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Abstract

During deglaciation from the Last Glacial Maximum three terrestrial ice streams within
the south western sector of the Laurentide Ice Sheet competed and coalesced in southern
Alberta; the High Plains Ice Stream (HPIS), Central Alberta Ice Stream (CAIS) and the east lobe.
The ice streams are characterised by smoothed corridors along which lie lineations that
identify multiple flow events, transverse ridges of thrust and push origin, esker networks and
large sequences of parallel and transverse meltwater channels. The CAIS and HPIS were
dynamic and transitory in nature creating a ‘time-transgressive’ imprint.

The CAIS terminated within southern Alberta creating a wealth of landforms composed
of controlled, hummocky, push and thrust block moraines, along with doughnut hummocks,
ice walled lake plains, recessional meltwater, tunnel and large spillway channels. The CAIS
margin is interpreted to have been polythermal in nature, creating a continuum of landforms
that is dominated by active marginal recession.

The methodologies used were placed within an overarching ‘scale approach’, whereby
the research initially focused on a small, regional scale and gradually moved to large scale,
local investigations. Firstly, Shuttle Radar Topography Mission (SRTM) and Landsat 7 Enhanced
Thematic Mapper (Landsat ETM+) data sets were used to map the regional picture. Then,
Aerial Photo Investigation (API), ground truthing and sedimentary analyses were employed to
provide a detailed, localised focus into the landform sediment assemblages in southern

Alberta.
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Chapter 1

Introduction



1.1.Rationale

During the late Wisconsinan Southern Alberta was covered by the southwestern sector
of the Laurentide ice sheet (Clayton and Moran, 1982; Dyke and Prest, 1987; Dyke et al., 2002).
Small scale mapping by Prest et al. (1968) and more recently Evans et al. (2008) and O Cofaigh
et al. (in press) has identified that numerous, highly dynamic and transitory ice streams
operated in this region during deglaciation from the late Wisconsinan. It is likely that these ice
streams exerted strong controls over the dynamics and deglacial style of Laurentide Ice sheet
(Bentley, 1987; Clark, 1994a; Bamber et al., 2000; Kaplan et al., 2001; Stokes and Clark, 2001;
Bennett, 2003; Hulbe and Fahnestock, 2004). Therefore, in order to assess the ice streams
overall impact upon the south western sector of the Laurentide Ice Sheet during this time, it is
crucial that we accurately constrain the geomorphic imprint recorded by these ice streams in
order to reconstruct palaeo-ice stream dynamics.

Ice streams are fast flowing corridors of ice within an inland ice sheet (cf. Swithinbank,
1954 and Bentley, 1987), with velocities many times greater than that of the surrounding ice,
capable of reaching velocities of up to 12 km a™* (Price and Whillans, 2001). They act as the
main arteries draining an ice sheet, and so regulate its stability and dynamics. For example, it is
estimated that ice streams discharge over 90% of all ice and sediment from the Antarctic Ice
Sheet whilst only occupying 13% of the ice sheet perimeter (Morgan et al., 1982; Paterson,
1994). Due to the controls exerted over ice sheet mass balance, ice streams have the ability to
significantly affect sea-level, ocean and atmospheric circulation and climate (Alley and
Bindschadler, 2001). To this end, ice streams have been suggested as the driving force behind
numerous and significant climate perturbations during the late Wisconsinan (Bond and Lotti,
1990; MacAyeal, 1993b).

Due to their importance and wide reaching impacts, ice streams present one of the
most important multi-disciplinary research frontiers today. Many key questions still remain,
such as, how do they maintain and regulate their flow? How do they activate themselves in
time and space? What initiated large scale changes in their flow regimes? Do ice streams
directly respond to climate? The answers to these and many other questions are crucial if we
are to fully understand ice streams and their impacts. The corollary of which would enable
unprecedented accuracy in modelling ice streams and the impacts they may have upon the

dynamics of the Antarctic and Greenland ice sheets.



The literature review below considers the key concepts relevant to research on

terrestrial palaeo-ice stream margins; in particular, it highlights the specific aspects of the

glacial geomorphology of western Canada that will form the focus of this research. The glacial

geomorphology of southern Alberta provides an excellent opportunity to add fresh insights

into an important avenue of Quaternary science and palaeo-glaciology. This research can be

justified by three key areas:

1)

2)

The subglacial settings of palaeo-ice streams have been the primary focus of palaeo-
ice stream research. This has led to a relative neglect of the marginal settings of
terrestrial ice streams. The corollary of this is that we do not fully understand the role
of terrestrial ice stream margins on ice stream dynamics and ultimately ice sheet
operation as a whole. It is therefore crucial that ongoing research seeks not only to
explain subglacial regimes but also the marginal landform suites of ice streams. We
can thereby provide a more holistic assessment of all the components of terrestrial
palaeo-ice streams, including their behaviour, geomorphic imprints and hence their

‘life cycle’ (Clark and Stokes, 2003).

Key Questions for this research:

e What is the glacial landsystem present in the marginal setting of the ice streams
that operated in southern Alberta during the decline from the LGM?

e What insights can individual landforms and the collective landform suite of
southern Alberta provide into terrestrial ice stream marginal dynamics?

e What control did the marginal area of the southern Alberta ice streams exert over

their behaviour and stability?

Mapping of the glacial geomorphology of southern and central Alberta (Stalker, 1960;
1977; Prest et al., 1968; Bik, 1969; Westgate, 1968; Shetsen, 1987, 1990; Fulton, 1995,
Evans et al., 1999, 2006a, 2008) has enabled a broad identification of flow patterns
and landform assemblages. However, the mapping compiled so far lacks the resolution
necessary for the detailed assessments of regional palaeo-ice sheet reconstruction.
With the advent of new global data sets that contain elevation data, in particular the
Shuttle Radar Topography Mission (SRTM), there is an opportunity to produce a
detailed map of the glacial geomorphology of southern Alberta with a view to

compiling a regional picture of palaeo-ice sheet dynamics.

Key Questions:



° What is the regional glacial geomorphology of southern Alberta composed of?

. Exactly what landforms comprise the marginal setting of the Alberta ice
streams?
. How useful is SRTM data for the mapping of glacial geomorphology on a

regional scale?

3) Alberta has been subject to scientific research for over a century due its wealth of
readily accessible, complex and varied glacial geomorphology (e.g. Dawson, 1875;
Dowling, 1917; Wickenden, 1937; Wyatt et al., 1941; Stalker, 1960, 1977; Westgate,
1968; Bik, 1969; Shaw, 1983, 2002; Shetsen, 1984, 1987, 1990; Evans, 1996, 2000;
Kulig, 1996; Evans et al., 1999, Evans et al., 2006a, Evans et al., 2008). More recently
the identification of palaeo-ice streams in the province has re-established the more
traditional view that subglacial streamlined bedforms and marginal moraine
construction were responsible for the geomorphic signature rather than catastrophic
subglacial meltwater floods (e.g. Shaw, 1983, 2002; Rains et al., 1993; Munro-Stasiuk,
1999; Munro-Stasiuk and Shaw, 1997, 2002; Beaney and Shaw, 2000). The region
continues to be central to the megaflood debate (Benn and Evans, 2006; Evans et al.,
2006a; Munro Stasiuk and Sjogren, 2006), and will be examined through detailed

studies of glacial geomorphology and sedimentology.
Key Question:

. How were the streamlined bedforms, hummocky terrain and marginal

moraines in southern Alberta formed?

1.2.Aims and Objectives

The overall aim of this research is to investigate the landform-sediment assemblages in
southern Alberta, in order to evaluate and potentially reconstruct ice marginal dynamics of a
terrestrial palaeo-ice stream.

In order to fulfil this aim, the following objectives will be addressed:

1. Apply a scale dependant research model that will implement the use of SRTM, Landsat
ETM+ and aerial photograph data in order to accurately constrain landform
assemblages on a small (provincial) scale and large (township/range) scale, and

compile these data in glacial geomorphology maps of southern Alberta, with particular



focus on the ice marginal setting of the proposed Central Alberta Ice Stream (Evans et
al., 2008).

2. Critically assess SRTM data with respect to mapping small scale glacial gecomorphology.

3. Identify any diagnostic landforms or landform groups that may be indicative of
proposed terrestrial ice stream margins and assess their implications for ice stream
dynamics.

4. Where possible use site specific stratigraphy to critically assess the proposed
constructional mechanisms for ice marginal landforms and sediments in southern
Alberta in the context of theoretical models for regional till architecture (Boulton,

199643, b).

1.3.Ice Streams

During the late 1970s the idea of modern day ice sheets containing fast flowing outlets
became widely acknowledged (Rose, 1979). This notion provided the basis for major research
projects in Greenland and Antarctica (e.g. Alley et al., 1986; Bindschadler et al., 1987), which
yielded insights into the controls on these fast flowing outlets. It was hypothesised that if
contemporary ice sheets contained such outlets then the palaeo-ice sheets of the last
glaciation would also have had similar areas of fast flow (Denton and Hughes, 1981). It
therefore followed that any reconstructions of palaeo-ice sheets must account for such
features (e.g. Dyke and Prest, 1987; Boulton and Clark, 1990). It is only within the last decade
that the true extent and locations of palaeo-ice streams are starting to be fully understood
(e.g. Stokes and Clark, 1999; 2001; Clark and Stokes, 2003; Winsborrow et al., 2004). This has
been facilitated by significant advances in remote sensing techniques and availability of
continental scale data coverage. It also became apparent during this time that palaeo-ice
streams have a unique landsystem that can be identified in the geomorphological record (Dyke
and Morris, 1988; Kleman and Borgstrom, 1996; Stokes and Clark, 1999; 2001; Clark and
Stokes, 2003). Such terrestrial observations have also been replicated by marine geophysical
investigations of the offshore record from high-latitude glaciated continental shelves (e.g.
Canals et al., 2000; Wellner et al., 2001; O Cofaigh et al., 2002). The coupling of contemporary
and palaeo-ice stream data has also helped to strengthen modelling capability and has
provided strong evidence that ice streaming occurred across Europe and North America during
the LGM (e.g. Bourgeois et al., 2000; Stokes and Clark, 2001; Clark and Stokes, 2003;
Piotrowski et al., 2003; Winsborrow et al., 2004; de Angelis and Kleman, 2005; Dowdeswell et

al., 2006; Kleman and Glasser, 2007).



1.4.Ice-stream life cycle

Whilst there is at present no unifying theory that can account for the onset, flow
dynamics, and eventual shutdown (‘life cycle’) of ice streams, a number of different and often

contradictory theories exist. These are reviewed below.

1.4.1. Onset

During what stage of ice sheet growth or decay and exactly how ice streams initiate is
currently unknown. It seems likely that during ice sheet growth ice streams initiate after ice
sheet dynamics and properties reach a critical threshold that is dependent upon several
factors: distribution of basal stresses, subglacial water availability, distribution and pressures,
geology, ice thickness, topography and location (Bentley, 1987; Anandakrishnan et al., 1998;
Bell et al., 1998; Bennet, 2003; Bamber et al., 2006; Peters et al., 2006; Kleman and Glasser,
2007; de Angelis and Kleman, 2008). All these factors are intimately linked through multiple
feedback loops and so a change in the state of one would likely impact upon the others.

Onset zones or onsets are located at the heads of ice streams and define the area
between slow flow through internal deformation and streaming flow through subglacial
deformation or basal sliding (Bindschadler et al., 2001). It is likely that within the onset zone,
motion is a product of both internal and sediment deformation, and basal sliding (Whillans et
al., 2001; Joughin et al., 2002). Joughin et al. (2002) further suggested that two types of onset
zone currently exist: tributary and ice stream onsets. Research into onset zones has primarily
focused on the Siple Ice Streams in Antarctica (Hodge and Doppelhammer, 1996; Bell et al.,
1998; Bindschadler et al., 2000, 2001; Joughin et al., 2002; Wang et al., 2003; Peters et al.,
2006; Bell et al., 2007). Research into palaeo-ice stream onsets has revealed that they are
seldom preserved during deglaciation (De Angelis and Kleman, 2008), however, some possible
geomorphic indicators have been identified, the most common of which are highly convergent
lineations and increasing lineation length has also been regarded as indicative of the down-ice
section of onsets (Dyke and Morris, 1988; Stokes and Clark, 2003a; Evans et al., 2004; Ottesen
et al., 2005; De Angelis and Kleman, 2008). Similarly, ribbed moraine sequences have been
linked to onsets (e.g. Dyke and Morris, 1988; Dyke et al., 1992; De Angelis and Kleman, 2008),
along with carbonate plumes, lateral sliding boundaries and transverse scarps (Dyke and
Morris, 1988; De Angelis and Kleman, 2008).

Within onset zones certain conditions must prevail for ice streaming to begin. In the
absence of significant amounts of subglacial water at pressure melting point, accelerated
motion through either sliding (Engelhardt and Kamb, 1998) or subglacial deformation (Alley et

al., 1989) would not be possible. Additionally, ice sheets may either be entirely warm based or



a combination of cold and warm based, implying that onsets within either type of ice sheet
must have different properties. Importantly, changes in thermal bed conditions from cold to
warm based have been closely linked to the onset of ice streaming (e.g. Dyke et al., 1992; De
Angelis and Kleman, 2008). Such changes in basal thermal regimes have been associated with
discontinuities in basal topography (Mckintyre, 1985); ice sheet dynamics (Paterson, 1994;
Kleman and Glasser, 2007) and geothermal heat flow (Fahnestock et al., 2001; Vogel and
Tulaczyk, 2006). Where warm based conditions prevail, sedimentary basins (Anandakrishnan
et al., 1998; Bell et al., 1998; Bamber et al., 2006; Peters et al., 2006), subglacial lakes (Bell et
al., 2007), ice property instabilities (Wang et al., 2003), longitudinal stresses (Price et al., 2002)
and self organization (Payne and Dongelmans, 1997) have all been invoked to explain the

onset of ice streaming.

1.4.2. Ice streaming

Why do ice streams flow at such high velocities? Answering this question is a key
element in modelling future behaviour of the Antarctic ice streams and hence the Antarctic ice
sheet. At present however, fast flow and ice streaming are “..still only partly understood and
their representation in quantitative models of ice [sheets] is rudimentary” Tulaczyk (2006,
pp.353).

Ice stream flow occurs through either subglacial deformation (Alley et al., 1986), basal
sliding (Engelhardt and Kamb, 1998) or a combination of the two (Bennett, 2003; Piotrowski et
al., 2004). Alley et al. (1986) first suggested ‘the deformable bed model’, whereby high
velocities were possible through the deformation of highly saturated subglacial sediment. The
presence of subglacial water at close to overburden pressure decreases the effective stress of
the underlying till column, enabling deformation to occur. Subsequent work by Engelhardt and
Kamb (1998) and Kamb (2001) suggested that very high porewater pressures enable
decoupling of ice from the bed and the high velocities are then reached through basal sliding
with little or no subglacial deformation. Due to the logistical problems in accessing the beds of
contemporary ice streams it has been difficult to identify a primary flow mechanism.
However, it is likely that during its life cycle an individual ice stream will experience both
sliding and deformation, with temporal and spatial variations in the relative dominance of each
(Piotowski and Kraus, 1997; Smith, 1997; Bennett, 2003). This helps to answer how ice stream
velocities fluctuate on such short time scales. It is clear that the key to understanding ice
stream flow and velocity fluctuations is reliant upon our ability to accurately constrain the
basal hydrology regimes beneath contemporary ice streams.

Where motion occurs through subglacial sediment deformation it is essential that we

understand the appropriate till flow laws. This is for two main reasons: firstly, in order to



model ice motion through subglacial sediment deformation it is necessary to understand how
till behaves rheologically. Secondly, it is widely accepted that subglacial deformation plays a
significant role in the production of till (e.g. Evans et al., 2006b), and so elucidating its overall
role in that process will increase the value of Pleistocene tills in glacio-dynamic
reconstructions.

The exact flow law of till, the contribution of deformation to till genesis and thickness
of the deforming layer is a matter of considerable debate (O Cofaigh and Stokes, 2008). Two
schools of thought have emerged: The first argues that tills deform in a plastic manner on all
scales (Tulaczyk et al., 2000a, b); whilst the second argues that the net accumulation of small
scale plastic failures shows that at a large scale till behaves in a viscous manner (Hindmarsh,
1997; Alley, 2000; Fowler, 2002). It is generally agreed that till deforms plastically on a small
scale (Kamb, 1991, Hindmarsh, 1997; Bennett, 2003). Tills that operate under a plastic flow law
cannot support a stress greater than the yield stress of the till and the rate of deformation
thereafter is independent of the stress applied (Kamb, 1991; lverson et al., 1995, 1998; Hooke
et al., 1997; Murray, 1997; Tulaczyk, 2000a; Bennet, 2003). However, Hindmarsh (1997) argues
that it is necessary to know the rate of deformation above the yield stress in order to model
the “time dependent behaviour of glaciers” (p. 1041). Therefore, on a large scale such as ice
streams and ice sheets, this model requires that till deforms in a viscous manner, as has
previously been assumed by Alley et al. (1987) and Boulton (19964, b). It is also important that
these models are able to explain the production of landforms found along the base of an ice
stream. In that sense the viscous flow law is able to account for the production of drumlins and
lineations along the bed due to the depth at which deformation occurs (Hindmarsh, 1998a, b).
O Cofaigh and Stokes (2008) suggest from measurements on ice streams and glaciers that the
thickness of deformation in generally less than 1 m. Observations by Engelhardt and Kamb
(1998) along the Antarctic ice streams show that deformation depth is variable, which suggests
that individual ice streams demonstrate variable mosaics of deformation along their bed
(Piotrowski et al., 2004).

Interestingly, Stokes and Clark (2003a, b) have demonstrated that a palaeo-ice stream
in the northwestern Canadian Shield flowed over hard bedrock. This was previously assumed
to be implausible and has only been hypothesized by Punkari (1995) for the Scandinavian Ice
Sheet. Its discovery has wide reaching implications for the deformable bed theory and any
modelling of ice sheets that assumed soft-sediment geology (Stokes and Clark, 20033, b). It
also highlights the issue that not all contemporary ice streams can act as analogues for all

palaeo-ice streams.



1.4.3. Temporal behaviour and shutdown

The preceding two sections have alluded to the velocity fluctuations inherent within
ice streams. Their ability to fluctuate on a variety of timescales has significant impacts upon
the mass balance of an ice sheet. Of most importance, is understanding the longer term
variations in ice stream behaviour. Rapid fluctuations in velocity across an ice stream are most
likely due to the localised variations in basal water pressures (Bennett, 2003). However,
Binschadler et al. (2003) identified hourly variations in flow induced by a tidal trigger. This
‘stick-slip’ behaviour is a common characteristic of fast flowing outlet glaciers and helps to
explain cyclical velocity fluctuations, whereby motion is controlled by variations in subglacial
water pressure (Boulton et al., 2001), further illustrating the importance of basal hydrological
regimes.

Ultimately, ice sheets will respond to climate change, however, long term variations
and styles of deglaciation within ice streams have been shown to be independent of external
forcing (Jennings, 2006; Tulaczyk, 2006, O Cofaigh et al., 2008). Research into the eventual
shutdown of contemporary ice streams, in particular Ice Stream C has highlighted several
factors including surging, loss of lubricating till, ice-shelf back-stress, ice piracy, water piracy
and thermal processes (Anandakrishnan et al., 2001). It seems likely that some of these factors
were associated with the decline and eventual shutdown of palaeo-ice streams. Similarly,
‘sticky spots’ have been strongly associated with ice stream longevity (Anandakrishnan and
Alley, 1994), onset zones and ice stream shut-down (Stokes et al., 2007). Sticky spots are
defined as “localised areas of high basal drag surrounded by a well lubricated low strength
bed” (cf. Alley, 1993, in Stokes et al., 2007). They have been further divided into four types:
bedrock bumps; till free bedrock areas; areas of strong well drained till; and basal freezing of
subglacial sediments and meltwater (Stokes et al., 2007). Whilst there is a lack of data
concerning such features it seems logical to assume that if present along ice streams beds they
could well account for any spatial and temporal flow variability. It is also worth noting that ice
stream shear margins exert a significant control on the flow balance of an ice stream. For
example, side drag has been calculated to support between 50 and 100% of the driving force,
which may vary along the profile of an ice stream (Echelmeyer et al., 1994; Raymond et al.,

2001).

1.5.Palaeo-Ice Streams

Palaeo-ice streams have yielded many new insights into the dynamics of fast glacier

flow and have many advantages over their contemporary counterparts, most notably the ease



of access to those based in terrestrial environments. The geomorphic record left behind by
palaeo-ice streams are the key to identifying their location and extent, life cycle, how they may
have initiated, style of deglaciation and dynamic nature. Complex questions remain regarding
the flow regimes of terrestrial ice streams; for example, were ablation rates at the lobate
terminus high enough to maintain fast flow? If not, are we therefore seeing stop-start or

surging signatures in the landform record?
1.5.1. Categories and criteria

Many palaeo-ice stream tracks have been identified within the former Laurentide,
Cordilleran, British and Scandinavian Ice Sheets (See Stokes and Clark, 2001, and Winsborrow
et al., 2004 for a review). Palaeo-ice streams are categorised into two groups: terrestrial and
marine-based ice streams (Fig. 1) (Stokes and Clark, 2001; Clark and Stokes, 2003). Terrestrial
ice streams, of which there are no contemporary examples are characterised by a large lobate
terminus that likely extended significantly past the regional ice sheet margin (Clark and Stokes,
2003; Jennings, 2006). All contemporary ice streams are marine based, and are characterised
by calving directly into the ocean or via an ice shelf (Clark and Stokes, 2003). Ice streams can
be further divided into ‘pure’ and ‘topographic’ ice streams, the former being unrelated to
bedrock topography (Stokes and Clark, 1999).

The life cycle of a terrestrial ice stream is directly recorded in the landform record and
can be characterised by two styles of imprint: the ‘rubber stamped’ or ‘smudged’ imprint (Fig.
2) (Stokes and Clark, 2001; Clark and Stokes, 2003). The ‘rubber stamp’ imprint is indicative of
a rapid retreat of the ice stream margin, enabling good bedform preservation and hence
represents a ‘snap shot’ of ice stream activity at a point in time (Clark and Stokes, 2003). In
contrast the smudged or time-transgressive imprint records an ice stream that continued to
operate as it retreated (Clark and Stokes, 2003). This in turn leaves a complex, overprinted and
often cross cutting landform signature (Evans et al., 2008). Recently, evidence from the
Antarctic continental shelf has identified three different styles of retreat for marine-
terminating palaeo-ice streams: fast, episodic and slow (O Cofaigh et al., 2008). Similar to the
rubber stamped imprint, the rapid retreat style is characterised by preservation of subglacial
landforms and a lack of transverse grounding zone wedges (GZWs) or recessional moraines (O
Cofaigh et al., 2008). Rapid retreat is possible by floatation and calving (O Cofaigh et al., 2008).
The episodic retreat style is characterised by mega-scale glacial lineations (MSGLs) interrupted
by overprinted GZWs (O Cofaigh et al., 2008). The slow style is represented by recessional
moraines and GZWs (O Cofaigh et al., 2008). In order to help identify palaeo-ice streams
Stokes and Clark (1999, 2001) proposed a list of geomorphological criteria: 1) Characteristic

shape and dimensions; 2) Highly convergent flow patterns; 3) Highly attenuated subglacial
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Figure.1. The two styles of ice streams. Both show clear flow convergence into a zone of rapid velocity
that terminates in either a large lobate margin or calves into open water or an ice shelf. Marine based
ice streams are easily able to remove material which renders them more susceptible to rapid velocity

fluctuations (from Stokes and Clark, 2001)

bedforms (length:width > 10: 1); 4) Boothia-type erratic dispersal trains; 5) Abrupt lateral
margins (<2km); 6) Ice stream marginal moraines; 7) Glaciotectonic and geotechnical evidence

of pervasively deformed till; 8) Submarine accumulation such as till deltas or sediment fans.
1.5.2. Dynamics

Reconstructions of palaeo-ice streams rely on the identification of the above
geomorphological criteria because it has been widely demonstrated that such landforms were
produced by ice streams (e.g. Clark, 1993, 1994b; Stokes and Clark, 1999; 2001; Clark and
Stokes, 2003). However, further complications arise due to the complexity of the landform
record, often displaying multiple flowsets that dissect and overprint each other. This problem
was first identified by Clark (1993), who discovered cross-cutting lineations that could not have
formed during a single flow event. This clearly showed the highly transitory and dynamic
nature of ice streams. Subsequently, numerous examples of cross cutting palaeo-ice stream
tracts have been identified in the landform record (e.g. de Angelis and Kleman, 2005; Stokes et
al., 2006). Recent work by O Cofaigh et al. (in press) has highlighted the ability of a terrestrial
palaeo-ice stream to reorganise its flow orientation multiple times within a single deglaciation,
possibly on time scales as short as 100 years. In addition, the authors suggest that flow
reorganisation was controlled by basal thermal conditions, with the decline of one ice stream
being the trigger for the onset of others. This concurs with De Angelis and Kleman (2008) that
the basal thermal boundary between cold and warm based ice is a key element in ice stream

initiation.
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Figure.2. a) represents the ‘rubber stamped’ imprint and b) the ‘time transgressive’ imprint. c)
represents the complex landform record of multiple overprinting flow-sets. In addition to this the
transitory nature of ice streams can show flow orientation changes of up to 90° (e.g. O Cofaigh et al.,
in press). Image taken from Evans et al. (2008), adapted from Clark and Stokes (2003).

1.6.The Geomorphic Imprint

The imprint left by a palaeo-ice stream is distinct and readily identifiable in the landform
record. This section will review the types of landforms prominent in the subglacial and
marginal settings of a terrestrial palaeo-ice stream, and comment on the various genetic

theories.
1.6.1. Mega-scale glacial lineations

Whilst such subglacial landforms have long been recognized (e.g. Fairchild, 1907), the
term MSGL was first introduced by Clark (1993). They are generally defined as “elongate
streamlined ridges of sediment produced subglacially and are similar to flutes and drumlins but
much larger in all dimensions” (Clark et al., 2003, p.240). MSGLs generally exist as part of a set
of multiple and spatially coherent landforms that together form a flow-set (Clark, 1994b; 1997)
Their sizes generally range from 6-100 km in length, widths from 200-1300 m, with spacing of
200 m - 5 km (Clark et al., 2003). For example a 35 km megafluting complex has been identified
in southern Alberta (Evans, 1996). Clark and Stokes (2003) suggest that because they form
under high strain rates and fast velocity they can be used as an indicator of palaeo-ice stream
location. Almost all documented examples of palaeo-ice streams display these landforms with
only a few exceptions where ice streaming is reported to have occurred over hard bedrock
(Roberts and Long, 2005). An arbitrary elongation ratio (ER) (length:width) 210:1 has also been
proposed by Stokes and Clark (2002) to be indicative of fast ice flow. This idea has recently
been further supported by Briner (2007) with a study of the New York drumlin field and

Ottesen et al. (2008). For terrestrially terminating ice streams ERs increase towards the lobate
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margin and similarly, for marine based ice streams ERs should increase towards the grounding
line. Despite the general morphological criteria outlined above, exactly when a drumlin or
lineation becomes an MSGL is not well documented (Ottesen et al., 2008), especially since they
are possibly part of a landform continuum (Rose, 1987). No arbitrary length or width
requirements will be applied for lineations to comprise a flowset, and in agreement with Clark
et al’s. (2003) criteria, MSGLs are lineations greater than 6 km in length.

Since their existence was demonstrated along the fore-field of contemporary ice
streams on the Antarctic Peninsula continental shelf (e.g. Shipp et al., 1999; Canals et al., 2000;
Wellner et al., 2001; O Cofaigh et al., 2002), such subglacial landforms almost certainly
originate from ice streaming. The long held assumption that MSGLs form under fast flow
therefore seems to be appropriate. However, there is a currently no consensus as to their
genesis. There are multiple theories for drumlin and fluting genesis, they include sediment
deformation (Dyson, 1952, Smalley and Unwin, 1968; Boulton, 1976; Smalley and Piotrowski,
1987; Boulton, 1987; Boulton and Hindmarsh, 1987; Clark, 1993; Benn, 1994; Benn and Evans,
1996; Eklund and Hart, 1996), basal lodgement (Fairchild, 1907; Boulton, 1982), depositional
meltout (Shaw, 1980), fluvial deposition in subglacial cavaties (Shaw, 1983; Dardis and
McCabe, 1983; Shaw and Kuvill, 1984; Sharpe, 1987) and remnant erosional forms (Shaw, 1994;
Fisher and Spooner, 1994; Shaw, 1996; Munro-Stasiuk and Shaw, 2002; Shaw, 2002). Apart
from the fluvial origins the majority of these theories suggest that drumlins and flutings should
have a limiting size (Menzies and Rose, 1987). Therefore, whilst tenants of these theories may
be applicable at a larger scale, any application to MSGL scale must be carefully considered.
Benn and Evans (1998) suggest that MSGLs form either through the erosion of intervening
hollows, the accretion of sediment in hills, or some combination of the two. The meltwater
hypothesis (Section 1.6.3.) has evolved from a theory that viewed drumlins as a product of
fluvial deposition into subglacial cavities, to one that invokes a genesis of remnant erosional
landforms (Shaw, 1996, 2002). More recently a groove ploughing theory has been put forward
by Tulaczyk et al. (2001) and Clark et al. (2003). This model proposes that keels generated in
the base of the ice by bedrock contact, flow over deformable sediment and carve elongate
grooves that displace sediment up into intervening ridges. The theory does not require the till
to behave with either viscous or plastic rheology and also accepts that groove ploughing does

not always occur.
1.6.2. Ribbed ‘Rogen’ moraines

Ribbed moraines are subglacial transverse ridges found in the interior parts of formerly
glaciated areas (Hatterstrand and Klemen, 1999), and have been reported along palaeo-ie

stream beds (Dunlop and Clark, 2006; Stokes et al., 2008). A comprehensive review of 33,000
13



ribbed moraine by Dunlop and Clark (2006) shows a huge range of scale in their morphology:
17-1116 m (average 278 m) wide, 1-64 m (av. 17 m) high, 45-16214 m (av. 688 m) long and
wavelengths from 12-5800 m (av. 505 m). Dyke et al. (1992) were the first to recognize their
occurrence within palaeo-ice stream tracks on the Prince of Wales Island, Arctic Canada. The
link between ribbed moraine and ice streaming has been further identified by Stokes and Clark
(2003a), Dunlop and Clark (2006); Finlayson and Bradwell (2008) and Stokes et al. (2008).

It is clear from the current literature that ribbed moraines remain poorly understood.
Theories on their genesis can be placed into four groups: i) Shear and stacking of till slabs or
debris rich basal ice through compressive flow (Shaw, 1979; Aylsworth and Shilts, 1989;
Bouchard, 1989; Finlayson and Bradwell, 2008; Lindén et al., 2008; Stokes et al., 2008); ii)
fracturing of frozen sediment sheets at the transition from cold to warm based conditions
(Lundgvist, 1969; Dyke et al., 1992; Hatterstrand, 1997; Hatterstrand and Kleman, 1999; Sarla,
2006; Finlayson and Bradwell, 2008); iii) remoulding of a pre-existing landforms such as ice
marginal transverse ridges (Moéller, 2006), or flutes and drumlins following a ~90° shift in flow
direction (Boulton, 1987); iv) cavity infills from subglacial meltwater (Fisher and Shaw, 1992;
Shaw, 2002). Finlayson and Bradwell (2008) alluded to ribbed moraines being a polygenetic
landform, perhaps the wide range of morphological and spatial characteristics identified by
Dunlop and Clark (2006) is evidence of this.

Along palaeo-ice stream tracks ribbed moraine are found in onset zones and along the
main trunk of the ice stream. In order to explain their presence along ice streames, it is
necessary to invoke ice dynamics on an ice stream and even ice sheet scale. Ribbed moraines
found in the onset zones of palaeo-ice streams have been explained by changing thermal
conditions and hence the initiation of ice streaming (Dyke et al., 1992; De Angelis and Kleman,
2008). Stokes et al. (2008) used superimposed ribbed moraines along the trunk of the
Dubawnt Lake Ice Stream as evidence of ice stream shutdown. The authors proposed that they
represent a ‘sticky spot’ (Section 1.4.3.) and were formed by compressional flow initiated by
dewatering, which ultimately caused the ice stream to shut down (Stokes et al., 2007, 2008).
Hatterstrand (1997) and Hatterstrand and Kleman (1999) suggest that ribbed moraines
demarcate the boundary between cold and warm based ice and so can be used in
reconstructing the extent of cold based zones within ice sheets. Lastly, ribbed moraines have
been used as evidence to infer that huge meltwater discharges are responsible for a suite of
subglacial landforms (Fisher and Shaw, 1992; Shaw, 2002). That ribbed moraines represent a
very important landform in relation to ice dynamics is unquestionable and so elucidating their

origins is vital.
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1.6.3. Meltwater hypothesis

The meltwater hypothesis explains a suite of subglacial landforms through the
erosional or depositional action of catastrophic subglacial meltwater discharges beneath the
Laurentide ice Sheet. These landforms include drumlins, flutings and MSGLs (Shaw, 1983; Shaw
and Kvill, 1984; Shaw et al., 1989; 2000; Shaw, 1996; Munro-Stasiuk and Shaw, 2002; Shaw,
2002), ribbed moraine (Fisher and Shaw, 1992, Shaw, 2002), hummocky terrain (Munro-
Stasiuk and Shaw, 1997; Munro-Stasiuk, 1999; Sjogren, 1999; Munro-Stasiuk and Sjogren,
2006), transverse ridges (Beaney and Shaw, 2000) tunnel channels (Sjogren, 1999; Beaney and
Hicks, 2000; Beaney, 2002) and Scablands (Sjogren, 1994; Sjogren and Rains, 1995). Like almost
all of the formational theories presented here, those that fall under the meltwater hypothesis
have both weaknesses and strengths. However, as Shaw (2002) comments it is the
assumptions on which these theories are built that hold the most pressing questions: where
and how would such a significant amount of water occur and what would cause it to drain so
catastrophically over such vast areas of an ice sheet bed (cf. Clarke et al., 2005; Benn and
Evans, 2006)?

In reply, numerous scientists have dismissed the meltwater hypothesis based upon its
inability to explain simply the field evidence and also on the basis of unsound scientific
principles (Benn and Evans, 1998, 2006; Clarke et al, 2005). Benn and Evans (2006) argue that
the evidence used to invoke the meltwater hypothesis has been interpreted in such a way as
to make it unfalsifiable. Clearly, the meltwater hypothesis has instigated strong debate within
the scientific literature, and will hopefully act as a catalyst for elucidating many unanswered

palaeoglaciological questions.

1.7.1ce-marginal features

In comparison to subglacial landforms and dynamics, the marginal landforms of terrestrial
palaeo-ice streams remain largely unexplored. The palaeo-ice stream landsystem recognises a
lobate outer zone of stagnation landforms (hummocks) and ice marginal landforms (Fig. 2)
(Clark and Stokes, 2003), however, there is a lack of detailed information on the extent, style
and morphology of these landforms and landform suites. This is a reflection of the lack of
terrestrially based palaeo-ice streams identified so far. Therefore, an assessment of the
landforms and landform suites indicative of marginal processes in terrestrial ice streams is
crucial to reconstructing the palaeoglaciology of the Laurentide Ice Sheet. The occurrence of
southern Laurentide Ice lobes flowing as ice stream outlets or surging margins has often been

suggested (Wright, 1973; Matthews, 1974; Mickelson et al., 1983; Boulton et al., 1985; Clayton
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et al., 1985; Clayton et al., 1989; Kulig, 1996; Patterson, 1997, 1998; Jennings, 2006). If this is
correct then the large body of research on glacial landforms identified in North America may
have significant implications for broader conceptual issues concerning terrestrial ice stream
marginal dynamics.

The margins of terrestrial palaeo-ice streams in North America and Europe have been
compared to those of surging glaciers (Clayton et al., 1985; Patterson, 1997, 1998; Hart, 1999;
Colgan et al., 2003; Van der Wateren, 2003; Jennings, 2006; Evans et al., 2008; O Cofaigh et al.,
in press). This has been based on the presence of thrust-block moraines, widespread
hummocky terrain and crevasse squeeze ridges which are all components of the surging
landsystem (Evans and Rea, 1999, 2003). Alternatively, palaeo-ice stream margins within
Alberta have also been shown to show elements of the active temperate landsystem (Evans et
al., 1999; Evans, 2003; Evans et al., 2006a; Evans et al., 2008). Specifically, the abundance of
low amplitude arcuate moraine ridges within southern Alberta is similar in every respect to
moraines produced at contemporary temperate margins, where each ridge is proposed to
record a seasonal response to climate (Evans and Twigg, 2002, Evans, 2003). This tendency for
terrestrial ice stream margins to reflect both surging and active temperate behaviour

highlights the need to fully understand their dynamics and controls.
1.7.1. Transverse ridges

Thrust-block moraines form part of a landform suite produced by glaciotectonics and
have been documented at the margins of surging and non-surging glaciers (Sharp, 1985b;
Croot, 1988; Evans and England, 1991; Fitzsimmons, 1996; Bennett et al., 1999; Evans and Rea,
1999, 2003; Van der Wateren, 2003). They are thus not necessarily indicative of surging
activity (Evans and Rea, 2003). However, in order to form, significant stresses must be applied
to proglacial sediments, the magnitude of which is most easily satisfied by glaciers with fast
flow regimes, for example at Eyjabakkajokull, Iceland (Evans and Rea, 1999, 2003). At a surging
margin they form by an acceleration or surge of the glacier snout into proglacial sediments,
which may be “seasonally frozen, unfrozen or contain discontinuous permafrost” Evans and
Rea (2003, p.260). This leads to failure of the sediments in the form of folding, overturning and
thrusting of slabs (Croot, 1988; Jennings, 2006). Importantly, thrust-block moraines have been
documented at several locations along the margins of southern Laurentide palaeo-ice streams
(Westgate, 1968; Moran et al., 1980; Bluemle and Clayton, 1984; Shetsen, 1987; Tsui et al.,
1989; Evans, 1996, 2000; Patterson, 1997, 1998; Jennings, 2006; Evans et al., 2006a; Evans et
al., 2008; O Cofaigh et al., in press).

Low amplitude transverse ridges have also been documented along the margins of

terrestrial ice streams (Westgate, 1968; Evans et al., 1999; Evans, 2000, 2003; Jennings, 2006;
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Evans et al., 2008). Within Alberta such ridges are located along the High Plains Ice Stream
(HPIS) and at the southern limit of the CAIS (Evans et al., 2008). They have been interpreted as
minor push moraines formed by processes similar to those along contemporary active
temperate glacier margins (Westgate, 1968; Stalker, 1977; Evans et al., 1999; Evans, 2000,
2003; Evans et al., 2006a; Evans et al., 2008; Evans, 2009) or alternatively as ‘controlled
moraine’ along the HPIS (Gravenor and Kupsch, 1959; Johnson and Clayton, 2003). The
presence of controlled moraines implies englacial and supraglacial origins, ice marginal
polythermal conditions, and the possible presence of permafrost. They are part of a process-
form continuum controlled by basal thermal regimes (Evans, 2009). Controlled moraines were
first introduced by Gravenor and Kupsch (1959) but have recently been more accurately
defined as “supraglacially deposited hummocky moraine that posses clear linearity due to the
inheritance of the former pattern of debris concentrations in the parent ice” Evans (2009).
Morphologically similar low amplitude ridges along the margins of the Des Moines Lobe have
been interpreted as crevasse fill ridges (Jennings, 2006). Significantly, crevasse fill/squeeze
ridges are well documented along contemporary surging margins (Clarke et al., 1984; Sharp
19853, b; Evans and Rea, 1999, 2003; Evans et al., 2007). Similarly, O Cofaigh et al. (in press)
identified crevasse squeeze ridges along the trunk of ‘Ice Stream 1’ in Saskatchewan, which
they interpreted as evidence for surging activity. Elucidating the controls on the genesis of low
amplitude transverse ridges around terrestrial ice stream margins will help unravel the

dynamics which operated within these terminal zones.
1.7.2. Hummocky terrain

In agreement with Munro-Stasiuk and Shaw (1997), Munro-Stasiuk and Sjogren (2006)
and Evans et al. (2008) the term ‘hummocky terrain’ will be used instead of ‘hummocky
moraine’, as it is descriptive rather than implying any pre-determined landform genesis.
Hummocky terrain is the most common landform type around the reconstructed margins of
the southern Laurentide and Fennoscandian ice sheets (Colgan et al., 2003; Johnson and
Clayton, 2003). Within these large zones of hummocky terrain there are several
morphologically different types of hummock; including simple hummocks, doughnut
hummocks and ice walled lake plains. Hummocks, also known as till hummocks, refer to
irregular mounds and knobs surrounded by depressions, which are composed primarily of till
and occur as part of chaotic zone of similar features. Doughnut hummocks are circular mounds
with a central depression and have also been referred to as disintegration rings, doughnuts,
circular disintegration ridges, closed ridges, rim ridges, rimmed kettles, humpies, circular
moraine, extrusion moraine, Veiki moraines (in Sweden) and Pulji moraines (in Finland;

Gravenor and Kupsch, 1959; Parizek, 1969; Aartolahti, 1974; Lagerback, 1988; Boutlon and
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Caban, 1995; Mollard, 2000; Colgan et al., 2003; Knudsen, 2006). Ice walled lake plains are
conspicuous irregular mounds formed from the infilling of ice walled lakes. They have also
been referred to as moraine plateaux (Stalker, 1960), moraine lake plateaux (Parizek, 1969),
and high kames (Stone and Peper, 1982)

Several alternative theories have been proposed for the formation of all these
hummock types, almost all of which consider the landforms to have formed in a ‘stagnant
glacial regime’ (Knudsen, 2006 p.161). Hummocks and doughnut hummocks are thought to
have formed by one of three ways: first by collapse and slumping into holes of supraglacial
sediments on stagnant ice (Gravenor and Kupsch, 1959; Clayton, 1967; Boulton, 1967, 1972;
Parizek, 1969; Clayton and Moran, 1974; Eyles, 1979, 1983; Kriiger, 1983; Paul, 1983; Clayton
et al., 1985; Sollid and Sgrbel, 1988: Johnson et al., 1995; Ham and Attig, 1996; Patterson,
1997, 1998; Mollard, 2000; Johnson and Clayton, 2003; Jennings, 2006; Knudsen, 2006);
second is subglacially, by pressing and squeezing of saturated material into holes and crevasses
in the ice or by squeezing around disintegrating ice blocks (Gravenor and Kupsch, 1959;
Stalker, 1960; Aartolahti, 1974; Eyles et al., 1999; Mollard, 2000; Boone and Eyles, 2001);
finally, some researchers suggest formation by subglacial meltwater erosion (Shaw, 1996;
Munro-Stasiuk and Shaw, 1997; Munro-Stasiuk and Sjogren, 2006). Doughnut hummocks have
also been interpreted to represent proglacial blow-out of over-pressured groundwater
(Bluemle, 1993; Boutlon and Caban, 1995; Evans et al, 1999; Evans, 2003, 2009). Hummocks
are quite likely a polygenetic landform and so show evidence for both supraglacial and
subglacial origins. Ice walled lake plains occur individually and can reach up to a few km in
diameter and as much as a few tens of metres above surrounding terrain (Clayton et al., 2008).
They have been confidently interpreted as supraglacial ice walled lakes which persisted long
into the stagnation cycle due to the permafrost conditions that persisted during deglaciation
(Clayton and Cherry, 1967; Parizek, 1969; Attig, 1993; Ham and Attig, 1996; Clayton et al.,
2001; Attig et al., 2003, Colgan et al., 2003; Clayton et al., 2008).

Hummocky terrain along contemporary ice margins is also generally believed to occur
through meltout of supraglacial debris, and is associated with ice stagnation and surging
margins (Johnson, 1972; Wright, 1980; Sharp, 1985b; Evans and Rea, 1999, 2003; Evans et al.,
2007). Alternatively, some studies have suggested that hummocky terrain may be a product of
active ice margins (Dyke and Savelle, 2000; Lukas, 2005, 2007) rather than extensive regional
stagnation.

The widespread presence of hummocky terrain around the southern Laurentide
margins has also been used as evidence of surging (Clayton et al., 1985; Colgan et al., 2003).
Some of the hummocky terrain landforms described above are yet to be confidently identified

at contemporary margins, and so care must be taken when using form analogy to assess the
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origins of Pleistocene hummocky terrain (Johnson and Calyton, 2003). Colgan et al. (2003)
believe that the sequences of landforms at and behind the margins of the southern Laurentide
lobes can be distinguished into three main landsystem types: Low relief till plains and low relief
end moraines (Landsystem A); drumlins and high relief hummocky end moraines (Landsystem
B); and low relief aligned hummocks and ice thrust masses (Landsystem C). Each landsystem is
a record of differing marginal regimes and, depending on whether or not the southern
Laurentide ice lobes represent palaeo-ice streams (Patterson, 1997, 1998; Jennings, 2006),
may represent terrestrial ice stream margins. Interestingly, Landsystem C was interpreted by
Colgan et al. (2003) to record fast flow or glacier surging, resulting in widespread stagnation of
ice. It is also worth noting that the aligned hummocks show a strong resemblance to the
controlled moraine described by Evans (2009).

A recurring theme throughout southern Laurentide and hummocky terrain research is
the presence and impact of permafrost on ice marginal dynamics and landform genesis (Moran
et al., 1980; Attig and Clayton, 1986; Attig et al., 1989; Johnson, 1990; Mooers, 1990; Colgan,
1996; Cutler et al., 1998; Cutler et al., 1999; Cutler et al., 2000; Clayton et al., 2001; Colgan et
al., 2003; Mickelson and Colgan, 2003; Bauder et al., 2005). Its presence along the former
southern Laurentide ice sheet margins is widely recognised and therefore has particular
relevance to landform development around terrestrial ice stream margins. Specifically, the
potentially thin nature of the southern Laurentide ice lobes rendered them sensitive to any
internal changes, in particular basal thermal regimes. Therefore, the presence of permafrost,
in the form of ice wedge polygons and ice wedge casts represents a marginal frozen bed which
in turn would have affected ice marginal dynamics and hence landform construction (Bauder

et al., 2005).

1.8.Alberta

Alberta is situated in the western prairies of Canada (Fig.3) and is bordered by British
Columbia to the west, Saskatchewan to the east and Northwest Territories to the North. The
study area is located in southern Alberta ranging from 110°-114°W and 49°-52°N. The province
contains a wealth of glacial geomorphology that was primarily formed during the late
Wisconsinan by ice lobes/streams that flowed from the north east, from the Keewatin sector
of the Laurentide Ice Sheet (Clague, 1989). Coalasence of the Laurentide and Cordilleran Ice
Sheets occurred during the late Wisconsinan and was located along the high plains (Dyke et al.,
2002; Jackson et al., 2007) forcing ice flow in a south, south-easterly direction, and is recorded

by the Foothills Erratics Train (Stalker, 1956; Jackson et al., 1997; Rains et al., 1999; Jackson et
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al., 2007). At its maximum during the late Wisconsinan extent ice flowed through Alberta and
into northern Montana (Colton et al., 1961; Westgate, 1968; Colton and Fullerton, 1986; Dyke
and Prest, 1987; Fulton, 1995; Kulig, 1996; Dyke et al., 2002; Fullerton et al., 2004a, b; Davies
et al., 2006). Ice sheet reconstructions suggest that deglaciation from Montana started c.14
cal. ka BP (all dates are referred to in calendar years), with the central lobe occupying the
Lethbridge moraine until c.12.3 ka BP, after which it receded rapidly to the north (Clayton and
Moran, 1982; Dyke and Prest, 1987). Mapping of the glacial geomorphology of southern and
central Alberta (Stalker, 1960; 1977; Prest et al., 1968; Westgate, 1968; Shetsen, 1987, 1990;
and Fulton, 1995, Evans et al., 1999, 2006a, 2008) has enabled a broad identification of flow
patterns and landform assemblages. Three prominent ice streams seem to have operated
within the province and were identified as the east, central and west lobes (Shetsen, 1984;
Evans, 2000). Recently, Evans et al. (2008) suggested that the west and central flow paths be
referred to as the High Plains Ice Stream (HPIS) and Central Alberta Ice Stream (CAIS)

respectively. The CAIS has also been referred to as the Lethbridge lobe (Eyles et al., 1999) and
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is bordered by the McGregor, Lethbridge and Suffield moraines. During deglaciation of the
province, numerous proglacial lakes formed in depressions left by the CAIS, many of which
decanted forming spillways (Evans, 2000). Numerous examples of glaciotectonic disturbance
have been reported (Westgate, 1968; Stalker, 1973, 1976; Tsui et al., 1989; Evans, 1996, 2000;
Evans and Rea, 2003; Evans et al., 2008; O Cofaigh et al., in press), some of which have been
interpreted as evidence of surging activity (Evans and Rea, 2003). Southern Alberta also has
extensive hummocky terrain (Gravenor and Kupsch, 1959; Stalker, 1960; 1977; Shetsen, 1984,
1987, 1990; Clark et al., 1996; Munro-Stasiuk and Shaw, 1997; Evans et al., 1999; Munro-
Stasiuk and Sjogren, 2006).

1.8.1. Alberta Geology

The study area is bordered by the Rocky Mountain Foothills to the west, the Cypress
Hills to the east, and the Sweet Grass Hills and Milk River Ridge to the south. The whole of the
study area lies within North America interior plains, within which lies the western Canadian
Sedimentary Basin. The southern Alberta plains lie on a northerly dipping anticline (Fig. 3)
known as the Sweet Grass Arch (Westgate, 1968). The preglacial landscape was dominated by
rivers flowing in large valleys that drained to the north and northeast. The pre-glacial valleys
were numerous and located throughout southern Alberta. They have been infilled with

sediments ranging from late Tertiary/Early Quaternary (Empress Group) to Wisconsinan time
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(Evans and Campbell, 1995). The interior plains of southern and central Alberta are composed
of Upper Cretaceous and Tertiary sediments, which consist of poorly consolidated clay, silt and
sand originating from the underlying bedrock (Stalker, 1960; Klassen, 1989). Importantly,
significant quantities of bentonite are common throughout the study area, creating very poor
drainage conditions (Klassen, 1989; Beaty, 1990), and exerting a strong control on till rheology
when wet (Stalker, 1960). The Cypress Hills and Del Bonita Highlands remained as nunataks
during the Quaternary (Klassen, 1989).

1.9.Summary

As discussed throughout this chapter ice streams are a very important and highly
dynamic characteristic of both contemporary and palaeo-ice sheets. However, the extent to
which terrestrial ice streams impact upon ice sheet dynamics is not fully understood.
Moreover, the lack of any contemporary examples hinders our ability to fully elucidate and
reconstruct their behaviour. As such, this research aims to accurately constrain the landform
record of southern Alberta where terrestrial ice streams are reported to have existed during
the late Wisconsinan. In particular, the focus of this research is to document the landform
sediment assemblages at the margin of a terrestrial ice stream with a view to reconstructing
palaeo-ice stream dynamics and elucidating any controls an ice stream margin may have upon

its longevity and dynamics.
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Chapter 2

Methods



This chapter reviews the methods used to achieve the aims of this research and is
subdivided into three sections. The first section reviews the scale dependent model which has
been implemented to give this research a logical and holistic structure. The second section
explains the three mapping techniques adopted, which include SRTM, Landsat ETM+ and Aerial
Photo mapping. The third section describes the sedimentary analyses used and their benefits

in helping understand landform genesis.

2.1. Scale approach

A ‘scale approach’ is used to provide a framework for investigating glacial
geomorphology on multiple scales. This notion acts as a structure to the research and requires
that the mapping methodologies implemented will start at a small regional scale and move up
to large local scale mapping, increasing the scale of focus in the smallest possible incremental
steps. This will encompass the greatest quantity of possible data and provide a logical
undercurrent that will produce the best possible results. Therefore, using this model as a
framework this research will map the regional glacial geomorphology of southern Alberta with
SRTM data and then introduce Landsat ETM+ which is a more accurate data set to verify and
add to mapping, followed by aerial photo investigation. The model’s primary function is to

provide a structure that will enable accurate data results from data sets that vary in scale.

2.2. Mapping

Three different data sources will be used within this research in order to produce
precise regional and local scale glacial geomorphology maps of Southern Alberta: Shuttle Radar
Topography Mission (SRTM), Landsat 7 Enhanced Thematic Mapper Plus (Landsat ETM+) and

Aerial Photograph Investigation (API).

2.2.1. SRTM:

SRTM data have been employed to create digital elevation models (DEMs) of the
landform record. DEMs are raster files that display topographic data through tonal changes, as
each pixel represents an averaged vertical height for the area it covers. Through recent

advances in the availability of national and global data sets, the ease with which they can now
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be created and manipulated, their higher resolution and coverage render them one of the

most useful tools for glacial geomorphology investigations (Smith and Clark, 2005).

The SRTM was flown in February 2000, obtaining elevation data on a near global scale
(60°N - 56°S) and generating the most complete high-resolution topographic database on earth
(Ramirez, 2006). The SRTM used interferometric synthetic aperture radar (InSAR) to record
topographic data; this technique uses dual radar antennas situated in separate locations that
take images simultaneously (Rabus et al., 2003). The mission produced three data sets: 1 arc-
second, 30 m resolution data set for the US only (SRTM1); 3 arc-seconds, 90 m resolution
(SRTM3) and 30 arc-seconds, 1 km resolution (SRTM30) data set with near global coverage
(NASA, 2001). All three data sets have an approximate swath width of 225 km and the data is
provided in an “.hgt’ file format, which is a 16-bit signed integer data in a simple binary raster
(NASA, 2001). All elevation data is in metres and referenced to the World Geodetic System/
Earth Geopotential Model (WGS84/EGM96). The mission objectives required absolute and
vertical accuracy of £16 m for 90% of the data and +6 m respectively, and horizontal accuracy
of £20 m (Smith et al., 2006). Both absolute and vertical accuracy requirements were met, with
the horizontal accuracy exceeding the specification by almost an order of magnitude (Rabus et

al., 2003).

Whilst other available topographic data sets exists (ASTER, CDED), SRTM3 was chosen, as
it was considered the best available data set for regional mapping of southern Alberta and its
use in glacial geomorphology requires further testing and appraisal. ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer) provides data with higher or similar
resolution (15-90 m) to SRTM; however, the data is only available on demand and requires
payment. Due to the financial constraints of this research and methodological approach
discussed below, ASTER data has been dismissed as a mapping technique. Canadian Digital
Elevation Data (CDED) provides topographic information with a resolution varying between

0.75-3 arc seconds and is referenced to the National Topographic Data Base (NTDB) (Fig.5).

Only within the last five years has SRTM data been available for use in glacial
geomorphology, and as yet it has rarely been employed. Several authors, Glasser and Jansson,
(2005); Bolch et al., (2005) and Heyman et al., (2008) have used SRTM data for mapping
geomorphology; however, each author used it in conjunction with another data set such as
Landsat 7 ETM+ and ASTER. This suggests that by itself SRTM data is inadequate as a sole
mapping technique, most likely due to the resolution. However, recently O Cofaigh et al. (in
press) used solely SRTM data to map ice streams in Saskatchewan and Alberta, yielding

excellent results. It is therefore important that as part of this research the use of SRTM data
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for mapping glacial geomorphology be critiqued with specific focus on landform identification.
Smith et al. (2006) have suggested that spaceborne sensors such as SRTM are not sensitive
enough to map detailed morphology. Similarly, Falorni et al. (2005) have commented on a link
between high topography and vertical accuracy errors within SRTM data sets. The above
evidence suggests that SRTM imagery will provide a good regional scale picture, yet where
landforms exist at scales smaller than or approaching pixel resolution it is likely that these
landforms will not be visible. This would provide a generalized, rather than a comprehensive

illustrative map of the glacial geomorphology.

2.2.1.1. Method 1

It was necessary to convert the SRTM file format ‘.hgt’, as it was only recognized by a
few GIS packages. Two GIS packages were available to convert the files: Global Mapper™ and
ENVI 4.3™. Global Mapper™ produced a smoothed, rendered pseudo-colour image (Fig.6) of

the SRTM data that could be manipulated to accentuate features, produce 3D images and

N 5
Figure 5: DEM created from CDED. The DEM is situated SE of Pakowki lake (Fig. 4), which is represented
by the single grey tone in the NW corner of the image. The NTDB contour data easily visible throughout

the image distracts from the landforms and so hinders the mapping and interpretation process.
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change sun illumination angles. By vertically stretching the elevation data, it is possible to
more easily identify landforms within the data set, as they become more defined. Vertical
stretching exaggerates the height of data above a set height, which is normally the lowest
point in the data set. For example, a moraine ridge that is 10 m high could become 20 m high if
the data set was stretched by a factor of two. However, this method can also start to
misrepresent features due to morphology changes, and so one must be careful not to use this
method as a sole means of mapping but rather to help interpret and distinguish landforms. In
agreement with Smith and Clark (2005) multiple illumination angles were used to help map the
landforms. llluminating DEMs from an orientation at right angles to the main lineation
direction provides excellent results (Smith and Clark, 2005). However, a single azimuth
illumination, normal to lineation direction, highlights those features but weakens those of
different orientation, creating an azimuth bias (Onorati et al., 1992; Smith and Clark, 2005).
With respect to southern Alberta, where there are myriad landforms all of varying orientation
and scale, it was necessary to implement illumination angles orthogonal to each other, and
when mapping flowsets parallel and normal to the main lineation direction (Smith and Clark,

2005). Lastly, 3D images were created (Fig.7) to help verify mapped data, as they enabled
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Figure 6: Exported GeoTIFF of the fieldsite from Global Mapper. The pseudo-colour DEM is automatically
created when opening the file; blue represents the lowest ground and darker green to brown the highest
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multiple viewing angles of the same image.

The Global Mapper™ interface did not provide the ability to easily map the glacial
geomorphology and so these manipulations were completed in Global Mapper and then
exported as a GeoTIFF. GeoTIFFs, however, provide only georeferenced raster imagery with no
topographic information, hence the need to perform the DEM manipulations discussed above
prior to their creation. These images were then opened in Erdas Imagine 9.0, a GIS package
that enabled easy mapping of the glacial landforms. In order to map these features, vector
layers were created and placed on top of the exported GeoTIFFs. These vector layers
essentially act like tracing paper, allowing multiple layers to be used simultaneously, providing

a very efficient method of mapping glacial geomorphology on a regional scale.

2.2.1.2. Method 2

An alternative method was employed to compare and verify the SRTM mapping and
to add any additional landforms to the overall geomorphology map. ENVI 4.3 software was
used to open the SRTM data, in a grey scale format (Fig. 8), and where data points were
missing nearest neighbour sampling was used to correct for this. The nearest neighbour
sampling was automatically applied to the same missing data points when opening the images
in Global Mapper. The files were then exported from ENVI as Bitmap Graphic files ‘.img’, which
are simply raster files that can carry both georeferenced and topographic information. This

option was not available when exporting out of Global Mapper. These images were opened in

Figure 7

Figure 7: 3D image created in Global Mapper. The 360° view provides a new perspective on landforms,
but also highlights the differences in relief. This image was taken looking WNW from SE Alberta; the
highland topography on the left is the Milk River Ridge. Rendition is for illustration purposes only and no
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Erdas Imagine 9.0 as relief shaded DEMs (Fig. 9). The DEMs were manipulated in exactly the
same manner as above, with sun illumination changes, vertical exaggeration and 3D profiling.
In similar fashion to the above method, vector files were overlaid on the DEMs to map the
landforms. The results were then compared against the mapping performed from the
GeoTIFFs. Each individual vector file represented a landform type and so the vector files from

each method were compared to identify any discrepancies between the two methods.

The initial glacial geomorphology map was created through the above two methods,
both having been subject to the same manipulation techniques, in order to create the best
possible representation of the landform record in southern Alberta. Distinct landform
assemblages will be apparent regardless of visual manipulations performed, yet depending on
the glaciodynamic conditions responsible for their formation it is often the more subtle
landforms that are of particular importance when interpreting landform assemblages (Smith
and Clark, 2005). In order to fully elucidate the palaeo-ice dynamics operating in southern
Alberta it is vital that landforms are identified at as many scales as possible and so the SRTM
mapping will be used in conjunction with Landsat ETM+ and API. The finished images were

rendered and exported from ArcMap™ Version 9.0.

Figure 8

Figure 8: Grey scale image exported from ENVI 4.3. The “.img’ file format carries topographic
information, with white representing higher ground and dark grey the lowest ground. From
this, relief shaded profiles were created. Rendition is for illustration purposes only and no
scale is given. 29




Figure 9: Relief shaded profiles illuminated perpendicular to each other. Note the distinct visual change in the
imagery from a simple DEM manipulation. Rendition is for illustration purposes only and no scale is given.

2.2.2. LANDSAT ETM+

Landsat ETM+ consists of 8 spectral bands. Bands 1-5 and 7 have a 30 m resolution
and allow colour composites to be created, enabling different band combinations to aid image
interpretation. Band 6 (thermal infared) has a resolution of 60 m. Band 8 (panchromatic) has a
resolution of 15 m (USGS, 2006). Landsat ETM+ is a sensor that was carried onboard the
Landsat 7 satellite. Each scene size is approximately 170 km north-south by 183 km east-west

(USGS, 2006).

Additional geomorphological mapping was conducted through interpretation of the
panchromatic band (band 8: 0.52-0.90 um) due to its high resolution. A total of 13 scenes were
mosaiced together providing full coverage of the field site (Table.1). These were downloaded

from the GeoBase website (http://www.geobase.ca/geobase/en/index.html) overseen by the

Canadian Council on Geomatics (CCOG). All images were in GeoTIFF format, and have been
georeferenced with the North American datum of 1983 (NADS83) corresponding to the

Universal Transverse Mercator (UTM) projection; UTM Zone 12 for Alberta.

Table.1

GeoBase ID Type Path Row Acquisition Date
043024, Edition 1.02 ETM+ 043 024 2000/10/06
042024, Edition 1.01 ETM+ 042 024 2002/08/18
042025, Edition 1.02 ETM+ 042 025 2000/08/28
042026, Edition 1.01 ETM+ 042 026 2001/08/15
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041024, Edition 1.00 ETM+ 041 024 1999/08/03
041025, Edition 1.00 ETM+ 041 025 2001/07/07
041026, Edition 1.01 ETM+ 041 026 2001/07/07
040024, Edition 1.00 ETM+ 040 024 1999/07/27
040025, Edition 1.00 ETM+ 040 025 1999/07/27
040026, Edition 1.01 ETM+ 040 026 2000/07/29
039024, Edition 1.00 ETM+ 039 024 2000/08/23
039025, Edition 1.00 ETM+ 039 025 2000/07/22
039026, Edition 1.01 ETM+ 039 026 2001/08/10

The same method was adopted for mapping the Landsat ETM+ images. The images
were opened in Erdas Imagine 9.0 and overlaid with the same vector layers that were used to
map the DEMs. This allowed first order verification of the SRTM interpretations and also
additional features to be mapped with ease. Whilst the Landsat ETM+ and SRTM data sets are
georeferenced to different co-ordinate systems no problems were encountered when

overlaying vector files on the different raster formats.

The colour composite images created by alternating band combinations provided no
advantage over the higher resolution panchromatic band. This is most likely due to the 30 m
resolution and the extensive agriculture and subsequent modification of subtle landforms,
requiring higher resolution imagery to identify such features. The 15 m resolution of the
panchromatic band enabled more detailed mapping of smaller features but the lack of any
topographic information hindered the identification of the larger, regional scale landforms.
Band 8 was significantly more useful when identifying smaller lineations and any subtle

differences within sections of hummocky terrain than SRTM.

Geographical Information Systems (GIS) provide a unique tool with which to assess
and hence understand the relationships between individual glacial landforms, in particular
specific landform assemblages and the insights into ice dynamics that can be gained from that
(Napieralski et al., 2007). Clear advantages exist through using remote sensing for mapping
glacial geomorphology, notably the ease and speed of mapping, the wide range of scales on
which mapping can be performed, the availability of data, and the ability to integrate multi
source data (Smith and Clark, 2005). Additionally, and more specific to this research it provides
an excellent way to view large sets of landform assemblages, helping unravel any landform
signatures on ice sheet scales (Clark, 1997). Landsat ETM+ has been used for many glacial

geomorphology investigations (i.e. Glasser and Jansson, 2005, Heyman et al., 2008). In
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particular, it has been instrumental in palaeo-ice stream investigations (Stokes and Clark,
2003a; De Angelis and Klemen, 2005, 2008; Stokes et al., 2006). An assortment of other
remotely sensed data have been used for investigating glacial geomorphology, such as Landsat
Multi-Spectral Scanner (MSS) (Boulton and Clark, 1990; Clark, 1994; Stokes and Clark, 2003a),
Landsat Thematic Mapper (TM) (Clark and Stokes, 2001; Stokes, 2002), SPOT High Resolution
Visible (HRV) (Smith et al., 2000) and ERS Synthetic Aperture Radar (SAR) (Clark et al., 2000;
Clark and Stokes, 2001). However, the higher resolution provided by the ETM+ data was
considered the best possible data source for smaller scale landform mapping and independent

verification on the accuracy of the SRTM data.

The combination of both these remote sensing methods should provide a
comprehensive overview of the glacial geomorphology in southern Alberta, helping identify
any individual or key suites of landforms that require further investigation using API, field
checking and sedimentary analysis. On a regional scale the mapping will identify whether there
are any cross-cutting lineations, different flow sets and the overall landform signature, aiding
the reconstruction of palaeo-ice stream flow patterns and relative deglaciation pattern.
Flowsets will be reconstructed in accordance with the criteria proposed by Clark (1999).
Identifying flowsets provides an excellent method by which to understand any changes in ice
stream flow, configuration and dynamics. Once identified, flowsets were mapped by drawing
flowlines orientated parallel to the lineation direction. Where possible, quantitative analyses
examined average lineation length, orientation, elongation ratios (ER) and average distance
between lineations, in order to identify any similarities or differences between flowsets.
Quantitative analyses into lineation morphology and pattern has been demonstrated to be
useful in helping reconstruct palaeo-ice streams and their dynamics (Stokes and Clark, 20033;

Roberts and Long, 2005; Stokes et al., 2006; Storrar and Stokes, 2007).

Landforms were mapped using their morphometric characteristics and then
interpreted. Whilst, a prior knowledge of the field site, landform morphology and type is
essential before mapping any glacial geomorphology, it is vital that interpretations do not
place any bias on the mapping process and the researcher stays as objective as possible
(Hubbard and Glasser, 2005). Secondary data sources (Shetsen, 1987) were also used to help

confirm or reject any contentious mapped landforms.

2.2.3. Aerial photo Investigation (API)

Aerial photos were used for large scale investigations into the marginal landform record
of the CAIS (49°00°00”N, 49°42’'06.44”N; -110°00'00”W, -113°14’47.21W). The remote sensing

methods were inadequate for detailed investigation of the CAIS margin and so APl and ground
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truthing were employed. Aerial photos provided by far the best available data source for
investigating the marginal landforms of the CAIS because of the excellent resolution. A series
of 10, 1:63,360 (1 inch to one mile) aerial photo mosaics captured in 1951 by the Alberta
Department of Land and Forests were mapped by hand to create a detailed glacial
geomorphology map. The marginal area of the CAIS was chosen because of the quality of the

landform record.

The landforms were mapped using the same method as above, firstly based on their
morphometric characteristics and then interpreted to determine whether they were of glacial
origin. Moraines and thrust ridges were represented by a single line along their crest;
lineations were similarly represented by a single line orientated along their main axis. Where
possible, individual hummocks were outlined, however, due to the complexity and sporadic
orientation of some sections of the hummocky terrain this was not possible. In these sections
the hummocky terrain has been represented by shading the inter hummock depressions. Any
hummocks that showed strong linearity were represented by a single line along that
orientation. Distinct differences existed between types of hummocky terrain but these were
not illustrated on the map due to scale; however these differences are comprehensively

covered in the next chapter.

Once completed the maps were scanned into digital form and made into a TIF file.
Individual images were mosaiced in Adobe Photoshop®, creating a map of the marginal setting
of the CAIS. Specific landforms and suites of landforms were identified through APl and further

investigated through ground truthing and where possible sedimentary analysis.

2.3. Sedimentary Analysis

Key landforms and suites of landforms identified as having particular importance in
unraveling the complex glacial signatures and assemblages were identified from the API.
Where possible, stratigraphic logs, cross sections and clast analyses were used to assess the
sedimentary makeup of the landforms. Stratigraphic logs and cross sections are an essential
technique in attempting to reconstruct glacial dynamics (Evans et al., 2007). In particular,
vertical and lateral variations in sedimentary structures and architecture, bed contacts, sorting
and texture were examined at sections (Evans and O Cofaigh, 2003). Large sequences often
show distinct lithostratigraphic units relating to advances and retreat of the margin,
occasionally allowing relative dating of the stratigraphy (Westgate, 1968). Clast macrofabrics

were taken (imbrication of the A/B plane; Evans and Benn, 2004) where possible to provide
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information on the directions of ice movement, allow differentiations between styles of
deposition and different sedimentary facies, and to provide indications of the relative strain
signature in a sediment (Hubbard and Glasser, 2005). A minimum target of 50 clasts was
chosen when taking clast data in order to make the results statistically significant (Bridgland,
1986). However, this was not always possible at all sites. The stratigraphic and
sedimentological data will allow constructional mechanisms to be accurately identified,
helping to assess the different theories of landform construction under palaeo-ice stream
margins. Stratigraphic logs and cross sections are used as the primary data sources for any

sedimentary analysis and when available were supported by clast macrofabrics.

2.4. Summary

The sequence of methods adopted here have deliberately followed a scale approach that
employs a small to large scale structure in order to provide a holistic and logical basis for this
scientific research. This in turn will help provide comprehensive data collection of the landform
record, which will enable a thorough assessment of the glacial dynamics that acted in their

formation. These specific methods have been employed to create:

e Aregional glacial geomorphology map of southern Alberta.

e Palaeo-flow set map, indicating flow orientation and dynamism of ice streaming within
southern Alberta.

e A detailed glacial geomorphology map of the marginal setting of the CAIS from aerial
photo investigation.

e Sedimentary logs, cross-sections and stereonets used to help reconstruct ice marginal

dynamics at the time of landform genesis.

34



Chapter 3

Results



This chapter is divided into three sections: regional and ice marginal glacial
geomorphology, and glacial sedimentology. The first section presents the results obtained
from SRTM and landsat ETM+ mapping; Section 2, glacial geomorphology of the CAIS marginal
area and Section 3, the glacial sedimentology of the CAIS marginal area. Whilst the marginal
setting of the CAIS is the primary focus of this research, by first assessing the regional

geomorphology it is possible to place the results within a local and regional context.

3.1. Regional results

The field area covered approximately 99,000 km? and demonstrates a wealth of
landforms (Fig.10). The glacial geomorphology is primarily dominated by two palaeo-ice
streams tracks, the HPIS and CAIS (Evans et al., 2008), and inter-lobate (inter stream)
hummocky terrain. Additionally, along the eastern margin of Alberta, Efs_1, also known as 'lce
Stream 1' (O Cofaigh et al., In Press) or the east lobe (Shetsen, 1984; Evans, 2000), terminates
to the north of the Cypress Hills (Fig. 10). The ice stream corridors are identified by smoothed
topography, multiple flow sets (Fig. 12), MSGLs, and extensive esker and metltwater networks.
In addition, both the HPIS and CAIS display narrower trunks of fast flow and lobate margins, in
accordance with the palaeo-ice stream geomorphological criteria set out by Stokes and Clark
(1999, 2001). Figure 10 distinguishes between different types of transverse ridge sets but the

reasons for these interpretations are discussed in the Chapter 4.

3.1.1. High Plains Ice Stream

The HPIS track extends into the study area in a south, south-easterly direction, turning
to the east and south-east as highlighted by Figure 12. The HPIS is approximately 250 km in
length (within the study area) and its width varies from around 50 km along the main trunk to
85 km across the lobate terminus. The HPIS is bounded by hummocky terrain to the east and
the foothills of the Rocky Mountains to the west. The HPIS was located roughly 250 m higher
than the CAIS (Fig. 13b) and traversed across a west to east dipping slope (Fig. 13b, c). The
main landforms are lineations situated primarily to the north of the study area, with eskers
and esker networks flowing parallel to lineation direction. Reconstructing lineations has
identified at least seven (Hfs_1-7) different flow sets along the HPIS trunk, and to the west five
flow sets have been identified as being sourced from the Rocky Mountains (Cfs_1-5).
Anastamosing meltwater channels are juxtaposed with a large sequence of transverse ridges
that lie along the western edge of the ice stream. As mentioned above the HPIS splays out into
a lobate form along its southern margin, terminating at the western edge of the CAIS. The
marginal deposits of the HPIS are composed of hummocky terrain bands west of Del Bonita

and the McGregor Moraine (Evans et al., 2006a).
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Figure 10: Glacial geomorphology map of southern Alberta.
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3.1.2. Central Alberta Ice Stream

The CAIS track extends through the field area in a southerly direction, orientated
perpendicular to Hfs_3 and 4. The CAIS is roughly 320 km in length (within the study area) and
becomes progressively wider down ice: 97 km across northern trunk, widening to 160 km
across the margin as the terminus spreads out into a large lobate margin (Fig. 10). The CAIS
advanced against an inclined proglacial slope (Fig. 13A), in particular around the margin. The
ice stream is easily identifiable as it is bound to the west, east and partly to the south by
hummocky terrain; also known as the McGregor, Suffield and Lethbridge moraines respectively
(Fig. 11) (Shetsen, 1984; Evans, 2000). Additionally, mapping by Evans et al. (2008) identified a
lateral moraine along the western margin of the CAIS. Two flow sets were identified along the
CAIS (CAfs_1 and 2), and one in the south east corner CAfs_3, recording at least two different
phases of flow. The margin is composed of a series of sub-parallel transverse ridges,
contiguous to hummocky terrain sections that in plan form run parallel to the ridges.
Meltwater channels and couleés present in this area also appear lobate in form. Moving
northwards the meltwater channels continue to trend parallel to the marginal landforms. In
addition, a large sequence of anastamosing meltwater channels occurs at the northern most
tip of the CAIS. They trend in an east, south east direction following the regional slope.
Transverse ridges are found primarily in the CAIS marginal area but are also found along the
ice stream trunk, and in the north east corner and east of the study area. Eskers and esker

networks occur along the centre and eastern edge of the ice stream trunk.

3.1.3. Flow-sets and lineations

Overall 653 lineations were identified along the CAIS and HPIS and combined they
produced 16 individual flow-sets (Fig. 12). Hfs_4 contained the largest amount of lineations
(130) showing strong spatial coherency, and CAfs_1 contained the largest lineation (35km
long). Due to the resolution of SRTM imagery no elongation ratios could be taken, however, it
is highly likely that some if not all lineations had an ER of greater than 10:1. The smallest
examples were found in Hfs_1 and 7 and Cfs_3, and the largest in CAfs_1 and 2 (See Table 2 for
flow set data). Hfs_4, 5 and CAfs_2 terminate in hummocky terrain zones, whereas Efs_1
marginal zone is composed of large transverse ridges. CAfs_1 lies between two sets of multiple
transverse ridges and 70 km up ice of a large perpendicular lobate transverse ridge. In similar
fashion CAfs_3 is located on the down ice side of a sequence of transverse ridges and the

Blackspring Ridge lineations occur on the down ice side of an escarpment.
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Figure 13: Profiles taken from SRTM data (See Figure 11 for location). A) long profile of the CAIS. B)

is a cross section of the study area. C) shows the slope which the HPIS traversed across. D) shows
the profile from Pakowki Lake across the transverse ridges located on the preglacial drainage divide
in the SE corner of the study area. E) is a cross section of the CAIS marginal area.
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Flow-set No. Lineam- Mean Mean Flow-set Area Mean Transverse

ents Length (km) | Direction (°) (km?) Wavelength (km)
Cfs_1 11 2.60 128 289.53 1.64
Cfs_2 8 3.60 114 276.09 1.62
Cfs_3 32 1.21 74 133.18 0.22
Cfs_4 55 2.32 117 373.85 0.31
Cfs_5 13 3.37 146 73.74 0.37
Hfs_1 61 1.56 224 501.16 0.24
Hfs_2 81 3.42 141 2162.29 0.44
Hfs_3 66 2.34 119 1631.27 0.46
Hfs_4 130 3.58 127 2075.77 0.27
Hfs_5 99 3.52 129 4473.44 0.52
Hfs_6 11 2.01 222 42.53 0.33
Hfs_7 32 1.99 227 83.72 0.19
CAfs_1 6 10.04 203 262.27 0.76
CAfs_2 4 20.89 168 577.92 4.17
CAfs_3 20 4.17 118 424.56 0.52
Efs_1 28 2.93 252 251.56 0.31

Table 2: Data showing the specific characteristics of the flow-sets, which in turn act as a device to help
differentiate between particular flow sets.

3.1.4. Transverse ridges

Large sequences of transverse ridges exist throughout the study area, not only in
marginal settings but along the HPIS and CAIS flow corridors. The ridges demonstrate a wide
range of distinctly different morphological characteristics.

A large sequence of transverse ridges stretches approximately 100 km along the western
half of the HPIS (TR_1). The ridges are low amplitude, generally only a few metres in height,
but can reach up to around 6 m. Within the sequence are two large ridges, superimposed on
which are four ridges roughly 10-15 m in height (Fig. 15b). The two ridges are dissected by a
branch of the Bow River, and the eastern ridge is overprinted by lineations from Hfs_5 (Fig.
15b). Cross-cutting the southern section of Hfs_5 and along the western edge of the CAIS is a
sequence of densely spaced thin, sharp crested transverse ridges (TR_2). They range from
hundreds of metres to a few km in length and reach up to around 25 m in height.

The north eastern corner of the study area is composed of a sequence of inset ridges
that are bordered by hummocky terrain to the east, west and south (TR_3). The sequence of

extends for 30 km with crest wavelength varying between 500 to 1000 m. The ridges range
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Figure 14: a) Landsat ETM+ image of Hfs_1; b) CAfs_1 from SRTM data in GeoTIFF format; c) Hfs_4

from SRTM data in GeoTIFF format. c) demonstrates the high level of spatial coherency of a single

flow set and the white arrows highlight the large esker that runs through the flow set.
from roughly 10-20 m in height and are generally a few km in length. Situated to the north
west of TR_3 are several large ridges that dominate an area of hummocky terrain (TR_4). The
ridge crests run for 10 km and stand up to 20 m above the surrounding terrain. To the north of
CAfs_1 lies a sequence of ridges orientated at 45° to lineation direction (TR_5). The sequence
is composed of three parallel subsets of ridges spaced 4.5 km either side of the central set. All
the ridges are similar in morphology, demonstrating a distinct crenulate plan view. The

sequence is composed of 40 ridges, ranging from 1-4 km in length. The subsets rise up to 30 m
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above the surrounding land on which each ridge crest is about 5 m high. 20 km to the south of
CAfs_1 lie two sets of ridges (Fig. 15a & 16a): a large series of ridges that are identical in
morphology to those situated just to the north of CAfs_1 (TR_6); and a small set of larger
ridges that have been accentuated by meltwater (TR_7). TR_6 is composed of over one
hundred ridges that run east to west across the length of the CAIS. These ridge crests
demonstrate a strong orientation from north east to south west and lie perpendicular to
CAfs_2. From west to east the ridges and their crest wavelengths become gradually larger,
ranging from a couple of metres up to 5 m in height. The ridges within the second set are
characterised by longer, smoother crests of 8 km in length and are up to 5 m in height.
Meltwater channels run in and behind them accentuating their overall size and the ridges are
orientated perpendicular to CAfs_1 and a large lobate ridge 20 km to the south (TR_8). The
large lobate ridge is situated across the majority of the CAIS between the Bow and Oldman
Rivers (51°N and 112°W). The eastern edge of the ridge trends into an area of hummocky
terrain (10 km east) that is orientated parallel to the lobe. The ridge is dissected by meltwater
channels at several locations but overall extends for about 70 km. The ridge is asymmetric,
with a steeper proximal slope and its height gradually increases from west to east (20 — 30 m).
At the southern margin of the CAIS lies a large sequence of transverse ridges (TR_9),
north of which lies the Lethbridge Moraine (Fig. 11) (Stalker, 1977; Evans; 2000). This sequence
comprises part of the CAIS ice marginal landscape and provides the focus for Section 3.2. The
sequence is approximately 45 km in depth, 150 km in length and composed of numerous long,
low amplitude ridges that are aligned en echelon to each other and are lobate in shape. The
largest ridges extend for the length of the sequence and are no more than a few meters in
height. Also within this sequence are numerous meltwater channels and coulées that run
parallel to the ridges. 15 km to the south east of Pakowki Lake lies a sequence of 170 sub-
parallel ridges (TR_10), just up-ice of, and perpendicular to CAfs_3 (Fig. 16b). The ridges lie on
the preglacial drainage divide that was located between the Cypress and Sweet Grass Hills
(Westgate, 1968) and is about 150 m higher than the Pakowki Lake depression (Fig.13D). The
ridges reach 20 m in height to the west CAfs_3 and descend to roughly 5 m to the east. Ridge
wavelength also decreases from west to east, varying from 1 km to 250 m. Two further sets of
transverse ridges are located to the north and south of Efs_1. The southern set (TR_11) is
orientated at 45° to, and located at the terminus of Efs_1. The sequence is composed of large
parallel ridges up to 30 m in height, which are accentuated by major meltwater channels that
surround them. The TR_12 features are predominantly parallel to those of TR_11 but also
show a 90° change in orientation at the western edge. The sequence is located at the south
west corner of ‘Ice Stream 1’ identified by O Cofaigh et al. (in press). The ridges are

predominantly 5 m in height but two larger ridges located up-ice are almost 30 m in height.
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Figure 15: Examples taken from SRTM data of transverse ridges situated in southern Alberta. a) large lobate ridge situated along the CAIS. The Bow River flows through the
centre of the image and the Oldman River along the bottom. Also in a) are TR_6, TR_ and TR_8, and an esker network situated to the right centre of the image. b) displays the
long set of ridges situated along the HPIS trunk (TR_1). Note the streamlined features that make up Hfs_5 to the right of the image. c) shows the sequence of long, low
amplitude ridges that form the lobate plan pattern of the CAIS margin (TR_9). Also visible are the large Chin, Etzikom and Verdigris Coulées that run parallel to the ridges.
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Figure 16: a) western section of transverse ridges that cross the entire CAIS (TR_6, Fig. 11). b) shows
the sequence of ridges in the south eastern corner of Alberta (TR_10). Note the lineations situated just
down ice of the ridges (CAfs_3) and the smooth flat topography in the north west corner represents
Pakowki Lake.

3.1.5. Hummocky terrain

Hummocky terrain comprises a large proportion of the study area and is found primarily
in between ice stream corridors but also along the margin of the CAIS (Fig. 10 & Fig.17). The
areas identified demarcate the limits of smoothed topography characteristic of the ice stream
corridors. The resolution of the SRTM and to an extent the Landsat ETM+ data is insufficient to
make significant insights into the morphology of the hummocky terrain. Rather, it has been
possible to identify general areas of hummocky topography. The hummocky terrain areas
mapped show strong similarity in the distribution of hummocky terrain to that of Prest et al.
(1968); Shetsen (1987, 1990); Clark et al. (1996) and Evans (2000).

Significantly, a hummocky terrain band (Lethbridge Moraine) runs continuously from
the edge of the Blackspring Ridge across the CAIS marginal area up to and around the Cypress
Hills. In plan form the band demonstrates a strong lobate pattern that runs parallel to the

transverse ridges but internally consists of chaotic hummocks. Additionally, within the areas of

46



nessEn nerszew

SN

nasETY nrszew

Figure 17: Examples of hummocky terrain. a) hummocky terrain around McGregor Lake, which is shown by the flat, smooth area in the left centre. b) larger scale image of the
hummocky terrain at the south east of McGregor Lake. The image is taken from Landsat ETM+ data. c) chaotic pattern of ridge like structures that lies within hummocky terrain
in the north east of the study area (Fig. 11). The ridges are significantly larger than the surrounding hummocks and are the best developed example of this type of feature
identified within the field area. 47



hummocky terrain, several examples of conspicuous chaotic ridge forms were present. The
best developed example was located at 110°54’0”W, 51°4’0”N (Fig. 17c). The ridges have no
distinct crest and are symmetrical in shape; they are significantly larger than the surrounding

hummocks with individual ridges reaching up to 4 km in length.

3.1.6. Crevasse squeeze ridges

Crevasse squeeze ridges have been located at two locations within the field site (Fig.
11 & 18). Set 1 are located 15 km to the north east of McGregor Lake at 112°37°0"W,
50°40’0”N, within the McGregor moraine (Fig. 18a). The sequence is 1.5 km long and the ridges
are thin, sharp crested and extend for up to 750 m in length. The second set was identified
with Landsat ETM+ data and is located at 111°2829”W, 50°32’38”N. The ridges are located
within CAfs_2, approximately 10 km down ice of the large transverse ridge sequence (TR_6).
The sequence stretches for just under 6 km, with ridge length varying between 500 m and
1500 m. Morphologically they are very similar to set 1, and are characterised by very thin, low

amplitude, sharp crested ridges.

3.1.7. Esker networks

Eskers are prominent throughout the study area, but resolution constraints meant that
only the largest features were identifiable. It was also common to find that large eskers in
close proximity to each other (Figs. 13a, b) were part of a series of smaller features that could
not be confidently distinguished. The largest esker identified was situated along Hfs_4 (Fig.
14c), reaching 45 km in length. The esker runs at 25° offset to the lineations and follows the

natural slope. Further to the south a sequence of prominent eskers is situated along the centre

Figure 18: The two sets of crevasse squeeze ridges found. a) arcuate cross cutting ridges that trend
north to south and were identified in the north west corner of aerial photo grid 82110 (Fig. 11). b)
ridges located just north west corner of CAfs_2. The ridges have been highlighted as they are barely
identifiable in the image.
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of the HPIS corridor and the western edge of Hfs_5 (Fig. 13b). They form a 40 km network of
eskers that run parallel to lineation direction. Additional, eskers were identified along the
centre and eastern half of the CAIS. A network of eskers was located along the eastern edge of
Lake Newell. The network initiates 20 km south of CAfs_1 and terminates just south of Lake
Newell. 30 km to the east, more prominent esker ridges were located at the edge of CAfs_2.
The eskers run for up to 15 km at roughly 20° offset to lineation direction and are likely

surrounded by numerous smaller eskers

3.1.8. Meltwater channels

Extensive networks and individual meltwater channels occur throughout the study area
(Fig. 19). The mapped meltwater channels are predominantly from SRTM and Landsat ETM+
data but were also cross referenced against Shetsens’ (1987) glacial geology map when
resolution constraints hindered identification. Two large sequences of channels are located
along the western edge of the study area with some originating from the Rocky Mountain
Foothills (Fig. 10). They follow the natural slope, cross cutting and in parts running parallel to
the HPIS. To the north of the CAIS a large sequence of spillway channels known as the
Coronation Spondin scablands (Sjogren and Rains, 1995) dominate the landscape (Fig. 19¢c &
d). Within the study area the sequence runs for up to 40 km, with channels reaching up to 20
m in depth. Unlike the HPIS, meltwater channels along the CAIS are orientated perpendicular
and parallel to flow direction (Fig. 10 & 19b). Towards the margin of the CAIS there are
extensive sequences of channels that run en echelon with transverse ridges. In particular,
conspicuous large coulées dominate the marginal landforms, extending for over 100 km and
reaching up to 60 m in depth. Meltwater channels are also common throughout the

hummocky terrain sections, often occurring as a series of interconnected channels.
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Figure 19: Examples of the extensive networks
of meltwater channels within the study area. a)
is situated along the eastern margin of the CAIS
and shows a number of large channels, easily
recognizable in the SRTM data. b) located north
of Chin Coulée, shows sets of channels that run
parallel to the transverse ridges to the south. c) and d) show the Coronation-Spondin
channels (Sjogren and Rains, 1995) that cross-cut the CAIS corridor. They are excellent
examples of subglacial channels formed by large discharges of water stored beneath the
ice (Evans et al., 2008).
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3.2. Ice stream marginal landscape

Section 3.2 presents the results obtained from mapping of the CAIS margin. It is
immediately obvious from the landforms mapped that the glacial history of this area is
distinctly more varied and complex than that identified through the SRTM data (Fig. 20, insert
at the back of this document). The glacial geomorphology is composed of a complex mixture of
transverse ridges, hummocky terrain, flutings and meltwater channels juxtaposed with each
other (Fig. 20). This area is characterised by a west to east dipping slope that is accentuated by
the Milk River River and Pakokwi Lake depression, and a north to south inclined slope (Fig. 12A

& 12E).

3.2.1. Transverse Ridges

TR_9 and 10 comprise part of the transverse ridge sequences in this area (Fig. 11). The
large transverse ridge bands in Figure 10 are actually composed of numerous smaller
transverse ridges and hummocks contiguous to each other. The majority of transverse ridges
are located to the south and south-east of the Lethbridge Moraine and Etzikom Coulée (Fig.
20). In particular, the most extensive sequences lie directly south of Crow Indian Lake,
Verdigris Coulee and south east of Pakowki Lake (Fig. 20). Within the CAIS marginal setting

three types of transverse ridge sets were identified through the aerial photo mapping (Fig. 20).

Type 1: Within the CAIS marginal area these ridges are only located in the south east corner
(Fig. 10 & 20). The ridges were large enough to be identified in the regional mapping from the
SRTM data and their morphology is described in Section 3.1.4. However, large scale mapping
has identified that the sequence TR_10 is actually composed of three sets of ridges. The main
set (Set A) are large sub-parallel ridges that lie up ice and perpendicular to CAfs_3 and are
characterised by long wavelengths between crests, and intervening hollows that are filled with
numerous small lakes (Fig. 20 & 22). Aerial photos also revealed that the ridges, in particular
those either side of the Milk River are overprinted flutings. The second set (Set B) lies parallel
to Set A but is located along CAfs_3 and is composed of very subtle, discontinuous, densely
spaced ridges that share some resemblance to the transverse ridges of Type 2. The ridges
reach up to 1 km long and are no greater than 2 m high. The third set of ridges (Set C) are
located down ice of Set A and just north of Set B (Fig. 20 & 22). They show a clear resemblance
to the smaller ridges within Set A, with similar smooth crests and water filled depressions but
are orientated north to south, roughly 45° to lineament direction. Their length varies between

1-3 km.
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Figure 22: Transverse ridge sets type 1 and 2 located in the SE corner of the marginal area. Individual

ridge types are identified in b) and d). The map identifies lineations overprinting the ridges particularly
prominent in c) and d).
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Type 2: Are found primarily along the flat terrain (Fig. 12D) between Pakowki Lake and Type 1
ridges but also south of the Milk River (Fig. 20 & 22). Type 2 ridges are characterised by
conspicuous ridge sets that reach up to 5 m in height and in general have continuous ridge
crests (Fig. 23). The ridges located along the south east margin of Pakowki Lake extend for up
to 15 km, but in general the ridges range from 1-5 km. The type 2 ridges situated south of Milk
River (Fig. 21) are more subtle and smaller than those to the south east of Pakowki Lake.
Additionally, individual type 2 ridges are found throughout the study area.

Type 3: The most common type of transverse ridge are located to the west of Pakowki Lake,
and are most extensive just south of Etzikom Coulee and Verdigris Coulee (Fig. 20, 21 & 23).
Type 3 ridges are characterised by discontinuous transverse ridges that lie parallel and
contiguous to individual hummocks, which in plan view demonstrate clear linearity (Fig. 23).
Individual ridges are more subtle than type 2 with smoothed crests, and heights generally no
greater than 3 m for contiguous hummocks as well. Additionally, individual hummocks are also
located in between ridges and linear hummock bands, where as type 2 have no features in
between crests (Fig. 23). The variety in individual hummock types will be discussed further in
Section 3.2.2. Type 3 sequences show clear lobate form as highlighted in both the regional and
large scale geomorphology maps (Fig. 10 & 20), and are located on the inclined slope of the ice
stream marginal area (Fig. 12A). Also common are numerous small water filled depressions
located in between and next to ridges. Type 3 ridges also demonstrate subtle overprinting

creating cross-cutting ridge sets (Fig. 25a).

Type 1 Type 2 Type 3

Figure 23: Morphological characteristics of transverse ridge sets within the CAIS marginal zone.
Type 1 are symmetrical in form, and have smoothed tops and water filled depression (the dotted
line represents the crest of the ridge). Type 2 have sharper crests and vary in wavelength. Type 3
are composed of numerous hummocks and ridges strongly orientated with water filled depressions
and occasional hummocks between ridges.

54



\\///’{/

w1

Ty /7///

7ol 0 =
%{W}J‘}j ,,,,
]
i

N

< Y

N

4

4
I —~—

@/\ '
Wy
' './

Figure 24: Aerial photo images of type 2 transverse ridges, located to
the east of Pakowki Lake (Fig. 21). Top left corner of a) type 3 ridges
blending into hummocky terrain type 1. c) type 2 ridges located 5km
to the north of image a (Fig. 20 & 21). d) and e) parallel, smooth
crested and discontinuous nature of type 3 transverse ridges.
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Figure 25: Type 3 transverse ridges located in the central portion of the CAIS marginal zone (Fig. 20 &
21). Individual hummocks and transverse ridges lie contiguous to each other, leaving clear linearity in
the landform record. a) located between Verdigris Coulée and the Milk River. b) is located just south of

Crow Indian Lake which lies within Etzikom Coulée.



3.2.2 Hummocky terrain

Hummocky terrain is the most common landform within the CAIS marginal zone,
demonstrating a wealth of different hummock types. Internally, hummocky assemblages are
chaotic and demonstrate little to no linearity. However, at a large scale they exhibit an overall
lobate form that runs parallel to the sequences of transverse ridges (Fig. 10 & 20). North of
Etzikom Coulee several long thin hummocky terrain bands run parallel to transverse ridges and
meltwater channels. The largest extends for 60 km from west of 112°0'0"W, between Etzikom
and Chin Coulée eastwards to the north of Pakowki Lake (Fig. 20). This hummocky terrain
forms part of the Lethbridge Moraine which extends from Lethbridge across the marginal area
and north around the Cypress Hills (Fig. 10) (Westgate, 1968; Bik, 1969). Hummocky terrain is
also found in the south west corner of the study area, where it wraps around the Del Bonita
Highlands and along the MRR. The linear hummocks within type 3 transverse ridge sets are
composed of type 1 and 2 hummocks with no type 3 hummocks identified. Close inspection of

these bands reveals three different types of hummock.

Type 1: The majority of the hummocky terrain consists of densely spaced, low relief hummocks
that show little or no orientation (Fig. 26 & 27). The hummocks vary significantly in size from 1-
5 m in height and generally between 5-50 m in diameter (Fig. 26). Their morphology varies
from individual circular and oval shaped hummocks to interconnected larger hummocks with
less rounded tops. Type 1 and type 2 hummocks lie randomly juxtaposed with each other and
make up 99% of the hummocky terrain bands. Numerous small ponds fill the depressions

between the hummocks.

Type 2: These hummocks generally occur randomly assorted with type 1 but occasionally areas
within hummocky terrain bands are composed solely of type 2 (Fig. 21 & 26¢). They are
characterised by circular mounds, with a cylindrical often water filled hollow at their centre.
(Fig. 27). This creates a ring or doughnut shape that is noticeably different in morphology to
type 1 hummocks. Conspicuous ridges have also been identified within the hummock bands
(Fig. 28). These ridges weave through the hummocks, showing no singular orientation and

occasionally make up the rims of type 2 hummocks.

Type 3: Are the largest features within the hummocky terrain bands, reaching up to 20 m in
height and 1 km in width (Fig. 27 & 29). They have a roughly cylindrical to oval plan form and
are up to twice as high as the surrounding hummocky terrain. Some have large rims defining
their shape, but all have a flat centre that lies below the outer edge. They are the least
common feature of the three but easily the most conspicuous. Type 3 hummocks are best
developed and primarily located in the south west corner of the study area around the Del

Bonita Highlands (Fig. 28). 57



Figure 26: Examples of type 1 and 2
hummocks. a) and b) show
predominantly type 1, c) contains
mainly type 2. a) and c) are located
north of Pakowki Lake and b) just
north of Crow Indian Lake (Fig. 21).

Type 2

Type 3

Figure 27: Morphological characteristics of hummocks within the Lethbridge Moraine sequence. The
measurements used here represent the larger sizes of each type.
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Figure 28: Hummocky terrain examples. a) located just east of Del Bonita and shows the
juxtaposition of all 3 types of hummocks. Also within the image are the ridges (highlighted by the
white arrows) that run through some hummocky terrain bands. Note that here they run between

type 2 hummocks and make up their rims in parts. b) and c) show examples of type 1 hummocks.
The hay bales in b) are roughly 1.5m high.
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3.2.3. Lineations

Lineations are located predominantly along the eastern portion of the Milk River and
south and south east of Pakowki Lake, but also north of Tyrrell Lake (Fig. 20 & 21). Lineations
range from 1-9 km in length with an average of 2 km. Lineations located north and south of the
Milk River clearly overprint transverse ridges (type 1, Fig. 20 & 22) at right angles and are only
a few feet in height, which makes them very difficult to recognise during fieldwork (Westgate,
1968). CAfs_3 initiates between two sets of type 1 transverse ridges and is easily recognisable
as the lineations are notably bigger in all morphological aspects than the other lineations
mapped (Fig.29). Within the flow-set lineations reach up to 9 km in length and 6 m height. The
flow set is approximately 30 km long and 5 km wide and shows an increase in lineation length
along its profile. There are at least double the amount of lineaments mapped by from the
aerial photographs compared to the SRTM data. Measured elongation ratios range from 12:1

up to 85:1 along the CAfs_3.

Figure 29: Photo mosaic of a lineation within CAfs_3. The feature initiated on the right of the photo

and continued for over 2 km. The stakes in the foreground are a metre high.

3.2.4. Glaciofluvial landforms

Four major spillways extend across the study area: Forty Mile Coulée, Chin Coulée,
Etzikom Coulée and Verdigris Coulée. The spillways run parallel to the transverse ridges and
conform to the lobate plan form found throughout the marginal landform record (Fig. 20).
They trend across the majority of the Lethbridge Moraine sequence as dominant features
reaching up to 500 m in width and 60 m in height (Fig. 30). An extensive network of smaller
channels situated north of Chin Coulée (Fig. 20 & 30) run predominantly parallel but also
perpendicular to the spillway. The shallow channels reach up to 10 km in length and 200 m in
width (Fig. 30). Larger channels are found to the north of Crow Indian Lake dissecting the
hummocky terrain band at right angles. These channels reach up to 20 km in length and 100 m
in width. Additional meltwater channels are found sporadically throughout the study area.
Only a few eskers were identified and are located chiefly in the north east corner of the study

area (Fig. 20).

60



Figure 30: a) looks west to east along Etzikom Coulée, approx. 750m in width. b) is an aerial

photograph of the network of channels to the north Chin Coulée. c) small example of the network of
shallow channels in b). d) shows a meltwater channel that flows into Etzikom Coulée, the channel 20m
in width (Fig. 21). 61



3.3. Sedimentary Results

Inherent problems lie with finding and accessing sedimentary exposures when
conducting research within ancient glaciated terrain. Therefore, all sedimentary data found
during field work is presented and supplemented with unpublished examples (D.J.A. Evans,

Unpublished data) some of which lie just north of the mapped CAIS marginal area.

3.3.1. Etzikom Coluée (EC): Etzikom coulée section (111°39°0”W; 49°22’0”N) lies in a gravel pit
situated within hummocks at the eastern end of Crow Indian Lake, on the northern side of the
coulée (Fig. 31). A clast-supported boulder gravel (Bms/Gms) with clasts greater than 30 cm
lies at the base of the sequence. This bouldery unit is overlain by a clast-supported gravel
(Gm), which grades into a matrix supported gravel (Gms). The clasts are notably smaller (<10
cm diameter) than the base layer. There is no grading in clast size, and clasts are sub-rounded
(SR) to rounded (R). Clasts within the gravel are also no greater than 10 cm and generally sub-
angular (SA) to sub-rounded (SR). Above this lies a 15 cm thick dark brown massive silty sand
layer (Sm). A well consolidated matrix supported, sandy diamicton (Dmm) lies above and
possesses a sharp, erosional boundary. The diamict contains clasts of varying size ranging from
1-15 cm in diameter and some outsized clasts up to 30 c¢cm, all of which are SA and SR.
Internally, the diamict was composed of a predominantly sandy texture. Clast fabric data
collected from the upper gravel unit (EC1) (Fig. 31) shows a strong bimodal cluster (S; = 0.752)
with clasts dipping at shallow angles towards the north and south. The lower gravel unit also

has a strong bimodal cluster (S; = 0.807) with a low dipping angle.

3.3.2. Milk River (MR): This section (112°05’0”W; 49°09'0”N) is located on the distal side of a
sequence of type 3 transverse ridges and does not seem to cut through any distinguishable
landform (Fig. 21 & 32). At the base of the Milk River section are three separate units of
massive sand/silts (Fm/Sm) which lie conformably on top of each other. A sharp contact
separates the massive sands/silts with the lower matrix-supported gravel (Gms), with clasts
size (€10 cm in diameter) and generally SR to R. A further 45 cm of massive silts/sands lie
above and this is sharply overlain by 15 cm of matrix-supported gravel (Gms) with clast size (<8
cm in diameter). The above matrix-supported gravel (Gms) widens and then shrinks from north
to south, forming a lense shape with SR to R clasts (2-15 cm in diameter). A 25 cm thick matrix
supported gravel (Gms) is situated above, differentiated by a decrease in clast size (€10 cm).
Above lies 35 cm of well consolidated sandy silt which contains small clasts (€2 cm) dispersed
throughout. The section is topped by a 20 cm and 90 cm matrix-supported gravel (Gms) units.

Both have a significantly lower clast content compared to the lower Gms units and occasional
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Figure 31: Cross section and log taken from a gravel pit within Etzikom Coluée (See Fig. 21 for
location).
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outsized clasts (30 cm in diameter). The lower Gms thins from north to south in the section,
has a lighter brown colour, clast size (2-10 cm in diameter) and SR. The uppermost Gms unit is
90 cm thick and composed of SR to R clasts (1-15 cm in diameter). Clast fabric data from the
upper Gms unit (MR1) shows a strong bimodal cluster (S; = 0.745) with a shallow dipping
angle, orientated WNW to ESE (Fig. 32). The lower Gms unit (MR2) also demonstrated a fairly
strong bimodal cluster (S, = 0.776) and shallow dipping angles with a shift in orientation to NW
to SE.

3.3.3. Writing on Stone (WoS): This site is a gravel pit located 5 km south west of Writing on
Stone Provincial Park and lies within poorly developed type 2 ridges (Fig. 21 & 33)
(111°44’0”"W; 49°02°0”N). The 2.5 m high section consists of a 1 m thick lower unit of parallel
laminated sand and silt (SI/Fl). Above lies 15 cm of matrix-supported gravel (Gms), dipping at
an angle of 20° from east to west, clast size (5 mm-10 cm in diameter) and SA to SR. Above lies
a cross laminated sand/silt unit that widens from left to right (15-75 cm) and consists of cross
laminations that dip at 10° in the same direction. The unit is similar to the lowermost unit
(SI/Fl) but also contains small clasts (1-2 cm in diameter) located randomly throughout the unit
and a greater sand content. A distinct boundary marks the change from laminated sands and
silts to the above matrix supported gravel (Gms). The layer extends diagonally across section
from west to east and with clasts size (1-5 cm in diameter) and occasional outsized clasts (15
cm). A further four matrix supported gravel (Gms) units lie above this layer that are
differentiated by clear changes in clast size but have no clear contact boundaries. The
immediate matrix supported gravel (Gms) also thins diagonally from west to east (30-10 cm)
and is comprised of SA to SR clasts that vary from 3-4 cm up to 20 cm in diameter. The above
matrix supported gravel is 30 cm in width and characterised by a distinct decline in clast size
(5mm to 5cm in diameter), and are also SA to SR in form. The penultimate matrix supported
gravel (Gms) has larger clasts (5-20 cm in diameter) of similar shape and dips at a low angle
from west to east. The uppermost matrix-supported gravel (Gms) is 20 cm in width and

composed of clasts (1-6 cm in diameter) and SA to SR.

3.3.4. Ketchem Creek (KC): This section is located at the eastern extent of a sequence of type 2
transverse ridges within Ketchem Creek, 20 km east of Pakowki Lake (Fig. 21, 110°36’0"W;
49°17°0”N). The section is composed of a single, well consolidated, matrix-supported diamict
(Dmm), with a sand/silt texture, clasts dispersed throughout and occasional outsized boulders
reaching up to 30 cm in diameter (Fig. 33). Clast size varied between 2-10 cm in diameter and
were SR to R in form.
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Figure 33. a) exposure located south west of Writing on Stone Provincial Park (Fig. 21). Section
log (b) is highlighted by boxed area. Section log of Ketchem Creek (c) is located 20 km east of
Pakowki Lake (Fig. 21).
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3.3.5. Milk River Ridge Reservoir (MRRR): This site is situated on the north shore of the Milk
River Ridge Reservoir is located within type 2 transverse ridges (Fig. 21, 112°35'0"W;
49°22'0”N). The section is comprised of a 2 m thick massive matrix-supported diamict (Dmm)

that contains sand lenses; topped by a 20 cm band of massive clay/silt (Fig. 34)

Milk River Ridge Reservoir
(MRRR)

¢ ¥ 560

Fm Figure 34: Milk River Ridge Reservoir (MRRR)

data provided by D.J.A. Evans (Unpublished
Dmm + sand

lenses data).

3.3.6. Red Creek (RCa): This site is located 8 km south of Verdigris Coulée, just east of where
the Red Creek meets the Milk River (Fig. 21, 111°53'0”W; 49°6’0”N). The exposure is a river
cutting through a large hummock (40 m in width) positioned within a band of type 3 transverse
ridges (Fig. 35). Unfortunately it could not be accessed for investigation and so the following
description is from detailed photo investigation only. The exposure is composed of two diamict
units highlighted by a sharp boundary that marks a change from light brown to grey/brown
colour and a sharp boundary that marks the change. The lower unit (Dmm) reaches up to 2.5
m high and has at least two horizontal structures that run parallel to this boundary. Outsized
clasts are visible in both units reaching up to 20 cm in diameter. The upper diamict (Dmm)
varies between 1-1.5 m high and contains slumping structures. On top of this diamict lies a
gravel lag. This section is capped by a unit of massive light coloured fines (Fm) that is likely

representative of an alluvium layer common throughout the area (Westgate, 1968).

3.3.7. Red Creek (RCb): This exposure is located 500 m to the east of RCa (111°52'0"W;
49°6’0”N) and extends for 250 m from north to south and is located within type 3 transverse
ridges with a low amplitude hummock capping the section (Fig. 36). The section is composed
of 3 different diamicts differentiated by sharp boundaries that mark a distinct change in
colour. The lowermost diamict is massive (Dmm), contains outsized clasts (size unknown) and
extends throughout the whole sequence. The middle diamict is matrix-supported and stratified
(Dms), through which the underlying diamict has penetrated forming a diapir structure. Either
side of the intrusion the diamict has folded and deformed into a circular structure. This unit
also contains a lense type feature, identified by its distinct shape and colour. To the north (Fig.

33b) the third diamict seems to be massive matrix supported diamict (Dmm) and is
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Figure 35: Red Creek (RCa) section is located within a hummock at a river cutting situated along
Road 151 South. RCb is located to the right of this image.

distinguished by a change from the lighter brown lowermost diamict to a distinct grey colour.
At the northern end of the exposure (Fig. 33b) there is an intrusive feature that is similar to a
clastic dyke (Evans and Benn, 2004). Above the diamict units lies a 2 m thick, massive unit
(Fm), most probably composed of fines (Westgate, 1968).The section is capped by a 1.5 m

hummock form that is horizontally laminated (SI/Fl).

3.3.8. Bow Island (Bl): This site is located 10 km north of CAIS marginal area (111°43'0"W;
49°55’0”N), where the Oldman River meets the Bow River (Fig. 11). The Bow Island data (Fig.
37) is from D.J.A. Evans (Unpublished data), modified from Stalker and Berendregt (1988). The
sequence is underlain by 20 m of bedrock from the Foremost Formation, which has undergone
significant glaciotectonic folding and thrusting. Above this lies a gravel/boulder lag (Gm/Glg/Bl)
and then roughly 6m of predominantly clays that show graded cross laminations. The
sequence is capped by a further clast supported gravel layer (Gm) and a fines unit (Fm). The
grain size chart shows that the top units are composed of around 90% clay and the silt content

of the Foremost Formation increases with depth.

3.3.9. Pendant d’Oreille (PO): This site is located on the southern extent of Pakowki Lake
(111°03’0”"W; 49°11°0”N) within the type 2 transverse ridge sequence (Fig. 38, D.J.A. Evans,
Unpublished data). The base of the section is composed of a matrix supported diamict with
occasional laminations (Dmm/Dml). Contiguous to this are trough cross bedded (St), planar
cross bedded (Sp) and ripple cross laminated (Sr) lenses that have varied sand/silt content
confirmed by the grain size chart (Fig. 38). The diamict units are partially separated by a two

ripple cross laminated (Sr) lenses. The uppermost 2.5 m of the exposure is composed of
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Figure 36: Red Creek Section b (See Fig. 21 for location). The images combine to produce the whole section running from right to left. The section demonstrates multiple diamict
units and a clear diapir structure in a).
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of a matrix supported diamict that is partially laminated and contains sheared sand lenses

throughout (Dml (s)).

3.3.10. Cherry Coulée (CC): This site is located 3km north west of Bow Island town, where
Cherry Coulée joins the Saskatchewan River (Fig. 11) (111°28’0”W; 49°53’0”N). The data (Fig.
39a) is from D.J.A. Evans (Unpublished data). The section is underlain by almost 10 m of graded
and climbing ripple cross laminations (Frg) composed of almost completely of clay. Above lies
19 m of matrix supported diamict (Dmm) that is composed of three different units. The
lowermost dimaict contains a deformed bedrock raft, silt wisps and attenuated lenses. This
grades into matrix supported, laminated diamict (Dml) with larger (5-50 cm) attenuated silt
lenses and bedrock rafts. The middle unit is a matrix supported diamict (Dmm) that varies in

thickness (2-4 m), and is predominatly composed of clay (75%). The section is topped by 8-10

70



m of matrix supported diamict with attenuated sand and silt lenses throughout (Dms). The
upper diamict is the only unit to have any sand content with around 65%. The other units

contain only silt and clay, with the silt content gradually decreasing with depth.

3.3.11. Wolf Island (WI1): This site is located 10 km north of Purple Springs along the Oldman
River (Fig. 11, 111°53’0”W; 49°55’0”N). The Wolf Island data (Fig. 39b) is provided by D.J.A.
Evans (Unpublished data), modified from Stalker and Barendregt (1988). At the base of the
section is 3 m of bedrock; on top of which lies a 2 m massive granule unit (GRm), a 1 m
trough/planar cross bedded sand unit (Sp/St) and an eastwards thickening silt unit all of which
comprise the Empress Group. Above lies 8 m matrix supported diamict (Dmm) which shows
laminations, sand and silt wisps at its base (Dml) and several attenuated bedrock rafts in the
top 4 m of the unit. A megablock raft composed of bedrock and clast supported gravel (Gm,
Empress Group) is situated above the Dmm unit. A further 1.5 m of matrix supported diamict
(Dmm (s)) lies above, with sheared sand lenses and a zone of rounded (Fig. 39b). The Upper 10
m is predominantly composed of fine silt laminations with dropstones (FI (d)) but also
numerous gravel lenses (Gm)and an occasional palimpsest/bedload lag (Glg). The grain size

data shows that clay content in the lower diamict increases with depth.
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Figure 38: a) cross section located south east of Pakowki Lake and type 2 transverse ridges (Fig. 21)
(D.J.A. Evans, unpublished data).The chart represents grain size content and the spades are 1m in height.
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Figure 39: Section logs taken from sites just north of the Lethbridge moraine sequence (Fig. 11).
The two sections lie within 35km of each other along the Oldman and Saskatchewan Rivers. Data
provided by D.J.A. Evans (Unpublished data). Both profiles demonstrate significant glaciotectonic

activity.
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Chapter 4

Interpretations



4.1. Glacial Sedimentology

4.1.1. Till production

Previous investigations of the CAIS marginal area show that it is characterised by thick
till sequences composed of multiple till units (Westgate, 1968; Stalker, 1969; Fullerton and
Colton, 1986; Kulig, 1996; Evans et al., 2008). This is also illustrated in the Ketchem Creek (Fig.
33c), Red Creek a and b (Fig. 35 & 36), Pendant d’Oreille (Fig. 38) and Cherry Creek (Fig. 39)
sections presented in this thesis. In particular, exposures along the Milk River show thick
sequences of Quaternary sediments up to 25m in places (Westgate, 1968). In contrast, the
streamlined corridor of the CAIS demonstrates a very thin sediment cover (Evans, 2000).
Within southern Alberta lie till wedges which thicken down ice and multiple stacked till
sequences formed through multiple re-advances of the CAIS (Westgate, 1968; Kulig, 1996;
Evans et al., 2008). This evidence is consistent with subglacial deformation theory (Alley, 1991;
Boulton, 1996a, b), which suggests that it was a major control on both the production and
distribution of sediments in southern Alberta. Importantly, Evans and Hiemstra (2005) and
Evans et al. (2006b) demonstrate that the overall effect of subglacial processes is ice marginal
thickening through advected material. Therefore, it is likely that several subglacial processes,
such as lodgement, deformation and clast and ice keel ploughing (Evans and Hiemstra, 2005)
acted to create the CAIS sedimentary profile of which subglacial deformation was a major
contributor.

The upper diamict in the Pendant d’Oreille section (Fig. 38) demonstrates attenuated
rafts of stratified sediment. It is possible that these features were derived from the underlying
diamict and sand interbeds through deformation and incorporation during ice advance (Evans,
2006b). Additionally, the exposure is located just outside of the type 2 transverse ridge
sequence (Fig. 21) and most likely relates to the advance which formed the surrounding
lineations, which are interpreted to have formed during a fast flow event (Section 4.6). This
evidence is consistent with a subglacial traction till, emplaced during an advance through the
south eastern corner of Alberta (Evans et al. 2006b). Importantly, preserved rafts in
sedimentary exposures within southern Alberta have been interpreted as evidence for short
transport distances in the traction layer, which in turn suggests that basal sliding was the
primary flow mechanism and surrounding lineations were formed through ploughing by ice

keels (Evans et al., 2008).

4.1.2. Glaciotectonics and sedimentary structrues
The Bow Island (Fig. 37), Cherry Coulée and Wolf Island (Fig. 39a & b) section logs, and
previously published work by Westgate (1968), Stalker (1973; 1976), Evans (2000), Aber and
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Ber (2007), Evans et al., (2008) demonstrates that glaciotectonic activity was widespread
throughout the CAIS marginal area. The presence of folded and sheared lenses within diamicts,
bedrock rafts, highly contorted bedrock and sediments are all well documented evidence for
glaciotectonism (Aber et al., 1989; Evans and O Cofaigh, 2003; Evans et al., 2006b; Aber and
Ber, 2007). This evidence suggests that both ice marginal and subglacial glaciotectonism
occurred throughout the CAIS marginal area (Aber and Ber, 2007). Furthermore, evidence
presented by Evans et al. (2008) of glaciotectonic features on the down ice side of preglacial
valleys suggests the valley fills and bedrock cliffs were an important source for sediment
production.

The inclined proglacial slope within the CAIS marginal area (Fig. 13A) and high
porewater pressures created through poor drainage and ice loading is likely to have produced
a setting that is highly conducive to glaciotectonics (Aber et al., 1989). Poor drainage may have
occurred due to the high montmorillonite content within the local geology (Klassen, 1989) and
patchy permafrost (Bednarski, Personal communication). This in turn will have increased the
likelihood of proglcial sediment failure, especially within rapidly advancing margins (Aber et al.,
1989; Aber and Ber, 2007). Evans et al. (2006a) demonstrated that low amplitude ridges and
linear hummocks around Travers Reservoir had glaciotectonic origins; importantly, these
landforms closely relate to those at the CAIS margin and so may have similar origins. However,
without extensive sections through landforms it is difficult to ascertain their exact origins.

The intrusive structure situated within the Red Creek b (Fig. 36) section is interpreted
as a diapir that originated from below the folded unit. As the diapir was forced upwards it
caused the above material to fold into an almost concentric form. It is possible that the diapir
formed as a result of density contrasts within poorly drained saturated sediments, with gravity
acting to propel the lower-density material upwards (Aber and Ber, 2007). Whilst no other
documented examples exist within the study area, similar density driven structures have been
documented by Rijsdijk (2001), Hiemstra et al. (2005) and Aber and Ber (2007). Boulton and
Caban (1995) comment on similar structures in relation to hydrodynamic blowout or ‘extrusion
moraine’ and that the structures are a product of glacier loading and changes in effective
pressure. However, the feature does not record any surface expression and so the surrounding
hummocks are most likely a product of other mechanisms. Furthermore, due to relatively
small loading stresses imparted by a thin margin, it is likely that the diapiric structure is not of
any glaciotectonic origin. The origin of the clastic dyke is unknown but it is possible that it

formed through similar processes.
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4.2. Transverse Ridges
SRTM, Landsat ETM+ and aerial photograph mapping identified four types of
transverse ridge sets: thrust, push, push and linear hummocks, and crevasse squeeze ridges.

Each will now be reviewed in turn.

4.2.1. Thrust ridges (Type 1)
4.2.1.1. CAIS marginal area

All three type 1 ridge sets have been overrun by a re-advancing ice margin. The largest
ridges (Set A, Fig. 21, 22 & 23; also referred to as TR_10 in Figure 11) are overprinted with
lineations and their tops have been smoothed by the advancing ice. The ridges are composed
of deformed bedrock (Beaney and Shaw, 2000), which is confidently interpreted as evidence
for proglacial thrusting (Aber et al., 1989; Evans et al., 2008). Previous mapping of the
transverse ridges has also interpreted them as ice thrust ridges (Westgate, 1968, Shetsen,
1987; Evans et al., 2008). Alternatively, Beaney and Shaw (2000) interpreted them as either a
polygenetic landform, formed by thrusting and fluvial erosion or solely by fluvial erosion. Their
morphology shares distinct resemblance to ice thrust ridges described by Bluemle and Clayton
(1984) in North Dakota and Tsui et al. (1989) in central Alberta (Beaney and Shaw, 2000).
Based on this evidence they are confidently interpreted as overrun ice thrust ridges, composed
almost entirely of bedrock. In agreement with Beaney and Shaw (2000) their location along the
preglacial divide suggests that topography was significant in their formation. The margin will
certainly have experienced significant compressive forces as the margin met the higher
topography (Fig. 13D), producing a setting highly conducive to glaciotectonism (Bluemle and
Clayton, 1984; Aber et al., 1989). Tsui et al. (1989) comment on the importance of the
impounding of proglacial water bodies by inclined slopes as a crucial factor in ice thrust ridge
production. Whilst the implications of this were ridges located in topographic troughs, the
same settings are interpreted to have helped form these ridges. Specifically, high porewater
pressures created by swelling montmorillonite contained within bentonite in the surficial
geology and proglacial ponding against the inclined slope created poor drainage conditions
favourable to glaciotectonism (Aber et al.,, 1989). Moreover, the combination of high
porewater pressures, weak bedrock and compressive marginal flow will have enhanced the
likelihood of sediment failure and glaciotectonic deformation (Aber et al., 1989).

The origins of type 1 (Set B) transverse ridges are unknown (Fig. 22). They have been
heavily modified by re-advance of the margin and are barely distinguishable in the landform
record. Consequently, further investigation is required to elucidate their origins but they could
also be thrust ridges produced by fast flow and high porewater pressures common in this area.

Their orientation parallel to Set A suggests they may formed during the same advance. Type 1
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(Set C) transverse ridges are very similar in form to Set A but have been significantly modified
into more subtle and smoothed ridges. Based on their similar morphology and position on the
preglacial divide they are also interpreted as overridden thrust ridges. Their different
orientation and more subtle form indicates that they most likely formed during a previous flow
episode through this area (Wesgate, 1968; Kulig, 1996). The sequence of ridges and
overprinted lineations within the south east corner therefore records at least three advances
of the margin through this area (Westgate, 1968; Kulig, 1996).

Thrust ridges are common within contemporary surging forelands (Sharp, 1985b;
Croot, 1988; Bennett et al., 1999; Evans and Rea, 1999; 2003) and have been documented at
the margins of terrestrial palaeo-ice streams (Patterson, 1997; 1998; Colgan et al., 2003; Van
der Wateren, 2003; Jennings, 2006). However, they have also been documented along non-
surging, sub-polar margins where permafrost is present (Evans and England, 1991) and are not
necessarily indicative of fast flow (Evans and Rea, 2003; Van der Wateren, 2003). The
overprinting and surrounding lineations all have elongation ratios greater than 10:1, which has
been demonstrated as evidence for fast flow (Stokes and Clark, 2002). Therefore, evidence for
multiple re-advances of the CAIS margin, thrust ridges and lineations juxtaposed with each
other strongly suggests that several fast flow events occurred within this area. Moreover,
similar glaciotectonic deformation evidence to that presented in this thesis (Figs. 37, 39a and
b) has been suggested as evidence of a surging margin (Boulton et al., 1985; Clayton et al.,
1985; Fisher et al., 1985; Clark, 1994b; Evans and Rea, 1999; 2003; Colgan et al., 2003; Evans
and O Cofaigh, 2003) and ice streaming (Colgan et al., 2003; Van der Wateren, 2003; Jennings,
2006). This implies that fast flow was not constrained to the south east corner of the CAIS

marginal area.

4.2.1.2. Southern Alberta

The large arcuate ridges (TR _1b, Fig. 10 & 11) dissected by the Little Bow River have
been streamlined and overprinted by lineations, documenting a more southerly advance of the
HPIS. The arcuate nature of the ridges implies they are ice marginal features and so likely
record an earlier advance of the HPIS to this location. The large ridge forms lie on a rise in
bedrock topography positioned 30-60m above the surrounding land (Geiger, 1967) and are
significantly different in morphology to the surrounding recessional ridges (Fig. 10). Their size,
multiple crests and location on a rise in bedrock topography are compatible with glaciotectonic
origins (Bluemle and Clayton, 1984; Aber et al., 1989; Aber and Ber, 2007). Ice thrust masses
have also been located just up ice of this location around the Frank Lake area (Evans et al.,
1999). As mentioned above the geology of southern Alberta contains bentonite a type of clay

that swells when wet (Klassen, 1989), rendering the underlying sediments almost impermeable
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(Beaty, 1990). The poor drainage combined with ice loading would produce high porewater
pressures in ice marginal and subglacial settings which in turn are strongly associated with
glaciotectonic activity (Aber et al., 1989). These conditions will have been common throughout
southern Alberta and likely significantly affected ice dynamics and landform production. This
circumstantial evidence suggests that these ridges are highly likely to be of glaciotectonic
origin.

The north east corner of the study area is composed of Transverse ridge sets 3 and 4
(TR_3 & 4) (Fig. 11). Previous mapping in the area of TR_3 by Kjearsgaard (1976) and Shetsen
(1987) identified significantly fewer transverse and ice thrust ridges than mapped in Figure 10.
The large and sharp crested nature of ridges is different from the other recessional transverse
ridge sets (TR_1 & 9) and it is possible that they have glaciotectonic origins (Moran et al., 1980;
Evans et al., 2008). Further research is necessary in order to ascertain their origins. Transverse
ridge set 4 (TR_4) match the mapped landforms by Kjearsgaard (1976), Shetsen (1987) and
Evans et al. (2008) and so in agreement with these authors are interpreted as ice thrust ridges.
Furthermore, part of the sequence directly corresponds with the location of the Neutral Hills, a
well known composite ridge (Aber and Ber, 2007).

Transverse ridge sets 5 and 6 (TR_5 & 6) (Fig. 11) share an almost identical affinity in
location and morphology and so are interpreted to have the same genetic origins. Both sets of
ridges are found on top of bedrock highs (Fig. 13A) in similar fashion to TR_10, the corollary is
that their formation was influenced by topographical controls in similar style to TR_10 and
TR_1b (Bluemle and Clayton, 1984; Aber et al., 1989). They show multiple ridges in similar style
to the Neutral Hills and other documented composite, thrust ridges (Aber and Ber, 2007).
Glaciotectonized bedrock has been documented within TR_6 (Evans and Campbell, 1992;
Evans, 1996) and the overall arcuate plan form of both sets of ridges supports an ice marginal
origin. Based on this evidence both sets of ridges are confidently interpreted as ice thrust
ridges formed by compressive marginal flow caused by higher topography (Evans, 1996, 2000;
Evans et al., 2008). A thin till cover situated on top of the ridges suggests that they are actually
cupola hills (Benn and Evans, 1998; Evans, 2000). The till cover also implies they were
overridden during a re-advance of the CAIS (Evans, 2000). The timing of their formation and
subsequent re-advance is unknown. Transverse ridge set 7 (TR_7) are located within TR_6 and
so it seems likely they share similar origins. They are also interpreted as thrust ridges with
differences in morphology associated with meltwater channels that run between the ridge
crests, accentuating and modifying them.

Transverse ridges sets 11 and 12 (TR_11 & 12; Fig. 11) are interpreted as a single
sequence of ridges as opposed to two separate sets, formed at the margin of the east lobe

[‘Ice Stream 1’] (O Cofaigh et al., in press). Extensive sections through the ridges show that
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they have been glaciotectonically thrust and stacked (O Cofaigh et al., in press). Based on this

evidence and their size, they are interpreted as ice thrust ridges.

4.2.2. Push ridges (Type 2)

Type 2 transverse ridge sequences (Fig. 23) are primarily located east and south east of
Pakowki Lake and south of the Milk River (Fig. 20 & 21). Their morphology and inset nature
shares a close resemblance to active temperate margins in Iceland, for example at
Breidamerkurjokull and Fjallsjokull (Evans and Twigg, 2002; Evans, 2003). The whole sequence
of transverse ridges within the CAIS marginal area has been interpreted by Evans et al. (1999),
Evans (2003) and Evans et al. (2008) to represent recessional push ridges. However, there are
differences between type 2 and 3 transverse ridge sets and so that interpretation is not wholly
accepted. Type 2 ridges are interpreted as push ridges based on their individual and collective
resemblance to contemporary examples. This therefore implies that the CAIS margin must
have been warm based during this time, responding to seasonal climate variations and hence
is representative of an active temperate margin (Evans and Twigg, 2002; Evans, 2003).
Alternatively, Westgate (1968) interpreted type 2 ridges as washboard moraine, linear
disintegration ridges and ridged end moraine. Further investigation into their sedimentary
architecture is needed to confidently confirm and reject these interpretations.

The exact constructional mechanisms of these ridges are unknown but they are best
developed along the flat terrain of the Pakowki Lake depression (Fig. 13D, E & 20). As
previously mentioned poor drainage conditions and highly saturated sediments will have
prevailed in the marginal setting of the CAIS and so it seems likely that Price’s (1970) squeeze
model for moraine construction operated in this setting. However, also likely are other
constructional models, such as Sharp (1984), Matthews et al. (1995), Kriiger (1996) and Evans
and Heimstra (2005).

The large lobate ridge (TR_8) has previously not been identified. The ridge is hereafter
named the Vauxhall Ridge after the nearest town and is almost certainly ice marginal based on
its lobate plan form. Furthermore, it lies down ice and perpendicular to CAfs_1, which suggests
that it records the re-advance limit of the CAIS during this flow event. The ridge also aligns with
hummocky terrain and transverse ridges to the east, which are interpreted to have formed
contemporaneously. Its geomorphic expression provides few indicators as to its genetic

origins, and so further investigation is required.

4.2.3. Push ridges and linear hummocks (Type 3)
Type 3 ridge sequences are composed of linear hummock tracks and discontinuous

ridges which lie contiguous to each other (Figs. 20, 21, 23-25). The small scale mapping (Fig.
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10) shows a clear recessional pattern of the CAIS and HPIS margin, similar to contemporary
active temperate glaciers (Evans et al., 1999; Evans and Twigg, 2002; Evans, 2003, 2009). The
large scale mapping (Fig. 20) shows that the landform record is significantly more complex but
still records an active recession of the margin. Importantly, type 2 and type 3 ridges formed
during the same advance and retreat episode (Westgate, 1968; Kulig, 1996) and so lie on a
continuum of landforms. Morphologically type 3 ridges are similar to type 2 (Fig. 23), however,
any explanation for type 3 sequences must account for the production of discontinuous
transverse ridges contiguous to linear hummocks.

The best analogues to type 3 ridges are located around Frank Lake (Fig. 11; Gravenor
and Kupsch, 1959; Evans et al., 1999; Evans, 2003, 2009; Johnson and Clayton, 2003) and along
the margins of the southern Laurentide lobes, for example North and South Dakota (Colgan et
al., 2003). The landform assemblage of the Frank Lake area has been interpreted as controlled
moraine (Gravenor and Kupsch, 1959; Johnson and Clayton, 2003), or push moraines and
proglacial blow-out features (Evans et al., 1999; Evans, 2003, 2009). The controlled moraine
explanation proposes that englacial structures in the parent ice control the landform imprint
formed, leaving linear hummocks and superimposed ring forms (Gravenor and Kupsch, 1959;
Johnson and Clayton, 2003). The aligned hummock tracts of landsystem C (Colgan et al., 2003)
share some resemblance to those within southern Alberta and are interpreted to represent ice
marginal stagnation following a surge or fast flow event. Johnson and Clayton (2003) also
comment on similar landform assemblages formed from supraglacial sources associated with
stagnant margins, however, they also suggest that up ice of the margin ice will still have been
active and so the final landform record is a product of re-advances incorporating the debris
rich stagnant margins.

The individual hummocks within type 3 ridge sets vary between type 1 and type 2
hummocks, which are interpreted as having formed supraglacially (Section 4.3). In order for
such landforms to form to the extent found within the CAIS, large debris concentrations would
have been necessary in englacial and supraglacial conditions. This will have occurred primarily
through englacial thrusting of debris rich ice due to compressive flow accentuated by the
inclined proglacial slope (Fig. 13A) (Boulton, 1967, 1970; Ham and Attig, 1996; Hambrey et al.,
1997, 1999; Bennett et al., 1998; Glasser and Hambrey, 2003; Swift et al., 2006; Roberts et al.,
2009). The reincorporation and stacking of stagnant debris charged ice may have further
thickened the debris charged margin if the previous advance of the CAIS had resulted in ice
marginal stagnation (Eyles, 1983; Sharp, 1985b; Ham and Attig, 1996, Patterson, 1997,
Jennings, 2006; Clayton et al., 2008). For type 3 ridge sequences to be of controlled moraine
origin (Gravenor and Kupsch, 1959; Johnson and Clayton, 2003) they would need to have

exceptional preservation potential that is not seen at contemporary margins (Evans, 2009;
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Roberts et al., 2009). Furthermore, if they were controlled moraines then this would suggest
that the CAIS margin was cold based (Evans, 2009), which is not reflected in the landform
record as shown by both large and small scale mapping (Fig. 10 & 20).

The overall imprint highlighted in the glacial geomorphology maps (Fig. 10 & 20) is
confidently interpreted as active marginal recession of the HPIS and CAIS following advance
episodes (Evans et al., 1999; Evans and Twigg, 2002; Evans, 2003). Thus, the individual ridges
within type 3 ridge sets are consistent with active temperate margins (Evans et al., 1999; Evans
and Twigg, 2002; Evans, 2003) and are also interpreted as push moraines formed during
seasonal re-advance. Therefore, the margins of both ice streams did not stagnate after this re-
advance episode and remained warm based during recession. During the advance episode it
seems possible that the englacial structures formed through ice marginal compression against
the inclined proglacial slope which acted as a linear control on hummock emplacement (Evans,
2009). However the resulting linear hummocks contained minimal ice cores due to the active
nature of the margin and as such linearity was preserved. Furthermore, the linear nature of
the landform imprint will have been accentuated by seasonal re-advance of the margin during
which time the transverse ridges were formed (Evans, 2003). If the margin remained warm
based then is seems likely that some hummocks will have been amalgamated and destroyed
during seasonal re-advance and push ridge production. However, it is also possible that winter
freeze on (Evans and Heimstra, 2005) helped develop englacial structures and preserve

hummocks (Evans, 2009).

4.2.4. Crevasse squeeze ridges

Crevasse squeeze ridges have been located within hummocky terrain and along the
trunk of the CAIS (Figs. 11 & 18) and are strong evidence for surging activity (Sharp, 19853, b;
Evans and Rea, 1999; 2003; Evans et al., 2007). The orientation of the ridges in the McGregor
moraine sequence suggests they formed by ice flowing west to east and so are tentatively
interpreted to be part of Hfs_4. The corollary is that Hfs_4 represents a surge of the HPIS and
the surrounding hummocks formed through ice stagnation and downwasting of supraglacial
debris (Sharp, 1985a; Evans and Rea, 1999; 2003). The juxtaposition of crevasse squeeze ridges
and CAfs_2 are also interpreted as evidence for ice stream surging. The suite of landforms is
directly compatible with the landforms of contemporary surging forelands and therefore
represents a surging landsystem (Evans and Rea, 1999; 2003). The association between ice

streaming and surging will be considered in the following chapter.
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4.3. Hummocky terrain

Three types of hummocks were identified within the CAIS marginal area. Types 1 and 2
comprise over 99% of the hummocks and were found in both type 3 ridge sequences and the
numerous hummock bands (Figs. 20, 25 & 26). Type 3 hummocks were occasionally found
within hummocky terrain bands (Figs. 20 & 28) but no examples were found in type 3 ridge
sequences. The presence of all three types of hummock juxtaposed with each other suggests

that they all formed though similar origins.

4.3.1. Hummocks (Type 1)
4.3.1.1. CAIS marginal area

Type 1 hummocks represent the largest proportion of hummocky terrain within the
CAIS marginal area. Concentrations of type 1 hummocks occur around the Del Bonita highlands
and in the lobate bands of hummocks north of Etzikom Coluée (Fig. 20) also known as the
Lethbridge moraine (Stalker, 1977). Previous work in Alberta (Gravenor and Kupsch, 1959;
Stalker, 1960; Bik, 1969) has identified that a significant proportion of type 1 hummocks are
composed of till. Johnson and Clayton et al. (2003) argue that due to the identical morphology
of till hummocks to those composed of collapsed lake sediment and outwash, it is likely they
are also of supraglacial origins. The Red Creek (b) exposure (Fig. 36) shows that a low
amplitude hummock capping the section is composed of horizontal laminations. These
laminations are consistent with glaciolacustrine settings (Shaw, 1977; Fitzsimons, 1992;
Campbell et al., 2001) and so are interpreted to represent collapsed lake sediments formed in
a supraglacial position and let down during marginal retreat (Johnson and Clayton, 2003). As
mentioned above (Section 4.2.3) several processes are likely to have operated at the CAIS
margin, producing large concentrations of englacial and supraglacial debris. In addition to
these it also likely that basal freeze (Boulton, 1972, Evans, 2009) and supercooling (Alley et al.,
1998; 1999; Evenson et al., 1999; Evans, 2009) further enhanced the debris load at the margin.

Based on the resemblance to southern Laurentide and Fennoscandian ice sheet
margins, the presence next to ice walled lake plains and the likelihood of a debris laden
margin, type 1 hummocks are interpreted as supraglacial landforms (Gravenor and Kupsch,
1959; Clayton, 1967; Boulton, 1967, 1972; Parizek, 1969; Clayton and Moran, 1974; Eyles,
1979, 1983; Krliger, 1983; Paul, 1983; Clayton et al., 1985; Sollid and Sgrbel, 1988: Johnson et
al.,, 1995; Ham and Attig, 1996; Patterson, 1997, 1998; Mollard, 2000; Johnson and Clayton,
2003; Jennings, 2006; Knudsen, 2006). However, their presence next to active recessional
landforms (Fig. 20 & 25) suggests that type 1 hummocks are not restricted to stagnant ice
margins. Differential melting and debris quantities will have controlled the formation of the

hummocks, creating individual, irregular shaped hummocks of varying sizes. The general low
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amplitude character of type 1 hummocks could likely be a product of the poorly drained, clay
nature of the surficial sediments and debris supply (Clayton, 1967; Boulton, 1972; Johnson and
Clayton, 2003). It is also likely that some subglacial pressing occurred at the margin of the CAIS
(Stalker, 1960; Eyles et al., 1999; Boone and Eyles, 2001) due to the heavily saturated
sediments that will have been common (Klassen, 1989). In agreement with Mollard (2000) and
Boone and Eyles (2001) it is likely that hummocky terrain is a polygenetic landform of both
subglacial and supraglacial origins, with supraglacial processes dominating within the CAIS
marginal area.

The presence of internally chaotic hummock bands, such as the Lethbridge moraine
and those around Del Bonita are interpreted to represent ice marginal stagnation and a cold
based margin. The overall lobate form shares a strong resemblance to the controlled moraine
described by Evans (2009) and hummock assemblages along the southern Laurentide margins
(e.g. Landsystem C, Colgan et al., 2003; Johnson and Clayton, 2003). This in turn suggests that
the CAIS margin was cold based and the lack of any linearity is a product of ice cores during
emplacement (Evans, 2009). Therefore, the overall landform imprint of the CAIS marginal area
is one of a polythermal margin. Numerous studies along the southern and south western
Laurentide lobes have reconstructed significant permafrost concentrations at the margins of
the lobes (e.g. Clayton et al., 2001, Bauder et al., 2005) and so it seems highly probable that
such conditions will have prevailed at the margin of CAIS at some point during deglaciation. No
surficial periglacial evidence was identified within the CAIS marginal area but several
generations of ice wedge casts around Del Bonita (Bednarski, personal communication) and
around the Cypress Hills (Westgate, 1968) suggests that permafrost was discontinuous
throughout the CAIS marginal area. Furthermore, the presence of well developed hummocky
terrain at these locations supports a cold based margin and stagnation origin (Clayton et al.,
2008). It is quite possible that permafrost development was hindered by the presence of

proglacial lakes common in southern Alberta (Klassen, 1989; Cutler, 2006).

4.3.1.2. Southern Alberta

The hummocky terrain throughout southern Alberta is extensive and well developed,
and as such it has been the subject of numerous investigations (Stalker, 1960, Munro-Stasiuk
and Shaw, 1997; Eyles et al., 1999; Boone and Eyles, 2001; Evans et al., 2006a). Correlation
between Figure 10 and previous mapping (Shetsen, 1984, 1987; Clark et al., 1996; Evans et al.,
1999) shows that hummocky terrain is accurately located and that SRTM data is sufficient for
overall identification of the landform type. Due to its position between corridors of fast flow it
has also been termed ‘interlobate’ terrain (Evans et al., 2008); however, the more generic term

‘hummocky terrain’ is preferred here. The change from smoothed topography to hummocky
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terrain along the CAIS is interpreted as a change in subglacial regimes, and hence demarcates
the flow paths of the ice streams (Dyke and Morris, 1988; Patterson, 1998; Evans et al., 2008;
O Cofaigh et al., in press).

Hfs_4 and 5 (Fig. 12) flow into hummocky terrain known as the ‘McGregor moraine’,
which is interpreted as the marginal zone of the HPIS and so the term ‘interlobate’ is
misleading. A detailed investigation into the exact composition of the hummocky terrain
surrounding McGregor Lake by Evans et al. (2006a) reveals that the hummocky terrain is
composed of inset recessional push ridges, with flutings terminating at the ridges. This
landsystem directly corresponds to contemporary active temperate margins in Iceland (Evans
et al., 1999; Evans and Twigg, 2002; Evans, 2003; Evans et al., 2006a; Evans et al., 2008) and
the recessional ridges along the HPIS trunk (Fig. 10). Reconstructed ice margins show that they
were formed by ice flowing in from the north-west (Evans et al., 2006a), and so most likely
represent the marginal area of Hfs_5. This implies that Hfs_5 encompasses a significantly
larger area than reconstructed in Figure 12. Glaciotectonic evidence identified along the north
shore of the Travers Reservoir, demonstrated that some linear hummocks and low amplitude
ridges are in fact thrust block moraines (Evans et al., 2006a). This suggests that some linear
hummocks and low amplitude ridges common throughout the CAIS margin area may have
glaciotectonic origins. Furthermore, these landforms were formed by ice flow from the north
east, which suggests that the CAIS advanced into this area after the HPIS had receded. It is
clear that the HPIS and CAIS competed around this area during deglaciation (Fig. 40), creating a
composite suite of landforms. This point is further illustrated by the presence of crevasse
squeeze ridges within the same hummocky terrain band (Figs. 11 & 18).

The juxtaposition of chaotic ridge forms next to hummocks and within hummocky
terrain bands in southern Alberta (Fig. 17c) implies that they also have supraglacial origins.
They may represent crevasse fills and are present because of the debris charged margins that
operated in this area. Alternatively, their morphology shares some resemblance to eskers and
could represent esker networks that formed whilst ice stagnated and downwasted in these
areas. Further research is required to fully understand these landforms.

The above examples clearly show that hummocky terrain in southern Alberta is more
complex than illustrated in SRTM data sets. However, in order to produce regional glacial
geomorphology maps from data sources such as SRTM these areas should continue to be
recognized as generalised hummocky terrain areas until they have been investigated at a
larger scale. Large scale mapping and sedimentary investigations are required to fully elucidate

the landforms and their origins within hummocky terrain.
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4.3.2. Doughnut Hummocks (Type 2)

Type 2 hummocks are interpreted as doughnut hummocks or ring forms that are
common to many deglaciated forelands, for example southern Laurentide lobes and Europe
(Gravenor and Kupsch, 1959; Parizek, 1969; Aartolahti, 1974; Lagerback, 1988; Boutlon and
Caban, 1995; Mollard, 2000; Colgan et al., 2003; Knudsen, 2006). Evidence presented by
Johnson and Clayton (2003) demonstrates that doughnut hummocks within Alberta and across
North America are predominantly composed of clayey till, which they suggest is an important
characteristic in their formation. Whilst several alternative theories have been proposed for
their formation, all of which consider the landforms to have formed in a ‘stagnant glacial
regime’ (Knudsen, 2006 p.161), they remain poorly understood (Evans, 2009). Their presence
contiguous to push ridges contradicts this assumption and clearly demonstrates that they are
not solely found at stagnant margins. Based on the interpretations for hummaocks (type 1) and
ice walled lake plains (type 3) it seems that doughnut hummocks must also have originated
from supraglacial positions. They most likely formed via differential melting regimes of thick
supraglacial debris, whereby debris flow into sink holes and irregularities in the surface formed
multiple low relief landforms (Gravenor, 1955; Clayton, 1967; Mollard, 2000; Knudsen, 2006).
Possible alternative origins are proglacial blow-out of over pressured fluids, previously
documented in poorly drained sediments (Bluemle, 1993; Boutlon and Caban, 1995; Evans et
al, 1999; Evans, 2003, 2009), or subglacial pressing of saturated sediments (Gravenor and
Kupsch, 1959; Stalker, 1960; Aartolahti, 1974; Eyles et al., 1999; Mollard, 2000; Boone and
Eyles, 2001).

The ridges identified within the hummock bands around Del Bonita (Fig. 28) are
interpreted as different features to those described above (Section 4.3.1.2. Fig. 17c) because
they are significantly smaller, occur individually and comprise part of hummock rims. They may
be the product of sink holes that have become interconnected and so the rims of doughnut
hummocks connect to form long ridges. Alternatively, it is also possible that whilst ice
stagnated and remained ice cored for significant amounts of time, supraglacial streams
developed along sink holes and hollows in the ice cored surface, eventually creating larger
channels. After the ice cores melted and debris was let down, debris along these channels
were left amongst the hummocks, impart comprising their ridges. Further study of their

composition is required in order to accurately elucidate their origins.

4.3.3. Ice walled Lake Plains (Type 3)
Type 3 hummocks show an exact morphological resemblance to ice walled lake plains
identified along the margins of the southern Laurentide lobes, in Minnesota, North Dakota,

Wisconsin, Michigan, southern New England (Colgan et al., 2003; Clayton et al., 2008) and
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throughout Europe (Strehl, 1998; Knudsen et al., 2006). Strong evidence presented by Clayton
et al. (2008) demonstrates that ice walled lake plains cannot be of subglacial origin based on
molluscs present within ice walled lake deposits. Their presence therefore is strongly
associated with supraglacial origins, the corollary of which strongly suggests that the
surrounding hummocky terrain is also of supraglacial origin (Johnson and Clayton, 2003;
Clayton et al.,, 2008). In agreement with the other hummocky and controlled moraine
interpretations, the ice walled lake plains are also supraglacially derived landforms. Their
dominant size is explained by continued development after ice recession due to a thick debris
cover insulating the buried ice walls (Attig, 1993; Clayton et al., 2001; Attig et al., 2003; Clayton
et al., 2008), hence why they are not located within the active recessional imprint of the CAIS
marginal area The close association between ice walled lake plain development and
permafrost (Attig, 1993; Clayton et al., 2001; Attig et al., 2003) is also evident within the CAIS
marginal area. The largest ice walled lake plains are located around the Del Bonita Highlands,
located almost exactly where permafrost features have been identified (Bednarski, personal
communication). This evidence suggests that permafrost directly impacts upon the
development of ice walled lake plains (Attig, 1993; Ham and Attig, 1996; Clayton et al., 2001;
Attig et al., 2003; Clayton et al., 2008)

4.4. Glaciofluvial and Glaciolacustrine evidence
4.4.1. CAIS marginal area

Numerous gravel pits located south of Etzikom Coulée demonstrate evidence that is
consistent with glaciofluvial outwash, in particular sandur deposits (Benn and Evans, 1998).
Importantly, the gravel pits lie within the active recessional zone of the margin, which suggests
that glaciofluvial activity was extensive within and around the margin during this time (Benn
and Evans, 1998; Evans, 2003).

The lowermost boulder lag in the Etzikom Coulée section (Fig. 31) is a common
attribute to the outer spillway zone model of Kehew and Lord (1986, 1987), however, the
presence on the inside of the inner channel suggests that flow was either unable to carry the
boulders or that they were laid down during meltwater discharge decline (Keyhew and
Clayton, 1983; Keyhew and Lord, 1986, 1987). The strong north to south clast fabric
orientation of the gravels within the Etzikom Coulée section suggests they were emplaced by
southwards glaciofluvial flow (Evans and Benn, 2004). This contrast with the east to west
orientation of the coulée implies that the gravels were deposited after spillway production. In

addition the gravel pit is located within a set of hummocks located inside the coulée and so the
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overlying diamict must also have formed after spillway production. This evidence is consistent
with a re-advance of the CAIS margin into the coulée.

The gravel units situated within the Milk River section (Fig. 32) are similarly interpreted
as evidence of glaciofluvial activity with clast size changes reflecting fluctuations in discharge
velocities (Benn and Evans, 1998). The clast fabric data (Fig. 32) suggests that proglacial
outwash followed the natural slope within the CAIS margin area (Fig. 13E). The juxtaposition of
gravel units that grade laterally and massive sand/silt units are consistent with outwash
deposits most likely deposited at an active margin (Rust and Romanelli, 1975; Benn and Evans,
1998). Lateral variations in outwash deposits document alternating discharge velocities,
sediment load and proximity of the ice margin (Rust and Romanelli, 1975; Benn and Evans,
1998). Furthermore, the massive sand/silt unit may be representative of subaqueous outwash
formed by the rapid deposition of high sediment loads (Rust and Romanelli, 1975).

The lowermost unit exposed at the Writing on Stone section (Fig. 33) is horizontally
laminated which is consistent with formation in a glaciolacustrine setting (Shaw, 1975; 1977;
Fitzsimons, 1992), and is interpreted as evidence that a proglacial lake was located in this area.
Based on clast size data the upper gravel units represent differing discharge velocities most
likely a product of seasonal discharge (Benn and Evans, 1998).

The Etzikom, Chin, Forty Mile and Verdigris Coulées situated within the CAIS marginal
area document the decanting of proglacial lakes common in southern Alberta (Stalker, 1962;
Evans, 2000; Evans et al., 2008). The remarkable coherence with other meltwater channels and
transverse ridges implies that the decanting water was controlled by the natural northwest to
southeast slope (Figs. 3, 13A & E). The channels located north of the Lethbridge moraine and
Chin Coulée drained eastwards around the Cypress Hills. The anomalous position of Forty Mile
Coulée is explained by the pre-glacial Winnifred divide which forced east flowing meltwater to
the south, south east (Westgate, 1968). Meltwater channels that formed south of Etzikom
Coulée drained towards Pakowki Lake and into northern Montana.

The transverse channels are interpreted as ice marginal meltwater channels, which
document the recession of the margin and that meltwater was forced from west to east by the
proglacial slope. Channels orientated north to south such as those that dissect the hummocky
terrain north of Etzikom Coulée (Fig. 20) flowed up the proglacial slope. This could only have
occurred under significant pressure and so these channels are interpreted to have formed
subglacially (Hooke and Jennings, 2006). Their dimensions and characteristics directly compare
to tunnel valleys along the southern Laurentide lobes (Mooers, 1989; Clayton et al., 1999;
Cutler, 2002; Hooke and Jennings, 2006). Furthermore, they are located within the Lethbridge
moraine which is interpreted to represent a frozen margin, a key characteristic in tunnel valley

formation (Hooke and Jennings, 2006). Therefore it seems quite possible that these channels
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represent tunnel valleys that formed under significant pressure whilst marginal drainage was

impeded by discontinuous permafrost and a frozen margin (Hooke and Jennings, 2006).

4.4.2. Southern Alberta

Individual eskers and esker networks have been identified by Shetsen (1987, 1990) and
Evans et al. (2008). As previously mentioned, only the largest esker forms were identifiable and
so where individual eskers are in close proximity to each they are interpreted to represent an
esker network. The two esker networks positioned along the central portion of the HPIS and
CAIS document that subglacial water was concentrated along these points (Evans et al., 2008).
Similarly, the distribution of eskers along (Fig. 10, CAfs_2) the flat terrain of the eastern flank
of the CAIS also shows that subglacial water was concentrated in this area. Where eskers cross
cut MSGLs (Fig. 10 & 14c) they are interpreted to have formed after lineation production most
likely during ice marginal recession (Stokes and Clark, 2003a; Stokes et al., 2008). Similar
evidence has been interpreted by Stokes and Clark (2003a) to suggest that retreat direction
may not have been parallel to flow orientation.

Meltwater channels are extensive across the study area, forming both anabranched
and en-echelon sequences along the ice stream pathways (Fig. 10 & 19). The large sequence of
anabranching meltwater channels that cross cut the CAIS in the north of the study area (Fig. 10
& 19) were traditionally interpreted as proglacial spillway channels (Gravenor and Bayrock,
1955; Christiansen, 1979) but have more recently been unequivocally interpreted as subglacial
in origin (Sjorgren and Rains, 1995; Evans et al., 2008). The large meltwater channel that runs
parallel to CAfs_1 (Fig. 10 & 14b) is connected to the southern arm of this sequence of
channels, which suggests that it formed during the same discharge episode and is also
subglacial in origin. Meltwater channels situated at the margin of Efs_1 are also interpreted as
spillways based on previous research (Evans, 2000; O Cofaigh et al., in press).

The origin of the channels along the western margin of the HPIS is unknown; however,
it is possible that they are lateral channels that formed between higher topography of the
Porcupine Hills to the west and HPIS to the east. Some of these channels have previously been
interpreted as tunnel channels and evidence of megafloods in southern Alberta (Rains et al.,
2002). Their size and form are similar to the spillway channels along the CAIS marginal area
and so are consistent with large meltwater discharge landforms (Evans, 2000; Rains et al.,
2002). Similarly, spillway channels (Milk River, Lost River, Canal Creek and Sage Creek) in the
south east corner of the CAIS marginal area have been interpreted as tunnel valleys (Beaney,
2002). The channels are located down ice of the preglacial divide and evidence presented
shares a resemblance to documented tunnel valley morphologies (O Cofaigh, 1996).

Alternatively, reconstructed glacial Lake Pakowki (Westgate, 1968) is situated just up-ice of
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where the channels initiate, which strongly suggests they actually have a proglacial origin,
formed by the decanting of glacial Lake Pakowki (Wesgate, 1968). Evidence of large discharges
of meltwater in the landform record such as tunnel valleys (e.g. Attig et al., 1989; Clayton et
al., 1999; Johnson, 1999; Cutler et al., 2002; Beaney, 2002; Rains et al., 2002) and spillways
(Evans, 2000; Evans et al., 2008) are easily explained by localised drainage events. There seems
to be no reason to invoke provincial scale megafloods for the production of these landforms
(Beaney, 2002; Rains et al., 2002), especially when they can be more easily explained by other
mechanisms.

It is also worth commenting on the extensive networks of channels that exist within
hummocky terrain bands, in particular the Suffield moraine. Their overall shape resembles
rivers within a catchment area and it seems likely that they formed as meltwater flowed under
gravity rather than hydraulic gradients. The corollary is that they formed as ice stagnated in

this area of hummocky terrain.

4.5. Lineations and MSGLs
4.5.1. Southern Alberta

In agreement with Evans et al. (2008) the smoothed corridors are interpreted as ice
streams produced by ice flowing at higher velocities than the surrounding ice (Swithinbank,
1954; Bentley, 1987). Furthermore, comparison of glacial geomorphology mapped in Figure 10
against Stokes and Clark’s (1999, 2001) geomorphological criteria for ice streaming shows a
very strong correlation (Table 3).

The smoothed corridors demonstrate landforms synonymous with fast flow (Stokes
and Clark, 2001) which in turn are surrounded and delineated by a change in the “smoothness”
(O Cofaigh et al., in press, p. 5) to hummocky terrain associated with slow moving, cold based
ice and stagnation (Dyke and Morris, 1988, Stokes and Clark, 2002, Evans et al., 2008; O
Cofaigh et al., in press). The MSGLs and smoothed topography directly compare to previously
identified palaeo ice streams (Patterson 1997, 1998; Stokes and Clark, 1999, 2001; Clark and
Stokes, 2003; Jennings, 2006) and to the forelands of contemporary ice streams on the
Antarctic Shelf (Shipp et al., 1999; Canals et al., 2000; Wellner et al., 2001; O Cofaigh et al.,
2002). The onset zones of both the HPIS and CAIS are unknown and mapping by Prest et al.
(1968) and Evans et al. (2008) do not identify any clear convergent flow patterns. Till pebble
lithology data (Shetsen, 1984) also suggests that both the HPIS and CAIS demonstrate Boothia
type dispersal. The MSGLs show that the HPIS was transitory in nature, but any shifts in flow
orientation were relatively small. There are only a few MSGLs situated along the CAIS within

the study area, but their differing orientations identify at least two separate flow events.
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Further up ice of the study area large MSGL sets are found along the CAIS, for example the
Athabasca Fluting Field (Shaw et al., 2000). Extensive glaciotectonic evidence has been
demonstrated (Fig. 37, 39a & b) along the CAIS and HPIS and their marginal areas (Evans et al.,
2008). Based on the reconstructed flow sets and landforms it seems clear that both the HPIS
and CAIS represent a ‘time-trangressive’ ice stream (Clark and Stokes, 2003).

Based on the field area cross profile in Figure 13B and topographic maps (Geiger,
1967) the CAIS and the east lobe (O’ Cofaigh et al., in press) are interpreted as ‘pure’ ice
streams and the HPIS a ‘topographic’ Ice stream (Clark and Stokes, 2003). In particular, along
its southern section (south of 51°N) the HPIS is continuously bound by the Rocky Mountain
Foothills to the west and in parts to the east. The HPIS traversed across the natural slope in the
High Plains, with orientations moving towards the slope direction along Hfs_2-5 (Fig. 12). It is
quite possible that the natural slope will have exerted some control over flow direction. In
agreement with Dyke et al. (2002) it is assumed that the Cordilleran and Laurentide ice did
coalesce during the LGM. It is therefore likely that the Cordilleran ice exerted strong controls
over the orientation of the HPIS, forcing it in a south easterly direction. This is highlighted by
the different orientations of Hfs_1 and Cfs_1 and 2 (Fig. 12) which are interpreted to have
sourced from the Laurentide and Cordilleran ice sheets respectively. Additionally, the 90° shift
of the HPIS between Hfs_1 and 2 (Fig. 12) is positioned approximately where the Foothills
Erratics train is located, which has been used to mark the location of ice sheet coalescence
(Stalker, 1956; Jackson et al., 1997; Rains et al., 1999). The multiple flow-sets along the HPIS
therefore document numerous small scale flow re-organisations and re-advances during
deglaciation. Whether Hfs_6 and 7 (Fig. 12) document a radical shift in the orientation of the
HPIS is unknown. However, it seems more likely that the western portion of the HPIS flowed
around this higher topography as its marginal area spread out into a lobate form. Hfs_5 (Fig.
12) is composed of numerous lineations that on a small scale demonstrate strong spatial
coherency. However, large scale mapping compiled by Evans et al. (2006a) identify cross
cutting lineations which must have been formed during more than one flow event. This

evidence therefore suggests that Hfs_5 represents more than one flow event and highlights

Ice Stream Geomorphological Criteria (Stokes and CAIS HPIS
Clark, 1999, 2001)
1. Characteristic shape and Dimensions YES YES
2. Highly convergent flow patterns Unknown NO
3. Highly attenuated bedforms YES YES
4. Boothia type erratic dispersal train YES YES
5. Abrupt lateral margins YES NO
6. lce stream marginal moraines YES YES
7. Glaciotectonic and geotechnical evidence of YES YES
pervasively deformed till

8. Submarine till delta or sediment fan NA NA

Table 3: CAIS and HPIS compared with ice stream geomorphology criteria proposed by 90
Stokes and Clark (1999, 2001).



the need for, and accuracy of, large scale mapping. As mentioned above the HPIS terminated
at the McGregor moraine sequence but it also spread out in the south west corner of the study
area highlighted by lineations, hummocky terrain and meltwater channels (Fig. 10). The
coalescence of the HPIS and CAIS is reconstructed to have been located around the McGregor
moraine, Lethbridge and Travers Reservoir.

Cfs_1 and 2 are composed of lineations varying from 1.3 - 4.8km and seem to have
elongation ratios greater than 10:1, which would suggest that they formed under a fast flow
regime. Interestingly, there are no documented ice streams that sourced from the south
eastern portion of the Cordilleran ice sheet. Whether this is representative of an ice stream
sourcing from the Rocky Mountains is unknown. Cfs_3 is known as the Morley Flats drumlin
field (Fisher and Spooner, 1994) and is located along the Bow Valley. Cfs_4 overprints Cfs_5
(Fig. 12) and so is interpreted to have occurred after Cfs_5. All of these flow sets are
interpreted to have formed by Cordilleran ice flowing out of the Bow Valley but do not record
evidence of ice streaming based on the geomorphological criteria proposed by Stokes and
Clark (1999, 2001).

Few lineations were identified along the CAIS but it is clear from those mapped that at
least two advance phases are recorded in the landform record. This is based on the 45° shift in
orientation between CAfs_1 and 2 (Fig. 12). Allied with this, mapping by Sjogren and Rains
(1995) and Evans et al. (2008) identifies significantly more glacial lineations along the CAIS, and
also seem to record two separate flow events. CAfs_1 (Fig. 10) lies up ice and perpendicular to
the large lobate ridge (TR_8); due to their juxtaposition with each other it seems likely that
TR_8 could represent the maximum position of this re-advance. Based on this evidence it is
suggested that CAfs_2 represents an earlier flow episode of the CAIS and CAfs_1 represents ice
streaming sometime after this. Furthermore, Evans (1996, 2000) interpreted the large
lineation (35km long) within CAfs_1 (Figs. 10 & 12) as a streamlined esker, which suggests that
CAfs_1 formed after esker formation, during a later flow event.

Efs_1 (Fig. 12) is situated within the south west marginal zone of the east lobe. The
investigation by O Cofaigh et al. (in press) did not acknowledge this set of lineations and so it is
tentatively proposed that Efs_1 represents fast flow of this portion of ice stream margin. It is
likely that the flow-set was formed as the east lobe moved into the study area forming

contemporaneously with the large transverse ridges (TR_11; Figs. 10 & 12).

4.5.2. CAIS marginal area
All lineations within the CAIS marginal area are located to the south and south east
(Fig. 20) and are interpreted as MSGLs if they are greater than 6km in length (Clark et al.,

2003). Where lineations overprint type 1 and type 2 transverse ridges to the south and south
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east of Lake Pakowki (Fig. 20) they represent a re-advance of the margin, most probably the
Altawan advance of Kulig (1996) also known as the Wild Horse advance (Westgate, 1968). This
advance is interpreted to have occurred between the Cypress Hills and 112°W, approximately
15km east of Del Bonita. The lineations run parallel to CAfs_3 and so based on their strong
parallel coherency are interpreted to represent the same flow event. Lineation length
gradually increases from north west to south east, trending into a several MSGLs within CAfs_3
(Fig. 20). All measured ERs within the CAIS marginal area are greater than the 10:1 threshold
proposed by Stokes and Clark (2002), which implies they formed under fast flowing ice. The
locations of CAfs_1, 2 and 3 (Fig. 12) on the down ice side of bedrock highs and at locations
where the proglacial slope is away from the margin (Fig. 13A & D) suggests that topography
may have been a controlling factor in their production. Similar lineation occurrences on the
down ice side of higher topography are found within Hfs_5 on the Blackspring Ridge (Fig. 10)
(Munro-stasiuk and Shaw, 2002) and the Athabasca fluting field in central Alberta (Shaw et al.,
2000). This point was also touched on by Westgate (1968) where he mentioned the largest
lineations only occur where the regional slope was away from the margin. If this were a factor
in lineation and MSGL production then it would explain why there are so few lineations along
the CAIS as the proglacial slope is predominantly inclined against the margin (Fig. 13A). This
evidence is consistent with the groove ploughing theory for lineation production (Clark et al.,
2003) whereby keels produced by bedrock bumps, in this case bedrock highs (Fig. 13A & D)

carve grooves in the bed and deform sediments into the intervening ridges.

4.6. Deglacial style of the CAIS

The regional glacial geomorphology primarily records the deglacial dynamics of the
western margin of the south west Laurentide Ice Sheet. From this evidence it is clear that
during the Late Wisconsinan advance of the Laurentide Ice Sheet, ice flowed south through
Alberta, then through the south eastern corner of Alberta to its maximum extent in northern
Montana (Clayton and Moran, 1982; Dyke and Prest, 1987; Kulig, 1996; Dyke et al., 2002).
During this time three ice streams competed and coalesced within southern Alberta. Within
the study area the High Plains Ice Stream flowed in a south, south easterly direction; the CAIS
flowed mainly in a south, south westerly direction with part of the ice stream flowing south
easterly into Montana and the east lobe flowed in a south westerly direction from
neighbouring Saskatchewan. During deglaciation from the Late Wisconsinan ice receded
through southern Alberta depositing a wealth of ice marginal landforms.

The glacial geomorphology in southern Alberta is interpreted to have formed by ice

streams and hence direct ice contact with the underlying substrate. Furthermore, the evidence
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presented here for ice marginal features is consistent with a wealth of literature that
documents direct glacial action on the landscape at contemporary margins (e.g. Evans, 2003).
Therefore, the interpretation that the smoothed corridors and their landforms reflect
subglacial megaflood pathways (e.g. Rains et al.,, 1993; Shaw et al., 1996; Shaw, 2002) is
rejected. Numerous flaws exist concerning the meltwater hypothesis, namely there is no
attempt to group the landforms into a landsystem, rather the landforms are interpreted
individually. Therefore, the hypothesis is unable to explain for example, why the megaflood
would produce transverse ridges that lie down ice and perpendicular to MSGLs. Why are they
lobate in form? How would the megaflood form three different types of hummocks, some of
which lie contiguous to push ridges? In addition, the images produced to highlight the flow
paths of these megafloods (Rains et al., 1993) show the flood direction opposite to the
reconstructed ice flow direction in this research and by O Cofaigh et al. (in press) of the east
lobe. The south westerly flow direction of the east lobe from Saskatchewan is indisputable and
illustrates a major flaw with these reconstructions. Simply, the theory is not compatible with
both the geomorphic and sedimentary evidence (Benn and Evans, 2006)

Based on the geomorphology mapped here and previous work on deglacial timelines
of the southwest Laurentide Ice Sheet (Westgate, 1968; Clayton and Moran, 1982; Dyke and
Prest, 1987; Kulig, 1996) a relative retreat map has been produced (Fig. 40). By around 14ka BP
recession from the southern limit in Montana had reached into Alberta (Westgate, 1968;
Clayton and Moran, 1982; Dyke and Prest, 1987; Kulig, 1996) and the CAIS margin occupied the
Lethbridge moraine until approximately 12.3 ka BP (Clayton and Moran, 1982; Dyke and Prest,
1987). Stalker (1977) showed the Lethbridge moraine to be the classical Wisconsin ice limit;
however, this limit is interpreted to coincide with Etzikom drift limit of Westgate (1968). In
agreement with Liverman et al. (1989); Young et al. (1989, 1993); Burns et al. (1993) and Kulig
(1996) the Late Wisconsinan was the most extensive to affect the study area.

Reconstructions in the area (Shetsen, 1987; Evans, 2000) have identified significant
glaciolacustrine silts and clays throughout southern Alberta, for example in the Pakowki Lake
depression, formed by glacial Lake Pakowki during ice margin recession (Westgate, 1968; Kulig,
1996). It is argued that a deep proglacial lake will likely have also been located here during the
advance of the margin during LGM, contained between the preglacial divide and the ice
margin. It is postulated that the presence of a proglacial lake destabilised the margin leading to
a rapid advance over the preglacial divide (Dredge and Cowan, 1989; Evans and O Cofaigh,
2003; Stokes and Clark, 2004).

Westgate (1968) identified 5 distinct morphostratigraphic units each of which
represents a re-advance limit in the south east Alberta (110° - 112°W; 49° - 50°N) based on

petrography and morphology: Elkwater drift; Wild Horse drift; Pakowki drift; Etzikom drift and
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Oldman drift. The Elkwater drift relates to the upper ice limit on the Cypress Hills. The Wild
Horse drift extends into northern Montana where it terminates at a large 15-20m transverse
ridge sequence and is interpreted to represent the final advance of the CAIS margin into
Montana sometime around 14 ka BP. The Pakokwi drift (Fig. 40) is marked by the outer extent
of the push moraines to the south east of Lake Pakowki and runs along the northern tip of the
Milk River and north around the Cypress Hills (Wesgate, 1968; Bik, 1969; Kulig, 1996).
Therefore, all landforms to the south of this point were formed during an earlier advance,
most likely the Altawan advance (15ka BP; Kulig, 1996). The Pakowki advance (Fig. 40) not
recognized in Christiansen’s (1979) and Dyke and Prest’s (1987) deglacial sequences, most
likely occurred between 14-13.5ka BP (Kulig, 1996) and relates to Clayton and Moran’s (1982)
Stage F - H. The Etzikom drift limit is interpreted as the Lethbridge moraine limit of Stalker
(1977) and is marked in Figure 20 by the broad band of hummocky terrain just north of
Etzikom Coulée. This advance episode maintained its position along the Lethbridge moraine
until around 12.3ka BP (Stage I, Clayton and Moran, 1982; Dyke and Prest, 1987; Kulig, 1996).
The Oldman drift limit (Fig. 40) is found outside of the mapped CAIS marginal area, just south
of the Oldman River. Importantly, the correlation between the thrust ridges by Travers
Reservoir (Evans et al., 2006a) and the Oldman limit suggests that they were formed during
this re-advance episode. The corollary is that the HPIS had already receded further to the
north. This re-advance (Stage J — L, Clayton and Moran, 1982) most likely occurred just after
12ka BP. Based on the regional geomorphology map (Fig. 10) it is suggested that a further re-
advance occurred (Vauxhall advance), the limit of which is marked by the Vauxhall Ridge and
must have occurred sometime after 12ka BP. Evans (2000) suggests that the CAIS margin had
receded to the north of the study area by 12ka BP. Based on the Vauxhall advance evidence
the CAIS must have receded later than that proposed by Evans (2000). Importantly, Dyke and
Prest (1987) have their margin to north of the study area by this time, and so this suggests that
the CAIS may have remained within southern Alberta for longer than previously thought. The
Vauxhall ridge is interpreted to mark the final re-advance of the CAIS after which time it
receded rapidly (Evans, 2000). The exact timing of the HPIS and east lobe retreat is unclear;
however, it seems likely that the HPIS had receded somewhere north of Bow River by 12ka BP.
Kulig (1996) documented significantly different deglacial styles between the CAIS and the east
lobe, with the east lobe being characterised by a stable margin. The difference in deglacial
styles is possibly a product of differing subglacial regimes and dispersal centres.

The presence of at least three till units within CAIS marginal area and overprinted
landforms highlights the complex nature of terrestrial ice stream marginal recession styles and
their landform imprint. The morphological record of the CAIS margin is therefore a palimpsest

of at least three re-advance episodes. This seeming cyclical behaviour of the CAIS is
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characteristic of contemporary surging margins (e.g. Sharp, 1985b; Raymond, 1987; Evans and
Rea, 1999, 2003) and has been interpreted as evidence of surging activity in the Laurentide Ice
Sheet (e.g. Clayton et al., 1985; Kulig, 1996). However, it is not known whether the re-
advances were forced by increased ice streaming driven by subglacial mechanisms or external
forcing. It is clear that subsequent re-advance limits were positioned further north each time,

most likely due to overall ice sheet recession, rather than subglacial conditions.

Figure 40: Reconstructed deglacial limits in southern Alberta. a) Pakowki advance limit around 14-
13.5ka BP (Westgate, 1968; Clayton and Moran, 1982; Dyke and Prest, 1987; Kulig, 1996). b)
Etzikom limit located along the Lethbridge moraine maintained its position until 12.3ka BP
(Clayton and Moran, 1982; Dyke and Prest, 1987; Kulig, 1996). c) Oldman limit around 12ka BP
(Westgate, 1968; Clayton and Moran, 1982). d) Vauxhall limit possibly around 11.7ka BP (Clayton
and Moran, 1982). The reconstructed position of the HPIS is based solely on geomorphology and
so limits are quite speculative. The proglacial lakes are reconstructed from Westgate (1968),
Shetsen (1987) and Evans (2000).
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Chapter 5

Discussion



5.1. Methods and Data Sources

5.1.1. Scale Approach (SA)

When reconstructing ice dynamics such as ice streaming and ice marginal settings it is
crucial that we appreciate the variety of scales on which landforms are formed (Smith et al.
2006); for example MSGLs are more readily identifiable using small scale visualisation methods
such as SRTM, but differentiating between types of hummocks requires data sets with much
higher resolution. It therefore follows that mapping here has required the integration of data
sets at multiple scales and that “...successful landform identification is scale dependent” (Smith
et al., 2006, p.163). In order to fully incorporate this idea and hence gain the best possible
objective results a ‘Scale Approach’ has been implemented as a framework to guide and
structure this research. Its application has benefited the study in numerous ways; most
importantly it enabled a holistic overview that highlighted the complex and fascinating nature
of the glacial dynamics that operated in southern Alberta. In addition, it allowed independent
verification of mapping techniques through multiple data sets, which in turn improved the
accuracy of the mapping. The SA adopted within this research has proved to be a successful
methodology with which to approach mapping at local and regional scales. Furthermore, its
success within this research suggests that it would be appropriate for current research in

glacial geomorphology due to the wide availability of data sets at numerous scales.

5.1.2. Mapping and Sedimentology

SRTM data alone provides an excellent source of ‘reconnaissance’ style mapping,
identifying regional trends, landform suites and the larger individual landforms. The elevation
data contained within the data sets, the ease of visualisation manipulations and their
availability render SRTM data an excellent data resource for small scale mapping (Rabus et al.,
2003). Without the use of SRTM data, many landforms would not have been identified within
Landsat ETM+ data sets, for example the Vauxhall Ridge. Recent studies using solely SRTM
data demonstrate the benefits of using SRTM (O Cofaigh et al., in press); however, problems
arise when attempting to produce detailed maps due to the resolution constraints. This is well
illustrated by the lack of any detail provided by SRTM data for the hummocky terrain areas
within southern Alberta, which are a key component of the landsystem. This is almost
completely resolved when SRTM data is used in conjunction with other data sets as commonly
seen within contemporary studies (Glasser and Jansson, 2005; Bolch et al., 2005; Heyman et
al., 2008).

Manipulations that are performed on the data must recognise and appreciate any bias

they introduce (Smith and Clark, 2005); for example, though illuminating lineations
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perpendicular to their orientation such features are significantly accentuated within the
landform record (Smith and Clark, 2005). This research has attempted to minimise such bias
through using multiple illumination angles (Smith and Clark, 2005) and Landsat ETM+ as an
independent verification tool (Glasser and Jansson, 2005). The Landsat ETM+ provided good
comparison with SRTM mapping and also identified landforms that were at scales below the
resolution of the SRTM data. However, low relief and subtle landforms were difficult or
impossible to recognise and were only identified in SRTM data. Therefore, when used in
conjunction they provide greater coverage and enable first order verification of each other.

Recent advances in mapping techniques now enable more accurate mapping than
ever; for example, NEXTMap data produces DEMs with a spatial resolution of 5 m, yielding
unprecedented results for the BRITICE project (Clark et al., 2004; Evans et al., 2005). However,
data coverage of this quality and scale is rare and so aerial photographs still provide the most
accurate data sets outside of specialist sources. The results gained from the aerial photo
mapping are comprehensive, accurate and enabled significant insights to be gained from the
landform record. This illustrates well that whilst mapping techniques will continue to improve,
good quality aerial photographs will continue to provide one of the best data sources available
for mapping glacial geomorphology.

The lack of sedimentary data relating to landform types within the CAIS marginal area
has weakened the ability to accurately constrain their origins. Moreover, it weakens the ability
to create process form models (Clayton and Moran, 1974) that can be applied to other
landform assemblages. Unfortunately, good exposures through landforms within the ancient

landform record are rare, and an inherent fact from which this research suffers.

5.2. Terrestrial Ice Stream Margin

In order to accurately model and interpret ambiguous evidence within the landform
record it is crucial that we accurately constrain not only the individual landform type but the
surrounding landform suite. Our ability to accurately model landsystems vastly increases our
accuracy in identifying and interpreting ancient landscapes (Evans, 2003). However, care must
be taken when applying modern analogues as certain landform types and assemblages are not
found within contemporary glacier forelands, for example ice walled lake plains and doughnut
hummocks (Johnson and Clayton, 2003). Moreover, the lack of any contemporary terrestrial
ice streams hinders our ability to assess the extent to which ice marginal dynamics can affect
ice stream flow (Jennings, 2006). It is worth reiterating at this point that the southern
Laurentide margin contained several ice streams the margins of which have been interpreted

to be represented by lobes. It follows that their landform assemblages are of significant
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importance with respect to this research (Patterson, 1997, 1998; Winsborrow et al., 2004;
Jennings, 2006).

The conceptual terrestrial ice stream margin landsystem (Fig. 41) is based on the
interpretations of the CAIS marginal area, with the landform types and assemblages sharing a
strong resemblance to other southern Laurentide ice stream lobes. The extent to which the
proglacial slope has affected landform development has been discussed in detail; however, the
exact extent to which it impacted on the overall landsystem remains unclear. It seems highly
likely that it exerted some control on the landsystem, with ice dynamics acting as the primary
control. The model does not attempt to act as the single template for ice stream margins due
to the wide range of landform assemblages found in such settings. Interestingly, the ice
marginal landsystem includes elements of multiple landystems: active temperate (Evans and
Twigg, 2002; Evans 2003), surging (Evans and Rea, 1999, 2003; Evans et al., 2007), landsystem
C of the southern Laurentide (Colgan et al., 2003) and supraglacial (Johnson and Clayton,
2003). This implies that terrestrial ice stream margins undergo a variety of different dynamics
and regimes over short spatial and temporal scales; for example Cutler et al. (2001)
demonstrate different geomorphic and sedimentary imprints of three neighbouring southern
Laurentide lobes. The ability of terrestrial ice stream margins to create a wide variety of
landforms reflects the different settings and controls exerted on them, in particular bedrock
topography and geology (Colgan et al., 2003). This in turn exerts strong controls on subglacial
thermal and hydrology regimes and hence ice streaming (Anandakrishnan et al., 1998; Bell et
al., 1998; Bennett, 2003; Bamber et al., 2006).

The active marginal signal of both the HPIS and CAIS (Evans et al., 2008) is not common
to other terrestrial ice stream margins (Patterson, 1997, 1998; Colgan et al., 2003; Johnson and
Calyton, 2003; van de Wateren, 2003; Jennings, 2006; O Cofaigh et al., in press). This
characteristic suggests that the recession of the CAIS and HPIS may have been synchronous,
which is in strong contrast to the asynchronous behaviour of the southern Laurentide Lobes
(Jennings, 2006). However, the CAIS marginal area also records evidence for a cold based
margin that may have persisted for some time. This evidence correlates with the other
southern Laurentide ice stream margins described by Patterson (1997, 1998), Colgan et al.
(2003), Johnson and Calyton (2003) and Jennings (2006). It seems that CAIS marginal area and
other terrestrial ice stream margins demonstrate a continuum of landforms (Fig. 41) that are
common to a variety of documented landsystems, which are primarily controlled by the basal
thermal regimes operating at the margin. Therefore, at one end of this continuum there are
active, warm based landforms, such as recessional push moraines and at the other cold based

landforms such as controlled moraine.
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Ice flow

Figure.41: A continuum of landforms created by terrestrial ice stream margins based primarily on the
CAIS margin. Ice flow is from north to south. The ability of an individual margin to create such a wide
variety of landforms and landform assemblages documents its susceptibility to a wide variety of
subglacial, marginal and localised conditions.1) Recessional meltwater channels that run parallel to
the reconstructed ice margin in much the same manner as the transverse ridges. 2) Hummocky
terrain bands that demonstrate a large scale lobate form are interpreted to document a cold based
ice margin that persisted for enough time to form extensive hummocky terrain and for ice walled lake
plains to form. The largest hummocks represent ice walled lake plains. Tunnel channels are also a
likely feature in such settings. 3) Active recessional imprint comprised of push ridges that blend into
contiguous linear hummock bands. The hummocks are interpeted to originate from supraglacial
positions and are aligned due to structures within the ice margin formed by thrusting and
compression. This signal is accentuated by a winter re-advance producing the push ridges. 4) Thrust
ridges are common at ice stream margins with high porewater pressures, weak bedrock, topographic
obstacles and permafrost.

It is important that a distinction be made between evidence for ice streaming and for
surging in terrestrial marginal settings because they share similar landform types yet are
associated with different ice dynamics (Jennings, 2006). Furthermore, differentiating between
the styles of re-advance found in southern Alberta will help to confirm ice marginal dynamics
and landform origins. Clark and Stokes (2003) comment on the problem of discriminating
between surging and ice streaming suggesting that the term ‘surging’ be restricted to glaciers
alone whereas ‘ice stream’ refers to fast flow within an ice sheet. However, if a terrestrial ice
stream were to experience uncontrolled accelerated flow beyond the usual fast flow regime
then this surely would constitute a surge. Problems arise with actually recognising such an

occurrence in contemporary ice streams as flow velocities fluctuate on various timescales
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(Bindscahdler et al., 2003) and so difficulties are found in modelling and identifying such an
event (Radok et al., 1987; Anandakrishnan et al., 2001). The periodic and transitory nature of
ice streams is well documented (Clark and Stokes, 2003) and so re-advances of the margin are
here referred to as fast flow events; surging should only be used when the landsystem formed
by a palaeo-ice stream directly reflects that of a surging glacier and not based on individual
landform types.

The southern and south western Laurentide ice stream margins share a close affinity
to contemporary surging glaciers (Evans and Rea, 1999, 2003; Jennings, 2006), in particular,
large quantities of hummocky terrain and thrust ridges (Boulton et al., 1985; Clayton et al.,
1985; Fisher et al., 1985; Clark, 1994b; Kulig, 1996; Marshall et al., 1996; Cutler et al., 2001;
Colgan et al., 2003; O Cofaigh et al., in press). Thrust ridges such as those along the margin of
the CAIS, east lobe and Superior lobe (Westgate, 1968; Shetsen, 1987; Jennings, 2006; O
Cofaigh et al., in press) were most likely formed by a rapidly advancing margin (Sharp, 1985b;
Evans and Rea, 2003) and so could represent either accelerated or fast flowing ice.
Importantly, Jennings (2006) suggests that the presence of thrust ridges at the margin of the
Superior Lobe are evidence that high velocities occurred all the way to the margin and so their
presence is not necessarily evidence of a surging ice stream but rather fast flow.
Reconstructions of permafrost along the southern Laurentide lobes suggest it was extensive
(Clayton et al., 2001, Bauder et al., 2005) and its presence may have impacted upon thrust
ridge formation in these areas (Aber et al., 1989; Jennings, 2006). Alternatively, discontinuous
permafrost in southern Alberta (Westagte, 1968; Bednarski, Personal communication) implies
that thrust ridge formation occurred through different mechanisms, and so their production is
likely to occur through a variety of mechanisms at ice stream margins (Aber et al., 1989). They
have also been documented in sub-polar environments where permafrost is present (e.g.
Evans and England, 1991) and are not necessarily a product of fast flow (Evans and Rea, 2003).
Hummocky terrain is common to almost all terrestrial ice stream margins along the southern
and south western Laurentide ice sheet, in the form of well developed, aligned, chaotic and
collectively lobate hummocks (Johnson et al., 1995; Ham and Attig, 1996; Patterson 1997
1998; Colgan et al., 2003; Johnson and Clayton, 2003, Jennings, 2006; Clayton et al., 2008). Its
presence is generally interpreted as evidence for ice marginal stagnation of debris rich ice (e.g.
Colgan et al., 2003; Johnson and Clayton, 2003), which is easily explained at both ice stream
and surging margins. Therefore, thrust ridges and hummocky terrain comprise a significant
component of terrestrial ice stream margins and should not act as evidence of a surging ice
stream.

O Cofaigh et al. (in press) suggest that the east lobe may have surged to its extent

around Medicine Hat based on stagnation evidence and crevasse squeeze ridges overprinting
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MSGLs. In a similar fashion poorly developed crevasse squeeze ridges are juxtaposed with
MSGLs along the CAIS and lie up ice of hummocky terrain and glaciotectonic evidence (Evans et
al. 2008). This strong similarity with the surging landsystem (Evans and Rea, 1999, 2003; Evans
et al.,, 2007) suggests that a re-advance episode of the CAIS may have been a surge. In
particular, crevasse squeeze ridges cannot form without longitudinal extentsion of the ice

(Evans and Rea, 2003) which in turn suggests that the CAIS did not maintain its flow.

5.3. Ice stream dynamics
In order to try and understand the wider implications for the results and
interpretations presented in the last two chapters, the idea of the ice stream ‘life cycle’ (Clark

and Stokes, 2003) will be revisited with each element being considered in turn.

5.3.1. Onset and Location

The location of the onset zone of the HPIS and CAIS is unknown. Mapping by Evans et
al. (2008) shows that the HPIS and CAIS likely originated from the same ice stream that flowed
south through Alberta and split into two individual ice streams at around 54°N.
Reconnaissance on Google Earth™ and mapping by Prest et al. (1968) and Evans et al. (2008)
traces MSGLs northwards to at least Athabasca Lake, yet no obvious onset zone is visible. The
HPIS is interpreted to be a product of the CAIS and so does not demonstrate any convergent
flow or an onset zone. The CAIS is most likely to have initiated somewhere in northern Alberta
based on the mapping by Prest et al. (1968) and Evans et al. (2008). It is also quite probable
that the onset zone was not preserved during deglaciation (De Angelis and Kleman, 2008).
Further research is required to resolve the location of the onset of the CAIS.

Early research recognised that if contemporary ice sheets contained ice streams then
palaeo-ice sheets most likely also had similar features (Denton and Hughes, 1981). The
location of ice streams within the Laurentide Ice Sheet has been strongly associated with the
availability of a deforming bed (e.g. Alley, 1991; Clark, 1992, 1994a; Marshall et al., 1996;
Patterson, 1998) and partly topographic controls (Marshall et al., 1996; Kaplan et al., 2001).
Evidence from contemporary ice streams also suggests that geological controls are a key factor
in ice stream location (Anandakrishnan et al., 1998; Bell et al., 1998). However, more recently
evidence presented by Stokes and Clark (2003a, b) suggests that deformable beds are not
essential for ice streaming to occur. Importantly, the CAIS and HPIS are located over the
Western Canadian Sedimentary Basin, which contains substantial areas of soft bed geology
(Mathews, 1974; Boulton and Jones, 1979; Klassen, 1989). Numerous other fast flow pathways

in the south western corner of the Laurentide Ice Sheet are also located over the Canadian
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Sedimentary Basin (Prest et al., 1968; Evans et al., 2008; O Cofaigh et al., in press). Therefore,
whilst ice streaming may occur in a variety of geological settings, the location of ice streaming
in the south west corner of the Laurentide Ice Sheet was primarily controlled by the availability

of a deformable bed.

5.3.2. Ice streaming: temporal and spatial behaviour

The CAIS, HPIS and east lobe flowed over a deformable bed which is composed of
Cretaceous and Tertiary sediments, consisting of poorly consolidated clay, sand and silt
(Stalker, 1960; Klassen, 1989). The Cretaceous beds in particular are weak due to a high
bentonite content, which is reflected by the quantity of thrust features within southern
Alberta. Combined with this, poor drainage conditions caused by swelling clays will have
almost certainly created elevated porewater pressure. Furthermore, Beaty (1990) comments
on localised differences in drainage conditions but where bentonic clays were present the
underlying geology became almost impermeable. Therefore, weak and poorly drained
sediments will have created low shear stresses and high porewater pressures that made ice
streaming and fast flow in southern Alberta very likely (Stalker, 1973; Clayton et al., 1985;
Fisher et al., 1985; Klassen, 1989; Clark, 1994a; Evans et al., 2008). The corollary is that the
geologic setting can exert strong controls on the location and flow dynamics of ice streams
(Anandakrishnan et al., 1998; Bell et al., 1998; Bamber et al., 2006).

Bedrock highs will likely have acted as some resistance to flow (e.g. Alley, 1993;
Joughin et al., 2001; Price et al., 2002; Stokes et al., 2007) and caused localised compression,
highlighted by the presence of thrust ridges at these locations. It is also suggested that the
inclined proglacial slope along the CAIS (Fig. 13A) will have impacted on ice marginal dynamics
through acting as a restraint to ice marginal advance, causing significant marginal compressive
flow and enabling proglacial lakes to form (Klassen, 1989). This is illustrated by numerous
exposures that show glaciotectonic activity, well developed controlled moraine, large spillway
channels that record the decanting of proglacial lakes and significant distribution of
glaciolacustrine sediments (Shetsen, 1987; Evans, 2000; Evans et al., 2008).

Unfortunately, it is difficult to ascertain whether fast ice motion occurred through
deformation or sliding. Numerous till units and up ice thickening till wedges within southern
Alberta (Westagte, 1968; Evans and Campbell, 1992; Evans et al., 2008) are consistent with the
theory of subglacial deformation (Alley, 1991; Boulton, 1996a, b). However, work by
Piotrowski and Kraus (1997), Piotrowski et al. (2001; 2004) suggests that subglacial
deformation is not widespread but concentrated to localised spots along the bed.
Furthermore, Evans et al. (2008) argue that the presence of large subglacial channels and thin

tills overlying stratified sediments along the CAIS trunk provides evidence to suggest
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deformation was subordinate to sliding. No one process can be confidently outlined as a
primary flow mechanism, rather, the evidence demonstrates that the CAIS flowed through

some combination of deformation and sliding.

5.3.3. Shutdown

Results presented here and mapping by Prest et al. (1968) and Evans et al. (2008)
highlights multiple flow sets throughout Alberta, recording dynamic and transitory ice streams
that re-organised themselves on numerous occasions during deglaciation from the LGM. In
agreement with O Cofaigh et al. (in press) it is quite possible that the eventual shutdown of the
CAIS and HPIS during deglaciation subsequently caused them to re-organise their flow regime
north of the study area and shift in direction (Prest et al., 1968; Evans et al., 2008). Within
southern Alberta there is evidence of five re-advance episodes of the CAL between c. 15-12ka
BP in the form of multiple till units and varying ice marginal landform assemblages (Wesgate,
1968; Clayton and Moran, 1982; Kulig, 1996). Each re-advance limit of the CAIS is located
further north each time, which suggests that overall climate warming during this period
impacted upon ice stream extent (Dyke et al., 2003). The overall landform imprint of the CAIS
margin is a palimpsest of multiple re-advance episodes, which record primarily active recession
but also cold based dynamics. In order to understand the overall deglacial dynamics of the
CAIS two key elements are addressed: Why did ice streaming stop? What caused the CAIS to

periodically re-advance?

5.3.3.1. Why did the CAIS shutdown?

That the presence of an ice stream draws down the surface profile and elevation of its
drainage basin and hence a portion of the ice sheet is widely acknowledged (e.g. Bentley,
1987; Clark, 1994a; Bamber et al., 2000; Kaplan et al., 2001; Stokes and Clark, 2001; Bennett,
2003; Hulbe and Fahnestock, 2004) and that ice streams flowing through and into Alberta also
had low driving stresses (Bentley, 1987; Bennett, 2003). It follows that a terrestrial ice stream
margin will be susceptible to changes in basal thermal regimes and that this particular
characteristic makes ice streams prone to abrupt changes in flow regimes and direction (Hulbe
and Fahnestock, 2004).

Active marginal recession is recorded by the CAIS margin, which shows that the margin
of the CAIS was warm based (Hart, 1999; Evans and Twigg, 2002; Evans, 2003). The
progressively shorter re-advance episodes suggest that the CAIS recorded both large and small
scale climate impacts. It follows that the re-advance limit was likely not controlled by ice
marginal dynamics as suggested by Jennings (2006) but processes acting up ice of the margin.

This may have been due to a lack of ice flux in the catchment area from which the ice stream
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sourced (Johannesson, et al., 1989) which in turn meant it was unable to continue flowing.
Possible reasons for the decline in ice flux could be due to deglaciation and ice sheet re-
organisation from the LGM (Dyke et al., 2003), or, possibly shifting ice sheds in the south
western sector of the Laurentide Ice Sheet due to changes in ice sheet configuration and
geometry caused by ice stream draw down and climate (Bamber et al., 2000; Stokes and Clark,
2001; Dyke et al., 2003). The extent and response of the drainage basin to changing ice sheet
configurations (Dyke et al., 2003) from which the CAIS sourced is unknown. Their
asynchronous nature means that other drainage basins are likely to have responded in a
different manner depending on their individual characteristics (Johannesson et al., 1989; O
Cofaigh et al., 2008); which in turn suggests that ice streams will record a variety of deglacial
styles, one control of which is the size of its drainage basin (O Cofaigh et al., 2008). Joughin et
al. (1999) document shared source regions for ice streams in West Antarctica, which suggests
that the amount of ice being used by an individual ice stream can change over time. Similarly,
Joughin et al. (1999) and Anandakrishnan et al. (2001) suggest that ice piracy may account for
the shutdown of ice stream C. This concept may be applicable in Alberta, as the presence of
neighbouring ice streams such as the HPIS and the Saskatchewan ice streams (O Cofaigh et al.,
In Press) may have sourced greater ice flux during deglaciation causing the CAIS to shut down.

Whilst ice stream dynamics may change through external or marginal controls it is
ultimately the conditions at the ice sheet bed that actively shut the ice stream down
(Anandakrishnan et al., 2001). The availability of subglacial water at high pressure is crucial for
ice streaming and so any changes will affect ice stream dynamics (Parizek et al., 2002; Vogel et
al., 2003; Bennett, 2003). Joughin and Tulaczyk (2002) and Jennings (2006) suggest that any
changes in flow, advance or decline are controlled by mechanisms at the ice stream bed and
not by reduced ice availability through climate change. In particular, Jennings (2006) associates
drainage of the lobe with its decline and eventual halt. The presence of large spillways in SE
Alberta represents rapid drainage of proglcaial lakes (Evans et al., 2006a), during decanting
they will also have drained the margin causing the lobe to slow or stop (Jennings, 2006). This
rapid drainage may have been sufficient to cause the margin to freeze to the bed as is
reflected by the Lethbridge moraine. Furthermore, the advance of the CAIS may have been
sufficient to cause a thermal change in bed conditions due to thin ice being closer to the bed,
leading to its decline (MacAyeal, 19934, b; Payne, 1995).

The large continuous lobate bands of hummocky terrain that demarcate the
Lethbridge moraine limit are interpreted as controlled moraine (Section 4.2.3) and as such are
evidence for a frozen margin (Evans, 2009). This evidence is also consistent with that of the
southern Laurentide lobes, where frozen margins were common features (Attig et al., 1989;

Ham and Attig, 1996; Clayton et al., 2001; Colgan et al.,, 2003), creating broad, lobate
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hummock bands (Patterson, 1997; 1998; Colgan et al., 2003; Johnson and Clayton, 2003;
Jennings, 2006). It is possible that freeze on of the margin occurred after ice stagnation (Colgan
et al., 2003) and so is either a product of processes further up ice of the margin, or, it could
have caused the CAIS to slow and shutdown. Freeze on would most likely have occurred
through an increase in the vertical temperature gradient, vertical and horizontal advection of
cold ice and a reduction in porewater pressure due to the thinning and rapid advance of the
margin (Alley et al., 1997; Tulaczyk et al., 2000a; Christoffersen and Tulaczyk, 2003; Hulbe and
Fahnestock, 2004). Furthermore, thermal processes have also been suggested for the decline

of ice stream C in Antarctica (Anandakrishnan et al., 2001; Bennett, 2003).

5.3.3.2. What caused the CAIS to re-advance?

The periodic re-advances of the margin show that the CAIS did not shutdown
completely, rather, conditions periodically enabled the ice stream to readvance. Such
readvances were most likely driven by subglacial and marginal dynamics (de Angelis and
Kleman, 2005; Jennings, 2006), the most important of which will have been the availability of
subglacial water at pressure (Parizek et al., 2002; Vogel et al., 2003; Bennett, 2003). What
drove the re-advance episodes is poorly understood, however, it is possible that the presence
of proglacial lakes facilitated ice stream advance (Dredge and Cowan, 1989; Evans, 2000; Evans
and O Cofaigh, 2003; Stokes and Clark, 2004). This is supported by the widespread presence of
glaciolacustrine sediments north of Chin Coulée (Shetsen, 1987; Pawlowicz and Fenton, 1995;
Evans, 2000).

Proglacial lakes significantly impact on ice marginal dynamics in particular basal heat
balance and subglacial drainage (Cutler, 2006). Importantly, work by Stokes and Clark (2004)
suggests that the presence of a large proglacial lake initiated the Dubawnt Lake ice stream. It
seems possible that during recession of the margin the development of proglacial lakes,
enhanced by glacioisostatic depression (Evans, 2000) and discontinuous permafrost blocked
drainage routes and caused porewater pressure to rise (Cutler, 2006). This in turn may have
raised porewater pressure up ice and destabilised the margin. The water body therefore acted

as a "trigger" (Stokes and Clark, 2004, p.170) to ice marginal advance.
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Chapter 6

Conclusion



SRTM data sets confirm that the glacial geomorphology of southern Alberta is
dominated by imprints of ice streams which sourced from the Keewatin dome of the
Laurentide Ice Sheet. SRTM data provides an invaluable tool with which to map small (ice
stream) scale glacial geomorphology but is best supplemented with other, higher resolution
data. Based on previous research (Evans et al.,, 2006a; Evans et al., 2008) and the
geomorphological criteria set out by Stokes and Clark (2001) both the HPIS and CAIS are
confidently interpreted as terrestrial palaeo-ice streams. Mapping by Prest et al. (1968), Evans
et al. (2008) and O Cofaigh et al. (in press) show that ice streams continued to operate within
Alberta and neighbouring Saskatchewan during the recession of the south western Laurentide
ice sheet from the Late Wisconsinan. Further north individual ice streams likely had short life
cycles documented by numerous ‘rubber-stamped’ (Clark and Stokes, 2003) ice stream
pathways in this area and their shutdown likely led to the onset of a new ice stream (O Cofaigh
et al., in press). The location of ice streams seem to have been primarily controlled by the
widespread availability of soft bed geology in the form of the Canadian Sedimentary Basin
(Klassen, 1989). Furthermore, the general south to east flow orientation of ice streaming in
this area is a product of a regional slope from west to east and the coalescence of the
Laurentide and Cordilleran Ice Sheets deflecting flow.

The HPIS and CAIS were dynamic and transitory in nature creating a smudged imprint
that is highlighted by multiple flow-set reconstructions and typical of time-transgressive ice
streams (Clark and Stokes, 2003). Ice stream dynamics were directly affected by the geology
and topography over which the ice streams flowed (Anandakrishnan et al., 1998; Bell et al.,
1998; Bamber et al., 2006), with bedrock highs likely acting as a trigger for thrust ridge and
lineation production (Aber et al., 1989; Tulaczyk et al., 2001; Clark et al., 2003). Evidence left
by the CAIS in the form of till wedges that thicken down ice and large subglacial meltwater
channels suggests that the ice stream flowed by some combination of sliding and deformation
(Evans et al., 2008). The CAIS recorded several re-advance episodes during overall ice sheet
recession which is thought to be a product of external climate forcing affecting ice stream
drainage basins and fluctuating subglacial and marginal dynamics.

Reconstructed ice marginal dynamics show that conditions prevailing at the margin
can have significant affects on the health of an ice stream (Jennings, 2006). In particular, where
frozen toe zones exist it is quite possible that the margin will cause ice streaming to slow and
even shutdown (Christoffersen and Tulaczyk, 2003). The CAIS marginal area is composed of
controlled, hummocky, push and thrust block moraines, along with doughnut hummocks, ice
walled lake plains, recessional meltwater, tunnel and large spillway channels. The CAIS margin
seems to have been polythermal in nature, with ice thickness acting as a strong control on the

basal thermal regime of the margin. The alternating thermal nature of the margin created a
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continuum of landforms that is dominated by active marginal recession between 15-12 ka BP
(Westgate, 1968; Clayton and Moran, 1982; Kulig, 1996; Dyke et al., 2003). Similarly, the HPIS
also documents active recession of its margin.

Lobate hummock bands document a frozen outer margin and are representative of
controlled moraine (Evans, 2009). The presence of well developed ice walled lake plains within
hummocky terrain and controlled moraine bands indicates that buried ice persisted long after
deglaciation due to insulation from thick supraglacial debris (Clayton et al., 2008).
Furthermore, the best developed ice walled lake plains are located where permafrost features
are present, suggesting that its presence helped in their development (Ham and Attig, 1996;
Clayton et al., 2001; Attig et al., 2003; Clayton et al., 2008).

In comparison to other terrestrial ice stream margins (Patterson, 1997; 1998; Jennings,
2006, O Cofaigh et al., in press) it seems that hummocky terrain bands and large thrust ridges
are the most common landform types found in such setting. However, no other documented
terrestrial ice stream margins demonstrate active recession in the form push ridges. It
therefore seems that active recession lies at one extreme of the terrestrial ice stream margin

landform continuum, with frozen outer limits and stagnation found at the other.

6.1. Limitations and recommended further research

This research has suffered from a lack detailed sedimentary data concerning
constructional processes within the CAIS marginal area, and so has relied heavily on the
geomorphology. Whilst this is not necessarily a weakness the veracity of the findings would be
strengthened by additional sedimentary evidence. A recommendation for future research
would be to further explore the field area with a sole view to documenting sedimentary
exposures, in order to provide greater insight into the glacial history, dynamics and hence
reconstructing terrestrial ice stream marginal behaviour. Depending upon the location of the
exposures in relation to landforms this further research could also target landform
constructional processes, specifically hummocky terrain and transverse ridges. Moreover, it
could then be used to critically assess the findings detailed here and other theories for
landform genesis.

This research has started to develop a detailed model for terrestrial ice stream
marginal landsystems. The model now requires stringent testing and comparison with other
such landsystems, and so ongoing research should aim to accurately constrain landform
sediment assemblages in other terrestrial ice stream marginal settings. This would build the
data and are knowledge of such setting and enable testing and development of the model.
Furthermore, further research in this area is crucial to understanding and answering what

controls and impacts an ice stream margin exerts on its longevity and dynamics.
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Interestingly, the proglacial slope of the CAIS was inclined against the margin. This
undoubtedly will have affected the dynamics that operated at the margin. One suggestion for
further research is to focus on the nature of the topography at terrestrial ice stream margins
and compare the types on landforms and landsystem created there. This would aim to further
elucidate the impact such topographical differences could have had on marginal dynamics.
Helpfully, this would be relatively easy to investigate.

Whilst significantly more difficult than the other ideas proposed here, it is important
that further research considers the wider impacts of terrestrial ice streams on the dynamics
and stability of ice sheets. Continuing research should attempt to model the potential impacts
of terrestrial ice streams such as the CAIS/HPIS on drainage basin size, location and ability to
change and in doing so overall ice sheet morphology and stability. This would go some way to
understanding the overall role terrestrial ice streams and potentially their margins played in
the stability, morphology and eventual decline of the last great ice sheets.

As shown here SRTM data is very useful for small scale, regional mapping. Its use in
glacial geomorphology is still relatively new, and so it requires further testing using a variety of
examples on different scales of focus. A recommendation for further research is that SRTM
data be quantitatively critiqued with respect to glacial geomorphology. This could perhaps be
done in similar fashion to Smith and Clark (2005), using a variety of data sets, looking at several

landform assemblages and directly comparing the results.
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