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Abstract 

The integration of till stratigraphic and sedimentologic studies with landform-based ice flow 

analysis has considerable potential for advancing our understanding of subglacial processes, 

particularly those related to subglacial sediment transport and the generation of subglacial landforms 

such as drumlins. Currently, few drumlin studies incorporate till provenance analysis, which limits 

our ability to establish relationships with subglacial sediment transport, drumlin forming processes, 

and the regional glacial history. 

Considerable effort has been made to reconstruct the last glaciation, with a particular focus on 

the geometry of the Laurentide Ice Sheet (LIS) ice margins and their retreat pattern and chronology. 

However, to comprehend the long-term evolution of the LIS during a glaciation, it is also essential to 

include the dynamics of ice streams, the positions of ice divides and their migration phases, and 

related shifts in ice flow. The history of glacial dynamics remains limited in many regions covered by 

the LIS. This research focuses on the Dessert Lake drumlin field, west of Great Slave Lake (GSL) 

within National Topographic System (NTS) map 85K. This area presents a significant opportunity to 

investigate tills and related sedimentary processes within a drumlin field due to road access and the 

presence of road cuts extending across several drumlins along Highway 3. Additionally, the bedrock 

geology consists of sufficiently contrasting bedrock units extending approximately perpendicular to 

the long axis of the drumlins, which is particularly useful for till provenance analysis. 

The glacial geology record of western GSL bears evidence for four distinct ice-flow phases of 

the LIS. These phases are preserved in various forms such as outcrop-scale erosional features, 

subglacial streamlined landforms, and in the orientation of clasts in different till s (a.k.a. till fabric) 

preserved within the drumlins, as well as in the composition of the till, which is useful to establish 

bedrock source regions (provenance). The sequence of ice flows indicates an initial southward (180 to 

190 deg.) ice flow phase, followed by a clockwise shift towards westward (260 to 270 deg.) ice flow, 

then a slight deviation towards southwestward (215 to 245 deg.) flow. The counterclockwise shift is 

supported by the overprint relationship of southwesterly oriented landforms on westerly oriented 

landforms. The average direction of the drumlinôs long axis is 249 degrees, which is close to the top 

till fabric of drumlin section 1 (246 deg.). Finally, there is evidence along the shore of western GSL 

for a late northwestward (320 to 325 deg.) flow, which may have been limited in lateral extent. The 

till provenance analysis suggests some of the surficial till samples show a dominantly local 
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provenance, but there is surficial till with a more distal signature such as more abundant Canadian 

Shield derived clasts. These changes in ice flow corresponded with the overall eastward retreat of the 

ice margin and the increasing influence of topography due to the diminishing thickness of the ice. 

In conclusion, glacial dynamics shifted in the area, and the evidence is well-preserved in both 

the erosional and depositional records. Till stratigraphy and related ice flow shifts are preserved 

within the drumlin cores. Since erosional processes are thought to play an important role in the 

formation of drumlins, it is likely, in the context of stratified drumlins, that the surficial till in the 

Dessert Lake drumlin field, and perhaps in other similar settings, consist of multiple till sheets 

deposited under different subglacial transport regimes and pathways and may thus have contrasting 

bedrock source regions. It is thus critical for applications like mineral exploration and environmental 

protection to determine if the till in lower stratigraphic positions occurs at the surface in the drumlin 

field.   
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Chapter 1 

Introduction 

1.1 Research Problem 

During the late Wisconsinan glaciation, the Laurentide Ice Sheet (LIS) waxed and waned over 

most of Canada reaching its greatest extent and volume at about 21 ka BP (Dyke & Prest, 1987; Dyke 

et al. 2002; Dalton et al., 2020; Dalton et al., 2022). The last glaciation is the most well-understood of 

Quaternary glaciations, although large uncertainties persist due to rare stratigraphic records being 

preserved, especially regarding pre-Last Glacial Maximum (LGM) events (e.g., Dalton et al. 2022). 

Our understanding of previous glaciations is more limited, but there is compelling evidence that the 

glaciations of the Quaternary have had a major impact on landscape evolution and the nature and 

distribution of surficial sediments in Canada.  

Considerable effort has been put in reconstructing the last glaciation, with a focus on the 

geometry of the LIS ice margins and of their retreat pattern and chronology (e.g., Dyke & Prest 1987; 

Dyke et al. 2003; Dalton et al. 2020). To understand the long-term evolution of the LIS during a 

glaciation, a reconstruction of ice flow phases including the dynamics of ice streams, ice divide 

positions and migration phases, and related ice flow shifts are also necessary (Parent et al., 1995; 

Veillette et al., 1999; Clark et al., 2000; McMartin & Henderson, 2004). While most of these studies 

focus on specific regions of the LIS and rely heavily on the landform record, some include the 

stratigraphic record and data useful for glacial sediment transport analysis (e.g., Gauthier et al., 2019). 

Nonetheless, glacial history remains poorly constrained in many regions covered by the LIS. New 

research is thus needed to more completely integrate evidence from erosional and depositional 

records. 

The integration of till stratigraphic and sedimentologic studies with landform-based ice flow 

analysis helps advance our understanding of subglacial processes and glacial history (e.g., Hodder et 

al., 2016), including those related to subglacial landform generation such as drumlins (e.g., Ó Cofaigh 

et al., 2013; Evans et al., 2015; Benediktsson et al., 2016; Menzies et al., 2016), especially those 

containing one or more till sheets (cf. Stokes et al., 2013). Few drumlin studies include till 

provenance analysis and those that do typically involve sparse data and limited provenance indicators 

(e.g., Sookhan et al., 2021). There is thus a potential to improve our understanding of the stratigraphy 

of drumlins and provenance of till in drumlin fields to better establish the relationships with glacial 

history, subglacial sediment transport, and drumlin forming processes.  
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Studying till sedimentary processes from preserved clues in the till to reconstruct or interpret the 

processes responsible for their deposition is helpful to understand the configuration of the LIS and 

related ice-flow dynamics problems. This type of research is needed to better understand the long-

term behavior of ice sheets, their response to internal and external forces, and how ice sheets change 

landscapes and landforms during glaciations.  

Research on subglacial landforms and sediments is also important for certain applications such 

as mineral exploration. Mineral exploration commonly uses glacial sediments to trace indicator 

minerals and geochemical pathfinder elements back to their buried bedrock sources (McClenaghan & 

Paulen, 2018). However, certain mechanisms which might have significant influences on the design 

of till sampling and the interpretation of till compositional data, require improvement. Recent 

research near Lac De Gras in Northwest Territories shows the influence of ice flow shifts and local 

bedrock topography on three-dimensional till dispersal patterns (Kelley et al., 2019; Stirling, 2022). 

Stirling (2022) also documented the potential net effect of ice flow shifts and drumlinization on 

surficial till compositional patterns. It is thus important to expand this type of research to other 

drumlin fields to better document these effects and assess implications for till provenance studies in 

the context of ice sheet research, as well as for applications in mineral exploration and environmental 

protection. 

 

1.2 Study Area 

A few criteria were considered to select the study area for this research. First, the area must 

include a subglacial bed with a drumlin field. The study area also needed to be accessible and with a 

potential for till sections either along drumlin flanks or across drumlins. In addition, the bedrock 

geology needed to consist of sufficiently contrasting bedrock units extending approximately 

perpendicular to the long axis of drumlins. The latter criterion is particularly useful for till provenance 

analysis. The selected study area that meets all these criteria is in the Northwest Territories, more 

specifically west of Great Slave Lake (GSL) within National Topographic System (NTS) map 85K. 

This area represents a great opportunity to investigate tills and related sedimentary processes within a 

drumlin field due to the presence of road cuts extending across several drumlins along Highway 3, 

which are part of a drumlin field hereafter referred to as the Dessert Lake drumlin field (Figure 1.1). 
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The entire area is a flat area with average elevation at 209 meters and has many water bodies, 

including the west arm of GSL and Birch Lake, and several smaller lakes and streams. 

The physiography of the area was influenced by lithology of the bedrock, glacial history, and 

glacial lake occurrences. Large stretches of spruce bog and fen with peat and low flora and mosses are 

indicative of extensive water ponding and a poor drainage pattern caused by low permeability 

sediments and the flat topography of the region (Lemmen, 1990). Weeds, white spruce, and black 

spruce trees make up the thick mixed forest that dominates raised regions above organics. 

 

Figure 1.1. Map of the study area (outlined in red) from and its location in Canada (inset map). 

Background satellite image is from the World Imagery Basemap from ESRI. Inset map is from the 

World Topographic Map from ESRI. 
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1.3 Bedrock Geology 

Numerous provenance investigations have been conducted across Canada by classifying glacial 

clasts into useful bedrock lithology categories and determining their relative proportions to get 

insights into sediment transport directions and distances from the different bedrock source regions 

(e.g., Hagedorn, 2022; Rice et al., 2024). Similarly, indicator minerals and geochemical pathfinder 

elements in till matrix are also commonly used to analyze till dispersal patterns from distinct bedrock 

sources (e.g., McMartin & Paulen, 2007; McClenaghan and Paulen, 2018; McClenaghan et al., 2023). 

Furthermore, because bedrock may consist of lithologies with a wide range of properties such as 

jointing and hardness, it is important to have a good knowledge of bedrock geology to understand its 

potential impact on glacial sediment supply and texture. Therefore, this section provides a summary 

of the regional bedrock geology of the study area, as well as of the known up-ice directions (to the 

east and northeast) based on recent studies in the region by Rice et al. (2013, 2019) and Hagedorn 

(2022). 

 

Figure 1.2. Bedrock domains around the study area (outlined in red) (Okulitch, 2006). 
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The basement rock is Canadian Shield rocks, which primarily composed of Precambrian rocks 

and are older than 541 million years. The main rock types are igneous intrusive, including felsic rocks 

like granite and mafic rocks like gabbro (Harrison et al., 2011). On top of the basement rocks lies the 

Western Canadian Sedimentary Basin (WCSB), a thick (350ï600 m) gently sloping (1.9 m/km west) 

carbonate series that was formed throughout the Paleozoic (Rhodes et al., 1984). According to 

Okulitch (2006), Paleozoic middle Devonian makes up most of bedrock surface in the research area, 

which spans the time interval between 387.7 million and 382.7 million years ago. The bedrock of the 

study area is formed by bituminous shale and limestone of the Keg River Formation, Elk Point Group 

(Figure 1.2). Its lower bed consists of bituminous and fossiliferous marlstone; its upper bed is made 

of very fine-grained, dark brown and grey limestone. The bedrock geology up-ice of the study area 

belongs to Lonely Bay Formation, which mainly consists of brown limestone and thinly bedded beige 

dolostone (Okulitch, 2006). Another geological formation southwest of the study area is Muskwa 

Formation from Horn River Group, which mainly contains bituminous shale (Okulitch, 2006).  

 

1.4 Surficial Geology 

The surficial geology of the region has been mapped at various scales using different techniques. 

The most recent map that covers the entire study area was made using remote predictive mapping 

techniques (Kerr et al., 2016), which is essentially based on remote sensing data with limited field 

observations. This is a relatively fast way of producing surficial maps, but it can lead to lower 

resolution and greater uncertainty on the nature and origin of surficial sediments. Nevertheless, it 

provides useful information about the regional surficial geology. 

Research by Craig (1965) and Lemmen (1990), and more recently by Hagedorn (2022) provide 

evidence for till stratigraphy and associated ice flow shifts in the region. First Craig et al. (1965) 

documented till sheets and evidence for two paleo-ice flow directions in the area, i.e., a younger flow 

to the northwest and an older flow to southwest. The southwest flow was indeed interpreted at the 

time to be the youngest based on its predominant landform footprint on the landscape. However, the 

most recent research by Hagedorn (2022) documented a clockwise ice flow shift in their study area, 

thus putting the southwest flow phase as older than the northwest flow phase. This is based on a 

detailed till stratigraphic study and outcrop-scale ice flow indicators along the Mackenzie River, in 

the vicinity of Fort Providence, and further to the south around Hay River and part of the Cameron 
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Hills (Figure 1.3). Results of the provenance analysis of the tills by Hagedorn (2022) are consistent 

with the clockwise shift suggesting a good correspondence between the erosional and depositional 

records: i.e., the oldest till contains clast fabric and compositional evidence consistent with southwest 

ice flow sediment transport (and northeast bedrock sources), whereas the younger tills seem to be 

mostly derived from bedrock sources that are more extensive to the east and southeast and also have 

clast fabrics indicative of paleo-ice flow to the west and northwest.   

Further to the southeast, detailed studies (Rice et al., 2013; McClenaghan et al., 2018) at Pine 

Point (Figure 1.3) have documented four till units and an ice flow record that includes an old 

southwest phase (~230 deg.), followed by west northwestward phase (~300 deg.), and one single 

striation site suggests a subsequent ice flow to the north-northwest (~330 deg.). Finally, a late óice 

streamingô southwestward (~250 deg.) phase (Rice et al., 2013). Correlations with the tills and ice 

flow phases between Rice et al. (2013) and Hagedorn (2022) are not straightforward due to the 

possible local differences in glacial dynamics at similar times across this large region.  

 

Figure 1.3. Location of Pine Point and Cameron Hills to the Canadian Shield (pink) and WCSB 

(yellow). Modified from Menzies et al. (2019). 
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There is extensive evidence that glacial lakes inundated the region upon the retreat of the ice 

margin. Lemmen et al. (1994) investigated the proglacial meltwater ponding and drainage along a 

substantial stretch of the western edge of LIS. Figure 1.4 displays the periods for the evolution of 

glacial lakes and ice reconstruction. 

Ice had a significant impact on proglacial meltwater routing as the ice sheet retreated eastward 

since natural northeast drainage was blocked (Lemmen et al., 1994). New meltwater outlets were 

created by the continuing retreat to the east, and the landscape isostatically adjusted. A lobate ice 

sheet margin formed around terrain high points and glacial lakes formed at different elevations during 

deglaciation, the details of which have been refined after Lemmen (1990) by Hagedorn (2022). 

Based on glacial lake reconstructions (Lemmen et al., 1994; Smith, 1994; Hagedorn, 2022), a 

large portion of the study area, the terrain below 240 m asl (modern day elevation), was inundated by 

Glacial Lake McConnell (GLM) during the extensive Mackenzie phase. During this phase, the GLM 

connected the basins of the Great Bear, Great Slave, and Athabasca lakes. Following this phase, 

relative lake levels dropped in the area due to glacial isostatic adjustment and ice margin retreat 

opening lower outlets. The drop is indicated in the study area by beach ridges and other evidence of 

shallow littoral and sublittoral processes, as well as by post-glacial eolian activity. One important 

implication of the events that followed ice margin retreat in the area is that the subglacial landscape 

and its surficial till were partly reworked to various degrees across the study area. For instance, 

reworking occurs through shoreline processes, surface winnowing, and eolian activites eroded some 

surficial sediments, created eolian deposits which cover some areas. Postglacial weathering and soil 

forming processes also affected surficial sediments to different extents depending on sediment and 

surface characteristics and elevation. This is something that needs to be considered in the analysis of 

surficial till, especially for its texture and composition. 
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Figure 1.4. LIS flow lines, ice margins, and glacial lake extents at different time steps (from Lemmen 

et al., 1994). The study area is outlined in red. 

 

1.5 Research Objectives 

This M.Sc. research focuses on the glacial dynamics and subglacial sediment transport of the 

Dessert Lake drumlin field area within NTS map sheet 85K and part of 85 F. The specific objectives 

are as follow:  

1) Reconstruct the ice flow history of the ñDessert Lake drumlin fieldò, from the erosional and 

depositional records, and compare with findings from other studies in the region. 

a) Build a till stratigraphic framework. 

2) Determine the mixed provenance of the coarse (pebble) fraction (bedrock source 

contributions) of the till units. 

3) Explore implications of results on drumlin formation and evolution. 

 

1.6 Methodology Overview 

To achieve the thesis objectives, a combination of fieldwork, laboratory, and data analysis 

techniques were employed. The overarching approach involved formulating a comprehensive 
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understanding of ice-flow history, the composition of glacial sediments, and the provenance of till 

units (Figure 1.5). 

 

Figure 1.5. Methodology overview flowchart. 

 

1.6.1 Field Work 

The proposed research relies in large part on field observations and on the analysis of sediment 

samples that must be collected in the field. The research used data from samples collected by the 

Northwest Territories Geological Survey (NTGS) during the 2020 sampling program and 

supplemented with samples obtained in August 2021. In addition, striations and other outcrop-scale 

erosional indicators were measured at a few sites in 2021, and four stratigraphic sections were logged 

along Highway 3 to document the stratigraphy and sedimentology of drumlins, including till clast 

fabrics, and to obtain till samples along selected vertical profiles. This was completed with follow-up 

work in August 2022, during which we recollected samples at several sites for a more complete till 

clast fabric data. 
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1.6.1.1 Outcrop Ice Flow Indicators 

As the glacier sole slides over bedrock outcrops, debris lodged at the base acts as an erosive, 

abrasive. As a result, bedrock outcrops are polished and striated, providing several clues of ice flow 

direction, and where striae cross-cutting and overprinting of earlier features are present, relative age 

relationships can also be determined (e.g., Parent et al., 1995; Veillette et al., 1999; Paulen et al., 

2013). In addition, the sliding process on a hard bed may lead to quarrying of the lee-side of rock 

obstacles (e.g., Hallet, 1996; Iverson, 2012), and the resulting longitudinal asymmetric shapes provide 

another type of paleo-ice flow indicator.  

Due to an extensive Quaternary sediment cover, bedrock outcrops are uncommon in the study 

area. Carbonate rock surfaces also tend to be weathered and have lost most of the glacial indicators. 

The shape of glacially sculped outcrops was studied to establish stoss-lee relationships, and the 

orientation and crosscutting of striations and other features (e.g., chattermarks) were analyzed and 

measured to reconstruct paleo-ice flow directions and their relative age following established methods 

(e.g., Parent et al., 1995; Veillette et al., 1999; Paulen et al., 2013). 

 

1.6.1.2 Till Stratigraphic Section 

Till stratigraphic sections were investigated by digging a series of steps using hand shovels and 

pickaxes on drumlin sections along Highway 3. Two main sections were created this way on one 

large drumlin, with one on the west side of the highway and one on the east side. The third section 

was also on the west side of the highway, but it is located in a different drumlin south of the first one. 

The fourth section was made on yet another drumlin further south, also along the highway. Figure 1.6 

shows the location of the four sections. There were approximately 15 holes or steps dug into each 

section, and each hole was about 0.4 m in height (Figure 1.7). Therefore, the average height of till 

stratigraphic sections is about 5.5 m. In each hole, 8 to 15 clasts were selected, and the general shape 

(sphericity and roundness) of the clasts, sorting and compaction of the till were recorded to get initial 

field observations. This was to determine if the material had the characteristics of subglacial traction 

till as described in the literature (e.g., Benn & Evans, 2010). In addition, the color of the sediment 

was also recorded using the Munsell color system. Overall, the sediment in most holes is a matrix 

supported diamicton containing abundant faceted sub-angular clasts with polished and striated 

surfaces interpreted as a subglacial traction till. The latter is defined as ñsediment deposited by a 
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glacier sole either sliding over and/or deforming its bed, the sediment having been released directly 

from the ice by pressure melting and/or liberated from the substrate and then disaggregated and 

completely or largely homogenized by ñshearingò (Evans et al., 2006). The sediment within the 

studied drumlin sections is therefore suitable for a study of subglacial transport and depositional 

processes and glacial dynamics reconstructions. 

Till stratigraphic logging can provide information about ice sheet depositional and erosional 

events. Delineation of the main units and their thickness were recorded. The height of the section is 

the maximum vertical stratigraphy investigated between the road and the top of the drumlin along the 

road outcrop (Table 1.1). Samples and clast fabrics were taken from different units for some 

observations. All sites were documented photographically.   

In the simplest form, the stratigraphic log is a graph with a vertical axis for thickness and a 

horizontal axis for particle size. The vertical scale varies according to the level of detail and the 

project objectives. Therefore, it can be modified to match the goal of the project, the time allotted, 

and the variety and thickness of the beds (Anderton, 1985). The material type is represented by 

standard symbols. 
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Figure 1.6. A) Location of drumlin sections. B) Specific positions of section 1 to 3 in the drumlin. 

Hillshade model is based on the Arctic DEM (2 m) obtained from the Polar Geospatial Centre 

(https://www.pgc.umn.edu/data/arcticdem/). The water bodies layer was obtained from the Geospatial 

Extraction tool (https://maps.canada.ca/czs/index-en.html). 
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Figure 1.7. General view of the Stratigraphic section 1 to 4. A) Section 1: west of Hwy 3; B) Section 

2: east of Hwy 3; C) Section 3: west of Hwy 3; D) Section 4: west of Hwy 3. 
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Table 1.1. Information about the drumlin sections. 

 Vertical height Average slope 

angle 

Longtitude Latitude 

Section 1 6m 27° 116ę18ô50òW 62ę2ô24òN 

Section 2 5.8m 27° 116ę18ô50òW 62ę2ô24òN 

Section 3 5.3m 27° 116ę18ô50òW 116ę42ô21òW 

Section 4 5m  116ę42ô21òW 61ę49ô36òN 

 

1.6.1.3 Till Clast Fabrics 

Elongated clasts in subglacial traction till tend to align parallel with the direction of shear, which 

can provide useful information about the subglacial stress experienced by till formations (Benn, 

2004). Till clast fabric measurements were done in three holes at each till stratigraphic section, with 

one near the top, one in the middle, and one at the bottom. After the till hole has been prepared with a 

clean surface devoid of slump and roots, the next step in the procedure is to locate a protruding clast 

and to partially excavate it by gently removing the matrix around the clast, without moving the clast. 

This is to further reveal the outline of the clast. If the clast is elongated, then the clast can be removed 

and replaced by a non-magnetic narrow pen or knitting needle in the same orientation. The average 

ratio of a-axis to b-axis is 1.7. The trend and plunge of the pen is then measured using a geological 

compass (Allmendinger et al., 2012). The length of both the a-axis and b-axis is also measured, this 

time using a ruler. To get an adequate sample population, 50 clasts were measured in each hole, 

which is a typical number for till clast fabrics (Benn, 2013). By displaying the data on rose diagrams 

and lower hemisphere stereonets, the overall shape of the clast fabrics can be analyzed visually. 

In addition to the visual inspection of a fabricôs shape, other useful parameters can be calculated. 

For instance, normalized eigenvalues (S1, S2, S3) and eigenvectors can be calculated from the 3X3 

orientation tensor matrix (Allmendinger et al., 2012). For till fabrics, eigenvalues and eigenvectors 

provide information about the main orientation of clasts and the strength of the till fabric. Results are 

sometimes displayed on biplots and ternary diagrams (e.g., Benn, 1994; Hicock et al., 1996). Several 

programs exist to plot the data on rose diagrams and equal-area stereonets. For this research, till clast 

fabric data was analyzed using python scripts developed at the University of Waterloo and available 
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on GitHub (https://github.com/GlacialGeo /PythonCodes) that make use of several existing packages 

including Pandas, Numpy, Matplotlib, Ternary, and mplstereonet to create plots and analyze till clast 

fabric data. 

It is important to note that not all fabrics are useful for indicating ice flow direction. Some 

fabrics are too isotropic for determining the direction. A minimum threshold of about 0.54 for S1 is 

commonly used for ice flow direction interpretation using clast fabrics (e.g., Hodder et al., 2016). 

 

1.6.1.4 Till Sampling 

Most surficial till samples were collected throughout NTS map sheet 85K with a few collected in 

85F (https://natural-resources.canada.ca/earth-sciences/geography/topographic-

information/maps/9765). Some sample sites were accessed by truck, and parking areas were found 

along Highway 3. A helicopter was used to get access to sites that were located too far from the road. 

Holes were dug using hand shovels at 50 to 100 cm until C-horizon was reached, which is less 

oxidized. To decrease the risk of metallic contamination, unpainted metal shovels were used to collect 

the samples, and they were thoroughly cleaned after digging at each sample site to avoid cross-

contamination (Smith et al., 2019). Two sample bags were filled at each site. The first was a large 

plastic bag with about 10 kg of till, which was for heavy mineral lab analysis, as well as for pebble 

lithology counts and grain size analysis. The second was a small plastic bag comprised of about 3 kg 

of till for till matrix geochemical analysis. In this thesis, only the results from the large bags were 

used.  

Sample locations by sampling survey year and sampling type are shown in Figure 1.8. There are 

58 samples been sampled in 2020 and 79 samples being sampled in 2021. 
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Figure 1.8. Location of sample sites in 2020 and 2021. 

 

1.6.2 Laboratory Data Analysis 

This section provides an overview of the laboratory procedures done at external commercial 

laboratories and at the University of Waterloo, as well as details regarding the methodology to 

prepare and analyze the data obtained from laboratory analyses. 

 

1.6.2.1 Grain Size Analysis 

A bulk sample split was obtained from all the large samples sent to Overburden Drilling 

Management (ODM) for indicator mineral analysis. The splits were sent to the University of 
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Waterloo for grain size analysis.  Each dry sample is passed through the following stack of stainless-

steel sieves according to mesh diameter: 8.00 mm, 4.00 mm, 2.00 mm, 1.00 mm, 0.500 mm, 0.250, 

0.125 mm, and 0.063 mm. The material < 0.063 mm is then collected at the bottom in a stainless-steel 

pan. The sieving process is facilitated by using a Fritsch Analysette 3 Spartan shaker with a vibration 

amplitude of 2.0 mm for a duration of 15 minutes. Following that step, each sample fraction was 

weighted using an electronic scale with a 0.01g precision, bagged separately, and labelled with the 

sample number and size fraction (Figure 1.9).  

The fraction less than 0.063 mm was then further analyzed using a laser diffractometer, a Fritsch 

Analysette 22 with a wet dispersion unit. The laser-based particle size distribution was obtained using 

Fraunhofer diffraction approximation (Jones, 1999). Only samples collected in the 2020 field season 

went through the laser diffractometer analysis. 

 

Figure 1.9. Workflow for grain size analysis. 

 

1.6.2.2 Pebble Counts 

The classification of till clasts by their lithology provides information about bedrock source 

regions, which helps understand the regional ice flow and sediment dispersal patterns (Plakholm et 
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al., 2019). Sometimes, insights into sediment transport distance can be obtained if a lithology has a 

unique bedrock source.  

 At ODM, bulk till samples were disaggregated and put through a 2.0 mm sieve following the 

wet sieving technique, which consists in passing sediment and water through a shaking sieve. To 

eliminate discoloration, the >2.0 mm size fraction was wet sieved again at 5.6 mm, with the 2.0 - 5.6 

mm fraction being kept and the >5.6 mm fraction being washed with oxalic acid (Plakholm et al., 

2020). 

All pebble fractions of each sample were sent to the University of Waterloo. Each sample is 

examined to see if it has a minimum of 300 clasts over 5.6 mm size fraction. This is the selected 

fraction, which is large enough to facilitate the identification, yet small enough to have the needed 

number of clasts. The selected clasts were divided into two main categories and eight subcategories 

(Table 3.2), which is determined by the local bedrock geology and the various bedrock lithologies 

present in the surrounding region. The percentages obtained from the pebble count are subsequently 

employed to deduce the relative distribution of various bedrock sources incorporated within a given 

till sample. 

 

Figure 1.10. Flowchart of the bulk till sample used in pebble counts (Plakholm et al., 2020). 
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1.7 Thesis Structure 

This thesis contains four parts: an introduction chapter, two research analysis chapters, and a 

conclusion chapter. The thesis research was undertaken as part of a project with NTGS and the 

University of Waterloo with Philippe Normandeau (NTGS) and supervision by Dr. Martin Ross.  

The introductory chapter presents the scientific justification for the thesis, a concise overview of 

the geological contexts, primary research goals, and an outline of the methodologies employed. The 

rationale is elucidated by addressing gaps in knowledge and highlighting concerns by integrating 

findings from the geoscience literature pertaining to both the local vicinity and the designated study 

area. 

Chapter two is the chapter of the subglacial landform analysis of the study area, which includes 

the analysis of outcrop-scale indicators like striations and landform-scale indicator including 

drumlins, MSGLs (mega-scale glacial lineations) and subglacial ribs. By illustrating both outcrop-

scale erosional features and larger glacial landforms, it becomes feasible to reconstruct the dynamic 

history of ice flow during past glaciations. This chapter also provides valuable insights into the 

broader context of paleoclimatic and glacial changes. 

Chapter three is the chapter of the till stratigraphy of the drumlin sections. The chapter includes 

the results of the grain size analysis, clast fabric analysis and clast lithology counts. By examining the 

till stratigraphy in conjunction with landform records, the understanding of past ice flow dynamics 

can be improved, thus helping to reconstruct the intricate history of glacial movements and the 

environmental conditions that influenced them. 

Chapter four is the conclusion chapter which combines the results of landform analysis and till 

stratigraphy analysis, and reaches a more complete ice flow history of the study area. 
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Chapter 2 - An Analysis of Subglacial Landforms in the Birch 

Lake Area, West of Great Slave Lake (NTS 85K), Northwest 

Territories 

2.1 Introduction 

Glacial landform records encompass a variety of features, such as ribbed moraines, drumlins, 

and eskers. By carefully analyzing the orientation, size, and distribution of these landforms, several 

key insights into ópaleo-ice sheetsô dynamics can be obtained (e.g., Stokes et al., 2015; Dulfer et al., 

2023), which is critical to better understand subglacial processes, the long-term behavior of ice sheets, 

and past climate change (Clark et al., 2009). Drumlins, which are elongated hills aligned parallel to 

the direction of ice movement, are particularly useful to reconstruct paleo-ice flow phases. Ribbed 

moraines, a type of glacial or ice-sheet-formed till landform which form transverse to ice flow, are 

also commonly mapped and investigated as part of ice sheet reconstruction studies (Stokes et al., 

2015). Other features like eskers, which are part of the record of the meltwater plumbing system of 

ice sheets provide key insights into the late-stage phases of ice sheet evolution (Stokes et al., 2015). 

On the meter to sub-meter scale, erosional features such as striations on glacially sculpted outcrops 

are also commonly used to reconstruct ice flow phases in an area (e.g., Rice et al., 2019).  By 

examining both outcrop-scale erosional features and larger glacial landforms, it is possible to 

reconstruct the dynamic history of ice flow from past glaciations and gain insights into the broader 

regional context of paleoclimatic and glacial changes.  

The goal of this chapter is to present an analysis of both outcrop-scale and landform-scale ice 

flow features and provide an interpretation of the significance of this record on the regional glacial 

dynamics reconstruction. It relates directly to thesis objective 1 (cf. Sect. 1.5), which is to reconstruct 

the ice flow history of the Dessert Lake drumlin field and to put it in the broader context of other 

regional studies. 

 

2.2 Subglacial Landforms in the Study Area 

Subglacial landforms are formed by the erosion, entrainment, transport and deposition of glacial 

material by ice and water through subglacial processes over time. The development of subglacial 
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landforms is influenced by various factors at the interface between the ice and the bed. The factors 

include the physical properties of the bed, such as composition, permeability and joints, as well as 

basal ice flow velocities, effective pressure, and other related properties (e.g., basal meltout) 

(Bingham et al., 2007).  

As explained in Chapter 1, the study area was selected partly because of the occurrence of 

numerous drumlins and related elongated streamlined glacial landforms (e.g., MSGLs). Regional 

maps that include the study area show the distribution of the main landform types in and around the 

study area (Figure 2.1). In addition to drumlins and MSGLs, Dulfer et al. (2023) mapped several 

fields of larger landforms that they interpreted as ñsubglacial ribsò, as well as raised shorelines. The 

surficial geology, including glacial landforms, have also been mapped as part of detailed mapping 

projects of a number of NTS map sheets surrounding the study area (Figure 2.2). 

 

Figure 2.1. Glacial geomorphology of the region encompassing the study area (red box) (Dulfer et al., 

2023). 
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Figure 2.2. Surficial geology maps in the surrounding area. 

 

2.2.1 Ice Flow Parallel Lineations 

Ice flow parallel lineations refer to features on the landscape that were formed by the movement 

of ice in a consistent direction. These features mainly include drumlins (elongated hills or mounds) 
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and MSGLs (large-scale linear features on the bedrock). Indeed, these landforms encompass a range 

of ridges that were created either through deposition or erosion beneath the glacier. They extend 

lengthwise and align with the direction of ancient ice flow (King et al., 2009). Ice flow parallel 

lineations are typically found in fields or swarms, consisting of hundreds of lineations that share 

similar characteristics in terms of their shape, spacing, and orientation (Clark et al., 2018). However, 

drumlins and MSGLs are different morphologically. Most drumlins typically range in length from 

250 to 1000 meters, with widths ranging between 120 and 300 meters. Their length-to-width ratios 

typically range from 1.7 to 4.1, indicating their elongated shape (Clark et al., 2009). Typically, 

MSGLs have lengths ranging from 6 to 70 kilometers, widths between 200 to 1300 meters, and 

spacings varying from 300 meters to 5 kilometers (Clark et al., 1993).  

 

2.2.2 Subglacial Ribs 

Subglacial ribs, also known as ribbed moraines, are ridges that form subglacially transverse to 

ice flow and cover extensive areas of the beds of former ice sheets. Subglacial ribs frequently occur in 

a wide range of scales and patterns, from extensive fields to isolated clusters, and are often 

characterized by their distinctive formation (Dunlop & Clark, 2006). While the size and shape of 

these subglacial ribs can vary significantly, ribs within the same field often exhibit a consistent and 

regular form (Dunlop & Clark, 2006). Subglacial ribs are believed to form from pre-existing 

sediments and are later preserved and/or partially reworked through shifting subglacial bed conditions 

(Trommelen et al., 2014).  

Ribbed moraine ridges often undergo drumlinization and exhibit close spatial relationships with 

both drumlins and MSGLs (Dunlop & Clark, 2006). Spatial transitions occur between these 

landforms, which means ribbed moraines can be superimposed on glacial lineations and glacial 

lineations can be superimposed on ribbed moraines (Dunlop & Clark, 2006).  

 

2.2.3 The Size and Shape Continuum of Subglacial Landforms 

The drumlins mentioned above are not isolated occurrences but tend to cluster together in 

extensive fields containing hundreds to thousands of individual features. Examples of such fields 

include the Athabasca drumlin field in Alberta (Shaw et al., 2000), Canada, and the Peterborough 
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drumlin field in Ontario (Maclachlan & Eyles, 2013), Canada. Studies have examined the spatial 

patterns within these fields, revealing insights into their formation and evolution. 

Subglacial bedforms, including drumlins, eskers, and moraines, are created by the interaction 

between glacial ice and the underlying bedrock or sediment. However, the debate continues about the 

relative contribution of erosion versus deposition in the formation of drumlins.  

Ely et al. (2016) analyzed a large sample (close to 100k drumlins) of subglacial bedforms for 

their size and shape to test if they vary continuously or discretely across different types. The authors 

found that subglacial bedforms comprise a size and shape continuum across the various types, except 

for flutes (Ely et al., 2016). Especially, drumlins form a continuum of subglacial lineations while 

subglacial ribs can form a continuum of transverse subglacial bedforms. The continuum of theses 

landforms provides an argument to say that these bedforms may be generated by the same governing 

process. The study by Sookhan et al. (2021) largely supports this conclusion of a continuum across 

drumlins and MSGLs.  

Stokes et al. (2016) reviewed all the published internal characteristics of ribbed bedforms, 

shedding light on their formation mechanisms. They concluded that the formation of these 

intermediate-sized bedforms is conjectural, but they may be related to wave-like instabilities in the 

coupled flow of ice and till, influenced by subglacial meltwater drainage and possibly 

glaciotectonism. These observations support the idea of a continuum of ribbed bedforms, suggesting a 

range of sizes and formations related to ice stream dynamics (Stokes et al., 2016). 

Furthermore, the overprinting of these landforms by subsequent glacial advances, characterized 

by crosscutting and reshaping due to shifts in ice flow (Winkler, 2021), represents another key aspect 

of investigation in this research. Understanding the complex interactions between glacial processes 

and the resultant landforms is crucial for unraveling the geological history recorded in these 

subglacial features.  
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2.3 Methods 

2.3.1 Outcrop-scale Ice Flow Indicators 

Outcrop-scale ice-flow indicators, such as striations and grooves, play a crucial role in 

determining the direction of past ice flow. The primary method for using these indicators is to 

examine their orientation, since striations and grooves are typically aligned parallel to the direction of 

ice flow (McMartin & Paulen, 2007). In some cases, multiple sets of striations or grooves may be 

present, indicating different episodes of glaciation. The cross-cutting relationships between these 

features can be used to determine the sequence of ice flow events and understand changes in glacier 

dynamics over time (e.g., Parent et al., 1995; Veillette et al., 1999; Paulen et al., 2013). 

Within the study area, the presence of bedrock outcrops is limited, and the signs of abrasion on 

the surface of carbonate rocks have largely disappeared due to weathering. Nevertheless, there are 

occurrences of harder igneous rocks of the Canadian Shield that are exposed in certain locations 

within and around the research area, which allowed, extensive outcrops displaying polished surfaces 

with abundant ice flow indicators to be examined at two specific sites (Figure 2.3). 

A total of 15 measurements of striations were taken at 2 different outcrop sites and 6 different 

bedrock surfaces in the study area. To establish the correct direction of ice flow, the first step is to 

identify prominent striations on the outcrop. These striations form parallel lines due to the movement 

of glaciers or ice sheets. Next, identify the set of striations that are located on the highest surface of 

the outcrop and analyze the shape of the outcrop to determine the stoss and lee sides. Then, orient the 

compass so that its azimuth aligns with the direction of the striations that are pointing down the lee 

side of the outcrop. The azimuth thus provides the direction of paleo-ice flow for that feature. Then, 

look at any evidence of crosscutting striations and other ice flow indicators like crescentic scour 

marks. Determine if more than one ice flow direction is recorded on the outcrop. Repeat this process 

at multiple locations to confirm consistency and to account for any local variations. After these initial 

steps, examine the lee sides carefully to identify other polished and striated surfaces. This step may 

require digging into the lee-side till to expose the bedrock surface at the outcrop. These surfaces are 

important because they would be older as they would have been protected from the ice flow that 

generated the ones found on top of the outcrop. These strategies allow to document all the recorded 

ice flow phases on an irregular outcrop surface, which provide valuable insights into past glacial 

movements (e.g., Parent et al., 1995; Veillette et al., 1999). 



 

26 

2.3.2 Landform-scale Indicators 

Most of the Northwest Territories of mainland Canada was covered by the LIS during the Last 

Glacial Maximum. The growing availability of high-resolution remote sensing data offers new 

prospects for mapping the glacial landforms and researching the glacial past of this distant region 

(Dulfer et al., 2023).  

The primary dataset used in this study was the Arctic DEM Mosaic version 4.1 

(https://www.pgc.umn.edu/data/arcticdem/). This high-resolution dataset, with a spatial resolution of 

2 meters, provided detailed topographic information crucial for identifying landform-scale ice flow 

indicators accurately (Porter et al., 2018). The 2-meter spatial resolution files are distributed as 50 km 

× 50 km tiles, and one tile was used to generate a hillshade model with ArcGIS Pro. This process 

involved simulating the illumination of the terrain from a specified azimuth and altitude to produce 

shaded relief representations. The incident light azimuth is 0°, the altitude is 45° and the vertical 

exaggeration is 4 across the hillshade image. Hillshade models enhance the visualization of landform 

features and aid in the identification of ice flow indicators such as drumlins, subglacial ribs and raised 

shorelines. 

The landforms mapped by Dulfer et al. (2023) as shape files were imported, serving as a 

reference for identifying different landforms.  

Dulfer et al. (2023) provided a strong basis for the glacial geomorphology of the study area, 

however, due to the scale of their map, a detailed investigation and comparison was needed for this 

study. Therefore, the objective of this study related to glacial landform mapping includes enhancing 

Dulfer et al. (2023) map by improving the accuracy and detail by adjusting the direction of the lines 

overlying the drumlin long axis and refining boundaries of subglacial rib polygons, and adding 

features as needed. In the study area, there are totally 475 parallel lineations and 48 subglacial ribs, in 

which 441 parallel lineations and 44 subglacial ribs were plotted by Dulfer et al. (2023), and I added 

34 parallel lineations and 4 subglacial ribs. In addition, basic metrics such as azimuth of line features 

were calculated in ArcGIS Pro to get information about ice flow directions indicated by the glacial 

landforms. 
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Figure 2.3. Main study area with the ArcticDEM tile used in this study. Location of drumlin sections 

and outcrop sites are also represented. 

 

2.4 Results 

2.4.1 Outcrop Scale Ice-flow Indicators 

All the measurements of outcrop ice-flow indicators are summarized in Table 2.1. And there is a 

rose diagram that shows the relative age of the features (Figure 2.4). 

Table 2.1. Measurements of ice-flow indicators at two sites. 

Site 

name 

Lat. 

Decimal 

deg. 

Long 

Decimal deg. 

Elevation 

M asl 

Azimuth 

Deg. 

Feature Relative 

age 1 = 

oldest 

Site 1 62.235 -115.2711 170 226 Striations 2 

Site 1 62.235 -115.2711 160 219 Striations 2 
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Site 1 62.2347 -115.2711 170 217 Striations 2 

Site 1 62.2347 -115.2711 170 220 Striations 2 

Site 1 62.2347 -115.2714 170 185 Striations 1 

Site 1 62.2353 -115.2708 150 229 Striations 2 

Site 1 62.2353 -115.2708 160 322 Striations 4 

Site 1 62.2353 -115.2714 160 186 Striations 1 

Site 1 62.2353 -115.2714 160 263 Striations, grooves 3 

Site 2 62.5497 -116.4844 300 222 Striations 2 

Site 2 62.5497 -116.4844 310 230 Chattermarks 2 

Site 2 62.5497 -116.4844 300 233 Chattermarks 2 

Site 2 62.5497 -116.4844 310 205 Striations 1 

Site 2 62.5497 -116.4844 300 217 Striations 2 

Site 2 62.55 -116.4847 310 190 Striations 1 

 

Figure 2.4. Rose diagram of the erosional ice flow indicators listed in Table 3.1.  



 

29 

The first site is located near the shore of GSL, and it consists of a prominent rock knob of 

igneous and metamorphic rocks. Most ice flow indicators found at the top (~170 m asl) of the outcrop 

indicate ice movement towards the southwest (Table 2.1). Evidence for an older southward ice flow 

phase was identified on two protected (lee side) surfaces. In addition, limited but clear evidence for a 

youngest flow towards the NW was also recognized at site 1. Finally, long striations towards 260-270 

degrees were noted near the end of the survey, but the age relationship with the southwest flow could 

not be established with confidence (Figure 2.5). It was also noted that these westward striations were 

observed only at one place on the flank of the outcrop. There is thus a possibility for a local outcrop 

topographic effect, which makes the significance of this observation uncertain. Photos of the main 

observed features are shown on Figure 2.6. 

The record at the second site (Site 2) is similar as it also indicates a clockwise shift from south-

southwest to more southwest direction, although it lacks evidence for the westward and youngest 

northwest flows (Figure 2.7).  

 

Figure 2.5. Outcrop-scale ice flow indicators showing the westward iceflow (260-270 deg.). The 

photo is taken facing west at site 1. 
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Figure 2.6. Outcrop site 1. A) Outcrop-scale ice flow indicators with stoss-lee relationships 

establishing the southern flow as the oldest phase (185 deg.). The photo is taken facing south. B) 

Outcrop-scale ice flow indicators establishing the northwest ice flow phase (322 deg.). The photo is 

taken facing south. C) Outcrop-scale ice flow indicators establishing the southwestern ice flow phase 

(220 to 226 deg.) including striations, grooves and chattermarks. D) The general view of the stoss-lee 

relationship between the younger (southwest) and lower (south) surfaces. The photo is taken facing 

south.  
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Figure 2.7. Outcrop site 2. A) Outcrop-scale ice flow indicators showing the south ice flow (190 

deg.). B) Outcrop-scale ice flow indicators showing the southwest ice flow (222 deg.). 

Overall, the ice flow indicators at the two bedrock outcrop sites provide evidence for a clockwise 

ice flow shift from south to southwest and, perhaps more restricted to the low topographic area of 

GSL, and a youngest northwest ice flow phase. In summary, the oldest ice flow phase was to the 

south-southwest (180 to 190 deg.), followed by ice flow phases towards the southwest direction (220 

to 235 deg.) and, possibly also a more westward direction, although that one remains uncertain from 

the limited outcrop-scale observations. Finally, there is a late-stage phase to the northwest, which was 

spatially more restricted (320 to 325 deg.) as it was observed only at Site 1 along the shore of GSL.  

 

2.4.2 Landform Record 

The map of the study area clearly shows a diverse range of landforms which are good evidence 

for ice flow direction. Figure 2.3 shows the area of focus for the landform analysis using the 

ArcticDEM data (Porter et al. 2018). Streamlined elongated till ridges forming drumlins and MSGLs, 

wider and more irregular ridges aligned oblique or transverse to the drumlins, as well as eskers and 

raised shorelines occur across the landscape of the study area. Most features were identified and 



 

32 

mapped by Dulfer et al. (2023) in their regional mapping effort. The following sub-sections describe 

and analyze these features in more detail. 

 

2.4.2.1 Drumlins and MSGLS 

The mapped till lineations vary in length from tens of meters to about 5 km in length. Most of 

the mapped lineations are drumlins since their lengths are within 5 km, with the average length at 

1.97km (. ). The longest of these lineations exhibit dimensions characteristic of mega-scale glacial 

lineations, which have elongation ratios exceeding 10:1 and can range in length over 5 kilometers 

(Figure 2.8). The mapped ice flow parallel lineations typically cluster into distinct swarms 

characterized by similar size, spacing, and orientation (Dulfer et al., 2023). These swarms can 

collectively create convergent and divergent patterns across the landscape. 

Figure 2.9 shows several drumlins west of Birch Lake, and all of them are indicative of 

southwest ice flow within a narrow range of directions from 227 degrees to 244 degrees, with an 

average of 237 degrees. Similarly, abundant drumlins occur south of Birch Lake, and they indicate 

southwest ice flow directions ranging from 234 degrees to 250 degrees, with an average of 242 

degrees (Figure 2.10). 

 

Table 2.2. Basic metrics of the drumlins. 

Number of drumlins  443 

Average length of drumlins 1.97 km 

Average azimuth of drumlins 242.87 degrees 
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Figure 2.8. ArcticDEM elevation grid (2m resolution) of study area with ice flow parallel lineations 

from Dulfer et al. (2023).  
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Figure 2.9. ArcticDEM hillshade (2m resolution) west of Birch Lake and geomorphological mapping 

of ice flow parallel lineations (Dulfer et al., 2023). 

 

Figure 2.10. ArcticDEM hillshade (2m resolution) south of Birch Lake and geomorphological 

mapping of ice flow parallel lineations (Dulfer et al., 2023).  
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2.4.2.2 Other Elongated and More Irregular Ridges 

Dulfer et al. (2023) also mapped wider and more irregular landforms that they interpreted to be 

subglacial ribs that formed oblique or transverse to ice flow. Within the focus area shown on Figure 

2.8, there are 44 of them. The features exhibit a range of lengths, varying from 0.1 km to 10 km, and 

display diverse shapes (Dulfer et al., 2023). However, the ones within the same swarm typically 

maintain a consistent size and morphology. Several subglacial ribs form a cluster around the area 

south of Birch Lake, and most of them are either east-west oriented or slightly SE-NW, with some 

showing evidence of overprinting by the SW drumlins (Figure 2.11). This would indicate that these 

features formed prior to the drumlins. 

The area east of Birch Lake also contains numerous drumlins indicative of SW-trending ice 

flow, as well as a few ósubglacial ribsô from Dulfer et al. (2013) (Figure 2.12). Some of these ridges 

were not identified and mapped as subglacial ribs by Dulfer et al. (2023), but the occurrence of east-

west elongated and irregular ridges is clear in that area (Figure 2.12). Interestingly, just east of Birch 

Lake, a series of four of these E-W oriented ridges are also clearly overprinted by smaller and 

younger drumlins (Figure 2.12). Here, I argue that these features could be older drumlins that were 

partially re-shaped by later ice flow phases. In this scenario, these E-W features would provide 

evidence for an old westward ice flow phase in this area. This challenges the subglacial rib and 

transverse-to-flow interpretation of Dulfer et al. (2023), at least for some of these elongated and more 

irregular and overprinted till ridges. However, only one set of striations indicative of westward ice 

flow (. ) was documented at Site 1 (cf. Sect. 2.4.1) and its relative chronology, although uncertain, 

could be younger than the features described here, which are older than the SW drumlins. It is 

possible that the westward flow recorded by these irregular elongated ridges was spatially restricted 

to the low-lying area aligned with Birch Lake and would thus not have left a record at the outcrop 

sites further to the north (Figure 2.3). It is also possible that the indicators of this flow were missed at 

the outcrops due to the size of the outcrops and the limited time available to investigate them. It is 

important to note that a westward flow was also documented by Hagedorn (2022) to the south, but 

placed after the southwest flow in the relative chronology of that area. The detailed study of till sheets 

from within the drumlins along Highway 3 will serve as a test of this hypothesis of a westward flow 

in the area and provide some independent insights into its relative chronology (cf. Chapter 3). The 

alternate interpretation would be that these west-trending irregular ridges represent relict rib moraines 

related to the older southward ice flow phase identified in the outcrop-scale record (cf. Sect. 2.4.1).  
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Figure 2.11. (a) Elevation from the ArcticDEM (2m resolution) south of Birch Lake and (b) 

geomorphological mapping of subglacial ribs (Dulfer et al., 2023). 
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Figure 2.12. a) ArcticDEM east of Birch Lake and (b) geomorphological mapping of ice flow parallel 

lineations with overprinted and irregular till ridges. 
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2.5 Discussion 

In this section, the outcrop-scale ice flow indicators and glacial landform records are used to 

recognize different ice flows in the study area in relative chronology order. 

2.5.1 Southward (180-190 deg.) Ice Flow 

The oldest ice-flow phase in the study region is indicated by the oldest striations discovered at 

the outcrop site 1 and 2 (Figure 2.3), which are found with stoss-lee relationships (Figure 2.6). The 

south ice flow is the oldest because it is at the leeside of the outcrop and its bedrock surface is 

protected from the ice flow that generated on top of the outcrop. However, because of the limited 

study area of landform records, no landforms indicating south ice flow. 

 

2.5.2 Westward (260-270 deg.) Ice Flow  

Evidence of westward ice flow was also found at outcrop site 1, where striations and grooves 

indicate ice flow directions at 260 to 270 degrees (Figure 2.5. ). As mentioned previously, there is 

uncertainty about this because of the limited evidence and its position on the flank of the outcrop. 

However, westward-trending landforms also occur east of Birch Lake (Figure 2.12). These landforms 

are clearly overprinted by the smaller southwest-trending drumlins, which indicates that a westward 

ice flow phase preceded the younger southwest flow phase. 

Glacial lineations trending westward are present along the southwestern border of the study area 

and extend into the lowlands to the west (Bednarski, 2008). In addition, some westward striations 

were found at southwest Northwest Territories and south of GSL, suggesting westward ice-flow 

trajectories (Paulen et al., 2011). The striations are observed at the abandoned Pine Point mine, which 

indicates that any mineralized debris from the Pine Point deposits was transported westward, north of 

the Cameron Hills (Paulen et al., 2011).  

 

2.5.3 Southwest (220-235 deg.) Ice Flow 

The striations at outcrop sites 1 and 2 suggest one or more ice flows towards the southwest 

direction from 220 to 230 degrees (Figure 2.6). In addition, some chattermarks were also found at site 

2. Chattermarks are crescent-shaped fractures created by friction of sliding ice onto bedrock. They 
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typically occur as a series or track of nested fractures with their concave side pointing in the down-ice 

direction (Rea, 2007; Benn & Evans 2010). They also tend to decrease in size in the down-ice 

direction. Due to these characteristics, they are useful indicators of past glacial movement and can 

provide valuable insights into the direction and force of the glacial motion. At site 2, they indicate ice 

flow towards 230 and 235 degrees. 

In the landform record, the study area exhibits a diverse array of ice flow parallel lineations, 

indicating various subglacial depositional and erosional environments. This diversity encompasses 

features such as drumlins, and mega-scale glacial lineations (MSGLs). These features align with 

fields indicative of a southwest ice flow phase. The pattern that the southwest oriented drumlins are 

superimposed on larger E-W oriented ridges suggests the westward ice flow phase is older than the 

southwest flow phase which produced the drumlins. 

There is also evidence of southwestward flow in the region surrounding the study area. 

Streamlined landforms including glacial flutings and moraines around Trout Lake, which is situated 

to the southwest of the study area, also exhibit a southwestward ice flow direction (Bednarski, 2008).  

 

2.5.4 Northwest (320 to 325 deg.) Ice Flow 

The outcrop-scale ice-flow indicators pointing to the northwest are the youngest features within 

the study area, suggesting a relatively recent occurrence of this directional flow. The striations at 

outcrop site 1 show an ice flow direction at 320-325 degrees (Figure 2.6). However, the impact of the 

northwestward flow on the landscape was probably restricted, primarily due to the limited ability of a 

thin lobe to cause substantial erosion and sediment entrainment. 

 

2.6 Conclusion 

In conclusion, the combination of outcrop-scale ice flow indicators and glacial landform records 

is a critical step towards a comprehensive analysis of ice flow phases in an area. Outcrop-scale 

indicators such as striations and grooves offer detailed, localized evidence of past glacial movement, 

providing precise information about flow direction at specific locations. Meanwhile, landform records 

encompass larger-scale features shaped by glacial processes, offering broader insights into regional 

patterns of ice flow.  
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Specifically, outcrop ice-flow indicators were found at two sites, and provide clear evidence for 

different ice flow phases. Striations suggest an older phase characterized by southward ice flow. Most 

features are, however, indicative of southwest ice flow. There is also limited evidence for a westward 

phase, but it is uncertain due to possible local topographic deflection effect like the shape of bedrock. 

Its relative age is also uncertain. There is also a youngest phase towards the northwest that is recorded 

only along the shore of GSL. From the landform record, this NW phase does not appear to have 

affected the central area around Birch Lake and its drumlin field. These sequential ice flow directions 

provide valuable insights into the complex history of glacial movements over time in the study area. 

As for the landform records, specifically, the map area displays a diverse range of ice flow 

parallel lineations, suggesting different subglacial depositional and erosional environments. This 

variety includes features such as drumlins and MSGLs. These features parallel fields indicative of a 

SW ice flow phase. Drumlins, especially smaller ones are frequently superimposed onto longer and 

wider ridges oriented obliquely (E-W) relative to the drumlins. The diverse orientations of all these 

till ridges and their crosscutting relationships can serve as indicators of the fluctuation in ice flow 

directions over time. These overprinted features suggest that a westward ice flow phase preceded the 

SW flow phase that produced the drumlins. If this interpretation is correct, it means that the two 

records, the outcrop-scale erosional record and the landform record, are not fully consistent. The 

former provides evidence for a relatively simple clockwise shift of ice flow directions (from south to 

southwest, and northwest), whereas the landform analysis suggests a counterclockwise shift from 

west to southwest. Additional information is thus needed to resolve this puzzle, and this is what the 

till stratigraphy analysis of Chapter 3 will try to achieve. 
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Chapter 3 - An Analysis of Till Stratigraphy in the Birch Lake 

Area, West of Great Slave Lake (NTS 85K), Northwest 

Territories 

3.1 Introduction 

Till stratigraphy plays a crucial role in comprehending temporal changes in ice sheet erosive and 

depositional conditions over time (Menzies et al., 2019). By examining the superposition of different 

till stratigraphic units, researchers can gain insights into the sequence of till sheets and their bedrock 

(up-ice) provenance, allowing them to reconstruct ice flow phases and subglacial conditions based on 

the sedimentary record and then compare with the landform and outcrop-scale records for an 

integrated analysis. This enables the reconstruction of ice flow phases and helps in understanding how 

ice sheets have influenced the landscape over time. Stratigraphic sections are exposed primarily along 

Highway 3 in the study area (Figure 1.6). 

The direction of the paleo-ice flow at the time of drumlin formation can be determined by the 

orientation of the long axis of the drumlin. However, the subglacial till in drumlins can be several 

meters thick, and part of the till might not be related to the ice flow phase that generated the drumlins 

(Hodder et al., 2016; Stirling, 2022). Additionally, the formation of drumlins is also affected by 

erosional processes (Eyles et al., 2016). As a result, till from different stratigraphic positions could be 

exposed at the surface, thus complicating the provenance analysis of surficial till in drumlin fields 

(Stirling, 2022). In this situation, landform record cannot be the sole criterion to reconstruct the 

glacial history of drumlin fields. 

The goal of this chapter is to present a comprehensive analysis of the complexities involved in 

interpreting till stratigraphy within drumlin fields, with a focus on analyzing the ice flow phases and 

understanding past glacial dynamics. Clast fabrics and composition of till are the main methods used 

to reconstruct the ice flow history in the study area in combination with outcrop-scale ice flow 

indicators and subglacial landforms in Chapter 2. 

 

3.2 Methodology 

Stratigraphic log is created by drawing the thicknesses of sediment layers found along a vertical 

line through a drumlin. The main methods used in the till stratigraphy analysis are particle size 
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analysis, till clast fabrics and clast lithology counts. The grain size of sediment at each elevation is 

indicated using a scale from clay to gravel. Sediment layers are filled in with standard patterns or 

textures based on the rock type. Clast fabrics indicate ice flow direction at different levels of the log. 

The results are combined to provide a comprehensive and organized representation of the observed 

geological layers and their characteristics. 

In addition, stratigraphic logging is the description of stratigraphic sections, detailed information 

regarding major units was recorded, including their sedimentological characteristics such as sorting, 

color, compaction, and thickness (Evans & Benn, 2004). Sites were systematically documented 

through photography, capturing visual records of the stratigraphic sections. The whole drumlin cut is 

shown on Figure 3.1, and the close-up view showing the steps on the section is on Figure 1.7. 

 

Figure 3.1. Cut view of drumlin section 1. The photo is taken facing west. 

 

3.2.1 Grain Size Analysis 

The subglacial traction till consists of particles of a wide grain size range including boulders, 

cobbles, gravel, sand, silt, and clay. Particle size is the diameter of individual grains within the 

sediment, which serves as a fundamental descriptive measure for sediments in various environments 

(Das, 2016). In the case of glacial sediments, grain size analysis is essential to examine the patterns 
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and trends in surface processes associated with dynamic conditions of sediment transportation and 

deposition (Das, 2016). It is challenging, and not necessarily realistic, to produce grain size curves 

that include boulders in the till. However, by analyzing the grain size distribution of the till matrix, 

we can gain insights into the specific physical characteristics of till sheets and perhaps also on 

subglacial sedimentary processes or the link to bedrock sources.  

Different grain size scales have been developed for geosciences and engineering. In 

sedimentology, one of the most commonly used is the Udden-Wentworth scale. In this study, grain 

sizes are subdivided into three categories, namely gravel, sand, silt and clay, which are further 

subdivided into fine, medium, and coarse. Gravel includes particles over 2 mm, sand includes 

particles from 0.063 mm to 2 mm and, finally, silt and clay include particles less than 0.063 mm. 

Table 3.1 presents the portion of the Wentworth scale used in this study. It includes the logarithmic 

(phi) scale introduced by Krumbein (1938), which is useful to present grain size data in units of equal 

intervals and for calculations. 

 

Table 3.1. Classification of grain size. 

Category Sub-category Size Phi 

Gravel Mediem >8mm <-3.0 

Fine  4-8mm -3.0 ~ -2.0 

Very fine 2-4mm -2.0 ~ -1.0 

Sand Very Coarse 1-2mm -1.0 ~ 0.0 

Coarse 0.5-1mm 0.0~1.0 

Medium 0.25-0.5mm 1.0~2.0 

Fine  0.125-0.25mm 2.0~3.0 

Very fine 0.063-0.125mm 3.0~4.0 

Silt/Clay Silt/Clay <0.063mm >4.0 

 

In this research, a total of 104 samples were prepared, sieved, and subsequently analyzed to 

determine their particle size distribution (Figure 1.9). Among them, there are 56 samples from 2020 

and 48 samples from 2021. This includes all the samples from 2020 and most of the samples from 

2021. Specifically, 20 samples from the drumlin sections are all analyzed. 

 

3.2.2 Clast Fabrics 

Particles found in sedimentary deposits with a platy or elongated shape commonly exhibit a 

certain level of directional alignment. Platy particles typically align themselves in planes that closely 



 

44 

mirror the bedding surfaces of the deposits (Boggs, 2006), whereas elongated particles exhibit a 

tendency to orient with their long axes pointing in a similar direction. The alignment of these particles 

is a consequence of transport and deposition processes, specifically influenced by flow velocities and 

other conditions at the deposition site (Boggs, 2006). In the case of subglacial traction till, the 

orientation of elongated clasts can be a valuable indicator of the direction of shear stress, which is 

commonly interpreted as reflecting the paleo-ice flow direction (Benn, 2013). 

A Python script was used for the till fabric analysis to generate equal-area stereonets and obtain 

results such as eigenvalues and eigenvectors. The code ñTill Fabric Analysis Demo ï Copy 1ò is 

accessible online (https://github.com/GlacialGeo/PythonCodes). The stereonets facilitate the 

visualization of the clast fabrics and aid in the identification of potential ice flow directions based on 

the 3D orientation of clasts. Eigenvalues and eigenvectors are the factors determining the strength and 

orientation of the fabric. The eigenvalues were normalized to the sample size, in which S1 is higher 

than S2 and S2 is higher than S3, and they add up to 1. Clast fabrics can exhibit variations when shear 

plane is inclined (Iverson, 2017) or particle size are different (Carr & Ross, 2003). Therefore, clast 

fabrics are ideally used in combination with other ice flow indicators, such as landform records, for a 

more comprehensive analysis. 

Fifty clasts were measured in selected stairs to obtain a sufficient sample population, which is a 

common practice for till clast fabrics (Benn, 2013). Specially, in drumlin section 3, only 46 

measurements at the bottom of the section and 47 measurements in the middle of the section were 

plotted on the equal-area stereonets, because the measurements with plunge over 60 degrees are 

removed. Clasts that are less steeply plunging are considered to be more accurate paleo-ice flow 

indicators. Since fabrics were measured to get paleo-ice flow directions rather than fabric modality to 

interpret internal processes, a few steeply plunging clasts measurements were not used. This approach 

has been recently adopted by other researchers (e.g. Hodder et al., 2024) 

 

3.2.3 Clast Lithology Counts 

Clast lithology counts on subglacial till serve as a crucial tool in deciphering the bedrock sources 

of the till deposit. Comparing the lithology of clasts with known bedrock formations in the region 

allows for the identification of similarities, thereby indicating potential bedrock sources (Menzies et 

al., 2023). Additionally, the presence of unique lithologies or indicator minerals within the clasts can 

offer clues about distant bedrock formations or geological environments (Rice et al., 2024). Mapping 
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the distribution of clast lithologies within the till deposit further aids in tracing the pathways of glacial 

ice movement and inferring the locations of bedrock sources based on the direction and distance of 

ice flow. 

Hagedorn (2022) used pebble lithology as part of a provenance analysis just south of the study 

area, used four broad lithological groups that were then further classified into 15 sub-categories. 

According to the regional bedrock geology map (Okulitch, 2006), the bedrock geology of the study 

area is similar to that of Hagedornôs research area. Specifically, it consists mostly of shales, 

carbonates, and evaporites. However, there are important lateral facies transitions across the region, 

which means that some differences are to be expected. For instance, according to the geological map 

of Okulitch (2006), black bituminous shales are more abundant in this study area than in the south, 

across the Mackenzie River. Therefore, the lithology groups used in this study differ to some extent 

(Table 3.2). 

During the laboratory work, 300 clasts over 5.6mm from each sample bag are selected to do 

pebble counts. If there are fewer than 300 clasts over 5.6 mm in the sample bag, then all clasts larger 

than 5.6mm are used to do pebble counts. There are 24 section samples and 33 surficial samples 

chosen to do pebble counts, and the specific experimental procedure is shown in section 1.6.2 (Figure 

1.10). 

 

Table 3.2. Lithology groups for pebble counts. 

Canadian shield  WCSB (Paleozoic) 

Felsic intrusive Dark grey dolostone (Chedabucto Lake formation) 

Mafic intrusive Red dolostone (La Martre Falls formation) 

Quartzite Shale (Muskwa formation) 

 Dark siltstone  

 Siliciclastic rock (Keg River formation) 

 Brown limestone (Lonely Bay formation) 
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3.3 Results 

3.3.1 Results of Drumlin Sections 

3.3.1.1 Till Stratigraphy 

The road cuts along the highway reveal the internal nature of the drumlins. Overall, the sediment 

is poorly sorted, massive matrix-supported diamicton. The clasts are dominantly sub-angular and 

polished, and some exhibit striations (Figure 3.2). The sediment is interpreted as a subglacial traction 

till  because of its wide range of particle sizes and irregular stratigraphic structures. In each section, 

three or four sets of till fabric data were recorded separately at the top, middle and bottom of the 

drumlin sections. The results of grain size analysis are also shown in the stratigraphic columns. This 

integrated data can be particularly useful for reconstructing ice flow phases and determining the 

sources of the till. 

 

Figure 3.2. A close-up view of the till . 

Specific to drumlin section 1, a total of 14 holes were created. The sample at section 21-PXN-

031 at the bottom of the section (13th hole) gives a strong clast fabric (S1=0.72) with spread 

unimodal distribution showing southwestward ice flow (214 deg.). One clast fabric done at sample 

21-PXN-029 in the middle of section 1 (9th hole) shows moderate clast fabric (S1=0.65) with spread 

bimodal distribution and suggests a southwestward ice flow (237 deg.). Another clast fabric done at 

site 21-PXN-027 is in the middle of section 1 (6th hole), which also shows moderate clast fabric 
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(S1=0.67) with spread bimodal shape and suggests a southwestward ice flow (240 deg.). 21-PXN-025 

has a moderate clast fabric (S1=0.67) with spread bimodal shape on the upper till (2nd hole), which 

gives a southwestward ice flow direction (246 deg.). Generally, from the bottom to the top, the ice 

flow has changed from south-southwest to west-southwest (Figure 3.3).  

 

Figure 3.3. Stratigraphic log for drumlin section 1 and its four clast fabrics. Kamb density contours 

have been added to the stereonets. 

Drumlin section 2 is just across the highway from section 1. The clast fabric at site 21-PXN-040 

at the bottom of the section (15th hole) shows a moderate clast fabric (S1=0.67) with spread bimodal 

modality showing southwestward ice flow (233 deg.). Another fabric was done at site 21-PXN-035 in 
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the middle of section 2 (6th hole), which also shows moderate clast fabric (S1=0.65) with spread 

bimodal modality and suggests a west-southwestward ice flow (254 deg.). 21-PXN-033 suggests a 

moderate clast fabric (S1=0.68) with spread bimodal modality on the upper till (2nd hole), which gives 

a west-southwestward ice flow direction (260 deg.). Compared with the results from section 1, section 

2 also suggests a southwestward ice flow but closer to the west. 

 

Figure 3.4. Stratigraphic log for drumlin section 2 and its three clast fabrics. Kamb density contours 

have been added to the stereonets. 

Drumlin section 3 is on the west side of the highway and south of section 1 and 2. The upper part 

(1m from top) is characterized by gravelly sand, and sand is fine to medium. While the middle and 

lower sediment (1m to 5m) is poorly-sorted, massive matrix-supported diamicton interpreted as 
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subglacial traction till. The clast fabric at section 21-WL-004 on the lower till (16th hole) shows a 

moderate fabric (S1=0.62) with spread bimodal modality showing south-southwestward ice flow (191 

deg.). Another fabric was done at site 21-WL-003 in the middle of section 3 (12th hole), which shows 

moderate clast fabric (S1=0.60) with spread bimodal modality and suggests a southwestward ice flow 

(207 deg.). 21-WL-001 suggests a strong clast fabric (S1=0.71) with spread unimodal modality on the 

upper till (4th hole), which gives a southwestward ice flow direction (232 deg.). In general, from 

bottom to top of the section, ice flow has changed from nearly south to southwest. Another fabric was 

done in the middle of this section (8th hole) at site 21-WL-002, but it is a weaker till fabric (S1=0.54) 

with higher isotropy and lower elongation, so it is less reliable for paleo-ice flow. 

 

Figure 3.5. Stratigraphic log for drumlin section 3 and its four clast fabrics. Kamb density contours 

have been added to the stereonets. 
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Unfortunately, the only two fabric analysis done in section 4 at site 21-PXN-064 and 21-PXN-

065 both result in weak till fabric (S1=0.54 and 0.52). Therefore, drumlin section 4 is unreliable for 

paleo-ice flow direction and the data is presented only in Appendix B. 

As for the fabric shape, different fabrics from all sections are close to the corner of cluster so 

they tend to be more cluster-like. As Figure 3.6 shows, all fabrics exhibit low isotropy and high 

elongation. They are all moderate to strong fabric so they can be useful to interpret paleo-ice flow 

direction. Moderate fabric has eigenvalue S1 between 0.6 to 0.7, with spread bimodal modality. 

Strong fabric has eigenvalue S1>0.7 and spread unimodal modality. 

 

Figure 3.6. Fabric shape of all samples. 
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3.3.1.2 Grain Size in Drumlin Sections 

Different types of distributions in grain size can be observed in different samples. In drumlin 

sections, the most common grain size distribution is clast-poor and mud-rich, which are described as 

till in the database. However, at the top of the drumlin sections, sand is the dominant component, 

which takes up over 60 wt. percent of all particles. When it comes to the bottom of the drumlin 

section, the portion of silt and clay becomes higher, which means there are more fine particles. Gravel 

is always the rarest grain size, which maintains 5 to 15 wt. percent of all particles. 

For example, in drumlin section 1, sample 21-PXN-025B at the top has dominant sand portion, 

so it can be described as sandy diamicton (Figure 3.7). Other samples have a mixture of unsorted and 

unstratified sediment, including a range of particle sizes from clay to gravel, so they can be described 

as diamicton. However, in drumlin section 2, there are more sandy diamicton layers at the upper part 

of the till, from sample 21-PXN-033B to 21-PXN-036B (Figure 3.8). For drumlin section 3, it has a 

similar grain size distribution as section 1, with a sandy diamicton layer at the top (Figure 3.9). 

 

Figure 3.7. Grain size distribution of drumlin section 1. 
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Figure 3.8. Grain size distribution of drumlin section 2. 
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Figure 3.9. Grain size distribution of drumlin section 3. 

 

3.3.1.3 Pebble Counts Results of Drumlin Sections 

Figure 3.10 illustrates the disparity in clast lithology percentages among drumlin sections 1 

through 3. The findings indicate that the till in section 1 exhibits a higher proportion of Canadian 

Shield clasts and a correspondingly lower proportion of clasts from WCSB compared to the till 

observed in the other two drumlin sections. It is noteworthy that section 1 and section 2 originate 

from the same drumlin, with section 1 situated closer to the middle of the drumlin and section 2 

situated closer to the up-ice end of the drumlin. The cumulative percent of different components 

suggest that in all sections, there are more WCSB clasts than Canadian Shield clasts. 
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Figure 3.10. A) Distribution of Canadian Shield clasts across the drumlin sections 1 to 3; B) 

Distribution of WCSB clasts across the same drumlin sections. 

Clast lithology counts indicate variations in composition between tills both in terms of spatial 

distribution and stratigraphy. Within the dataset, three distinct compositional groups were observed. 

First lithology group is from the pebble count results of drumlin sections, which is characterized by 

30% to 45% Canadian Shield component , including felsic, mafic igneous rocks and quartz. 

Carbonate rocks also occupy 30% to 45% of the clasts. The remaining part is composed of 

siliciclastic rocks (10% to 15%), red dolostone (4% to 7%) and shale (3% to 13%). Among section 1 

to 3, samples in the middle part are richer in Canadian Shield, while samples at the upper till tends to 

be richer in carbonate rocks (Figure 3.11 & Figure 3.12). Specially, sample 21-WL-04 at the bottom 
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of section 3 has a greater proportion of brown and beige carbonates and relative lower proportion of 

dark and grey limestone (Figure 3.13 & sample 21-WL-004 in Appendix C on p. 124). 

 

Figure 3.11. Pebble counts results of drumlin section 1. 
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Figure 3.12. Pebble counts results of drumlin section 2. 

 



 

57 

 

Figure 3.13. Pebble counts results of drumlin section 3. 

 

3.3.2 Results of Surficial Samples 

3.3.2.1 Grain Size of the Samples in the Study Area 

Figure 3.14 provides an overview of the texture of the samples collected both in 2020 and 2021, 

which reveals the variability in sediment texture among the samples. The figure indicates that certain 

samples are predominantly composed of sand-sized particles, while a few samples exhibit a gravelly 

texture. Furthermore, there are samples that primarily contain silt and clay particles. However, most 

of the samples exhibit a poorly sorted mixture of grains ranging from mud-sized to gravel-sized 

particles. These samples are commonly referred to as 'till' in the database, reflecting their unsorted 

nature and heterogeneous composition. The red points are samples from three drumlin sections, and 

they are clustered together in a similar silty-sandy range, with very little gravel. 
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Figure 3.14. General texture of all samples in terms of their proportions of gravel, sand, and mud (silt 

and clay). Red points are the section samples and black points are the surficial samples. 

Figure 3.15 is a map showing the grain size distribution of the samples around the drumlin 

sections, which are also the samples that have undergone clast lithology counts. The samples closer to 

the drumlin sections tend to have more fine particles, and some of them like 21-PXN-017A are 

abundant in silt and clay. In addition, some samples have very few fine particles (silt and clay) and 

are abundant in sand, which are similar to the samples at the top of drumlin sections. For example, 

21-PXN-024A has very few silt and clay. 














