younger Dryas glaciers may also have 

been polythermal in character, sharing a similar climate to that in Svalbard today 

(Hambrey et al., 1997; Bennett et al., 1998).  

 

Such observations counter Eyles’ (1983) argument that Icelandic temperate glaciers may 

be regarded as modern analogues for the ‘hummocky moraine’ formations in Britain. It has 

since been challenged by Lukas (2005), who contends that evidence strongly suggests a 

temperate glacier regime similar to those in present-day southwest Norway or Iceland. 
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After detailed sedimentological and geomorphological analysis of the ‘hummocky 

moraine’ areas in the northwest Scottish Highlands, Lukas argued that the vast majority 

represent terrestrial ice-contact fans, not glacial thrusting. The rectilinear and relatively 

gentle proximal slopes used by Hambrey et al. (1997) and Bennett et al. (1998) as a 

definite criterion for the surface continuation of former thrust planes, instead represent 

former ice-contact faces where material is at the angle of repose, according to Lukas’ 

interpretation. Ice-contact fans are produced due to a glacier’s mass balance dropping to 

zero which creates a stable period, allowing large ice-contact fans to build up along the 

margin (Boulton, 1986). Debris supply is often variable along a glacier margin; with rates 

of debris supply being the highest around the margins of debris-mantled glaciers. 

Continued advance of the glacier causes proglacial glaciotectonic deformation within this 

built up sedimentary deposit as it is placed under longitudinal compressive stress (Figure 

2.2b).  

 

Longitudinal compression was identified by Hart (1990a) at the Cromer Ridge push-

moraine complex, England. The series of ridges formed (> 50 metres in height) were 

proglacially deformed during the active retreat of the Anglian ice sheet in the Pleistocene, 

creating open folds and listric thrust faulting, which frequently characterise the 

sedimentary structures at glacier margins (Hart and Boulton, 1991). The dip of the fault 

plane associated with listric faults flattens with depth. Hart (1990a) stated that preglacial 

sands may have acted as an aquifer, and loading on this would have increased the pore-

water pressure. An increase in pore-water pressure leads to a reduction in sediment 

strength, which promotes the initiation of faulting. Bluemle and Clayton (1984) found that 

large-scale thrust features in North Dakota, USA, are located over discrete aquifers, which 

also appear to have contributed to the formation of these features. The presence of water, 

in either frozen or liquid states, reduces the effective normal stress acting on a material 

(Equation 2.4) and, as shown in these examples, allowed the material’s stress threshold to 

be exceeded resulting in deformation of the sediment (Rubey and Hubbert, 1959). 

Berthelsen (1978) considered frozen conditions to be necessary for the deformation of 

sediment; however, recent work suggests that it is not the case, and that both proglacial 

and subglacial deformation can occur during unfrozen conditions (e.g. Winkler and Nesje, 

1999; Boulton et al., 2001).  
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Push-moraines, in particular, are not restricted to permafrost areas. However, those created 

without the involvement of frozen substrate are often much smaller and result from winter 

readvances (e.g. Krüger, 1985; Boulton, 1986; Winkler and Nesje, 1999). These landforms 

have low preservation potential, meaning that investigation is often restricted to the 

margins of contemporary glaciers. The largest and most visually impressive examples of 

push-moraines, such as those in front of modern high-arctic glaciers (e.g. Kälin, 1971; Hart 

and Watts, 1997, Boulton et al., 1999), may be linked to the existence of a permafrozen 

foreland as permafrost promotes the transmission of stresses over extensive areas (Waller 

and Tuckwell, 2005). The relative importance of glaciological versus foreland 

characteristics in promoting the formation and structural development of push-moraines is 

not clear (Bennett, 2001).  

 

Permafrost also encourages high pore-water pressures to develop at its base and the 

formation of a décollement surface, which is a basal failure plane that marks the lower 

limit of deformation (Bluemle and Clayton, 1984; Waller and Tuckwell, 2005). An 

example of this is the Pleistocene succession in the Isle of Man, which is dominated by the 

Bride moraine. Thomas (1984) proposed that the lithologically varied substrate in the area 

was differentially frozen, which generated high pore-water pressures during ice-marginal 

loading. Therefore it can be inferred that it was these conditions that gave rise to the 

various folds, high-angle reverse faults, and low-angle overthrusts that are observed in the 

Bride moraine. Boulton et al. (1999) have proposed that fluid pressure along the basal 

décollement may help define, along with other variables, a continuum of large multi-

crested, push-moraines. This author argued that thrust-dominated moraines result from 

very low or friction-free sliding along the basal décollement, fold-thrust dominated 

moraines reflect greater friction along décollement planes, and fold-dominated moraines 

reflect relatively high internal and basal friction. While this division is arbitrary, it 

emphasises the potential role of fluid pressure along the décollement surface. The only 

problem with this classification system, linking back to the example in Isle of Man, is that 

pore-water pressures changed throughout the formation of the moraine (Thomas, 1984), 

meaning that one style of deformation did not dominate. The seasonality and mechanics of 

pore-water pressure will be discussed in relation to subglacial glaciotectonic deformation 

in Section 2.3.3.  
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Proglacially formed structures may have been exposed to additional subglacial 

deformation in response to the continued advance of an ice mass. This was seen at 

Melabakkar-Ásbakkar, Iceland (Ingólfsson, 1988; Hart, 1994a) and in Quaternary 

sediments exposed on the southwest shore of Lake Pukaki, New Zealand (Hart, 1996). 

Evidence of gravity tectonics from stagnant ice has also been reported at Lake Pukaki 

(Hart, 1996; Mager and Fitzsimons, 2007). Deformation can occur within the glacial 

environment as a result of gravitational instabilities associated with stagnant ice (Boulton, 

1970). This is important because it affects much of the environment, where it can refold 

proglacial and subglacial glaciotectonic deformation features produced while the ice mass 

was active (Boulton, 1970; Hart and Boulton, 1991).  

 

2.3.3 Subglacial glaciotectonic deformation 

Less attention has been focused on the study of subglacial glaciotectonic deformation than 

proglacial glaciotectonic deformation. The large number of studies associated with 

deformation in the glacial foreland has led many workers to consider only this aspect in 

discussions of glaciotectonics (e.g. Flint, 1971). A reasonable understanding of subglacial 

environments has emerged only very recently, however progress was slow because modern 

glacier beds, where processes of shear, erosion, and deposition are presently active, are 

inaccessible or difficult to reach (Hart and Rose, 2001). For example, initial research of the 

deforming bed by Boulton (1979) involved tunnelling beneath the ice at 

Breidamerkurjökull, Iceland, to insert strain markers into the bed. This work produced 

important results, however, it was dangerous and has not been repeated (Hart and Rose, 

2001). On the other hand, for the beds of glaciers which are exposed as the ice retreats and 

where access is simple, the nature of the past subglacial processes may be very hard to 

reconstruct (Hart, 1995). The products of subglacial deformation are less visually obvious 

in comparison to proglacial glaciotectonic deformation features (Hart and Boulton, 1991). 

For example, at very high strain rates it is suggested that the diamicton will become 

homogenous, therefore it would be very difficult to distinguish between a highly deformed 

homogenous till and an undeformed till on visual criteria alone (Hart, 1995). 

 

With the evolution of knowledge on subglacial deformation, the theory behind the 

deforming bed has become widely accepted (e.g. Benn and Evans, 1998). Subglacial 

deformation has been shown to occur today beneath ice stream B in western Antarctica 
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(Alley et al., 1986; Blankenship et al., 1986; Engelhardt et al., 1990; Engelhardt and 

Kamb, 1998), Trapridge Glacier, Canada (Blake and Clarke, 1989) and as mentioned 

earlier beneath Breidamerkurjökull, Iceland (Boulton, 1979). Until the early work in the 

1970s - 1980s, ice masses were thought to overlie hard bedrock (Murray, 1997). The 

results indicated that the bed beneath an ice mass may actually consist of soft sediment and 

that it may deform in response to stresses applied to it, which is a characteristic most 

dissimilar to hard bedrock. Deformation was either through compression, consolidation, 

and swelling, or through shear failure.  

 

Glaciotectonites in the subglacial sediments are often characterised by shear zones, due to 

the extensional stresses that are exerted on the bed (Figure 2.2b). Within a subglacial shear 

zone both deformable and non-deformable clasts, both brittle and ductile deformation, and 

inhomogeneous grain sizes and sorting will be incorporated into the layer (Hart, 2007). 

Complex interactions between the particles take place as a result, which generate both 

linear and rotational elements within the deforming layer (Hart, 2007). The thickness of 

the shear zone can also increase or decrease as a result of changes in the effective pressure 

(Equation 2.4), geotechnical properties of the sediment, movement of the glacier, and basal 

shear stress (Hart et al., 1990b). For example, using a one-dimensional model of subglacial 

sediment deformation, Boulton and Hindmarsh (1987) found that with an increase in shear 

stress, from 50 to 100 kPa, deformation extended downwards through the bed. In response 

to this, the porosity in the middle part of the stratum, which was most affected by the 

increase in shear stress, also increased. Dilation occurs in response to shear deformation 

and is responsible for increasing porosity, which expresses the ratio of pore space 

(assumed to be water-filled in the subglacial case) to total sediment volume. At ice stream 

B Blankenship et al. (1986), through the use of seismic surveys, determined that the till 

was highly porous which was characteristic of highly dilated sediment. From this 

observation they could infer that the sediment was actively deforming. An increase in 

porosity can greatly reduce shear strength, making the substrate more prone to both 

erosion and deformation. Processes of erosion, deposition, and deformation interact when 

a soft sedimentary bed underlies a glacier, and the sedimentary products reflect this (Hart, 

1994b). It has been suggested that sediment transfer in deforming till layers may be 

geomorphologically significant (Hooke et al., 1997; Benn and Evans, 1998), as it can 

result in extremely high rates of subglacial erosion and deposition.  
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In addition to the knowledge regarding the existence of the deforming bed, the findings in 

the 1970s - 1980s also forced the recognition that this may contribute considerably to the 

observed surface motion. Boulton’s (1979) experiment beneath Breidamerkurjökull, 

Iceland, showed that at the sites examined, about 90% of the basal movement of the glacier 

can be attributed to deformation within the till substratum rather than by internal flow or 

sliding at the ice-bed interface. The upper till beneath Breidamerkurjökull had a low 

density as only 40-45% of the volume of the till was occupied by mineral grains; the rest 

consisted of water-filled pores (Boulton, 1979). These factors can be directly attributed to 

the low strength and the high deformation rates in the basal till. Deformation rates, and 

therefore, surface motion may vary over time as subglacial water pressures change in 

response to water supply. This indicates that subglacial sediment deformation can be 

dependent on the structure of the subglacial drainage system (Mathews, 1964; Willis, 

1995).  

 

Seasonal variations in basal water pressure beneath glaciers can influence the ice-bed 

contact and lead to stick-slip cycles (Fischer and Clarke, 1997; Boulton et al., 2001). This 

involves the building of water pressures, which reduces the friction at the glacier sole, 

allowing for more rapid sliding. However, as the water pressure falls, the coupling 

between the ice/bed increases. This decreases the sliding but increases the deformation of 

sediment. The water pressure eventually falls below the critical level of failure, and the 

process repeats itself. Boulton and Hindmarsh (1987) found that the nature of subglacial 

deformation and the deformation velocity of the glacier can be very sensitive to small 

changes in glacier stress, in basal melting rates or in the relatively independent subglacial 

aquifer pressure. Such disturbances and adjustments of a sensitive system may be absorbed 

within a large ice mass, such as an Antarctic ice stream (Engelhardt and Kamb, 1998; 

Alley et al., 1986; Tulaczyk et al., 2000). But in a relatively small valley glacier, the 

acceleration produced by local increase of subglacial water pressure, or increase in local 

mass balance, could generate a surge which affects the whole system.  

 

Glaciers resting on fine-grained sediment, in particular, may be prone to considerable 

instability and surging behaviour (Boulton, 1979). The distinctive landforms and 

stratigraphic record associated with rapid glacier advance, such as that produced through 

surging, have been observed at Eyjabakkajökull and Hagafellsjökull, Iceland (e.g. Sharp, 



Chapter Two  Deformation of Glacial Sediments 

 
19 

 

1985; Bennett et al., 2004), both of which have a well-documented history of surging. 

Intense folding and thrusting, associated with the longitudinal compressive stresses exerted 

on the glacial foreland is present on various scales, as well as extensional features 

associated with the melt-out of buried glacier ice. Glacier surging has been linked to 

subglacial water pressures (Clarke et al., 1984), with water storage as an essential factor in 

any complete model of surging. Based on results obtained from the subpolar Trapridge 

glacier, Canada, Clarke et al. (1984) concluded that deformation of the substrate could 

destroy the subglacial drainage system, allowing water to accumulate at the bed, which 

could trigger a surge. According to this theory the spatial distribution of surging glaciers 

is, therefore, geologically controlled, with deformable and erodible beds being a crucial 

factor in the generation of such behaviour.  

 

2.4 Summary and research objectives 

2.4.1 Summary 

The aim of this chapter was to introduce the origin of glaciotectonism, outline the resulting 

structures and emphasise the causes behind glaciotectonic deformation structures and 

landforms in both the subglacial and proglacial zones. Glaciotectonic research has 

primarily focused on the examination of the margins of modern glaciers located in high-

arctic regions in the Northern Hemisphere. Research on glaciotectonism in the Southern 

Hemisphere is very limited, where research on glacial deposits has been focused on 

chronology and determining the link with global climatic processes (e.g. Rother and 

Shulmeister, 2005; Shulmeister et al., 2005; Thackray et al., 2009). From the body of 

research on glaciotectonism it is evident that the spatial distribution of proglacial and 

subglacial glaciotectonic deformation is not only linked to the distribution of soft beds that 

readily deform and erode. In addition to soft beds, specific glaciological scenarios and 

foreland/bed characteristics, often with water in both liquid and frozen states, are needed to 

create certain glaciotectonic landforms and/or structures. 

  

The amount of water present within a glacial environment can be generally linked to a 

glacier’s thermal characteristics, with temperate glaciers having the largest supply. 

Temperate glaciers are found in the mid-latitudes in both the Northern and Southern 

Hemispheres, with New Zealand being one of two Southern Hemisphere mid-latitude areas 

that display evidence of extensive Late Pleistocene mountain glaciation. As stated 
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previously, research on glaciotectonism is lacking and, as a consequence, the relative 

importance of glaciodynamics and the paleoenvironment of the glacial foreland in 

glaciotectonic deformation in New Zealand is unknown. Therefore, the purpose of this 

thesis is to explore the role of glaciotectonism in the formation of Late Pleistocene end 

moraines in a formerly glaciated valley.  

 

2.4.2 Research objectives 

Some key questions stem from the literature discussed throughout this chapter. Firstly, is 

evidence of glaciotectonic deformation present? If so, can this evidence be used in 

determining the specific glaciological scenario and foreland/bed characteristics present at 

the time of their formation? Can inferences be made regarding the role of glaciotectonism 

in the formation of Late Pleistocene glacial moraines in the eastern valleys of the Southern 

Alps? And lastly, are the glaciotectonic deformation structures and/or landforms in this 

region comparable to those found in the Northern Hemisphere? These questions lead to the 

objectives of this research: 

 

1) Characterise the sediment-landform assemblages of the moraine formation on the 

south-eastern side of Lake Hawea utilising mapping, sedimentary exposures, and 

ground-penetrating radar (GPR) profiling; 

2) Develop a depositional model for the sediment-landform assemblage present in 

the south-eastern Hawea moraine; 

3) Compare and contrast the glaciotectonic deformation structures and/or landforms 

found with examples in ancient deposits within the eastern valleys of the Southern 

Alps and place them in the wider context of studies that have been undertaken in 

the Northern Hemisphere. 
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Chapter Three:  
Research Strategy, Methods  
and Field Area 
 

3.1 Introduction  

The first part of this chapter outlines the research strategy employed in this study (Section 

3.2), which is then followed by the field methods and laboratory techniques (Section 3.3) 

used in this study to obtain data from sedimentary deposits on the eastern side of Lake 

Hawea. These include mapping (Section 3.3.1), two dimensional logging of sedimentary 

exposures (Section 3.3.2), calculating the relative proportions of facies units (Section 

3.3.3), particle size analysis (Section 3.3.4), and ground-penetrating radar (GPR) (Section 

3.3.5). The last section introduces the regional setting of the Hawea Valley (Section 3.2) 

and reviews relevant previous research in the local area and on eastern side of the Southern 

Alps (Section 3.4).  

 

3.2 Research strategy 

With the aim of characterising the sediment-landform assemblages of the south-eastern 

Hawea moraine, a multi-faceted approach was employed in this research, which utilised 

mapping, sedimentary exposures, and GPR profiling. The geomorphic map provided 

preliminary information on the spatial relationships of landforms at the southern end of 

Lake Hawea to as far south as the Albert Town moraine (Figure 4.1). Examination of the 

moraine deposits identified in the geomorphic map involved logging sedimentary 

exposures and GPR profiling. The combination of these two techniques has allowed the 

investigation of sedimentary structures both perpendicular and parallel with the ice margin 

(refer to Figure 3.1 for a map of the GPR survey lines and the sedimentary exposures). The 

correlation of sedimentary exposures with GPR profiles in this manner has provided a 

comprehensive examination of the deposit, which greatly improves the ability to 

accurately reconstruct the processes involved in its formation. 
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Figure 3.1: Map indicating the study area within the South Island, New Zealand. The location of 

the GPR survey lines 1-9 and Sites 1 and 2 are indicated on the orthophoto insert. 

map has been provided in the back pocket to refer to throughout Chapter Four.

source: Land Information New Zealand
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icating the study area within the South Island, New Zealand. The location of 

9 and Sites 1 and 2 are indicated on the orthophoto insert. A copy of this 

map has been provided in the back pocket to refer to throughout Chapter Four. Topographic map 
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3.3 Methods 

3.3.1  Geomorphological map 

Preliminary data on the morphology and spatial distribution of landforms were obtained 

from aerial photographs, which were then used to construct a geomorphological map. The 

geomorphological map covers the southern margin of Lake Hawea, including the mountain 

ranges to the east and west and extending as far south as Hawea Flat (Figure 4.1). 

Stereopairs of aerial photographs (SN 8436 A (12-14), taken in 1984) were examined 

using a stereoscope. The landforms identified were field checked in order to ensure the 

accuracy of the mapped boundaries and to identify areas that warranted further 

investigation. 

 

3.3.2 Logging sedimentary exposures 

Two sites with extensive sedimentary exposures were located for detailed logging (Figure 

3.1). Initially, a description of the sequences, their contacts, extent and strike and dip of 

beds were recorded from field observations. Only the apparent dips and strikes could be 

measured in the lower portion of the exposures due to the unstable nature of the cliff face. 

Based on visual examination of the outcrops, facies codes were also assigned, using a 

modified classification system from Eyles et al. (1983). Facies codes have been developed 

to enable fast and effective sediment descriptions in the field (Evans and Benn, 2004). The 

codes convey basic information on grain size characteristics and internal structures such as 

bedding, lamination and deformation. Facies codes are often used as part of a multi-faceted 

approach, as they do not provide enough information on their own to form detailed 

interpretations of sedimentary sequences (Evans and Benn, 2004). 

 

Horizontal profiles of the exposures, totalling approximately 1.15 km between the two 

sites, were logged in the field with the assistance of overlapping photographs. Due to high 

lake levels and, therefore, the close proximity to the exposures when taking the 

photographs, up to three photographs were taken vertically and subsequently stitched 

together using Photoshop. This may have created some error in the facies thickness of up 

to 1 metre. Vertical distortion in the facies thickness can also be present in ortho-

photographs of this nature due to the irregular slope along the of the cliff outcrops. The 

actual thickness of the lower portion of the photographs can often appear enlarged. To 
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reduce this vertical distortion, a clinometer was used to obtain angle measurements at the 

contact between each facies unit. These measurements were converted into facies 

thickness using the following procedure:  

 

First, the horizontal distance is calculated by: 

 % = � �&'()*+ ,# (Equation 3.1) 

where � is the distance from exposure and , is the angle from eye level to base of 

exposure.  

 

The cliff height is calculated as: 

 - = % �tan 1# (Equation 3.2) 

 
where % is the horizontal distance calculated in step one, - is the facies thickness, and 1 is 

the angle from eye level to top of exposure. The resulting - value must be modified to 

remove operator height (- - operator height). The horizontal profiles were field checked to 

ensure that the contacts and facies thickness were accurate, and that facies codes were 

assigned appropriately. Nine vertical logs were recorded at regular intervals along the 

outcrops and these were used to construct detailed vertical profiles. 

 

3.3.3 Estimation of the aerial importance of facies units 

A planimeter was used, with a scale of 1:200, to measure the area (m2) of facies units 

assigned to the sediment assemblages in the horizontal profiles of Sites 1 and 2. The values 

obtained were subsequently converted into a percentage of the total area for both Sites 1 

and 2. 

 

3.3.4 Particle size analysis 

Thirteen sediment samples that corresponded with units recorded in horizontal and vertical 

were analysed using the Horiba LA-950 laser particle size analyser. The samples ranged 

from fine material to sand and pebble particles. Laser particle size analysis is based on the 

principle that suspended particles will diffract light through different angles depending on 

the particle size. The Horiba LA-950 has an effective range between 0.01-3000µm. A 

small amount of each sample (approximately 1.25 ml) was added to the sampling bath, 
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containing deionised water. To reduce flocculation, 0.1% calgon (sodium 

hexametaphosphate) was also added. Sonication was applied for 20 seconds, while the 

sample was continuously agitated within in the sampling bath. A refractive index of 1.450 

was used for both lasers. Basic statistics were calculated for each measurement, and the 

percentage weight of each size fraction was graphed using the phi (ϕ) scale.  

 

To enable a comparison, three of the samples were analysed using the sieve-pipette 

method. The pipette method is based on Stoke’s Law, which determines the settling 

velocity of different particle sizes out of suspension in a column of water. This method can 

be used on particles 4 phi or less. The results showed that the distributions were largely 

comparable, with only minor discrepancies in the finer tails (< 8 phi). There was a 

measured increase in finer particles using the pipette method compared to the results 

obtained from the laser particle size analyser. This may be attributed to a recorded 

temperature increase throughout the duration of the pipette method. The convection 

currents generated as the water column heats up have the ability to re-suspend sediment, 

which could affect the accuracy of measurements, increasing the amount of sediment in 

suspension and, therefore, overestimating the finer fraction (McCave and Syvitski, 1991). 

However, Beuselinck et al. (1998) found that laser particle size analysis, compared to 

results obtained through the sieve-pipette method, tended to underestimate the clay 

content. In addition to this, Beuselinck et al. (1998) used the Fraunhofer theory, not the 

Mie theory used by the Horbia LA-950, as it detects a significantly larger proportion of the 

clay in comparison to the Mie theory (Loizeau et al., 1994). Therefore an underestimation 

of the finer fraction may also be attributed to the software utilised by the Horbia LA-950. 

 

3.3.5 Ground-penetrating radar 

Nine field surveys were carried out approximately perpendicular to the vertical profiles 

(Figure 3.1) using a pulseEKKO Pro ground-penetrating radar (GPR) system. GPR detects 

electrical discontinuities in the shallow subsurface (<50 m) by the generation, 

transmission, propagation, reflection and reception of discrete pulses of high-frequency 

(MHz) electromagnetic energy (Neal, 2004). Initially, a pulse of high-frequency 

electromagnetic energy is transmitted into the ground, as it propagates downwards the 

pulse encounters materials of differing electrical properties, which alters its velocity. If 

these changes are abrupt, some of the electromagnetic energy is reflected back to the 
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surface, and is subsequently detected by the receiving antennae (Neal, 2004). These 

reflections are of interest when profiling sedimentary sequences in the subsurface. The 

paths of electromagnetic energy between the transmitting and receiving antennae are 

outlined in Figure 3.2. 

 

 

 
Figure 3.2: The paths of electromagnetic energy between transmitting and receiving antennae for 

the airwave, the ground wave, a lateral wave and a reflected wave. The first pulse to arrive is the 

airwave, which travels from transmit antenna to receive antenna at the speed of light (0.2998 m ns
-

1
). The second arrival is the ground wave, which travels directly through the ground between the 

transmit and receive antennae. The air and ground waves mask any primary reflections in the 

upper part of a radar reflection profile. Lateral waves can also be present and result from shallow 

reflections that approach the surface at the appropriate critical angle and are subsequently 

refracted along the air-ground interface. Source: Neal (2004). 

 

For each survey, the GPR was set up in a common offset arrangement with the antennae 2 

m apart and oriented broadside to the survey direction (Figure 3.3). The transmitter voltage 

was 1000 v and the antenna centre frequency was 50 MHz. Traces were recorded every 0.5 

m and each trace was a result of 64 stacks. The time window and sampling interval settings 

were 640 ns and 1.6 ns respectively. In order to determine the velocity of the 

electromagnetic energy through the subsurface, a common mid-point (CMP) survey was 

carried out in the same position as GPR Profile 4 (Figure 3.1). However this did not yield 

any conclusive results, therefore a velocity value was obtained through the hyperbola 

velocity calibration method using EKKO View 2 software (Sensors and Software, 2008). 
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Figure 3.3: a) The common offset arrangement for a geophysical reflection survey. T = 

transmitter, R = receiver. Source: Neal (2004); b) Perpendicular broadside GPR anten

configuration. 

 

All nine profiles were processed in the same manner using EKKO View Deluxe (Sensors 

and Software Ltd). Signal saturation correction (‘dewow’) was applied to remove the low

frequency ‘wow’ while still preserving high

transmitter and receiver and electrical properties of the ground influences the wow’s 

magnitude (Neal, 2004). A 

0.07 m/ns was used. This process focuses scattered signals

displacements, distortions, and out

rapidly with depth, therefore, by applying a time gain to GPR data the attenuation of the 

radar signal can be improved, resulting in the inc

Bristow, 2003). AGC (Automatic Gain Control) time gain was applied to the data, which 

attempts to equalise all signals, therefore it is most useful for defining continuity of 

reflections (Sensors and Software, 200

ability to amplify various forms of ambient and systematic noise (Neal, 2004). The radar 

data was topographically corrected by surveying slope angles with a 

of penetration in the profiles was typically between 10 and 12 m.
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: a) The common offset arrangement for a geophysical reflection survey. T = 

transmitter, R = receiver. Source: Neal (2004); b) Perpendicular broadside GPR anten

All nine profiles were processed in the same manner using EKKO View Deluxe (Sensors 

and Software Ltd). Signal saturation correction (‘dewow’) was applied to remove the low

frequency ‘wow’ while still preserving high-frequency signals. The proximity of the 

transmitter and receiver and electrical properties of the ground influences the wow’s 

 2D migration filter was applied to the data, where a velocity of 

This process focuses scattered signals removing diffractions, dip 

displacements, distortions, and out-of-line reflections (Neal, 2004). GPR signals decay 

rapidly with depth, therefore, by applying a time gain to GPR data the attenuation of the 

radar signal can be improved, resulting in the increased strength of weaker signals (Jol and 

Bristow, 2003). AGC (Automatic Gain Control) time gain was applied to the data, which 

attempts to equalise all signals, therefore it is most useful for defining continuity of 

reflections (Sensors and Software, 2008). Gain must be used with caution as it has the 

ability to amplify various forms of ambient and systematic noise (Neal, 2004). The radar 

data was topographically corrected by surveying slope angles with a clinometer.

es was typically between 10 and 12 m. 
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: a) The common offset arrangement for a geophysical reflection survey. T = 

transmitter, R = receiver. Source: Neal (2004); b) Perpendicular broadside GPR antennae 

All nine profiles were processed in the same manner using EKKO View Deluxe (Sensors 

and Software Ltd). Signal saturation correction (‘dewow’) was applied to remove the low-

The proximity of the 

transmitter and receiver and electrical properties of the ground influences the wow’s 

2D migration filter was applied to the data, where a velocity of 

removing diffractions, dip 

GPR signals decay 

rapidly with depth, therefore, by applying a time gain to GPR data the attenuation of the 

reased strength of weaker signals (Jol and 

Bristow, 2003). AGC (Automatic Gain Control) time gain was applied to the data, which 

attempts to equalise all signals, therefore it is most useful for defining continuity of 

8). Gain must be used with caution as it has the 

ability to amplify various forms of ambient and systematic noise (Neal, 2004). The radar 

clinometer. The depth 
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3.4 Regional setting 

The Hawea Valley is situated to the east of the Southern Alps in Central Otago at a latitude 

of approximately 44º (Figure 3.1). The Southern Alps are situated in the temperate mid-

latitude zone of the westerly winds, between latitudes 41º and 46º. The interaction of 

prevailing, moisture-laden westerly winds with the steep topography of the Alps gives rise 

to conditions favourable for glaciation, which is why the Southern Alps were one of the 

major areas of Quaternary glaciation in the Southern Hemisphere. During the LGM (ca. 

25-14 ka), an almost continuous glacier complex extended nearly 700 km along the 

Southern Alps (Figure 3.4), with snowlines around 600-800 m below those of the present 

(Porter, 1975). The ice cover consisted of piedmont and large valley glaciers (Gellatly et 

al., 1988), which have left behind an array of glacial landforms. These remain a focal point 

for investigations into New Zealand’s Quaternary history (Gage, 1985). 

 

  

Figure 3.4: a) Relief map of the Southern Alps, South Island, New Zealand; b) Pleistocene 

glaciation in the South Island, New Zealand. Source: Modified from Fitzsimons and Veit (2001). 

 

Glacial landforms in the Hawea Valley represent the last major ice advance, with well 

preserved moraines and outwash plains (Turnbull, 2000a) (Figure 3.5). Lake Hawea is one 

of many glacial troughs on the eastern side of the Southern Alps. It lies at the start of the 

Hawea Valley in an overdeepened glacial basin. The 138 km2 lake, with a maximum depth 
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of 392 m, has a contributing catchment area of 1395 km2. The lake is fed by one major 

river, the Hunter, which has its sources in the Main Divide. The Southern Alps create steep 

precipitation gradients from west to east over the South Island. Mean annual precipitation 

rises from 3 m on the western coastal plains to a maximum of 15 m or more just a few 

kilometres west of the Main Divide, and then decreases exponentially to about 1 m in the 

eastern ranges (Chinn and Whitehouse, 1980). Two smaller streams, the Dingle Burn and 

Timaru River flow into the lake from the bordering eastern ranges. The lake’s southern end 

is impounded by a well-defined composite loop of end moraine which consists of three 

closely spaced concentric ridges (McKellar, 1960). The Hawea River, which has breached 

and entrenched the Hawea moraine at the far southwest margin, currently drains the lake. 

Several flights of terraces surround the river as it meanders down the outwash plain to flow 

into the Clutha River at Albert Town.  

 

Outwash gravels, which extend south as far as the township of Luggate, and 

undifferentiated till overlie the basement rock in the valley (Figure 3.6). The basement 

rock in the area comprises variably schistose to non-schistose quartzofeldspathic sandstone 

(greywacke) interbedded with mudstone (argillite) (Turnbull, 2000a). Several extensive 

alluvial fans extend out from the Grandview Range on the eastern side of the valley, with 

some smaller fans present on the western side. The Cardrona Fault and Grandview Fault, 

both of which are considered active, traverse through the moraine where they converge 5 

km north of the formation and continue striking northwards up the lake. 
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Figure 3.5: Down-valley limits of ice advances in major catchments, and extent of main 

Quaternary deposits. Source: Turnbull (2000a). 
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3.5 Previous research 

The various ice advances that took place throughout the Quaternary in the Upper Clutha 

Valley have been mapped out by several authors and the nomenclature has changed 

considerably. The names assigned to these advances by McKellar (1960), Wood (1962), 

Thompson (1984) and Brookes (1986) are shown in Table 3.1. The age of each advance is 

shown in Table 3.2.  

 

Table 3.1: Glacial advances in the Upper Clutha region. Source: McSaveney et al. (1991). 

Mc Kellar (1960) Wood (1962) Thompson (1984) Brooks 

(1986) 

Advance Stage* Formation Advance Stage* Advance 

Hawea 

Albert Town 

Otiran CampHill 

 

 

Lochar 

Hawea 

Mt. Iron 

Albert Town 

Luggate 

Otiran Hawea 

Mt. Iron 

Albert Town 

Luggate 

Lindis 

Waimean Luggate 

Bendigo 

Bendigo 

Lindis 

Waimean Luggate 

Lindis 

Clyde Waimaungan Lowburn 

Clyde 

LowBurn Waimaungan Lowburn 

   Northburn Ross Criffel 

*Stage as defined by Gage and Suggate (1958). 

 

Table 3.2: Ages of glacial deposits and outwash terraces of the Clutha River. Isotope stage ages 

from Imbrie et al. (1984). Source: McSaveney et al. (1991). 

Glacial Advance and Terrace Currently accepted age (ka BP) Isotope Stage Age (ka BP) 

Hawea 18 – 16 18 – 16 

Mt. Iron 23 30 – 23 

Albert Town 50 – 35 70 – 60 

Luggate 70 190 – 130 

Post Lindis 250 – 140 280 – 245 

Lindis 380 – 250 360 – 335 or 475 – 420  

Lowburn ca. 500  475 – 420, 565 – 525, 650 – 

620 or older 

Northburn ca. 1 Ma 650 – 620 or older 
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McKellar (1960) was the first to identify and examine the remnants of glacial moraine 

deposits in detail in the Upper Clutha Valley. Five periods of moraine building and 

aggradation in this area were identified. In order of increasing age, these have been 

identified as the Hawea, Albert Town, Luggate, Lindis, and Clyde Advances (Figure 3.7). 

Subsequent work by Thompson (1984) and Brookes (1986) built on the original work by 

McKellar (1960), with some finer subdivisions added by Thompson. The more recent 

work by Turnbull (2000a) indentified and described the ice limits and geological units in 

detail. Five ice limits (Q2, Q4, Q6, Q8-10 and Q12) and four geological units (Q2, Q4-6, 

Q8-12 and Q14-16) were identified (Figure 3.5). 

 

The Hawea advance (or Q2) at the southern end of Lake Hawea, in particular, has been 

examined in some detail by McKellar (1960) utilising both artificial and natural exposures. 

The artificial exposures were created near the site of the Lake Hawea Control Dam as it 

was undergoing construction in the 1950’s. Since the lake was converted into a reservoir in 

1961 as part of a large hydroelectric scheme, its level has increased 20 metres with an 

operating range of approximately 8 m (Kirk et al., 2000). The raised water levels have lead 

to the prolonged erosion of the moraine to form a nearly vertical cliff on the southern 

shoreline of the lake, and have hence created some good sedimentary exposures. It is this 

reason that this location was chosen for this research, as the majority of these exposures 

will be used as a primary data source.  

 

From the natural and artificial exposures present in the late 1950’s, McKellar found that 

the deposit could generally be divided into two layers, often with a sharp boundary. The 

lower layer was comprised of coarser material (pebbles, cobbles, boulders) with varied 

composition, which was interspersed with fine lenses. The upper layer was comprised of 

silts and sands with occasional suspended boulders. The finer material within the upper 

layer was often stratified. Cavities from melting blocks of ice were thought to be present in 

both the upper and lower layers. Glaciotectonic deformation features associated with the 

Hawea advance were not identified or discussed by McKellar, which may be a result of an 

absence of such features or a lack of natural exposures. It may also be attributed to the 

time in which the research was carried out, as glaciotectonic phenomena have only 

achieved a prominent place in modern glacial theory within the last 28 years (Aber and 

Ber, 2007). 
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Figure 3.7: Geological map of the Wanaka-Hawea Basin. Source: McKellar (1960). 
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Only a couple of more recent studies on the eastern side of the Southern Alps have 

identified glaciotectonic deformation structures from sedimentary exposures of moranic 

deposits (Hart, 1996; Mager and Fitzsimons, 2007). In both instances, deformation 

structures were found in the large cliff face exposures at the southern end of Lake Pukaki 

and they were used, in conjunction with other forms of evidence, to develop conceptual 

models of the formation of the Tekapo moraine (Figures 3.8 and 3.9). The Tekapo moraine 

is north of the Hawea advance, however, it is of the same age (16-18 ka). The 

interpretation of the sedimentary sequences in relation to the extent of glaciotectonism and 

its influence on the landforms present differs between the two studies, resulting in 

conceptual models that do not correlate with one another. Mager and Fitzsimons (2007) 

state that the deformation structures observed were largely restricted to individual beds and 

concluded that the Tekapo moraine is a constructional (depositional) feature not a 

structural (glaciotectonic) feature (Fitzsimons, 1996) (Figure 3.9). This is contrary to 

Hart’s (1996) earlier interpretation where the proximal thrusting and distal slumping 

observed by the author were considered indicative of proglacial deformation within a 

waterbody associated with glacial retreat. The inconsistency in interpretation appears to be 

borne out of the extrapolation of large-scale structures from small-scale deformation 

structures. This local example highlights the need for a thorough and consistent approach 

when examining and interpreting deformation structures in sedimentary sequences. To 

maintain consistency, a method similar to Mager and Fitzsimons (2007) will be used to log 

the sedimentary exposures examined in this research. 

 

Research on the Tekapo moraine has also been carried out at Lake Ohau, where 

glaciotectonic deformation structures have been recognised in GPR profiles of moranic 

deposits that surround the lake’s end (Webb, 2009). Several conceptual models, in a 

similar style to that of Hart (1996) and Mager and Fitzsimons (2007), were created for 

different sections of moraine. The ‘eastern glaciotectonic moraine’ and ‘south-western 

moraine ridges’ (Figures 3.10 and 3.11), in particular, exhibited large scale brittle and 

ductile deformation, which was interpreted as a result of glacially imposed stresses from 

multiple advances of the ice margin. A limitation of Webb’s research is the insufficient 

correlation of GPR profiles with sedimentary exposures, due to a lack of such features 

within the field area. The current research seeks to utilise extensive sedimentary exposures 
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on the south-eastern margin of Lake Hawea in tandem with GPR profiles, which will allow 

the examination of structures both parallel with and perpendicular to the ice margin. 

 

 

 

 

 

Figure 3.8: Conceptual model of the Tekapo moraine formation based on deformation structures 

observed at two sites. a (i) Glaciolacustrine sedimentation, with coarse proximal sedimentation 

and finer grained distal sedimentation. a (ii) Glacier advances into sediments causing proglacial 

deformation, deposition continued in distal area, resulting in flow folds and onlapping of beds. a 

(iii) As deformation continues distal area becomes unstable, sediments collapse, producing normal 

faulting and slumping. Sedimentation of fine material in the distal zone still occurred and overlies 

the sequence. b (i) Initial stratigraphy consisted of two coarse diamicton facies units within fine 

diamicton facies. Coarse facies may represent channel deposits. b (ii) Ice readvanced into 

sediments creating a large anticline and a large fault at the proximal side. b (iii) The lower coarse 

diamicton channel, once deformed, becomes unstable and slides down the distal slope of the face, 

buckling up into two large folds. Overlying fine diamicton facies were dragged down the distal 

face producing complicated fold and décollement surfaces. Source: Hart (1996).  
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Figure 3.9: Conceptual model of development of glaciolacustrine end moraines. (a) Antecedent 

conditions where Tekapo advance of the Tasman Glacier abuts against the former end moraines of 

the Mt John advance. (b) Initial retreat is dominated by thinning of glacier and formation of 

supraglacial ponds. Melt water flows through channels formed in the Mt. John moraine. (c) 

Surface ponds rapidly expand to form a supraglacial lake and sediment rapidly accumulates to 

form ice-cored moraine. (d) Proglacial lake forms between the calving ice face and the former Mt. 

John moraine to form a wedge of glaciolacustrine deposits. There is extensive debris accumulation 

on lake margins and the formation of strandlines as lake level drops. Lake drainage flows through 

a channel incised through the Mt. John moraine. (e) Deglaciation results in the formation of a 

remnant ridge of glaciolacustrine sediments in a moraine ridge adjacent to the Mt. John moraine. 

Source: Mager and Fitzsimons (2007). 
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Figure 3.10: A schematic representation of the T

development in the Ohau Valley. A brief description of each stage (A to G) is given in the 

corresponding text. Arrows indicate ice

D to G. Dotted lines indicate areas of normal faulting from a loss of ice support. Source: Webb 

(2009). 
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development in the Ohau Valley. A brief description of each stage (A to G) is given in the 

corresponding text. Arrows indicate ice and sediment flow direction, and sediment deformation in 

D to G. Dotted lines indicate areas of normal faulting from a loss of ice support. Source: Webb 
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ekapo Glaciotectonic (eastern) moraine 

development in the Ohau Valley. A brief description of each stage (A to G) is given in the 

and sediment flow direction, and sediment deformation in 

D to G. Dotted lines indicate areas of normal faulting from a loss of ice support. Source: Webb 
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Figure 3.11: A schematic representati

Valley. A brief description of each stage (A to G) is given in the corresponding text. Source: Webb 

(2009). 
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: A schematic representation of the south-western Tekapo moraine ridges in the Oh

Valley. A brief description of each stage (A to G) is given in the corresponding text. Source: Webb 
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oraine ridges in the Ohau 

Valley. A brief description of each stage (A to G) is given in the corresponding text. Source: Webb 
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Chapter Four: 
Results 
 

4.1 Introduction 

This chapter presents the observations from fieldwork carried out on the south-eastern 

margin of Lake Hawea. Firstly, the landforms observed within the Hawea Valley will be 

described with the aid of a geomorphological map (Section 4.2). Following this, Section 

4.3 will provide a detailed description of the facies assemblages and structural features 

observed (Section 4.3.1), and facies associations, based on the descriptions of the facies 

and their spatial organisation, will be outlined and interpreted (Section 4.3.2). Finally, the  

ground-penetrating radar profiles will be described and interpreted in Section 4.4 

 

4.2 Landforms in the Hawea Valley 

As illustrated on the geomorphological map in Figure 4.1, the Hawea moraine surrounds 

much of Lake Hawea’s southern shoreline. Smaller moraine mounds not captured in the 

geomorphological map are present on the surface of the south-eastern Hawea moraine 

(refer to Figure 4.42). Both ancient and modern river channels breach the moraine in 

several places. The Hawea River, which currently drains the lake, has breached and 

entrenched the Hawea moraine at the far south-west margin. From here it extends down 

the western side of the outwash plain. Earthworks associated with the dam construction on 

the Hawea River, in combination with the erosive effects of the river itself, have removed 

much of the material deposited in this area, with bedrock visible on the sides of the 

channel. Paired and unpaired river terraces and outwash channels associated with the 

Hawea River were observed on the outwash plain. A series of ancient outwash channels 

and river terraces extend south from a breach near the centre of the Hawea moraine. On the 

eastern side of the valley, large alluvial fans abut the moraine deposits that line the lake’s 

eastern shoreline. Grandview Creek flows down these alluvial fans from the eastern ranges 

and flows through a breach at the south-east margin of the moraine. It is not clear whether 

the breach was created by Grandview Creek or by a river flowing from Lake Hawea. 

Ancient outwash channels extend out from the southern-most extent of the large alluvial 

fans in a southwest direction. Further down the valley, on the western and eastern sides, 
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the Albert Town deposit on the eastern side. Alluvial fans are found to the north of the 

Albert Town deposit on the western side of the valley.

 

Figure 4.1: Geomorphological map of the southern end of Lake Hawea. 

mapped in Figures 4.2 and 4.18

been provided in the back pocket to allow the reader to identify the geographic locations of sites 

mentioned in the text. 

 

4.3 Facies from the south

Seventeen facies were identified within the two exposures,

Hawea moraine located on the south

codes, which have been sub

listed in Table 4.1 along with their description. Facies combination units were al

throughout both Site 1 and 2

where facies were too small to map in

 

me remnants of the Albert Town moraine were observed. A smaller

the Albert Town deposit on the eastern side. Alluvial fans are found to the north of the 

Albert Town deposit on the western side of the valley. 

Figure 4.1: Geomorphological map of the southern end of Lake Hawea. The two sites that we

mapped in Figures 4.2 and 4.18a-c are labelled (Site 1 and 2). An enlarged version of this map has 

ocket to allow the reader to identify the geographic locations of sites 

south-eastern Hawea moraine exposures

Seventeen facies were identified within the two exposures, Site 1 and 2 

oraine located on the south-eastern margin of Lake Hawea. The individual facies 

codes, which have been sub-divided into groups based on the predominant clast size, are 

listed in Table 4.1 along with their description. Facies combination units were al

throughout both Site 1 and 2, which involved applying up to three facies codes to areas 

where facies were too small to map individually. The location of Site 1 and 2
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oraine were observed. A smaller alluvial fan abuts 

the Albert Town deposit on the eastern side. Alluvial fans are found to the north of the 

 

The two sites that were 

). An enlarged version of this map has 

ocket to allow the reader to identify the geographic locations of sites 

oraine exposures 

 (Figure 4.1), of the 

eastern margin of Lake Hawea. The individual facies 

based on the predominant clast size, are 

listed in Table 4.1 along with their description. Facies combination units were also used 

, which involved applying up to three facies codes to areas 

n of Site 1 and 2 is indicated 
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in Figures 3.1 and 4.1 (for convenience a copy of each map has been provided in the back 

pocket to refer to throughout Chapter Four). Horizontal cross-sectional maps of the facies 

assemblages at both Site 1 and 2 are in Figures 4.2 and 4.18a-c respectively. The nine 

vertical profiles logged throughout Sites 1 and 2 are presented in Figure 4.3. Their 

locations are indicated on the cross-sections in Figures 4.2 and 4.18a-c and are adjacent to 

the GPR Profiles One-Nine presented in Section 4.4. 

 

Descriptions for each site (Site 1 and 2) including a detailed depiction of the facies 

assemblages and structural features observed, based on the cross-sectional maps (Figures 

4.2 and 4.18a-c) and vertical profiles (Figure 4.3) will be provided in the following Section 

4.3.1. The areal importance of each facies unit and facies unit combination is expressed in 

m2 and % terms in Table 4.2 for Site 1 and Table 4.3 for Site 2. Facies associations will be 

outlined and interpreted in Section 4.3.2. 

 

4.3.1 Observations from exposures at Sites 1 and 2 

4.3.1.1   Site 1 

The cliff exposures at Site 1 ranged from 7-9 metres in height and extend for 

approximately 210 metres horizontally (Figure 4.2 – pull out map). These cliffs were very 

unstable and evidence of slumping was observed. A variety of facies units and only a few 

small-scale deformation structures were observed within the exposures. Gravel units 

comprised a large proportion of the lower sections (24.6% of the total area). Massive, 

clast-supported gravels, with clasts ranging from pebbles to cobbles, were common (9.48% 

of the exposure). Other units with a similar clast size range such as openwork (Go) 

(0.18%), massive, matrix-supported (Gms) (2.49%), and stratified (Gs) (2.84%) gravels 

were also observed in the lower portions of the exposure. Several facies unit combinations 

were present including Gms/Go (2.89%), Go/Gs (4.12%) (Figure 4.4), Gm/Gs/Go (1.55%) 

(Figure 4.5), and Gm/Go (1.05%). The bedding in stratified gravel (Gs) and gravel 

combination units (Go/Gs, Gm/Gs/Go) was generally horizontal. One openwork (Go) and 

stratified (Gs) gravel combination unit at Profile 3 (Figure 4.3) was inclined at 25º N 

(Figure 4.6). All areal distribution values for the facies units at Site 1 are in Table 4.2. 
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Table 4.1: Facies codes assigned to diamicton, gravel, sand and fine units at Sites 1 and 2 and 

their descriptions. Modified classification system from Eyles et al. (1983). 

Code Description 

Diamicton  

Dmm Very coarse massive matrix-supported diamicton. Consists of clasts of varying 

size from pebbles to the occasional boulder. Clasts ranged from subangular to 

well-rounded. Matrix is usually composed of fine sand to very fine silt. 

Gravels  

Gm Massive clast-supported gravels. Clasts are generally well sorted and well-

rounded. Clast size ranges from pebbles to cobbles. 

Gms Massive matrix-supported gravels. Clasts are generally well sorted and well-

rounded. Clast size ranges from pebbles to cobbles. Matrix is commonly 

composed of fine sand to fine silt. 

Gs Stratified gravel that is well sorted and well-rounded. 

Gd Gravel with deformed bedding. Clasts are generally well sorted and well-

rounded. 

Go Openwork gravel that is well sorted and well-rounded. 

Gx Cross-bedded gravels usually sorted and well-rounded. 

Sands  

Sm Massive coarse to fine sands. 

Sx Coarse to fine sands with preserved cross-bedding. 

Sp(d) Planar-bedded coarse to fine sands exhibiting deformation structures. 

Sr Coarse to fine sand with preserved ripple structures. 

Sp Coarse to very fine planar-bedded sand units. 

Fines  

Fmc Coarse to very fine massive silts containing embedded clasts. Clast density 

varies throughout the unit. Clasts are sub-rounded to well-rounded. 

Fm Massive fine sands to clay. 

Fl Laminated fine silts, predominantly. Medium sand to clay also present. 

Laminations are generally planar. 

Flc Coarse to fine laminated silts containing embedded clasts. Clast density varies 

throughout the unit. Clasts are sub-rounded to well-rounded. 

Fld Coarse to fine silts exhibiting non-horizontal planar laminations that are 

deformed.  
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Figure 4.4: Openwork and stratified gravel combination unit (Go/Gs) at Profile

approximately 210 metres along Site 1

gravel that had open pore spaces up to 10

Figure 4.5: Gravel combination

(Figure 4.2). A fine laminated lens (F

present at the base of the exposure. A thick laminated fines (Fl) sequence is positioned above the 

Gm/Gs/Go unit. 

 

 

 

nwork and stratified gravel combination unit (Go/Gs) at Profile

metres along Site 1. The openwork gravel was a predominately boulder

gravel that had open pore spaces up to 10 millimetres in diameter. 

 

 

combination unit (Gm/Gs/Go) located approximately 90 metres along Site 1

(Figure 4.2). A fine laminated lens (Fl) is directly underneath the unit, with gravel (Gms/Go) 

present at the base of the exposure. A thick laminated fines (Fl) sequence is positioned above the 
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nwork and stratified gravel combination unit (Go/Gs) at Profile 4, at 

The openwork gravel was a predominately boulder-pebble 

ely 90 metres along Site 1 

l) is directly underneath the unit, with gravel (Gms/Go) 

present at the base of the exposure. A thick laminated fines (Fl) sequence is positioned above the 
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Table 4.2: Aerial importance of facies types mapped at Site 1 expressed as percentage of total area 

(%). 

Facies Facies Unit Total area (m
2
) 

Percentage of total 

area (%) 

Fines Fmc 693.6 50.72 

 Fl 120.8 8.83 

 Fm 0.8 0.06 

 Fmc/Fl 103.2 7.55 

  Subtotal: 918.4  67.16  

Fines/Sand Fld/Sp/Sr 3.6 0.26 

 Fl/Sx 23.6 1.73 

 Subtotal: 27.2 1.99 

Sand Sp 26 1.90 

 Sx 0.4 0.02 

 Sr 2 0.15 

 Sm/Sx/Sp 2.8 0.20 

 Subtotal: 31.2 2.27 

Gravel Gm 129.6 9.48 

 Gms 34 2.49 

 Gs 38.8 2.84 

 Go 2.4 0.18 

 Gms/Go 39.6 2.89 

 Go/Gs 56.4 4.12 

 Gm/Gs/Go 21.2 1.55 

 Gm/Go 14.4 1.05 

 Subtotal: 336.4 24.6 

Diamicton Dmm 54.4 3.98 

    

 Total 1367.6 100.00 

 

A small area (3.98%) of massive, matrix-supported diamicton (Dmm) was observed at 

approximately 125 metres along Site 1 (Figure 4.2). The Dmm unit was similar to the Gms 

units, however it was distinguished from the Gms units by the greater variability of clast 

size and poorer sorting observed at both Site 1 and 2. The boundaries between the 

diamicton (Dmm) unit and the surrounding facies units were gradational, despite the sharp 

boundaries drawn on the cross-section (Figure 4.2). The same can be said about many of 
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the boundaries between cobble

grades into another. 

 

Figure 4.6: Go/Gs combination unit with a strike and dip of 021/

Located at Profile 3, at approximately 115 metres

unit is a discontinuous fines and sand combination unit (Fl/Sx), topped by gravel units (Gm, 

Go/Gs) interspersed with planar san

(Fmc) overlies the gravel units; the boundary between the two units is sharp.

 

Finer material dominated the upper section of the exposure with massive fine material 

containing suspended clasts (Fmc

area at Site 1 (Table 4.2). The boundary between the gravel

the fine units in the upper section was often very sharp (Figure 4.7).

continuous fine laminated 

exposure (e.g. Figure 4.7). Smaller, discontinuous lenses of fine laminated material (Fl) 

were found in gravel units at several locations (e.g. Figure 4.7 and 4.12). A close

photograph of fine laminated material (Fl) illustrates the difference in particle size 

(ranging from silt to sand) for each layer (Figure 4.8). Altogether fine laminated material 

(Fl) covered 8.83% of the total area.

(Fl) at Profile 1 (Figure 4.3) is shown in Figure 4.9. The

 

the boundaries between cobble-dominated units (Gm, Gms, Gs, Go), where one unit 

 

ation unit with a strike and dip of 021/25ºN (as indicated 

approximately 115 metres along Site 1 (Figure 4.2). Immediately above the 

unit is a discontinuous fines and sand combination unit (Fl/Sx), topped by gravel units (Gm, 

Go/Gs) interspersed with planar sand units (Sp). A continuous fine unit with suspended clasts 

(Fmc) overlies the gravel units; the boundary between the two units is sharp. 

Finer material dominated the upper section of the exposure with massive fine material 

containing suspended clasts (Fmc) being the most common, occupying 50.72% of the total 

(Table 4.2). The boundary between the gravel-dominated lower section and 

the fine units in the upper section was often very sharp (Figure 4.7).

continuous fine laminated material (Fl) were observed in the upper sections of the 

exposure (e.g. Figure 4.7). Smaller, discontinuous lenses of fine laminated material (Fl) 

were found in gravel units at several locations (e.g. Figure 4.7 and 4.12). A close

inated material (Fl) illustrates the difference in particle size 

(ranging from silt to sand) for each layer (Figure 4.8). Altogether fine laminated material 

(Fl) covered 8.83% of the total area. A particle size distribution from a fine la

(Figure 4.3) is shown in Figure 4.9. The median particle size was 5.14 
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, Gs, Go), where one unit often 

(as indicated by the arrow). 

Immediately above the 

unit is a discontinuous fines and sand combination unit (Fl/Sx), topped by gravel units (Gm, 

d units (Sp). A continuous fine unit with suspended clasts 

Finer material dominated the upper section of the exposure with massive fine material 

) being the most common, occupying 50.72% of the total 

dominated lower section and 

the fine units in the upper section was often very sharp (Figure 4.7). Large areas of 

material (Fl) were observed in the upper sections of the 

exposure (e.g. Figure 4.7). Smaller, discontinuous lenses of fine laminated material (Fl) 

were found in gravel units at several locations (e.g. Figure 4.7 and 4.12). A close-up 

inated material (Fl) illustrates the difference in particle size 

(ranging from silt to sand) for each layer (Figure 4.8). Altogether fine laminated material 

A particle size distribution from a fine laminated unit 

median particle size was 5.14 ϕ 
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(medium silt) with a mode of 5.75 

sample is classified as very poorly sorted according to the Folk and Ward (1957

A similar median particle size of 5.23 

(Fl) at Profile 2 (Figure 4.3). This sample had a mode of 5.5

standard deviation of 4.55 

(Folk and Ward, 1957). 

 

Figure 4.7: The distinct boundary between the fine units in the upper section and the gravel units 

in the lower section at Profile

material (Fl) in the upper section of the exposure and the fine laminated (Fl) lens that cuts through 

the gravel units in the lower section.

 

A combination facies unit of Fmc/Fl where laminated sections faded into massive fine 

material, observed at approximate

7.55% of the total area. The boundaries between this combination unit and the surrounding 

massive fine material with 

to identify in the section. Massiv

location at the southernmost extent of Site 1

(fine sand) but the particles range

 

(medium silt) with a mode of 5.75 ϕ (medium silt). With a standard deviatio

sample is classified as very poorly sorted according to the Folk and Ward (1957

r median particle size of 5.23 ϕ (medium silt) was found in a fine laminated unit 

(Figure 4.3). This sample had a mode of 5.55 ϕ (medium silt) an

standard deviation of 4.55 ϕ, which meant that it is classified as extremely poorly sorted 

 

: The distinct boundary between the fine units in the upper section and the gravel units 

in the lower section at Profile 2 (Figures 4.2 and 4.3). Note the large area of fine laminated 

the upper section of the exposure and the fine laminated (Fl) lens that cuts through 

the gravel units in the lower section. 

A combination facies unit of Fmc/Fl where laminated sections faded into massive fine 

material, observed at approximately 155-170 metres along Site 1 (Figure 4.2), covered 

7.55% of the total area. The boundaries between this combination unit and the surrounding 

 suspended clasts (Fmc) were gradational and at times difficult 

. Massive fine material (Fm) (0.06%) was only found in one 

southernmost extent of Site 1. This unit had a median particle size of 2.71 

(fine sand) but the particles ranged from very course sand (-0.75 ϕ) to very fine silt (8 

Results 

 

49 

(medium silt). With a standard deviation of 3.82 ϕ the 

sample is classified as very poorly sorted according to the Folk and Ward (1957) method. 

(medium silt) was found in a fine laminated unit 

(medium silt) and a 

emely poorly sorted 

 

: The distinct boundary between the fine units in the upper section and the gravel units 

. Note the large area of fine laminated 

the upper section of the exposure and the fine laminated (Fl) lens that cuts through 

A combination facies unit of Fmc/Fl where laminated sections faded into massive fine 

(Figure 4.2), covered 

7.55% of the total area. The boundaries between this combination unit and the surrounding 

suspended clasts (Fmc) were gradational and at times difficult 

e fine material (Fm) (0.06%) was only found in one 

a median particle size of 2.71 ϕ 

) to very fine silt (8 ϕ). 



Chapter Four  Results 

 

50 

 

 

Figure 4.8: A close up of fine laminated material (Fl) in a lens at approximately 40 metres along 

Site 1 (Figure 4.2). Note the difference in particle size (ranging from silt to sand) for each layer. 

 

 

Figure 4.9: Particle size distribution of fine laminated material (Fl) at Profile 1 (Figures 4.2 and 

4.3). 

 

Subangular to well-rounded rocks with striae were observed on the shoreline below the 

exposures throughout Site 1 (e.g. Figure 4.10). These and other more angular and often 

larger boulders in the area appeared to have been eroded out of the exposure during high 

lake levels. Numerous cavities, where boulders were once embedded, were observed 

within the Fmc units.  

 

Discontinuous sand lenses were scattered throughout the exposures at Site 1. An example 

of a sand lens is shown in Figure 4.11. Some lenses were too small to include in the cross-

section of Site 1 (Figure 4.2), therefore a facies combination unit was used. The particle 
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size distribution from the facies combination unit (Fld/Sp/Sr) in Figure 4.12 is shown in 

Figure 4.13. The median particle size was 3.82 ϕ (very fine sand) with the particle size 

ranging from medium sand (1.25 ϕ) to very fine silt (7.5 ϕ). Another particle size 

distribution from a fine laminated (Fl) and cross-bedded sand (Sx) combination unit, at 

approximately 120 metres along Site 1 (Figure 4.2), is shown in Figure 4.14. The median 

particle size is 5.26 ϕ (medium silt) with a mode of 5.36 ϕ (medium silt). The particle size 

ranged from coarse sand (1 ϕ) to very fine silt (8 ϕ).  

 

 

 

Figure 4.10: An example of a greywacke cobble exhibiting glacial striae found on the shoreline 

beneath the exposure at the northern end of Site 1. 

 

 

Figure 4.11: Discontinuous laminated fine (Fl) and planar bedded sand (Sp) lens within a gravel 

unit (Gm/Go) at approximately 140 metres along Site 1 (Figure 4.2). 
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Figure 4.12: Close up photograph of a facies combination unit (Fld/Sp/Sr) with small sand layers 

throughout finer convoluted laminated material, at approximately 35 metres along Site 1 (Figure 

4.2). 

 

 

Figure 4.13: Particle size distribution of the facies combination unit Fl/Sp/Sr at Profile 1 (Figures 

4.2 and 4.3). 

 

 

Figure 4.14: Particle size distribution of the facies combination unit Fl/Sx at approximately 120 

metres along Site 1 (Figure 4.2). 
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The sand lenses throughout Site 1 contained well-preserved structural features such as 

cross-bedding (Figure 4.15) and ripples (Figure 4.16). However the proportion that these 

units occupied was only minor (Sr = 0.15%, Sx = 0.02) (Table 4.2). A slightly larger area 

was occupied by facies combination units that included sand with preserved cross-bedding 

(Sx) and ripples (Sr) (Fl/Sp/Sr = 0.26%, Fl/Sx = 1.73, and Sm/Sx/Sp = 0.20%). Sand units 

with planar bedding (Sp) only accounted for 1.90% of the total area at Site 1. Pebbles were 

often incorporated in sand lenses (e.g. Figure 4.15). Small, discontinuous sand lenses 

within units of fine material (e.g. Fl, Fmc/Fl) occasionally exhibited small-scale ductile 

deformation (e.g. Figures 4.12 and 4.17).  

 

 

Figure 4.15: Cross-bedding preserved in a sand unit (Sm/Sx/Sp) at approximately 100 metres 

along Site 1 (Figure 4.2).  

 

 

Figure 4.16: Preserved ripples in a sand unit (Sr) at approximately 130 metres along Site 1 

(Figure 4.2). 
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Figure 4.17: Tight folding of a coarse sand lens within a fine unit at Site 1. These tight folds were 

common throughout the fine units at Site 1 and 2. 

 

4.3.1.2   Site 2 

The cliff exposures at Site 2 were far more extensive than those at Site 1 measuring 

approximately 805 metres in horizontal extent and 4-8 metres in height (Figures 4.18a-c – 

pull out map). While some slumped debris was observed at the base of the exposures in 

some places, the majority of the cliff appeared to be stable, which was indicated by the 

growth of moss and grasses on the cliff face. Large areas of the exposures were relatively 

homogenous, often just exhibiting massive, matrix-supported diamicton (Dmm) units 

overlain by finer units (Fmc, Fmc/Fl, Fl, Flc, Flc/Fld). The creamy colour of the diamicton 

units was due to the washing down of fine material from the silt beds above (e.g. Figure 

4.19). The matrix in the diamicton unit consisted of fine sand to very fine silt (Figure 

4.20). Some clasts within the diamicton units exhibited glacial striae (e.g. Figure 4.21), 

although the extent of these features remains unknown as clasts were often covered in fine 

material. Striation was also observed on some of the boulders on the shoreline beneath the 

exposure. A sharp and, at times, undulating boundary between the upper and lower 

sections was observed throughout much of the exposure (Figure 4.22).  
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As stated previously, the lower section of the exposure at Site 2 was dominated by 

massive, matrix-supported diamicton (Dmm), accounting for 41.24% of the total area 

(Table 4.3). Fmc, Fl and Fmc/Fl dominated the upper section of the exposures at Site 2 

(Figures 4.18a-c). Massive fine material with suspended clasts (Fmc) and fine laminated 

material (Fl) occupied 18.77% and 11.14% of the total area respectively. A facies 

combination unit of massive fine material with suspended clasts and fine laminated 

material (Fmc/Fl) accounted for 10.90% of the logged exposure in Site 2. Fine laminated 

material with suspended clasts (Flc) was also observed in the upper section of the 

exposure, but it only occupied 2.93% of the total area. 

 

 

Figure 4.19: An example of the creamy coloured appearance of massive matrix-supported 

diamicton (Dmm) at Site 2. 

 

 

Figure 4.20: Particle size distribution of diamicton matrix at Site 2. 
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Table 4.3: Aerial importance of facies types mapped at Site 2 expressed as percentage of total area 

(%). 

Facies Facies Unit Total area (m
2
) 

Percentage of total 

area (%) 

Fines Fmc 962 18.77 

 Fl 570.8 11.14 

 Fm 5.2 0.10 

 Fld 181.2 3.54 

 Flc 150.4 2.93 

 Fmc/Fl 558.8 10.90 

 Flc/Fld 22.4 0.44 

  Subtotal: 2450.8  47.82  

Fines/Sand Fl/Sp/Sr 7.2 0.14 

 Fl/Sx 4.4 0.09 

 Sp/Fl 8 0.16 

 Fld/Sp(d) 23.6 0.46 

 Subtotal: 43.2 0.85 

Sand Sp 12.8 0.25 

 Sm 0.4 0.02 

 Subtotal: 13.2 0.27 

Sand/Gravel Gs/Sp 27.6 0.54 

 Gd/Sp(d)/Sr 20.4 0.37 

 Subtotal: 48 0.91 

Gravel Gm 10.9 0.21 

 Gms 95.2 1.86 

 Gs 191.2 3.73 

 Go 7.2 0.14 

 Gd 28.8 0.56 

 Go/Gs 54 1.05 

 Gd/Go/Gs 53.6 1.05 

 Gms/Gs 6 0.12 

 Gs/Gx 9.6 0.19 

 Subtotal: 456.5 8.91 

Diamicton Dmm 2114 41.24 

 
Total 5125.7 100.00 
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Figure 4.21: An example of a well

supported diamicton (Dmm) unit at Site 

Figure 4.22: An example of t

approximately 490 metres along Site 2

 

 

 

: An example of a well-rounded clast exhibiting striae within a massive, matrix

supported diamicton (Dmm) unit at Site 2. The width of the clast is approximately 30 centimetres.

 

 

An example of the boundary between finer upper units and coarser lower units at 

mately 490 metres along Site 2 (Figure 4.18b). 
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rounded clast exhibiting striae within a massive, matrix-

the clast is approximately 30 centimetres. 

boundary between finer upper units and coarser lower units at 
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Deformed fine laminated material (Fld) was observed in three 

3.54% of the total area (Table 4.3). Figure 4.23 shows the first Fld unit which extended 

from approximately 130-150 metres along Site 2

(Figure 4.18a). The large syncline present in the 

observed at the top of the cliff. 

shown in Figure 4.24. Another section of deformed fine laminated material (Fld) was 

observed further along the exposure from approxima

This unit was only 80-90 centimetres in height at the base of the exposure. Open folding 

was present throughout the unit and a flame structure was also observed (Figure 4.25). The 

particle size distribution from this def

4.3 and 4.18b) is shown in Figure 4.26. The

with a mode of 5.94 ϕ (medium silt). Wit

classified as extremely poorly sorted according to the Folk and Ward (1957) method.

 

 
Figure 4.23: Gd/Go/Gs facies

approximately 130-160 metres along Site 

fines with suspended clasts (Fmc). The slumping observed at the top of the cliff corresponds with 

slumping of the underlying sequences.

 

 

Deformed fine laminated material (Fld) was observed in three locations and occupied 

3.54% of the total area (Table 4.3). Figure 4.23 shows the first Fld unit which extended 

150 metres along Site 2 in the lower section of the exposure 

large syncline present in the fine unit corresponds with the slumping 

observed at the top of the cliff. Some convoluted lamination was also observed in places as 

shown in Figure 4.24. Another section of deformed fine laminated material (Fld) was 

observed further along the exposure from approximately 300-325 metres (Figure 4.18b). 

90 centimetres in height at the base of the exposure. Open folding 

was present throughout the unit and a flame structure was also observed (Figure 4.25). The 

particle size distribution from this deformed fine laminated unit (Fld) at Profile 

4.3 and 4.18b) is shown in Figure 4.26. The median particle size was 5.86 

(medium silt). With a standard deviation of 5.65 

oorly sorted according to the Folk and Ward (1957) method.

facies combination unit and deformed fine laminated material (Fld)

160 metres along Site 2 (Figure 4.18a). Both units are overlain by massive 

th suspended clasts (Fmc). The slumping observed at the top of the cliff corresponds with 

slumping of the underlying sequences. 
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locations and occupied 

3.54% of the total area (Table 4.3). Figure 4.23 shows the first Fld unit which extended 

in the lower section of the exposure 

corresponds with the slumping 

Some convoluted lamination was also observed in places as 

shown in Figure 4.24. Another section of deformed fine laminated material (Fld) was 

325 metres (Figure 4.18b). 

90 centimetres in height at the base of the exposure. Open folding 

was present throughout the unit and a flame structure was also observed (Figure 4.25). The 

ormed fine laminated unit (Fld) at Profile 7 (Figures 

median particle size was 5.86 ϕ (medium silt) 

h a standard deviation of 5.65 ϕ the sample is 

oorly sorted according to the Folk and Ward (1957) method. 

 

unit and deformed fine laminated material (Fld) at 

Both units are overlain by massive 

th suspended clasts (Fmc). The slumping observed at the top of the cliff corresponds with 
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Figure 4.24: Close up photograph of convoluted lamination within the Fld unit in Figure 4.23. The 

green colour is from the moss which was growing on the exposure’s surface. 

 

 

Figure 4.25: Flame structure in deformed fine laminated material (Fld) observed at approximately 

305 metres along Site 2 (Figure 4.18b). 

 

 

Figure 4.26: Particle size distribution of the deformed fine laminated unit (Fld) at approximately 

300-325 metres along Site 2 (Figure 4.18b). 
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Figure 4.27: Normal faults in deformed fine laminated material (Fld) at approximately 710 metres 

along Site 2 (Figure 4.18c). Note how the fault lines are near-vertical at the base of the cliff and 

curve towards the south as they extend up toward the top of the exposure. 

 

At approximately 710 metres along Site 2 (Figure 4.18c), deformed fine laminated 

material (Fld) is present in the entire vertical extent of the cliff face. It extends for 

approximately 20 metres horizontally. Normal faulting, which extends vertically through 

the entire exposure, was observed (Figures 4.27 and 4.28). Figure 4.29 is a close up 

photograph of one of the faults, showing approximately 40 millimetres of near-vertical 

displacement. Near the top of the exposure the fault curves towards the south (Figure 

4.27). To the right of these faults, at approximately 735 metres, several dropstones were 

observed (Figure 4.30). The clast size of these dropstones ranged from cobbles to boulders, 

with a diameter from 100 to 300 millimetres. Impact structures were well preserved in the 

fine laminated material beneath the clasts. Two lenses of laminated fines and planar-

bedded sands exhibiting deformation structures (Fld/Sp(d)) were found at 550 and 630 

metres along Site 2 (Figure 4.18c). The deformation consisted of open folding with an 

occasional tight fold within the silt fraction. These lenses only occupied 0.46% of the total 

exposure (Table 4.3). A facies combination of fine laminated material with suspended 

clasts (Flc) and deformed fine laminated material (Fld) (0.44%) that exhibited tight folding 

was observed above a large debris pile at approximately 410 metres along Site 2 (Figure 

4.18b). 
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Figure 4.28: Normal faults (40 millimetres of near-vertical displacement) in deformed fine 

laminated material (Fld) approximately 710 metres along Site 2 (Figure 4.18c). 

 

 

Figure 4.29: Close up photograph of a normal fault in deformed fine laminated material (Fld) at 

approximately 710 metres along Site 2 (Figure 4.18c). Approximately 40 millimetres of near 

vertical displacement. 

 

 

Figure 4.30: Example of the dropstones observed within fine laminated material (Fl) at 

approximately 735 metres along Site 2 (Figure 4.18c). Note the impact structure preserved within 

the laminations beneath the clast. 
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Ductile deformation was also observed in gravel units (Gd = 0.56%) and combination 

facies units (Gd/Go/Gs = 1.05%, Gd/Sp(d)/Sr = 0.37%)

gravel unit with deformed bedding (Gd) was observed a

Site 2 (Figure 4.18c) and is shown in 

shows the asymmetric nature of the folding at this location

limb of the fold is 068/20-

dip of 044/60-70ºN (Figure 4.32)

extends along the base of this deformed section. At approximately 150 metres

start of Site 2 (Figure 4.18a)

openworking and stratification (Gd/Go/Gs)

the deformed laminated fine unit (Fld) next to it, this unit appeared to be as

the slumping observed at the top of the cliff. The gravel beds closest to the Fld unit to the 

left had a dip of 40º NE. Further south, the gravel beds within the same unit were dipping 

at 30º NE (Figure 4.33) (Figure 4.18a). Deformed gravel b

facies combination unit located at approxi

which included planar-bedded sands exhibiting deformation structures and sand with 

preserved ripples (Gd/Sp(d)/Sr). 

 

Figure 4.31: Discontinuous deform

(Figure 4.18c). Fine laminated units with suspended clasts (Flc) lie above the unit. Slumped debris 

obscures the bottom of the exposure.

 

 

eformation was also observed in gravel units (Gd = 0.56%) and combination 

facies units (Gd/Go/Gs = 1.05%, Gd/Sp(d)/Sr = 0.37%) (Table 4.3)

with deformed bedding (Gd) was observed at approximately 660 metres along 

and is shown in Figure 4.31. A close up photograph in Figure 4.32

shows the asymmetric nature of the folding at this location. The strike and dip of t

-25ºS, whereas the right limb is much steeper with a

N (Figure 4.32). A fine lens, which was also incorporated in the folding, 

extends along the base of this deformed section. At approximately 150 metres

(Figure 4.18a), a gravel combination unit with deformed bedding

openworking and stratification (Gd/Go/Gs) was observed (Figure 4.33 and 4.23

the deformed laminated fine unit (Fld) next to it, this unit appeared to be as

the slumping observed at the top of the cliff. The gravel beds closest to the Fld unit to the 

left had a dip of 40º NE. Further south, the gravel beds within the same unit were dipping 

at 30º NE (Figure 4.33) (Figure 4.18a). Deformed gravel bedding was also observed in a 

facies combination unit located at approximately 700 metres along Site 2

bedded sands exhibiting deformation structures and sand with 

preserved ripples (Gd/Sp(d)/Sr).  

Discontinuous deformed gravel units (Gd) at approximately 660 metres along Site 2

Fine laminated units with suspended clasts (Flc) lie above the unit. Slumped debris 

obscures the bottom of the exposure. 
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A close up photograph in Figure 4.32 
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, whereas the right limb is much steeper with a strike and 

. A fine lens, which was also incorporated in the folding, 

extends along the base of this deformed section. At approximately 150 metres from the 

unit with deformed bedding, 

ed (Figure 4.33 and 4.23). As with 

the deformed laminated fine unit (Fld) next to it, this unit appeared to be associated with 

the slumping observed at the top of the cliff. The gravel beds closest to the Fld unit to the 

left had a dip of 40º NE. Further south, the gravel beds within the same unit were dipping 

edding was also observed in a 

mately 700 metres along Site 2 (Figure 4.18c), 

bedded sands exhibiting deformation structures and sand with 

 

mately 660 metres along Site 2 

Fine laminated units with suspended clasts (Flc) lie above the unit. Slumped debris 
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Figure 4.32: Close up photograph o

along Site 2 (Figure 4.18c). The left limb of this asymmetrical fold (as indicated by the oval)

strike and dip of  068/20-25º

044/60-70ºN. Gd unit is overlain by a laminated fines unit with suspended clasts (Flc). The 

boundary between the two units parallels the deformation present in the Gd unit.

 

Figure 4.33: Close up photograph

along Site 2 (Figure 4.18a). Note that Fl/Sp/Sr lens below is covered in gravely debris.

 

Undeformed gravel units were found throughout the lower sections of the exposure, with 

several clusters of massive clast

the upper sections. The boundary between these Gm units and the surrounding finer units 

were gradational, despite the sharp boundaries drawn on the cross

c). The same can be said about many of the bound

(Gm, Gms, Gs, Go) and massive, matrix

 

Figure 4.32: Close up photograph of a gravel unit with deformed bedding (Gd)

(Figure 4.18c). The left limb of this asymmetrical fold (as indicated by the oval)

25ºS, whereas the right limb is much steeper with a strike and dip 

N. Gd unit is overlain by a laminated fines unit with suspended clasts (Flc). The 

boundary between the two units parallels the deformation present in the Gd unit.

photograph of facies combination unit Gd/Go/Gs approxim

. Note that Fl/Sp/Sr lens below is covered in gravely debris.

Undeformed gravel units were found throughout the lower sections of the exposure, with 

several clusters of massive clast-supported gravels (Gm) observed within the finer units in 

the upper sections. The boundary between these Gm units and the surrounding finer units 

were gradational, despite the sharp boundaries drawn on the cross-sections (Figures 4.18a

c). The same can be said about many of the boundaries between cobble

(Gm, Gms, Gs, Go) and massive, matrix-supported diamicton (Dmm) where one unit 
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f a gravel unit with deformed bedding (Gd) approx 660 metres 

(Figure 4.18c). The left limb of this asymmetrical fold (as indicated by the oval) has a 

ch steeper with a strike and dip of 

N. Gd unit is overlain by a laminated fines unit with suspended clasts (Flc). The 

boundary between the two units parallels the deformation present in the Gd unit. 

 

unit Gd/Go/Gs approximately 150 metres 

. Note that Fl/Sp/Sr lens below is covered in gravely debris. 

Undeformed gravel units were found throughout the lower sections of the exposure, with 

ved within the finer units in 

the upper sections. The boundary between these Gm units and the surrounding finer units 

sections (Figures 4.18a-

aries between cobble-dominated units 

supported diamicton (Dmm) where one unit 
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would often grade into another. This

Stratified gravels (Gs) were common; however they only occupied 3.73% of the exposure 

(Table 4.3). The beds within Gs units were predominantly horizontal, however in some 

units the dip of the beds ranged from 6º to 40º. An exam

with a dip of 30º S surrounded by massive, matrix

unit is shown in Figure 4.34. Massive, clast

(Gms) and openwork (Go) gravel units occupied 

the total area at Site 2. Gravel dominated facies combination units Go/Gs, Gms/Gs and 

Gs/Gx occupied 1.05%, 0.12% and 0.19% respectively.

 

Figure 4.34: An example of a stratified gravel unit (Gs) surrounded by massi

diamicton (Dmm) and stratified gravel and planar

approximately 290 metres from the start of

the Gs unit is 045/30ºS. 

 

Figure 4.35: Particle size distribution of a planar

metres from the start of Site 2
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would often grade into another. This gradational relationship can be seen in Figure 4.34. 

Stratified gravels (Gs) were common; however they only occupied 3.73% of the exposure 

(Table 4.3). The beds within Gs units were predominantly horizontal, however in some 

units the dip of the beds ranged from 6º to 40º. An example of a stratified gravel unit (Gs) 

with a dip of 30º S surrounded by massive, matrix-supported diamicton (Dmm) and Gs/Sp 

unit is shown in Figure 4.34. Massive, clast-supported (Gm), massive, matrix

(Gms) and openwork (Go) gravel units occupied 0.21%, 1.86% and 0.14% respective

. Gravel dominated facies combination units Go/Gs, Gms/Gs and 

Gs/Gx occupied 1.05%, 0.12% and 0.19% respectively. 

: An example of a stratified gravel unit (Gs) surrounded by massi

diamicton (Dmm) and stratified gravel and planar-bedded sand (Gs/Sp) combination unit. Located 

pproximately 290 metres from the start of Site 2 (Figure 4.18b). The strike and

Particle size distribution of a planar-bedded sand (Sp) lens 

etres from the start of Site 2 (Figure 4.18a). 
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can be seen in Figure 4.34. 

Stratified gravels (Gs) were common; however they only occupied 3.73% of the exposure 

(Table 4.3). The beds within Gs units were predominantly horizontal, however in some 
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Figure 4.36: Particle size distribution of a massive fine (Fm) lens at Profile 9, approximately 700 

metres along Site 2 (Figures 4.3 and 4.18c). 

 

Silt and sand lenses were observed throughout the exposures, although their extent is 

underestimated in the cross-sections (Figures 4.18a-c) as they were often very small. A 

particle size distribution of a planar-bedded sand lens (Sp), approximately 60 metres from 

the northernmost extent of Site 2 (Figure 4.18a), is shown in Figure 4.35. The median 

particle size was 1 ϕ (coarse sand). With a standard deviation of 1.78 ϕ the sample is 

classified as poorly sorted according to the Folk and Ward (1957) method. This facies 

showed a normal shaped distribution, however, a pronounced fine tail was evident. A 

particle size distribution of a massive fine lens at Profile 9, approximately 700 metres 

along Site 2 (Figure 4.18c), is shown in Figure 4.36. The median particle size was 6.25 ϕ 

(fine silt) with a mode of 6.14 ϕ (fine silt). With a standard deviation of 5.85 ϕ the sample 

is classified as extremely poorly sorted (Folk and Ward, 1957).  

 

4.3.2 Facies associations and interpretations 

The grouping of environmentally related facies units to form facies associations, rather 

than dealing with each facies in isolation, simplifies environmental interpretation. The 

following facies associations will be described based on their facies and spatial 

organisation, and interpreted where genetic names will be assigned. A summary of the four 

facies associations is provided in Table 4.4. 
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4.3.2.1   Facies association 1: Deformed outwash gravels 

i) Description 

Facies association 1 consists of very coarse massive, matrix-supported diamicton (Dmm) 

unconformably overlain by fine-grained sediments that were either laminated or massive 

(Fl, Flc, Fmc). The diamicton unit was interspersed with irregular sections of structured 

(Gs), openwork (Go) and deformed (Gd) gravels with associated sand and silt lenses (Sp, 

Sx, Sm, Fl, Fld). Some of these lenses were facies combination units (Sp/Fl, Fl/Sx, 

Fld/Sp(d)). The boundaries of the interspersed units were not well defined, with one unit 

often grading into another. Facies association 1 was observed at Site 2 and extended along 

much of the exposure (Figures 4.18a-c).  

 

ii) Interpretation 

Several options regarding the depositional environment for massive, matrix-supported 

diamictons (Dmm) exist. These are: the direct deposition into the lake via calving and 

subsequent debris rainout (Bennett et al., 2002), a basal glacial deposit or deforming layer 

(Glasser and Hambrey, 2002), or a subaqueous debris flow (Fitzsimons, 1992; Bennett et 

al., 2000; Mager and Fitzsimons, 2007). However, none of these interpretations apply to 

this deposit for several reasons. Firstly, the subangular to well-rounded nature of the clasts 

within the diamicton excludes a supraglacial sediment source, which rules out deposition 

via debris rainout from iceberg calving. Secondly, if this facies association were to be 

interpreted as a basal glacial deposit or deforming layer, due to the thickness of the deposit 

(4-7 metres) it is likely that the glacier was polar or subpolar in nature as, due to the 

freezing-on of material, glaciers with these thermal regimes are capable of transporting 

basal debris in a thick zone extending many metres above the glacier sole (Boulton and 

Deynoux, 1981). Due to the substantial evidence of liquid water present in the exposure, 

including lacustrine sediments and glaciofluvial gravels, it is likely that the glacier had a 

temperate thermal regime. Temperate glaciers usually only have a debris load at their base 

of no more than a few centimetres thick (Boulton and Deynoux, 1981), which is unlike the 

diamicton deposit at Hawea. Thirdly, the unconformable boundary between the diamicton 

unit and the overlying fine-grained lacustrine sediments indicate that the initial deposition 

of the diamicton unit was not in a subaqueous environment, which discounts deposition via 

subaqueous debris flows. 



 

 

 

 

 

 

Table 4.4: Summary of facies associations in the south-eastern Hawea moraine. 

Association Major facies Minor facies Structural features Interpretation 

1 Dmm, Gd, Gs, Go 

unconformably 

overlain by Fl, Fmc, 

Flc 

Sp, Sm, Fl, Fld, Sx, 

Sp(d) 

Irregular structured gravels, 

folding, cross-bedded sands 

Outwash gravels deposited prior to lake 

formation, which have subsequently been 

subject to deformation from ice advance. 

2 Fmc, Fl, Fld, Flc Gm, Dmm Dropstones, lamination, 

convoluted lamination, 

normal faulting 

Ice-contact lacustrine sediments with ice-

rafted debris. Evidence of syn- and post-

depositional deformation. 

3 Gd/Go/Gs, Go/Gs  Folding, beds dip at 25º to 40º Gilbert-type delta foresets, one of which has 

undergone post-depositional deformation as 

a result of the melt-out of buried ice. 

4 Gs, Go, Gx Sp, Fm, Fl, Sr, Gm, 

Gms, Sp(d) 

Cross-bedding, lamination, 

horizontal bedding, ripples, 

folding 

Outwash gravels deposited prior to lake 

formation.  
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After discarding all three interpretations for the deposition of massive, matrix-supported 

diamictons (Dmm), other evidence within the facies association must be explored further. 

The extensive diamicton deposit grades into gravel units (Gs, Go) in places (e.g. Figure 

4.34), which could indicate glaciofluvial deposition. The presence of sand and silt lenses 

(Sp, Sx, Sm, Fl, Fld) in association with gravel units, according to Glasser et al. (2006), 

can indicate waning flow, channel abandonment, or back ponding. Evidence supporting an 

interpretation of glaciofluvial deposition is present in the GPR profiles at Site 2 (Figures 

4.41 and 4.43-4.46), where continuous, subparallel reflections frequently dominate the 

lower 5-7 metres of the profile (refer to Section 4.4 for a full description and 

interpretation). However, these reflections are broken in places and heavily deformed in 

others (See Figures 4.41 and 4.43-4.46). A deformed gravel unit (Gd) near the southern-

most extent of Site 2 (Figures 4.18c at 660 metres, 4.31 and 4.32) exhibited asymmetrical 

post-depositional folding, indicating that post-depositional deformation may be more 

widespread throughout the deposit. The deformation immediately adjacent to the exposure 

in GPR Profile 5 (Section 4.4.1.5), in particular, is likely to have produced the massive 

appearance of the deposit (Figure 4.3, Profile 5). Deformed bedding adjacent to the 

exposure may have been extensive, given the laterally extensive nature of ice push features 

on the surface (Figure 4.42), which explains the external appearance of a deposit 

consisting of predominantly massive diamicton. The deposit is more structured than what 

can be observed in the exposures; therefore facies association 1 can be interpreted as 

outwash gravels that were deposited prior to the formation of a glaciolacustrine 

environment. These gravels were then subject to post-depositional compressive 

deformation by ice advance into the deposit. 

 

4.3.2.2   Facies association 2: Ice-contact lake deposits 

i) Description 

Facies association 2 consists of fine-grained units (Fmc, Fl, Flc, Fld) and fine-grained 

combination units (Fmc/Fl, Flc/Fld) with small, generally well-contained massive gravel 

(Gm) and diamicton units (Dmm) intermittently deposited throughout. Thin bands of 

pebbles within the surrounding fine units, parallel to any lamination present, were often 

associated with the massive gravel (Gm) and diamicton (Dmm) units below. Several 

dropstones were observed in a laminated fines unit (Fl) at Site 2, however, their extent was 
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limited. This facies association was generally located within the upper sections of the 

exposures at both Sites 1 and 2 (Figures 4.2 and 4.18a-c). 

 

ii) Interpretation 

These fine-grained sediments are interpreted as ice-contact lake deposits which, according 

to Donnelly and Harris (1989), characterise the lowest energy conditions in a lake 

environment. Clasts erratically embedded within the fine material suggest an ice-contact 

depositional environment as they have been recognised in other ice-contact environments 

as the product of either subaqueous debris flow or ice rafted debris (Glasser and Hambrey, 

2002; Mager and Fitzsimons, 2007). Dropstones with well-preserved impact structures 

were observed within fine laminated material at Site 2 (e.g. Figure 4.30) and are indicative 

of ice rafting. Clusters of clasts embedded within the fine deposits are likely to be the 

result of subaqueous debris flow or debris rain-out from icebergs.  

 

Planar accumulations of pebbles were associated with these clusters and the bottom 

contact of the fine units (e.g. Figure 4.2 at 75 metres and Figure 4.18a at 180 metres) 

indicating that underflow currents within the lake were strong enough to transport material 

larger than silt and clay (Ashley, 1988). Laminated (Fl) deposits, in which these planar 

accumulations are found, have been attributed to suspension settling and turbidity currents 

in ice-contact lakes (Fitzsimons, 1992). Massive fine units with suspended clasts (Fmc) 

occupy large portions of the exposures at both Site 1 and 2 (Tables 4.2 and 4.3). However, 

in association with these units, a more structured deposit was evident in GPR Profiles One-

Three and Eight (Figures 4.37-4.39 and 4.45) with continuous subparallel reflections 

present, suggesting that weathering of the fine-grained units may obscure any structure 

present in the exposure.  

 

Deformation structures of both syn- and post-depositional origin were present in the fine-

grained sediments. Normal faulting was observed at Site 2 (Figures 4.18c, 4.27, 4.28 and 

4.29) in association with slumping of the exposure. Eyles et al. (1987) interpreted normal 

faulting as a result of the foundering of sediment into subsurface voids produced by ice 

melt-out. Therefore it is likely that the normal faulting at Site 2 is also the result of post-

depositional melt-out of buried ice, due to the ice-contact nature of the depositional 

environment. Extensional deformation in this manner is often associated with debris 
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covered, downwasting ice margins where buried dead ice can be extensive (e.g. 

Schomacker and Kjær, 2008). Convoluted lamination (e.g. Figure 4.24) is also present in 

the upper fine units at Site 2 and represents syn-depositional deformation resulting from 

the loss of excess pore-water either during deposition or after deposition and before it 

dewatered. Strong lake currents are capable of producing fluidisation structures lamination 

within glaciolacustrine deposits (Ashley, 1998); therefore it is likely that the convoluted 

lamination observed within the exposures was a product of this. 

 

4.3.2.3   Facies association 3: Delta foresets 

i) Description 

Facies association 3 consists of two inclined stratified gravel units (Gd/Go/Gs and Go/Gs) 

found in the lower, gravel dominated section of the exposure at both Sites 1 and 2 (Figures 

4.2 and 4.18a). The inclined beds dip on angles from 25º to 40º and trend N-NE. These 

units were truncated by overlying, predominantly fine units (Fl/Sx, Fmc/Fl). The gravel 

combination unit that exhibited deformation (Gd/Go/Gs) at Site 2 was associated with an 

adjacent deformed laminated fines unit (Fld). The large synclinal structure observed in 

these units paralleled the slumping of the moraine surface. 

 

ii) Interpretation 

The inclined gravels at Site 1 and 2 are interpreted as remnants of Gilbert-type delta 

foresets. The high-energy conditions characteristic of Gilbert-type deltas are indicated by 

openwork gravels (Go) where sands and silts are absent (Benn and Evans, 1998). Gilbert-

type deltas have steep (25º-30º) depositional slopes (Postma and Roep, 1985), and the 

angle of the forest beds in the two units fall within this range. However, the steep (40º) 

nature of some of the beds observed at Site 2 in particular (Figure 4.18a at 150 metres) can 

be attributed to post-depositional deformation of the exposure caused by the melt-out of 

supporting ice. 
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4.3.2.4   Facies association 4: Outwash gravels 

i) Description 

Facies association 4 is comprised of predominantly horizontal to near-horizontal stratified 

gravels (Gs) with openwork gravels (Go) and lenses of planar sands (Sp) interspersed 

sporadically throughout. Massive gravels (Gm, Gms) and massive fine lenses (Fm) were 

occasionally incorporated into this sequence. The fines and sand lenses were up to 40 

centimetres wide with a lateral extent of up to 5 metres. These discontinuous sequences 

were largely found lower in the exposures at Site 1 (Figure 4.2) and were often surrounded 

in massive gravel units (Gms, Gm). However similar sequences were observed at Site 2, 

one with a lens of laminated fines (Fl) and cross-bedded gravels (Gx) alongside 

horizontally bedded stratified gravels (Gs). Planar sand (Sp) lenses were located to the left 

of this sequence within the surrounding diamicton (Dmm) (Figure 4.18b at 490 metres). 

The other sequence consisted of an openwork and stratified gravel combination unit 

(Go/Gs) underlain by a deformed gravel and sand unit with ripples (Gd/Sp(d)/Sr). A 

massive fines (Fm) lens was situated between the two gravel dominated units (Figure 4.18 

at 700 metres). 

 

ii) Interpretation 

These units are interpreted as outwash gravels. Unlike the outwash gravels in facies 

association 1, deformation was very limited indicating that it may have been further away 

from the ice margin than the deposit in facies association 1. The smaller clast size and 

better sorting of this gravel deposit compared with the deposit in facies association 1 also 

indicates a more ice distal position. Limited deformation allowed the deposit’s structure to 

remain intact and evidence of glaciofluvial processes within the exposures was abundant. 

According to Glasser et al. (2006), stratified gravels indicate fluctuating flow and sediment 

supply, with the sand and silt lenses that are interspersed within the stratified gravels being 

indicative of waning flow, channel abandonment, or back ponding. The discontinuous 

nature of facies association 4 does not capture the extent of glaciofluvial deposition, 

particularly at Site 1 where all four GPR profiles (Figures 4.37-4.40) indicate glaciofluvial 

deposition in their lower sections with subparallel, continuous reflections. GPR profiles 

adjacent to the two sequences at Site 2 (Figures 4.45 and 4.46) displayed similar 

reflections. 
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4.4 Ground-penetrating radar profiles 

The description and interpretation of nine GPR profiles (Figures 4.37-4.41 and 4.43-4.46) 

of the south-eastern Hawea moraine will be presented in this section. The GPR profiles 

build on the results obtained from the limited sedimentary exposures (Section 4.3) by 

providing valuable information on the structure of the deposit in a direction perpendicular 

to the exposures and, presumably, the ice margin. Horizontal divisions of up to three 

sections have been applied to the GPR profiles to aid description, and the reflections in 

each GPR profile will be interpreted separately (Sections 4.4.1.1-4.4.1.9) and, following 

this, parallels between reflection configurations in each GPR profile will be discussed in 

Section 4.4.2. The location of these profiles is shown on Figure 3.1 (for convenience a 

copy of this map has been provided in the back pocket to refer to throughout this section). 

Each profile is located adjacent to the vertical profiles in Figure 4.3; for example vertical 

Profile 1 corresponds with GPR Profile 1. The locations of these vertical profiles are 

indicated on Figures 4.2 and 4.18a-c. The description and interpretation of each GPR 

profile are ordered from 1-9 (Sections 4.4.1.1-4.4.1.9). 

 

4.4.1 Description and interpretation of GPR profiles 

4.4.1.1   Profile 1 

i) Description 

0-100 m: In this section, the upper 4 metres of the profile (Figure 4.37) contains 

continuous, cross-cutting, wavy reflections, some of which dip upglacier at 8º. Some of 

these upglacier dipping reflections have been truncated at the surface. At about 5 metres 

deep there is a continuous horizontal reflection that extends for 90 metres. Beneath this, 

strong continuous and subparallel reflections of up to 80 metres are present. These are 

surrounded by pockets of discontinuous reflections 5-10 metres in length. 

 

100-180 m: Cross-cutting, discontinuous reflections near the surface are underlain by a 

strong concave reflection which is centred around 138 metres. Both limbs of the concave 

reflection dip at 15º. From 100-130 metres, where the surface topography dips 13º, a 

downglacier dipping set of reflections is present from a depth of approximately 5 metres 

and terminates just before the lowest point of the concave reflection. Beneath the concave 

reflection, a continuous reflection that extends from 100-205 metres is also concave in 
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nature; however the limbs are not as steeply dipping (8º) as those associated with the 

shorter concave reflection positioned above. This continuous reflection runs subparallel 

with other continuous reflections that surround it. 

 

180-298 m: Cross-cutting, wavy, continuous reflections are present in the top 5 metres of 

the subsurface from 190-230 metres. A convex structure made up of discontinuous to 

continuous reflections spans from 225-285 metres. Both limbs dip at 7º. The reflections 

beneath this structure are continuous and undulating. 

 

ii) Interpretation 

The wavy, cross-cutting reflections in the upper 5 metres of the profile are the result of 

compressive, post-depositional deformation by ice advance, which has been well 

documented by Sadura et al. (2006). These ductile deformation structures are restricted to 

the glaciolacustrine sediments at the surface of the profile. In the first section (0-100 

metres) these reflections are underlain by glaciofluvial deposits, which are characterised 

by strong, subparallel reflections. These reflections have been found in other glacial 

environments (van Overmeeren, 1998; Sadura et al., 2006; Webb, 2009) and are attributed 

to the large variation in grain size due to temporal variation in flow. In the last section 

(180-298 metres), the deformed glaciolacustrine sediments are underlain by a series of 

disjointed convex reflections which are interpreted as a buried moraine mound, not unlike 

that found by Webb (2009) in the Ohau valley. 

 

In the centre of the profile, concave reflections, similar to those identified by van 

Overmeeren (1998), overlain by cross-cutting discontinuous reflections are interpreted as 

an abandoned meltwater channel with cross-bedded fill. This meltwater channel flowed 

between the two moraine mounds (Figure 4.1). A series of downglacier dipping reflections 

on the slope adjacent to the channel are indicative of slope instability on the channel bank. 

Both Sadura et al. (2006) and Webb (2009) interpreted dipping reflections in association 

with inclined ground surfaces as slope instability. It is likely that the instabilities on the 

channel bank were associated with the melt-out of supporting ice after the moraines were 

deposited.   
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4.4.1.2   Profile 2 

i) Description 

0-40 m: Continuous, subparallel reflections characterise the subsurface in this section 

(Figure 4.38). The uppermost continuous reflection runs broadly parallel to the surface for 

40 metres, which dips from 5-10º upglacier. Small breaks are present in some of the 

reflections below this. The majority of reflections lower in the profile run near-horizontal 

for 10-50 metres. At a depth of approximately 6 metres a strong, near-horizontal reflection 

extends throughout this section and stretches along the profile to 125 metres. 

 

40-90 m: The upper 5 metres contains discontinuous reflections with some dipping at 30º 

upglacier on the proximal slope of the moraine ridge, and others dipping upglacier at 10-

15º on the distal slope. The steeper reflections (30º) appear to be truncated by the ground 

surface. The continuous reflections described in the lower portion from 0-40 m extend 

through this section, however, some of these are truncated. The strong reflection that is 

situated at 6 metres deep is broken at approximately 72 metres, but continues on to where 

it terminates at 125 metres. 

 

90-160 m: Upglacier dipping reflections (15-20º) continue to dominate the upper portion 

of the profile. However, these reflections are longer (10-50 metres) and dip upglacier just 

before their termination. Continuous, subparallel reflections characterise the base of the 

profile. 

 

ii) Interpretation 

The continuous, upglacier dipping reflections immediately adjacent to the cliff are 

interpreted as planar structures resulting from deposition of fine material in low energy 

conditions in a glaciolacustrine environment, based on evidence of lamination within the 

exposure at this location. Beneath this, a normal fault is present in the glaciolacustrine 

beds, which often characterises extensional deformation beneath an advancing glacier (e.g. 

Figure 2.3). In association with the moraine ridge (40-90 metres), this fine material 

exhibits steep thrusts on the ice proximal slope and shallower thrusts on the ice distal 

slope. Jakobsen and Overgaard (2002) found that ice proximal thrusts resulting from ice 

push were steeper than those in an ice distal position; therefore it is likely that the thrusts 
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observed are the result of ice push. The glaciolacustrine material in the upper 5 metres of 

the last section (90-160 metres) also exhibits shallow thrusts (15-20º) and thrust faulting. 

These features are also interpreted as shortening of the sediments resulting from ice 

advance into the glacial foreland.  

 

The glaciofluvial sediments in the bottom 5 metres of the profile are near-horizontal 

indicating that the extensional and compressional deformation from ice advance was 

mainly restricted to the overlying glaciolacustrine sediments (4 metres thick). Faulting 

observed near the base of the profile (60-70 metres) indicates readjustment of the pre-

existing outwash gravels under the load imposed by ice advance.  

 

4.4.1.3   Profile 3 

i) Description 

0-35 m: Continuous, subparallel reflections (up to 55 metres long) in the upper portion of 

this section run broadly parallel with the surface, which dips upglacier at approximately 

14º (Figure 4.39). Small breaks are present in the reflections. These inclined reflections 

terminate against a strong, continuous, horizontal reflection. Continuous, near-horizontal 

reflections, from 10-35 metres long, characterise the base of this section of the profile. 

 

35-105 m: Wavy, continuous to discontinuous reflections are present near the surface in 

this section. Some of these dip 15-20º upglacier on the proximal side of the moraine ridge. 

Beneath these, continuous, near-horizontal reflections of up to 80 metres are present. 

 

105-150 m: At about 3-5 metres deep, a couple of continuous reflections extend 

throughout this section. These reflections are surrounded by continuous to discontinuous 

reflections. Some of the continuous reflections near the surface, approximately 10-15 

metres long, are undulating. 
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ii) Interpretation 

As with GPR Profile 2, the continuous, upglacier dipping reflections immediately adjacent 

to the cliff are interpreted as planar structures resulting from deposition of fine material in 

low energy conditions in a glaciolacustrine environment. These reflections also transition 

into thrusts associated with the moraine ridge (35-85 metres) and folding on the ice distal 

side (120-150 metres), both of which are interpreted as the result of ice advance. The 

subparallel reflections that dominate the lower 5-7 metres of the profile are interpreted as 

glaciofluvial deposition. As with GPR Profiles One and Two, deformation structures are 

restricted to the glaciolacustrine deposit at the surface. 

 

4.4.1.4   Profile 4 

i) Description 

0-25 m: In the initial 8 metres, several discontinuous reflections are present at around 4 

metres deep (Figure 4.40). Continuous, horizontal to near-horizontal, subparallel 

reflections extend along the base of this section. The upper section consists of continuous 

to discontinuous (2.5-10 metres in length), subparallel reflections.  

 

25-65 m: A strong, continuous, downglacier dipping reflection (10º) extends throughout 

this section. It commences at the surface at 25 metres and terminates 5 metres deep at 65 

metres, where a structural truncation may be present. Above this the reflections are 

discontinuous with some upglacier dipping at 15-25º and others that are near-horizontal 

and wavy. The upglacier dipping reflections terminate at the surface. The base of the 

profile is characterised by continuous subparallel reflections. 

 

65-130 m: Throughout much of this section a strong, continuous, horizontal reflection is 

present at a depth of approximately 6 metres. This reflection appears to be associated with 

the strong downglacier dipping reflection from 25-65 metres. In the upper section, the 

discontinuous reflections continue, again with some upglacier dipping and others that are 

near-horizontal and wavy. The lower section consists of discontinuous to continuous, near-

horizontal reflections (2.5-30 metres in length). 
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ii) Interpretation 

The discontinuous reflections near the cliff edge (0-5 metres) are interpreted as slumping, 

as they have a similar appearance as those interpreted by Webb (2009). The loss of support 

from buried ice or the retreat of the ice margin could have produced this localised 

slumping. The strong reflection that extends from 25-120 metres is the fines/gravel 

boundary, as the reflections above are characteristic of deformed glaciolacustrine 

sediments observed in GPR Profiles One-Three and those below are subparallel reflections 

that are typical of glaciofluvial gravels. Reverse faults, resulting from ice advance, break 

up this reflection (65-75 metres). Once again, deformation is restricted to the 

glaciolacustrine sediments. 

 

4.4.1.5   Profile 5 

i) Description 

0-70 m: In the upper 4 metres, upglacier dipping (20º) and convex reflections are situated 

under a small crest (< 1.5 metres) on the ground surface at approximately 10 metres 

(Figure 4.41). In the lower half of this section, from 0-20 metres, discontinuous to 

continuous, upglacier dipping reflections at 15-25º are present. A strong upglacier dipping 

reflection (5-10º), which extends 50 metres before it terminates just below the surface, 

divides the upper and lower sections. The end of this reflection is convex. From 50-70 

metres, discontinuous reflections are present throughout the subsurface. A strong 

continuous reflection (35 metres in length), which appears a continuation of the strong 

upglacier dipping reflection, divides the upper and lower sections. 

 

70-145 m: Discontinuous, upglacier dipping reflections of approximately 10-20º 

characterise the upper 4 metres of the subsurface. The strong 35 metre long reflection 

continues into this section until approximately 85 metres. At around 110 metres a 

discontinuous, concave reflection with a prograded fill is present. Continuous reflections 

beneath this mimic the concave structure above. On the distal slope the reflections are 

broadly parallel with the surface, which dips at 11º. 

 

145-196 m: This section contains chaotic, discontinuous reflections with an occasional 

continuous, near-horizontal reflection towards the base of the profile. 
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ii) Interpretation 

The thrusts near the cliff (0-15 metres) occur beneath a small crest (< 1.5 metres) in the 

moraine (Figure 4.42) which extends right along Site 2, parallel to the exposure. These are 

interpreted as the result of ice advance. Unlike the previous thrust features at Site 1 (GPR 

Profiles Two-Four), these thrusts extend down into the glaciofluvial gravels at the base of 

the profile indicating more pervasive deformation at this location. The fines/gravel 

boundary is indicated on Figure 4.41. In association with the larger moraine ridge (50-140 

metres), folding is present on the ice proximal slope with thrust features present along the 

ridge and ice distal slope. These features are similar to those found in the glaciolacustrine 

sediments in Profiles 2-4 (Figures 4.38-4.40) therefore they are also interpreted as a 

product of ice advance.  

 

Concave reflections at 110 metres are interpreted as a sink hole in the glaciofluvial gravels 

resulting from a downwasting ice margin and the formation of thermokarst ponds, similar 

to those observed on the Tasman Glacier (Kirkbride, 1993). At the end of the profile (160-

196 metres) the chaotic reflections are heavily deformed glaciolacustrine sediments, which 

are most likely the result of intense ice push. 

 

 

Figure 4.42: Small crest (< 1.5 metres) in moraine surface at Site 2. Photo taken facing northeast. 
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4.4.1.6   Profile 6 

i) Description 

0-65 m: Continuous reflections (10-20 metres in length) extend out from the profile’s 

edge, with some dipping upglacier at 8-10º (Figure 4.43). From 20-65 metres the 

subsurface is characterised by discontinuous to continuous reflections. The chaotic 

reflections in the upper section are underlain by a series of contorted continuous 

reflections. 

 

65-110 m: A series of parallel, slightly convex reflections dominate the top 6 metres of this 

section, extending from 70-95 metres. At approximately 88 metres, the convex reflections 

abruptly dip upglacier at 15-20º with some terminating at the surface. Beneath this the 

reflections are continuous, some of which also dip upglacier at 20º. 

 

110-205 m: The upper portion of the subsurface contains discontinuous, chaotic reflections 

that extend throughout the entire section. Continuous to discontinuous reflections (2-35 

metres in length) characterise the base of this section. The strong dipping reflection that 

extends down from the surface at 205 metres is the result of surface reflections from a 

fence situated at the end of the profile. 

 

ii) Interpretation 

Beneath a small crest (< 1.5 metres) in the moraine (Figures 4.42 and 4.43), contorted and 

chaotic reflections indicate complex deformation with several reverse faults, resulting from 

ice advance. The series of slightly convex, parallel reflections are interpreted as a channel. 

Glaciofluvial deposition is present both next to the cliff (0-20 metres) and at the end of the 

profile (110-205 metres), as indicated by the subparallel reflections. Heavily deformed 

material, similar to that found in GPR Profile 5 is present in the upper 5 metres at the end 

of the profile (110-205 metres) and is likely to be the result of intense ice push. 
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4.4.1.7   Profile 7 

i) Description 

0-135 m: Strong continuous, wavy reflections extend right throughout this profile (Figure 

4.44) creating a large synform that extends from approximately 55-90 metres. In the first 

50 metres these reflections run broadly parallel with the undulating surface. After this 

point they dip downglacier at 12º, creating a concave structure as they dip in an upglacier 

direction (8-17º) at 65 metres. Small breaks are present in these reflections. This basin 

structure is filled with discontinuous (2-8 metres in length), near-horizontal reflections. 

The end of this profile (95-135 metres) contains continuous (up to 35 metres in length), 

near-horizontal reflections with pockets of discontinuous reflections throughout. The series 

of slightly concave reflections centred around 110 metres are considered unrelated to the 

sedimentary structure due to a fence being situated directly above these reflections. 

 

ii) Interpretation 

The large synform is the result of ice push and has an appearance almost identical to a 

GPR profile of a push-moraine with glaciotectonic structures in van Overmeeren (1998). 

Small reverse and normal faults are present near the surface (50-80 and 115-120 metres) 

indicating brittle deformation resulting from ice push.  

 

4.4.1.8   Profile 8 

i) Description 

0-99 m: This profile is characterised by continuous (up to 60 metres in length), subparallel, 

near-horizontal reflections (Figure 4.45). Infrequent continuous to discontinuous 

reflections (5-10 metres in length) are scattered in between the continuous reflections. 

Truncation of reflections is observed from 55-75 metres. 

 

ii) Interpretation 

These reflections are interpreted as glaciofluvial deposits. Normal and reverse faulting of 

gravel beds near the end of the profile (55-75 metres) can be attributed to minor 

readjustment of the deposit resulting from the melt-out of buried ice. 
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4.4.1.9   Profile 9 

i) Description 

0-45 m: At a depth of 5 metres there is a strong, near-horizontal reflection that extends for 

30 metres (Figure 4.46). The end of the reflection dips upglacier (15-20º), which appears 

to be associated with the moraine crest. A few other convex reflection configurations in the 

upper 8 metres from 30-40 metres also appear to be associated with the moraine crest and 

have been truncated in places. Above this the discontinuous to continuous reflections are 

upglacier dipping at 10-20º and terminate at the surface. The base of this section contains 

near-horizontal, subparallel reflections ranging from continuous to discontinuous (3-27 

metres in length). 

 

45-125 m: From 45-75 metres, in the upper 4 metres, a couple of upglacier dipping (20º) 

reflections are present, which terminate at the surface. Underneath these and extending out 

to the end of the profile, there are predominantly subparallel, continuous to discontinuous 

reflections (5-55 metres in length). 

 

ii) Interpretation 

Upglacier dipping reflections in the upper 5 metres next to the cliff (0-25 metres) are 

interpreted as thrusts resulting from ice advance. An antiform associated with a crest in the 

moraine is also linked to ice advance. Both normal and reverse faulting is present under 

the moraine crest, which is indicative of brittle deformation associated with ice push. The 

fines/gravel boundary is indicated in Figure 4.46. Beneath these features, the lower section 

of the profile is interpreted as glaciofluvial deposition. These deposits extend up to the 

surface from 70-125 metres. 
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4.4.2 Summary of GPR interpretations 

It is clear from the evidence in the GPR profiles that differences in the extent of 

glaciotectonic deformation exist between Site 1 and 2. Deformation of the deposit at Site 1 

was restricted to the lacustrine sediments that overlie the outwash gravels, indicating that 

the glacier overrode the outwash gravels as it advanced. At Site 2, evidence suggests that 

the glacier advanced into both the lacustrine sediments and outwash gravels. Thrusts 

(Figures 4.38-4.41), folding (Figures 4.37, 4.39, 4.41, 4.44, and 4.47) and normal and 

reverse faulting (Figures 4.38, 4.40, 4.43, 4.44, and 4.47) are attributed to ice advance. 

Chaotic reflections have also been interpreted as heavy deformation produced by intense 

ice push (Figures 4.41 and 4.43). Slumping (Figures 4.37 and 4.40) and normal and 

reverse faulting (Figure 4.46) were associated with both the melt-out of buried ice and the 

removal of supporting ice during retreat. Other features observed within the GPR profiles 

were channels (Figures 4.37 and 4.43), a buried moraine mound (Figure 4.37), a cross-

bedded glaciofluvial deposit (Figure 4.37), and a sink hole within the glaciofluvial gravels 

(Figure 4.41). 
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Chapter Five: 
Discussion 
 

5.1 Introduction 

Based on surface morphology, sedimentary exposures and GPR profiles of the south-

eastern Hawea moraine, a detailed interpretation of the terminus environment will be 

provided (Section 5.2.1) and a depositional model will be developed (Section 5.2.2). The 

glaciotectonic deformation structures within the south-eastern Hawea moraine will then be 

compared and contrasted with glaciotectonic deformation structures observed in ancient 

glacial deposits in the eastern valleys of the South Island (Section 5.3.1) and placed in the 

wider context of studies that have been undertaken in the Northern Hemisphere (Section 

5.3.2). Finally, the limitations of this study and directions for future research will be 

discussed (Section 5.4).  

 

5.2 The south-eastern Hawea moraine 

5.2.1 Interpretation of the terminus environment 

The former terminus environment present at the south-eastern Hawea moraine has 

produced a sediment-landform assemblage that suggests several stages of development 

(Figure 5.1). Evidence derived from the sedimentary exposures and GPR profiles of the 

south-eastern Hawea moraine indicates that, initially, the terminus region of the glacier 

that once occupied the Hawea Valley was dominated by glaciofluvial processes. The 

extensive nature of these deposits within the moraine, both vertically and horizontally, 

indicates prolonged deposition of glacier-derived debris in the glacial foreland. These 

outwash gravels extend south beyond the remnants of the Albert Town moraine as far as 

Lake Dunstan (Figure 3.3). In the eastern valleys of the South Island, glaciofluvial 

signatures dominate the sedimentary record in ancient glacial deposits (e.g. Lake Pukaki 

(Mager and Fitzsimons, 2007), Lake Ohau (Webb, 2009), and the Rakaia Valley (Hyatt, 

2009). Aggraded outwash plains can also be observed at the terminus of many modern 

glaciers in this region (e.g. Tasman, Mueller, Hooker, Grey-Maud, Godley, and Classen 

Glaciers). The lower portions of most modern glaciers in the Southern Alps are covered in 
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supraglacial debris and it is this sediment source that has significantly contributed to valley 

aggradation.  

 

The geology of the central Southern Alps, where the majority of research on modern 

glaciers is carried out, is dominated by schist and greywackes. This material is weak and 

when combined with the high rates of orographic precipitation that characterise the region 

the result is high rates of erosion (Hicks et al., 1996). New Zealand’s maritime climate 

produces moderate temperatures and low seasonality, which leads to the relatively 

consistent and abundant supply of water. During the LGM, this maritime climate persisted 

as a decrease in mean annual temperature of only 4 to 5ºC is widely accepted (e.g. Soons, 

1979; Suggate, 1990), indicating that temperatures were still above 0ºC over much of the 

glacier. This indicates that high sediment yields and high meltwater fluxes observable 

today were present during the LGM, enabling the development of extensive outwash plains 

in the glacial foreland. The lack of supraglacial and subglacial signatures in the deposits at 

Lake Hawea was attributed to the presence of large quantities of meltwater based on the 

widespread nature of the glaciofluvial gravels. The absence of glacially modified clasts in 

the Rakaia Valley was attributed to subglacial conditions that were dominated by 

meltwater flushing (Hyatt, 2009). From this basis Hyatt (2009) contends that conditions 

for the widespread formation of subglacial till were unfavourable. It is likely that similar 

conditions existed at the base of the glacier that occupied the Hawea Valley. Reworking of 

supraglacial debris by meltwater in englacial and supraglacial streams and within the 

glacial foreland has smoothed the characteristically angular clasts, which means that clear 

evidence of a supraglacial sediment source was not present in the sedimentary exposures.  

 

It is this significant quantity of meltwater and valley aggradation that has been implicated 

in the formation of large proglacial lakes, such as that observed at the terminus of the 

Tasman Glacier (Kirkbride, 1993). The outwash head, if it is of sufficient height, can act as 

a damming mechanism for ice-contact proglacial lakes. Similarly, degrading ice margins 

or pre-existing moraines may also act as dams for proglacial lakes as illustrated by Mager 

and Fitzsimons (2007) and Webb (2009) respectively. In both of these studies, as well as 

the present study of the Hawea moraine, extensive glaciolacustrine deposits, which 

indicate the existence of a deep lake that occupied an area for a long period of time, were 

observed. The extensive deposits observed in the Tekapo moraine (e.g. Hart, 1996; Mager 
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and Fitzsimons, 2007) indicate that during the LGM large proglacial lakes, comparable to 

those observed at the margins of modern glaciers in New Zealand, may have been 

widespread. The extensive glaciolacustrine sediments in the south-eastern Hawea moraine 

are positioned above the outwash gravels; therefore the outwash head could not have 

caused the lake to form. No other topographic feature that could be attributed to its 

damming exists; therefore an ice dam is the only feasible explanation for lake development 

despite the fact that there appears to be no remaining evidence of such a dam. The glacier 

terminus would have advanced over the outwash gravels where the subsequent stagnation 

of the ice margin led to its thinning and the development of thermokarst ponds. Due to the 

extensive and uninterrupted nature of the glaciolacustrine sediments, these ponds must 

have coalesced to form one large lake, similar to the earlier stages of proglacial lake 

development on the Tasman Glacier (e.g. Kirkbride, 1993). The expansion of thermokarst 

ponds can be attributed to the turbid water they contain as these ponds trap supraglacial 

debris. The suspension of finer debris fractions within the water column encourages the 

water to heat up, promoting the melting of surrounding ice. Evidence of high sediment 

supplies in the Hawea Valley suggests that the lower portion of the glacier that once 

occupied the valley was covered in supraglacial debris, similar to that observed on modern 

glaciers in the central Southern Alps; therefore thermokarst expansion at the ice margin 

can be attributed to this process. The presence of dropstones within the accumulation of 

glaciolacustrine sediments in the south-eastern Hawea moraine shows that the lake was 

characterised by the development of a calving ice margin and the presence of icebergs 

within the lake. Dropstones were also observed in the Tekapo moraine (e.g. Hart, 1996; 

Mager and Fitzsimons, 2007) indicating that calving ice margins may have been 

widespread during glacial retreat in the eastern valleys of the Southern Alps.  

 

Before stagnation and supraglacial lake formation, ice advance over the outwash gravels in 

the Hawea Valley did not extensively deform the gravels. This could be attributed to the 

hydrological properties of the deposit, where any pore-water present inside the large voids 

within the gravels would be expelled in response to ice loading. Pore-water facilitates 

deformation as it reduces normal stress (Equation 2.4), which allows deformation to occur 

at lower stress levels. With the expulsion of this pore-water content, the deposit would be 

less susceptible to deformation from the shear stresses exerted by the glacier. However, it 

has also been speculated that a lack of pore-water actually promotes soft sediment 
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deformation by increasing the coupling between the glacier and its bed (van der Wateren, 

1995). This contradiction highlights the many uncertainties present in the current 

understanding of subglacial dynamics. Alternatively, the lack of deformation may have 

resulted from high water pressures in the outwash gravels, which have been associated 

with decoupling of the ice from its bed and the promotion of glacier sliding rather than 

deformation (Murray, 1997). A firm interpretation regarding the lack of deformation 

associated with this ice advance cannot be made due to the uncertainties within the 

literature. The majority of the deformation structures present within the south-eastern 

Hawea moraine occurred after the initial ice advance and while the supraglacial lake 

existed, as these deformation structures were either restricted to the glaciolacustrine 

sediments or incorporated both the outwash gravels and the glaciolacustrine sediments. 

During this time, both the glaciolacustrine sediments and at least the upper portion of the 

glaciofluvial gravels that lie beneath the lake were saturated, which reduces the strength of 

the deposit. Stresses exerted on the deposit by at least two small readvances of the glacier, 

in tandem with the high pore-water pressure, have resulted in glaciotectonic deformation 

of the deposit. These readvances may be associated with an oscillating ice margin, which 

will be discussed in more detail in Section 5.3.1 in relation to evidence from Late 

Pleistocene and modern deposits in the South Island. 

 

There is considerable spatial variation of the style and scale of glaciotectonism throughout 

the south-eastern Hawea moraine. Thrusts, and associated thrust faults, were often 

restricted to the glaciolacustrine sediments, although evidence of thrusts extending into the 

glaciofluvial gravels exists, indicating more pervasive deformation throughout some parts 

of the deposit. Elevated water pressures in the glaciolacustrine sediment as a result of ice 

loading during advance could account for the areas in the south-eastern Hawea moraine 

where thrusting was restricted to this deposit. The boundary between saturated 

glaciolacustrine sediments and the relatively well-drained glaciofluvial gravels may have 

acted like a décollement surface, where the increased water pressure reduced friction at 

this boundary allowing sliding to occur. The potential role of elevated pore-water pressure 

along a décollement surface in the initiation of deformation is widely recognised (e.g. 

Bluemle and Clayton, 1984; Boulton et al., 1999; Bennett, 2001). Throughout the deposit, 

thrusts were frequently associated with a moraine ridge, with steeper thrusts on the 

proximal slopes compared with those in an ice distal position. GPR profiles of ice marginal 
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deposits in Denmark also demonstrate this change in the inclination of thrusts within a 

moraine ridge resulting from ice push (Jakobsen and Overgaard, 2002). Folding was also 

well contained within the glaciolacustrine sediments, however larger scale folding that 

incorporated the glaciofluvial gravels was observed. This variation can be attributed to 

localised differences in the yield strength of the material based on factors such as grain 

size distributions, pore-water, and the structure of the deposit. Localised differences in the 

glacial stress field could also produce irregular deformation. These differences include the 

rate at which the stress is applied and its magnitude, both of which influence the relative 

importance of brittle and ductile deformation (Bennett, 2001). Glaciotectonic deformation 

from stagnant ice has also occurred after the readvance, where the loss of support from the 

melt-out of buried ice has created normal and reverse faulting and folding of both 

glaciofluvial and glaciolacustrine units. These features have been observed in many 

ancient ice marginal deposits within the South Island (e.g. Mager and Fitzsimons, 2007; 

Webb, 2009) and at the margins of modern glaciers in the Northern Hemisphere (e.g. 

Donnelly and Harris, 1989). The range of glaciotectonic deformation structures observed 

within the south-eastern Hawea moraine will be compared and contrasted with those 

observed in ancient glacial deposits in the eastern valleys of the South Island in Section 

5.3.1. Then they will be placed in the wider context of studies that have been undertaken in 

the Northern Hemisphere in Section 5.3.2. 

 

5.2.2 Depositional model of moraine development 

Following on from the interpretation of the terminus environment, a depositional model for 

moraine development at the south-eastern Hawea moraine is presented in Figure 5.1. The 

purpose of this depositional model is to illustrate the nature, position, and relative timing 

of sediment accumulation and deformation. It is proposed that after prolonged retreat from 

the Albert Town moraine, the glacier ceased its retreat further up-valley than the south-

eastern Hawea moraine. The glacier remained stationary in this position for an extended 

period, during which aggradation of the valley continued (Figure 5.1a) as a result of the 

efficient redistribution of supraglacial debris by large quantities of meltwater. The glacier 

then advanced over the outwash gravels where the deposit was left relatively undeformed 

(Figure 5.1b). Stagnation of the ice margin ensued and thermokarst ponds developed on 

the glacier surface. Over time, the turbid water contained within these ponds promoted 

melting of the surrounding ice, which led these ponds to coalesce and form a large 
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supraglacial lake dammed between a calving ice margin and a debris-covered ice dam 

(Figure 5.1c). Glaciolacustrine sediments from underflows, clasts from iceberg rainout and 

debris flows accumulated on the lake bottom (Figure 5.1d). While the lake was still present 

at the glacier terminus, the glacier readvanced into the lake and variably deformed both the 

glaciolacustrine sediments and glaciofluvial gravels (Figure 5.1e). Small moraine mounds 

on top of the main deposit are interpreted as evidence of an oscillating ice margin, where at 

least one readvance into the deformed ice proximal sediments occurred (Figure 5.1f). 

Sustained ice retreat followed this period of oscillation. The ice dam melted and the lake 

drained away. Any remaining buried ice melted out, creating instabilities within the 

deposit and, as a consequence, deformation of the sediment (Figure 5.1f). 
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5.3 Glaciotectonic deformation in the south-eastern Hawea moraine 

5.3.1  A regional comparison 

As outlined in the depositional model (Figure 5.1), post-depositional glaciotectonic 

deformation, associated with both active and stagnant ice, has altered the deposit. 

Observed glaciotectonic deformation structures include normal faults and folds resulting 

from melt-out and the removal of supporting ice following retreat, and thrusts, folds, 

normal and reverse faults as products of at least two ice advances into the deposit. By 

comparing and contrasting these deformation structures with those found in other 

glaciolacustrine end moraines within the eastern valleys of the Southern Alps, it is evident 

that widespread variation exists both within and between the deposits.  

 

An examination of the Tekapo moraine in the Ohau Valley by Webb (2009) revealed a 

complex array of deformation structures attributed to both glacier advance and loss of ice 

support during retreat and melt-out (Figures 3.8 and 3.9). Extensive GPR profiling of the 

moraine was undertaken as the extent of sedimentary outcrops was very limited. Structures 

indentified in the GPR profiles were interpreted within the constraints of both modern and 

ancient analogues, however, only a small portion of these analogues included authors that 

had utilised GPR profiling. A major impediment for a geophysical approach to the study of 

Quaternary sediments is that the GPR literature is poorly developed. Despite this 

limitation, Webb (2009) found evidence of sediment slumping, reverse faulting and 

depressions, which were interpreted as products of ice melt-out and the removal of ice 

support following ice retreat. Due to the extensive supraglacial debris assumed to have 

covered the lower lengths of Late Pleistocene glaciers in the South Island, the occurrence 

of buried ice in ice marginal environments is common (e.g. Mager and Fizsimons, 2007; 

Hyatt, 2009) as it can become detached from the ice margin during glacier downwasting 

and retreat. Loss of ice support during retreat has been associated with structurally 

complex lateral-frontal moraines, which commonly exhibit contorted bedding (Benn et al., 

2005). 

 

Webb (2009) also found evidence of large scale glaciotectonic deformation from ice push 

in the form of nappes, faulting, open folds and heavily deformed sediments. These large 

scale glaciotectonic structures record multiple ice advances into the deposit, which 

suggests an oscillating ice margin. This phenomenon has been recognised in Late 
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Pleistocene deposits in the South Island by McCalpin (1992) where three separate 

advances at Lake Tennyson, Marlborough, were identified. Further south, several advances 

of Pleistocene glaciers at Tekapo and Pukaki into the same topographic barrier has been 

recognised by R. Speight (1942) and J.G. Speight (1963). Expansion and contraction of 

modern glaciers within the central Southern Alps has also taken place over several hundred 

years (Burrows, 1989), indicating that ice margin oscillation was and continues to remain 

widespread in the South Island.  

 

The examination of extensive sedimentary exposures of Tekapo age in the Tasman Valley 

by Mager and Fitzsimons (2007) did not reveal evidence of an oscillating ice margin. 

Glaciotectonic deformation observed within this Late Pleistocene deposit were 

predominantly syn-depositional and extensional structures associated with a downwasting 

ice margin and the formation of a supraglacial lake (Figure 3.7). However, examination of 

the same sedimentary exposures by Hart (1996) revealed glaciotectonic evidence of two 

small ice advances during a period of general retreat. Two sections of the Tekapo moraine 

were interpreted by this author as push-moraines with thrusting on the proximal side and 

slumping on the distal side (Figure 3.6). The vast difference in interpretation of the same 

sedimentary deposit by Mager and Fitzsimons (2007) and Hart (1996) highlights the 

potential for subjective interpretation of glaciotectonic phenomena. In addition to this, 

basing any investigation of glaciotectonic deformation on sedimentary exposures that are 

predominantly parallel with the ice margin could result in misinterpretation. This is 

because glacial stresses associated with ice advance into a sedimentary deposit propagate 

into the foreland, which generally results in structures oriented perpendicular to the ice 

margin. Glaciotectonic structures observed within the sedimentary exposures in the south-

eastern Hawea moraine, which are also parallel with the ice margin, suggest a glacial 

environment with no ice marginal oscillation where deformation associated with ice melt-

out dominates. With the addition of the GPR profiles oriented perpendicular to the 

exposures at the south-eastern Hawea moraine, extensive evidence of glaciotectonic 

deformation resulting from ice advance is revealed, which drastically changes the 

interpretation of the deposit’s formation. Therefore, by not investigating the structure of 

the deposit further into the foreland, the interpretation and environmental reconstruction 

created by both Mager and Fitzsimons (2007) (Figure 3.7) and Hart (1996) (Figure 3.6) 

may be incorrect.  



Chapter Five  Discussion 

 
104 

 

From the limited literature on glaciotectonic deformation in the eastern valleys of the 

Southern Alps, it is clear that one regional model of ice marginal deformation cannot be 

applied to Late Pleistocene deposits. The variability in glaciotectonic deformation 

observed in the south-eastern Hawea moraine has been mirrored in deposits within the 

Ohau Valley (Webb, 2009), the Tasman Valley (Hart, 1996; Mager and Fitzsimons, 2007) 

as previously outlined, and also in the Rakaia Valley (Hyatt, 2009) where evidence of both 

melt-out and ice advance was present within the same sedimentary exposures. The 

common theme of structural variation within Late Pleistocene ice marginal deposits in this 

region indicates localised differences in the glacial stress field and/or sediment type and its 

associated properties that influence its yield strength. However, based on the wider body of 

glaciotectonic literature, no consensus regarding the importance of each of these variables 

has been reached, with Bennett (2001) stating that glaciotectonic deformation of sediment 

at the glacier terminus is “associated with either specific glaciological scenarios, the 

occurrence of conditions favourable for deformation in the glacial foreland, or more likely 

some combination of both” (p. 198). The complex and spatially variable glaciotectonic 

deformation structures observed within ancient deposits in the eastern valleys of the 

Southern Alps will be compared and contrasted with modern and ancient Northern 

Hemispheric examples, which is where the majority of glaciotectonic research has been 

undertaken. 

 

5.3.2 Wider research on glaciotectonic deformation 

The bulk of the literature on glaciotectonism has focused on ancient and modern Northern 

Hemispheric glacial environments, the majority of which has involved the examination of 

the margins of modern high-arctic glaciers. Fundamental differences exist between these 

modern analogues and the environmental reconstruction of the south-eastern Hawea 

moraine, all of which relate to their respective glacial thermal regimes and the thermal 

conditions present within the foreland. Firstly, the foreland immediately adjacent to 

modern ice margins in the Northern Hemisphere is characterised by permanent or seasonal 

permafrost, which has been known to influence the strength and rheology of the foreland 

material, and therefore, the degree of interaction with an advancing ice margin (van der 

Wateren, 1995). Permafrost can promote the transmission of glacial stresses over extensive 

areas (Waller and Tuckwell, 2005), which is why the largest and most visually impressive 

examples of ice push are restricted to permafrost terrain (e.g. Kälin, 1971; Hambrey and 
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Huddart, 1995). It can also encourage high pore-water pressures to develop at its base, 

forming a décollement surface that marks the lower limit of deformation (Bluemle and 

Clayton, 1984; Waller and Tuckwell, 2005).  

 

An absence of cryoturbation structures in the sedimentary exposures of the south-eastern 

Hawea moraine suggests unfrozen foreland conditions, which explains the comparatively 

smaller nature of the moraine mounds. It is widely accepted that the formation of ice push 

features without the involvement of frozen substrate are often much smaller and result 

from minor seasonal advances (e.g. Kruger, 1985; Boulton, 1986; Winkler and Nesje, 

1999) rather than the more sustained advance or surging that characterises modern 

Northern Hemispheric analogues. The existence of a large supraglacial lake at the south-

eastern Hawea moraine suggests saturated conditions were present during ice advance, 

which would have facilitated deformation by significantly reducing normal stress in both 

the glaciolacustrine sediments and glaciofluvial gravels. Small push moraines that formed 

in subaqueous environments have been widely recognised (e.g. Holdsworth, 1973; 

Boulton, 1986; Larsen et al., 1991; Hart, 1996). Elevated water pressures in the 

glaciolacustrine sediment in the south-eastern Hawea moraine, resulting from ice loading 

during advance in a subaqueous setting, could account for the areas where thrusting was 

restricted to the finer sediment. The boundary between saturated glaciolacustrine 

sediments and the relatively well-drained glaciofluvial gravels may have acted like a 

décollement surface, where the increased water pressure reduced friction at this boundary 

allowing sliding to occur, and subsequent deformation of the glaciolacustrine sediment. In 

the literature, the relationship between high pore-water pressure along a décollement 

surface and the initiation of thrusting has been regarded as important (e.g. Boulton and 

Jones, 1979; van der Wateren, 1985; Hart, 1990a).  

 

Another fundamental difference between the Northern Hemispheric modern analogues and 

the environmental reconstruction of the south-eastern Hawea moraine is their respective 

glacial thermal regimes. The modern glaciers in the high-arctic are thermally complex to 

cold-based, which is determined by ice thickness and activity where cold-based ice is 

associated with thin glacier margins and low velocities and vice versa for thermally 

complex glaciers (Dyke, 1993). Surging has been associated with glaciotectonic 

deformation at the margins of thermally complex glaciers, where compression at the surge 
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front causes folding, thrust faulting, crevassing, and thickening of basal debris (e.g. Croot, 

1988; Sharp et al., 1988; Lawson et al., 1994). Alternatively, flow compression at the 

thermal transition from warm-based sliding in the glacier interior to cold based non-sliding 

ice within a thermally complex glacier has been attributed to the formation of large push-

moraines where thrusting in the foreland is an extension of the same processes that take 

place within the ice itself (e.g. Hambrey and Huddart, 1995).  

  

The abundant evidence of large quantities of meltwater in the Hawea Valley indicates a 

temperate thermal regime; therefore the glaciological conditions present during ice margin 

oscillation were not comparable to those outlined in the high-arctic modern analogues. 

Two small ice advances during a period of general retreat was inferred from the 

glaciotectonic deformation in the south-eastern Hawea moraine, which is something that 

appears to characterise the Late Pleistocene deposits in the South Island. This does not 

compare with the surging or sustained compression observed at the modern ice margins in 

the Northern Hemisphere. While englacial thrusting is commonly associated with 

polythermal glaciers, it has been observed at a modern temperate glacier margin in the 

Andes (e.g. Glasser and Hambrey, 2002); however no evidence of this process exists in the 

south-eastern Hawea moraine. The preserved internal structure of ice pushed ridges at the 

south-eastern Hawea moraine includes thrusts, folds, and both normal and reverse faulting, 

which does not resemble the lack of internal structure in the seasonal “bulldozed 

moraines” comprised of water-soaked material found at the margins of advancing 

temperate glaciers (e.g. Winkler and Nesje, 1999). This lack of structure was attributed to 

an absence of permafrost conditions; however, as illustrated by the south-eastern Hawea 

moraine, permafrost is not required for the preservation of glaciotectonic structures. 

 

By comparing and contrasting the glaciotectonic deformation found within the south-

eastern Hawea moraine with the literature on modern high-arctic glaciers, it is apparent 

that the thermal controls on glaciotectonic deformation cannot be determined. The relative 

importance of glaciodynamics and the paleoenvironment of the glacial foreland in 

glaciotectonic deformation is also something that remains uncertain. A phenomenon that 

was once considered restricted to permafrost regions (e.g. Berthelsen, 1978) has been 

shown to play a role in the formation of Late Pleistocene ice marginal moraines at Lake 

Hawea in unfrozen, temperate conditions. However, this study illustrates that analogues 
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drawn from the Northern Hemisphere do not adequately account for the thermal controls 

that are likely to have existed at the Hawea and other South Island glaciers during the 

LGM.  

 

5.4 Limitations and directions for future research 

Research that is based on the examination of maps and aerial photographs, the description 

and analysis of sediments, and GPR profiling is not without its limitations. In addressing 

these, directions for future research can be determined, which can build on the knowledge 

presented in this thesis. 

 

Everything from assigning facies codes to sedimentary units within the exposures to 

interpreting reflections within GPR profiles relies on the researchers experience and skill. 

While every endeavour has been made to ensure well-founded interpretation of 

geomorphological, sedimentary, and geophysical evidence, it is acknowledged that 

alternate interpretations could be made by other researchers resulting in a different 

environmental reconstruction. It is this potential divergence in interpretation and the 

subsequent need for clarification that instigates and directs future research in all studies 

involving sedimentological and geomorphological interpretation. 

 

The limited extent of outcrops at Lake Hawea has meant that only a small portion of the 

sediment-landform assemblages present at the LGM glacier terminus were able to be 

characterised. However, in an attempt to make the most of the available sedimentary 

exposures, GPR profiling was utilised to provide a third dimension to sedimentary 

structure in order to more accurately establish the extent of glaciotectonism. As shown by 

other research carried out on Late Pleistocene deposits in the South Island, facies analysis 

alone does not provide compelling evidence of glaciotectonism, particularly when the 

sedimentary exposures are oriented parallel to the former ice margin. GPR surveys 

conducted perpendicular to the former ice margin at Lake Hawea has revealed evidence of 

glaciotectonic deformation that was not apparent in the sedimentary exposures. Therefore, 

without the use of this technique, the environmental reconstruction would have been quite 

different, and evidence of an oscillating ice margin would have been missed. 
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While the use of GPR in the glacial foreland can assist in characterising glaciotectonic 

deformation, limitations associated with this technique have hampered its use in this 

context. Firstly, the limited use of GPR in glacial sediments and the associated deficiency 

in literature makes interpretation less constrained, particularly where there is no 

sedimentary exposure to draw from. While sedimentary exposures were present in the 

Hawea moraine, the GPR profiles extended out perpendicular to these for up to 300 

metres, making it progressively more difficult to ground the interpretations with 

observations of sedimentary structures. Secondly, the compromise of resolution over depth 

of penetration meant that small scale structures were not captured in the GPR profiles. This 

issue could be overcome by carrying out surveys using both high and low frequency 

antennae, however, due to the limited depth of penetration of the high frequency antennae, 

only the small scale structures in the substrate near the surface would be captured. 

 

This research has highlighted the need for a range of investigations of Late Pleistocene 

sedimentary outcrops and modern glacier margins in the South Island with the objective of 

characterising the extent and type of glaciotectonic deformation present. There are a 

variety of South Island valley settings with differing valley morphologies, which may have 

a distinct combination of processes operating and, hence, varying degrees of 

glaciotectonism as suggested by the small number of studies already undertaken. 

Therefore, in order to develop a consensus on the extent and role of glaciotectonic 

deformation in the South Island, investigation must encompass a range of these settings. 

To date no research on glaciotectonic deformation at the margins of modern glaciers in 

New Zealand exists despite recognition of modern ice margin oscillation and, therefore, 

the potential for both compressional and extensional tectonics associated with numerous 

downwasting and retreating ice margins. 
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Chapter Six: 
Conclusions 
 

The purpose of this research was to explore the role of glaciotectonism in the formation of 

the Hawea moraine. The objectives of this research were to characterise the sediment-

landform assemblages of the south-eastern Hawea moraine, develop a depositional model 

based on this characterisation, and compare and contrast the glaciotectonic structures 

and/or landforms found with examples in ancient deposits within the eastern valleys of the 

Southern Alps. This would then be placed in the wider context of studies that have been 

undertaken in the Northern Hemisphere. In conclusion, the research questions presented in 

Chapter Two will be addressed: 

 

� The first research questions asked that if evidence of glaciotectonic deformation was 

present within the sediment-landform assemblages, could it be used to determine the 

specific glaciological scenario and foreland/bed characteristics present at the time of 

formation? It has been shown that evidence of glaciotectonism within the south-

eastern Hawea moraine, in tandem with other forms of sedimentary evidence, could be 

used to reconstruct the environmental conditions present at the ice margin during the 

LGM. This evidence included normal faults and folds resulting from melt-out and the 

removal of supporting ice following retreat, and thrusts, folds, normal and reverse 

faults as products of at least two ice advances into the deposit. From this, it is 

concluded that unfrozen, temperate conditions existed at the ice margin during the 

LGM. 

 

� Following on from this, it was asked if inferences could be made regarding the role of 

glaciotectonism in the formation of Late Pleistocene glacial moraines in the eastern 

valleys of the Southern Alps. It is clear that both active and stagnant styles of 

glaciotectonic deformation have played a role in the resultant sediment-landform 

assemblages in this region. However, a high degree of variation exists both within and 

between the deposits. Therefore, based on the findings in the Hawea moraine and 

limited literature on glaciotectonic deformation in the eastern valleys of the Southern 
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Alps, it is clear that, at this stage, one regional model of ice marginal deformation 

cannot be applied to Late Pleistocene deposits in the South Island. 

 

� The final question asked if glaciotectonic deformation structures and/or landforms in 

the Southern Alps region were comparable to those found in the Northern 

Hemisphere. It was revealed that modern analogues drawn from the high-arctic do not 

adequately account for the thermal controls that are likely to have existed at the 

Hawea and other South Island glaciers during the LGM. Therefore, the resulting 

structures and landforms bear little resemblance to the glaciotectonic deformation 

observed in Late Pleistocene deposits in the South Island. 

 

� This research has highlighted the need for a range of investigations of Late Pleistocene 

sedimentary outcrops and modern glacier margins in the South Island with the 

objective of characterising the extent and type of glaciotectonic deformation. 
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