Till Stratigraphy andedimentProvenance of the Dessert LaReumlin Field Area,West of Great Slave

Lake, NT: Implications foRegionalGlacial DynamicsModels

by

Wenyao Liang
A thesis

presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Science
in

Earth Sciences

Waterloo, Ontario, Canada024

© Wenyao Liang 2024



Aut h oDeélaration

This thesis consists of material all of whicauthored or cauthored: see Statement of Contributions

included in the thesis. This is a true copy of the thesis, including any required final revisions, as
accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Statement of Contributions

Nameof contributors

Contribution

Dr. Martin Ross

Assised with field workincluding measuring
the striationsresearch desigtab work,
photos thesis revisiomandprovided guidance

ondata interpretation and writing.

Dr. Sam Kelley

Assisted withresearch design and thesis

revisiors

Dr. John Johnston

Assisted with research design and thesis

revisiors

Dr. Philippe Normandea{Government of the

Northwest Territories)

Assisted with fieldwork

Cindy Liu (UW coop student, lab assistant)

Assisted with grain size analysis

AnishaKakera(UW coop student, lab

assistant)

Assisted with grain size analysis




Abstract

The integration of till stratigraphic and sedimentologic studies with landfased 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 regionailacial 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 letgrm 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 Slay€ &bke
within National Topographic SystemITS) 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 axiof the drumling which is particularly useful for till provenance analysis.

Theglacial geology recordf westernGSL bears evidencfor four distinct iceflow phases of
the LIS. These phasese preserveih various forms such as outcrgpale erosional features
subglacial streamlined landforms, and in ¢hientation of clasts idifferenttill 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 (provenandd)e sequence of ice flows indicates an initial southwardt180
190deg) iceflow phasefollowed by a clockwise shift towards westwardd26 270deg) ice flow,
then a slight deviation towards southwestwardb({® 245deg) flow. The counterclockwise shift is
supportedyy theoverprint relationship of southwesterly oriented landformsvesterlyoriented
landformsThe aver age directi on ofreeswhizhisklose tolthetopds | ong
till fabric of drumlin section 1 (246 degFinally, there is evidencalong the shore of weste@GSL
for a late northwestward (82o 325deg) flow, which may have been limited in lateral extérite
till provenance analysisuggests some of tisarficial till samples show a dominantly local
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provenancehutthere is surficial till with a more distal signature such as more abundant Canadian
Shield derived clast3hese changes in ice flow corresponded withotheralleastward retreat of the
ice margin and thncreasingnfluence of topography due to the diminishing thickness of the ice.

In conclusion, glacial dynamics shifted in the area, and the evidence-srestived 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 explogtibenvironmental
protectionto 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 Wisconsinagiaciation, the Laurentide Ice Sheet (LIS) waxed and waned over
most of Canada reaching its greatest extent and volume at about 21 ka B (Prdst, 1987; Dyke
et al. 2@2; Dalton et al., 2020; Dalton et al., 20ZPhe last glaciation is the most weihderstood of
Quaternary glaciationsjthough large uncertainties persisie to rare stratigraphic records being
preserved, especially regarding fu@st Glacial Maximum (LGM) events (e,alton 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 glaciattbra focus on the
geometry of the LIS ice margins and of their retreat pattern and chronology (e.g& [Pykst 1987;
Dyke et al. 2003; Dalton et al. 2020). To understand thetiemg 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 (Par&90ét al.
Veillette et al, 1999; Clark et a).2000; McMartin& Henderson2004). 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., Gauthieri&al., 20
Nonetheless, glacial history remains poorly constrained in many regions covered by the LIS. New
research is thus neededmore completelyntegrate evidence from erosional and depositional
records.

The integration of till stratigraphic and sedimentologic studies with landbased 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., O Cofaigh
et al, 2013; Evans et gl2015; Benediktsson et a2016; Menzies et gl2016), especially those
containing one or more till sheets (cf. Stokes eR8él13). Few drumlin studies include till
provenance analysis and those that do typically involve sparse data and limited provenance indicators
(e.g., Sookhan et aR021). 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 iceflow 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 durigigciatiors.

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 threttmensional till dispersal patterns (Kasllet al., 2019; Stirling2022).

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 explaratienvironmental
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 drunitinsddition the bedrock
geology needed to consist of sufficiently contrasting bedrock units extending approximately
perpendicular to theong axis ofdrumlins. 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 ofreat Slave LakedSL) within National Topographic System (NT&jap 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 drumlirfrigeice(.1).



The entire area igflat area withaverage elevation at 209 metarsl 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 occurrencekarge 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 (Lemit@90).Weeds, white spruce, and black

spruce trees make up the thick mixed forest that dominates raised regions above organics.
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Figurel.1. Map of the study area (outlined in red) from and its location in Canada (inset map).
Background satellite image fiom the World Imagery Basemap from ESRI. Inset map is from the
World Topographic Map from ESRI.



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, 202Rice 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.gMcMartin & Paulen, 2007/McClenaghan and Paulen, 20McClenaghan 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 kneieg dipections (to the
east and northeast) based on recent studies in the region by Rice et al. (2013, 2019) and Hagedorn
(2022).

Fort Simpson Fm:
Shale, claystone

Elk Point Gp Keg River Fm: Shale,
limestone
Drumlin section Lonely Bay Fm: Brown
1/and 2 . .
s P limestone, beige
b dolostone

I-62°N

|
/Drﬁrﬁlin section 3
g
J

V4

0 10 20 40 60 80

e e | 1y

Figurel.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 yeafie main rock typeare igneous intrusivéncluding felsic rocks
like granite andnafic rocks like gabbro (Harrison et al., 201@ top of the basement rocks lies the
Western Canadian Sedimentary Basin (WCSB), a thicki @BDm) gently sloping (1.9 m/km west)
carbonate series that was formed throughouPtieozoiqRhodes et al., 1984According 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 year$tagbedrock of the
study area is formed by bituminous shale and limestone of the Keg River Forraii®oint Group
(Figurel.2). Its lower bed consists of bituminous and fossiliferous marlstone; its upper bed is made
of very fine-grained, dark brown and grey limestofibe bedrock geology dige of the study area
belongs td_onely BayFormation, whichmainly consiss of brown limestone anthinly beddedeige
dolostongOkulitch, 2006) Another geoloigal formation southwest dhe study area isluskwa

Formation from Horn River Group, which mainly contditsiminousshale(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 ¢éintire study area was made using remote predictive mapping
techniquesKerr et al., 201H whichis essentially based aamote sensing data with limited field
observations. This is a relatively fast way of producing surficial maps, but it can lead to lower
resolution andyreateruncertainty on the nature and origin of surficial sediments. Nevertheless, it
provides useful information about the regional surficial geology.

Research by Craig (1965) and Lemmen @98nd 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 patedlow 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 lanttkmapeer, 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 phissis.based on a
detailed till stratigraphic study and outcrsgale 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 (Figure1.3). 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 paldoe flow to the west and northwest.

Further to the southeast, detailed studitis€ et al., 2013cClenaghan et al., 2018) at Pine
Point Figurel.3) have documented four till units and an ice flow record that includes an old
southwest phase (~28g.), followed by west northwestward phase (~@8§.), andne single
striation site suggests a subsequent ice flow to the-northwest (~330 deg.). Finallg, | at e O6i ce
streami ngo6 s o uwegh phase (Rivaet g013). €@rel&ions with the tills and ice
flow phases between Rice et al. (2013) and Hagedorn (2022) are not straightforward due to the

possibldocal differences in glacial dynamics at similar times across this large region.
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Figurel.3. Location of Pine Point and Cameron Hills to the Canadian Shield (pinkRiVa&B

(yellow). Maodified 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 Ei§ure 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 isostadjcaligd 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 Lemmef)(pHagedorn (2022).

Based on glacial lake reconstructions (Lemmen e1894; Smith1994 Hagedorn, 2022a
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 adjustmeot amargin retreat
opening lower outletsThe drop is indicated in the study area by beach ridges and other evidence of
shallow littoral and sublittoral processes, as welhyapostglacial 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@rasstance,
reworking occurs through shoreline processes, surface winnowing, and eolian activites eroded some
surficial sediments, created eolian deposits which cover some Rostglacialveathering and soll
forming processes also affected surficial sediments to different extents depending on sediment and
surface characteristics and elevatidhis is something that needs to be considered in the analysis of

surficial till, especially for its texture and composition.
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Figurel.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 ghecial dynamics andgubglaciakediment transpodf 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 fADes
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 cogoebble) 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
8



understanding of iclow history, the composition of glacial sediments, and the provenance of till

units (Figure 1.5).

Outcrop-scale ice flow

Landform records:

Drumlins, subglacial tibs, o1 mdicators: Arcgis pro, DEM o1
Till clast fabric: Clast lithology counts:
50 measurements in each fabric 01,02 300 pebbles in each sample 01, 02,03
Stratigraphy: A of i
SR 01, 02, 03 Grain size analysis: 01, 02

Logging of sections Silt and clay, sand, gravel

Figurel.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 resemetidata from samples collected by the
Northwest Territories Geological Surv@NTGS) during the 2020 sampling program and
supplemented with samples obtained in August 2021. In addition, striations and other-scateop
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 withujollow
work in August 2022during which werecollected samples at several sites for a roonepletetill

clast fabric data.



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 creastting and overprinting of earlier features are present, relative age
relationships can also be determinedy( 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 ofsiaeleé rock
obstacles (e.gHallet, 1996; Iverso2012), and the resulting longitudinal asymmetric shapes provide
another type of palewe 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 establishHestastationships, and the
orientation and crosscutting of striations and other featuresgeagtermarks) were analyzed and
measured to reconstruct paliee 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 highwaytit 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 higlgwaa.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 hekjgtie 1.7). Therefore, the average height of till
stratigraphic sections is abdutm. 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., BéafEvans, 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 faceteeasigjular clasts with polished and striated

surfaces interpreted as a subglacial traction
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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 h e ar i n g 0 ,2006)v The sedimeent withih 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
eventsDelineation of the main units and their thickness were recoiidedheight of the section is
the maximum vertical stratigraphy investigated between the road and the top of the drumlin along the
road outcrogTablel.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.

11
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® Drumlin section

Figurel.6. A) Location of drumlin section®) Specificpositionsof section 1 to 3n the drumlin
Hillshade model is based on the Arctic DERI{) obtained from the Polar Geospatial Centre
(https://lwww.pgc.umn.edu/data/arcticdgnihe water bodies layer was obtained from the Geospatial

Extraction tool (https://maps.canada.ca/czs/irgiextml).
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Figurel.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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Tablel.1. Informationaboutthe drumlin sections

Vertical height | Average slope Longtitude Latitude
angle
Section 1 6m 27° 116e1865(62¢e20624(
Section 2 5.8m 27° 116e1865(62¢e20624(
Section 3 5.3m 27° 116e1865(116¢e42061
Section 4 5m 116e4262|61e49606 3¢

1.6.1.3 Till Clast Fabrics

Elongated clasts in subglacial traction till tend to afignallel 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 nanagnetic narrow pen or knitting needle in the same orientdtf@naverage
ratio of aaxis to baxis is 1.7.The trend and plunge of the pen is then measured using a geological
compass (Allmendinger et a22012). The length of both theaxis and kaxis 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 (Benn13pD By displaying the data on rose diagrams
and lower hemisphere stereonets, the overall shape of the clast fabrics can be analyzed visually.

I n addition to the visual inspection of a fabr
For instance, normalized eigenvalues (%, S) and eigenvectors can be calculated from the 3X3
orientation tensor matrix (Allmendinger et,&012). 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 Begn 1994; Hicock et a].1996). Several
programs exist to plot the data on rose diagrams and-apmbktereonets. 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 attps://github.com/GlacialGe®ythonCodesthat 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://naturatesources.canada.ca/easttiences/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 whtdrZon was reached, which is less
oxidized. To decrease the risk of metallic contaminatimpainted metal shovels were used to collect
the samplesand 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 graisizeanalysis. 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 shbBiguial.8. There are

58 samplebeensampled in 2020 and 79 samples being sampled in 2021.
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Figurel1.8. 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
16



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 mmand 0.063 mm. The material < 0.063 mm is then collected at the bottom in a sttedtss
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 fractidfigure1.9).

The fractionless than 0.063 mmvas then further analyzed using a laser diffractometer, a Fritsch
Analysette 22 with a wet dispersion unit. The lasased particle size distribution was obtained using
Fraunhofer diffraction approximation (Jones, 19@®)ly samplesollected in the 2020 field season

went through the laser diffractometer analysis.

Lo <0.063
Weigh 300g sample [——* Wet sieving — ; mm
fraction
>0.063mm
fraction
Dry in ovens Dry in ovens
Dry sieving
y l
8,4,2,1,0.5, Other Total weight of
0.25, 0.125mm <0.063mm <0.063mm
fractions fraction fraction

i

Weigh each fraction for
grain size analysis

Figure1.9. 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 consigt 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-tBeé62.0
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.&xeifraction. This is the selected
fraction, which is large enough to facilitate the identification, yet small enough to have the needed
number of clastsThe selected clasts were divided into two main categories and eight subcategories
(Table3.2), which isdetermined by the local bedrock geology and the various bedrock lithologies
present in the surrounding regidrhe percentages obtained from the pebble count are subsequently
employed to deduce the relative distribution of various bedrock sources incorporated within a given
till sample.

bulk till sample
10-30 kg

sample
disaggregation

v

wet sieve
20 mm

,

>2 .0 mm fraction
wet sieve 5.6 mm

<2.0 mm fraction
shaking table

¥ M

discard <2.0 mm
light fraction

20t <56 mm
fraction stored

<2.0 mm table
concentrate

heavy mineral
processing
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Figurel.10. Flowchart of the bulk till sample used in pebble counts (Plakholm et al., 2020).



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 iselucidated 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 thehapter othe subglacialandform analysis of the study area, which includes
the analysis of outcrepcale indicators like striations and landfesgale indicator including
drumlins, MSGLgmegascale glacial lineationsand subglacial ribBy illustratingboth outcrop
scale erosional features and larger glacial landforms, it becomes feasible to reconstruct the dynamic
history of ice flow during past glaciations. Tlisapteralso provides valuable insights into the
broader context of paleoclimatic and glacial changes.

Chapter three is the chapter of the till stratigraphy of the drumlin secfibashaptelincludes
the results of thgrain size analysis, clast fabric analysis and clast lithology cdByexaminingthe
till stratigraphyin conjunction with landform recordt)e 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.

Chapterfour is the conclusiorhaptemwhich combines the results of landform analysis and till
stratigraphy analysis, amdaches morecomplete 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 insighitce i it ee tépba | ckyn a miStkes et @2015pDelfercebat.,ai ned (
2023, which is critical to better understand subglacial processes, thédondehavior of ice sheets,
and past climate chang€lérk et al., 200p Drumlins, which are elongated hills aligned parallel to
the direction of ice movement, are particularly useful to reconstruct-adimw phases. Ribbed
morainesa type of glacial or iceheetformed till landformwhich form transverse to ice flow, are
also commonly mapped and investigated as part of ice sheet reconstruction Stoéties €t 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 {sti@ge phases of ice sheet evolutiBtokes et al., 2035
Onthe meter to suimeter scale, erosional features such as striations on glacially sculpted outcrops
are also commonly used to reconstruct ice flow phases in areage®ice et al., 2019 By

examining both outcropcale 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

regionalcontext of paleoclimatic and glacial changes.

The goal of this chapter is to present an analysis of both otgcede and landforracale 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, entrainrivansportand 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 propertiebgsal.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 landform#@Gj.s). Regional
maps that include the study area show the distribution of the main landform types in and around the
study areaKigure2.1). In addition to drumlins and MSGLs, Dulfer et al. (2023) mapped several
fields of |l arger |l andforms that they interpretec
surficial geology, including glacial landforms, have also been mapped as part of detailed mapping

projects of a number of NTS map sheets surrounding the studyFagaee@.2).
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Figure2.2. 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 featunaénly include drumlins (elongated hills or mounds)
22



andMSGLs(largescale linear features on the bedrod¢hjleed, 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 fleling 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 orienf@tank et al. 2018. However,
drumlins and MSGLs are differemtorphologically Most drumlins typically range in length from

250 to 1000 meters, with widtlhangingbetween 120 and 300 meters. Their lergtvidth ratios
typically range from 1.7 to 4.1, indicating their elongated sli@fk et al., 2009)Typically,
MSGLshave lengths ranging from 6 to 70 kilometers, widths between 200 to 1300 meters, and
spacings varying from 300 meters to 5 kilome{&isrk et al., 1993)

2.2.2 Subglacial Ribs

Subglacial ribsalso known agsibbed morainesareridges thaform subglacially transverse to
ice flow andcover extensive areas of the beds of former ice staeltglacial ribgrequently occuin
a wide range of scales and patterns, from extensive fields to isolated clusteaseften
characterized by their distinctive formatiiunlop & 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 arbelieved to form from prexisting
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 MSGL&unlop & Clark, 2006) Spatial transitions occur between these
landforms which meansibbed moraines cape superimposedn glacial lineations angdlacial

lineations can be superimposed on ribbed morgibeslop & 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
intermediatesized bedforms is conjectural, but they may be related to-ikaeranstabilities 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 {Miinkler, 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

Outcropscale iceflow indicators, such as striations and grooves, play a crucial role in
determining the direction of paise 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, 200). In some cases, multiple sets of striations or grooves may be
present, indicating different episodes of glaciation. The aro#igg relationships between these
features can be used to determine the sequence of ice flow events and understand changes in glacier
dynamics over timée.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(§itgare2.3).

A total of 15 measurements of striations were taken at 2 different outcrop sites and 6 different
bedrock surfaces in the study ar€a.establish the correct direction of ice flahe 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 prosithe direction of paledce 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 leside till to expose the bedrock surfatehe outcropThese 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.gParent et al.1995; Veillette et a).1999).
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2.3.2 Landform-scale Indicators

Most of the Northwest Territories of mainland Canada was covered hyShkiring the Last
Glacial Maximum The growing availability of highiesolution remote sensing data offeesv
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 vetsion
(https://www.pgc.umn.edu/data/arcticdgénThis highresolution dataset, with a spatial resolution of
2 meters, provided detailed topographic information crucial for identifying lanefoate ice flow
indicators accurately (Porter et al., 2018). Thaéter spatial resolution files are distributed as 50 km
x 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 azimuih ide altitude ig5° and the vertical
exaggeration ig acrosghe hillshade imageHillshade models enhance trisualization of landform
features and aid in the identification of ice flow indicators such as drumlins, subglacial ribs and raised

shorelines.

Thelandforms mappety Dulfer et al. (2023as shape files weimported, serving as a

reference for identifyinglifferent landforms

Dulfer et al. (2023) provided strong basi$or the glacial geomorphology of tlstudy area
however, de to the scale of their map, a detailed investigation and comparison was needed for this
study. Thereforetheobjectiveof this studyrelated to glacial landform mappiimcludesenhancing
Dulfer et al.(2023)map by improving the accuracy and detaildojustingthe direction othe lines
overlying the drumlin long axiand refining boundariesf subglacial ripolygons and adding
features as needdd the studyarea, there are totally 475 parallel lineatiand 48 subglacial rihsn
which 441parallel lineations and 44 subglacial ribs welated by Dulfer et al. (2023and | added
34 parallel lineationgnd 4 subglacial rib$n addition, basic metrics such agsimuthof line features
werecalculatedn ArcGIS Pro toget information abotite flow directiors indicated by the glacial

landforms
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Figure2.3. 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 4ftew indicators are summarized Trable2.1. Andthere isa

rose diagram thahows the relative age of the featurieggre2.4).

Table2.1. Measurenentsof ice-flow indicators at two sites

Site Lat. Long Elevation | Azimuth | Feature Relative

name Decimal | Decimal deg.| M asl Deg. agel =
deg. 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
Site 1 62.2347 | -115.2711 170 220 Striations
Site 1 62.2347 | -115.2714 170 185 Striations
Site 1 62.2353 | -115.2708 150 229 Striations
Site 1 62.2353 | -115.2708 160 322 Striations
Site 1 62.2353 | -115.2714 160 186 Striations
Site 1 62.2353 | -115.2714 160 263 Striations, grooves
Site 2 62.5497 | -116.4844 300 222 Striations
Site 2 62.5497 | -116.4844 310 230 Chattermarks
Site 2 62.5497 | -116.4844 300 233 Chattermarks
Site 2 62.5497 | -116.4844 310 205 Striations
Site 2 62.5497 | -116.4844 300 217 Striations
Site 2 62.55 -116.4847 310 190 Striations

Figure2.4. Rose diagram of the erosional ice flow indicators listed in Talle

180
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The first siteis located near the shore®6L, 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 southw&able2.1). 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 towa¥9260
degeeswere noted near the end of the survey, but the age relationship with the southwest flow could
not be established with confiden@ggure2.5). 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 shownkigure2.6.

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

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

northwest flowqFigure2.7).

Figure2.5. Outcropscale ice flow indicatorshowing the westward iceflo{260-270 deg). The

photo is taken facing weat site 1
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Figure2.6. Outcrop site 1A) Outcropscale ice flowindicators with stostee relationships

establishing the southern flow as the oldest phase (18p @khg photo igakenfacing southB)
Outcropscale ice flow indicators establishing the northviestlow phase (322 deg The photo is

taken facing souttC) Outcropscale ice flow indicators establishing the southwestern ice flow phase

(220 to 226 degincludingstriations, grooves and chattermarR¥.The general view of the stokse
relationship between th@unger (southwest) and lower (south) surfagés. photo is taken facing

south.
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Figure2.7. Outcrop site 2. APutcropscale ice flow indicatorshowing thesouthice flow (190

deg). B) Outcropscale 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 tviliedographic area of
GSL, anda youngest northwest ice flow phase. In summary, the oldest ice flow phase was to the
southsouthwest (18to 190 deg, followed by ice flow phases towards the southwest direc#iaf (
to 23 deg) and, possibly also a more westward direction, although that one remains uncertain from
the limited outcropscale observations. Finally, there is a-stigye phase to the northwest, which was
spatially more restricted (B2o 325deg) as it was observed only at Site 1 along the sho@&Shf

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 Figure2.3 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
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mapped by Dulfer et al. (2023) in their regional mapping effort. The followingsations describe
and analyze these features in moegail

2.4.2.1 Drumlins and MSGLS

The mapped till lineations vary in length from tens of meters to d&joutin length.Most of
the mapped lineations are drumlins sitlear lengths arewithin 5 km, with the average lengét
1.97km (). The longest of these lineations exhibit dimensions characteristic ofssatgglacial
lineations, which have elongation ratios exceeding 10:1 and can range indeaig&kilometers
(Figure2.8). 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.

Figure2.9 shows severadlrumlinswest 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

degreesKigure2.10).

Table2.2. Basic metrics of the drumlins.

Numberof drumlins 443
Average length of drumlins 1.97 km
Average azimuth of drumlins 242.87 degrees

32



Elevation

afada, Esri, TomTom, Garmin,
GS, EPA, NRCan, Parks Canada

255 m

163 m

SafeGraph, F

5
[ IKilometers

f

Figure2.8. ArcticDEM elevation grid 2m resolution) oftudy areavith ice flow parallel lineations
from Dulfer et al. (2023).
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Figure2.9. ArcticDEM hillshade(2m resolution)wvestof Birch Lake andyeomorphological mapping

of ice flow parallel lineations (Dulfer et al., 2023).
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Figure2.10. ArcticDEM hillshade(2m resolution)south of Birch Lake and geomorphological

163

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 sh&iguen
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 oriented or slightly SEW, with some
showing evidence of overprinting by the SW drum(ifgure2.11). This would indicate that these
features formed prior to the drumlins.

The area east of Birch Lake also contains numerous drumlins indicative-oE8ilihg ice
flow, as well as a f ew 0 s ubiguredl?)i Some of thebegidgesf r o m DL
were not identified and mapped as subglacial ribs by Dulfer et al. (2023), but the occuresmste of
westelongated and irregular ridges is clear in that dfegufe2.12). Interestingly, just east of Birch
Lake, a series of four of theBeW orientedridges are also clearly overprinted by smaller and
younger drumlinsKigure2.12). Here, | argue that these features could be older drumlins that were
partially reshaped by later ice flow phases. In this scenario, thasedatures would provide
evidence for an old westward ice flow phase in this area. This challenges the subglacial rib and
transversdo-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 Sitgdf. Sect. 2.4.1and its relative chronologwlthough uncertain,
couldbe 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 lowlying area aligned with Birch Lake and would thus not have left a record at the outcrop
sites further to the nortlirjgure2.3). 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 thieutouth
placed after the southwest flow in the relative chronology of that Bheadetailed 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 areand provide some independent insights into its relative chron¢bg@hapter 3)The
alternate interpretation would be that these srestding irregular ridges represent relict rib moraines
related to the older southward ice flow phase identified in the ouswalp record (cf. Sect. 2.4.1).
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Figure2.11. (a) Elevation from the ArcticDEM2Mm resolution) south of Birch Lake and (b)

geomorphological mapping stibglacial ribgDulfer et al., 2023).
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@ Drumlin sections Subglacialribs (Dulfer et al., 2023) Added irregular till ridges
— Ice flow parallel lineations (Dulfer et al., 2023)  —— Added parallel ice flow lineation

Figure2.12. a) ArcticDEM east of Birch Lakand @) geomorphological mapping of ice flow parallel
lineations withoverprinted and irregular till ridges
37



2.5 Discussion

In this section, theutcropscale ice flow indicators and glacial landform recadsused to
recognize different ice flows the study area in relative chronology order.

2.5.1 Southward (180-190 deg.) Ice Flow

The oldest icdlow phase in thetudy region is indicated by the oldest striations discovered at
the outcrop site 1 and Fifure2.3), which are found with stodee relationshipgFigure2.6). The
south ice flow is the oldest because it is ai¢fesideof the outcrop and itsedrock surface is
protected from the ice flow that generatedtop of the outcrogdowever, lecausef 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 flowdirections at 26@o 270degreesKigure2.5.). As mentioned previously, there is
uncertainty about this because of the limited evidence and its position on the flank of the outcrop.
However, westwardrending landforms also occur easBifch Lake Figure2.12). These landforms
are clearly overprinted by the smaller southwiesshding 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, 2008ddition some westward striations
were found at southwest Northwest Territories and souBShf suggesting westward i¢w
trajectories (Paulen et al., 201Thestriationsareobserved at the abandoned Pine Point mine, which
indicates that any mineralized debris from the Pine Point deposits was transported westward, north of
the Cameron HillgPaulen et al., 20)1

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 degredadure2.6). In addition, some chattermarks were also found at site
2. Chattermarkare crescenshaped 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 theedown
direction (Rea, 2007; Benn & Evans 2010). They also tend to decrease in size in theadown
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 B3degrees.

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 megale 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\® 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 outcropscale iceflow indicators pointing to the northwest are the youngest feaivitiem
the study areasuggesting a relatively recent occurrence of this directional flow. The striations at
outcrop site 1 show an ice flow direction @a03825degreesKigure2.6). 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 outcrepale ice flow indicators and glacial landform records
is a critical step towards a comprehensive analysis of ice flow phases in an area.-Suaierop
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 largescale features shaped by glacial processes, offering broader insights into regional

patterns of ice flow.
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Specifically, outcrop icélow indicators were found at two sites, gmbvideclear 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 deflectionligiéettte 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 @SL. 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 recordspecifically,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 drumiingd MSGLsThese features parallel fields indicative of a
SW ice flow phase. Drumlins, especially smaller ones are frequently superimposed onto longer and
wider ridges oriented obliquely {®/) 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 timeThese 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 outcrepcale 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 tinflenzies et a).2019) By examining the superposition of different
till stratigraphic units, researchers can gain insights into the sexagtill sheet and their bedrock
(up-ice) provenanceallowing them taeconstruct ice flow phases and subglacial conditions based on
the sedimentary record and then compare with the landform and estaieprecords for an
integrated analysis'his enables the reconstructionia# flow phaseand helps in understanding how
ice sheets have influenced the landscape over 8tregtigraphic sectiorae exposed primarily along
Highway 3 in the study areéFigurel.6).

The direction of the palewe 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., 20165tirling, 2022. Additionally, the formation of drumlins is also affected by
erosional processegyleset al., 2015 As a result, till from different stratigraphpositiors 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 criteri@tomstructhe
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 focusamalying theice flow phases and
understanding past glacial dynamiCtastfabrics and composition of till are the main methods used
to reconstruct the ice flow history in the study area in combination with ousceadp ice flow

indicators and subglacial landforms in Chapter 2.

3.2 Methodology

Stratigraphic log is creatday drawing the thicknesses sdimentayers found along a vertical

line through arumlin. The main methods used in the sitfatigraphyanalysis arg@articlesize
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analysis, till clast fabrics and clast lithology couritise grain size of sediment at each elevation is
indicated using a scale from claygmvel Sediment layers are filled in with standard patterns or
textures based on the rock tyg#ast fabrics indicate ice flow direction at different levels of the log.
The results areombinedo provide a comprehensive and organized representation of the observed

geological layers and thatharacteristics.

In addition gratigraphic logging ishe description of stratigraphic sections, detailed information
regarding major units was recorded, including their sedimentological characteristics such as sorting,
color, compaction, and thickness (Evans & Be&2004).Sites were systematically documented

through photography, capturing visual records of the stratigraphic sedtt@sthole drumlin cut is

shown orFigure3.1, and the closeip viewshowing thesteps orthesection ison Figure1.7.

Figure3.1. Cut view of drumlin section.IThe photo is taken facing west.

3.2.1 Grain Size Analysis

The subglaciairaction 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 necessatrily 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 developeddoscienceand engineering. In
sedimentology, one of the most commonly used idJthdenWentworthscale. In thistudy, grain
sizes are subdivided intbreecategories, namely gravel, sand, silt and clay, which are further
subdivided into fine, medium, and coar&gavel includes particles over 2 mm, sand includes
particles from 0.063 mm to 2 mm and, finally, silt and dtajude 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 Krumbeith938), which is useful to present grain size data in unitsoofal

intervals and for calculations.

Table3.1. Classification of grain size

Category Subcategory 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 0.51mm 0.0~1.0
Medium 0.250.5mm 1.0~2.0
Fine 0.1250.25mm 2.0~3.0
Very fine 0.0630.125mm 3.0~4.0
Silt/Clay Silt/Clay <0.063mm >4.0

In this research, a total of 104 samples were prepared, sievesitzatjuently analyzed to
determine their particle size distributi@figure1.9). Among them, there are 56 samples from 2020
and 48 samples from 20ZMhis includes all the samples from 2020 amoktof 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
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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 paie® flow direction (Benn2013).

A Python script was used for the till fabric analysis to generate-aegealstereonets and obtain
results such as eigenvalues and eiidCompwe dtéori s. TF
accessible onlinéhftps://github.com/GlacialGeo/PythonCojieEhe 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 arédedly used in combination with other ice flow indicators, such as landform records, for a
more comprehensive analysis.

Fifty clasts were measuredselected stair® obtain a sufficient sample population, which is a
common practice for till clast fabrics (Benn, 201Specially in drumlin section 3pnly 46
measurementst the bottomof thesection and 4measuremenis the middleof thesectionwere
plotted onthe equatareastereonetsbecause the measurements with plunge over 60 degrees are
removed Clasts that are less steeply plunging are considered to be more accurateepideo
indicators. Since fabrics were measured to get gakeiow 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. Hodde2e24l

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 depositComparing the lithology of clasts with known bedrock formations in the region
allows for the identification of similarities, thereby indicating potential bedrock so(Mmwies et
al., 2023) Additionally, the presence of unique lithologies or indicator minerals within the clasts can

offer clues about distant bedrock formations or geological environr{feicts 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 peblithology as part of a provenance analysis just south of the study
area, used four broad lithological groups that were then further classified into-&é&tsgbries.
According to the regional bedrock geology map (Okulitch, 2006), the bedrock geology of the study
area is similar to that of Hagedornés research &
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 (20®), 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
(Table3.2).

During the laloratorywork, 300 clastover 5.6mnfrom eachsamplebagareselectedo do
pebblecounts. Ifthere ardewer than 30@last over5.6 mm inthe sample bag, then all clasts larger
than 5.6mm are used to do pebble counts. Therddasection samples and 33 surficial samples
chosen to do pebble counts, andgpecific experimental procedure is showséation 1.6.2Kigure
1.10).

Table3.2. Lithology groups for pebble counts.

Canadian shield WCSB (Paleozoic)

Felsicintrusive Dark gey dolostone (Chedabucto Lake formation)
Mafic intrusive Red dolostonéLa Martre Fallformation)
Quartzite Shale(Muskwa formation)

Dark siltstone

Siliciclastic rock(Keg River formatioh

Brown limestondgLonely Bay formatioip
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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 matrsupported diamicton. The clasts are dominantlyadular and
polished, and some exhibit striatiofisgure3.2). The sediment is interpreted as a subglacial traction
till because of its wide range of particle sizesienegjular stratigraphic structurel® 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

Figure3.2. A closeup view of thetill .

Specific to drumlin section B total of 14 holes were created. The sample at se2ii&XN-
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.Jd€ne 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 (23Y. dewpther clast fabric done at
site 22PXN-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 (R40L-dRN-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 jle@enerally, from the bottom to the top, the ice

flow has changed from sousfouthwest to westouthwest{Figure3.3).

Sediment Clay Silt Sand Gravel Diamicton 22?0_67]
Depth (m) V1 azimuth=66.4

interpretation

.
21PXN-025A | +— |

. n=50
Till 21-PXN-027A 51=[0.67]
V1 azimuth=60.3 *  aaxis

(Glaciation)

21-PXN-029A

5 n=50 0
21-PXN-031A $1=[0.65]
V1 azimuth=56.8 2o
v

n=50
$1=[0.72]
V1 azimuth=33.6

Figure3.3. Stratigraphic log for drumlin section 1 and its four clast fabKesnb density contours
havebeen added to the stereonets.

Drumlin section 4s just across the highwdsom section 1The clast fabriat site21-PXN-040
at the bottom of theection (1% hole) showsa moderate clast fabric ($0.67) with spread bimodal
modality showingsouthwestward iclow (233 deg). Another fabric was done at site-PXN-035 in
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the middle of section 2 {ehole), which also shows moderate clast fabric(355) with spread

bimodal modality and suggests a westithwestward ice flow (254 dgg21-PXN-033 suggests a
moderateclast fabrig(S$;=0.68)with spread bimodal modalityn the upper til(2"¢ hole), whichgives
awestsouthwestward ice flow direction§@deg). Compared with the results from section 1, section

2 alsosuggests aouttwestward ice flowbut closer to the west.

Sediment Clay Silt Sand Gravel Diamicton
interpretation Depth (m)

T O

21-PXN-033A

n=50
51=[0.68]
V1 azimuth=79.0
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21-PXN-035A
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$1=[0.65] 00
V1 azimuth=74.0
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Figure3.4. Stratigraphic log for drumlin sectionghd its three clast fabrickamb density contours

havebeen added to the stereonets.

Drumlin section 3s on the west side of the highway and south of section 1 and 2. Thepapiper
(Im from top) is characterized by gravelly sand, and sand is fine to madfiife.the middle and
lower sedimen{1m to 5m) is poorlysorted, massive matrsupported diamictomterpreted as
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subglacial traction tillThe clast fabri@t section 2AWL-004o0n the lower till(16" hole) showsa
moderate fabric (£0.62) with spread bimodal modality showing sesttuthwestward icow (191

deg). Another fabric was done at site-#1L-003 in the middle of section 3 (tRole), which shows
moderate cladtbric (S=0.60) with spread bimodal modality and suggests a southwestward ice flow
(207 deg). 21-WL-001 suggests strongclast fabric($;=0.71)with spread unimodal modalign the
upper till (4" hole), whichgivesa southwestward ice flow direction32deg). In general, from

bottomto topof thesection, ice flow has changed fraraarlysouthto southwestAnother fabric was
done in the middle of this sectiori(Bole) at site 2WL-002, but it is aveakerttill fabric ($,=0.54)

with higherisotropy and lowr elongation, so it itess reliabldor palecice flow.
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Figure3.5. Stratigraphic logor drumlin section &nd its four clast fabric&kamb density contours

havebeen added to the stereonets.
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Unfortunately, the only two fabric analysis done in section 4 at siexXN-064 and 24P XN-
065 both result in weak till fabric (80.54 and 0.52). Therefore, drumlin section 4 is unreliable for
palecice flow direction and the data is presented only in AppeBdix

As for the fabric shape, different fabritsm all sections arelose to the corner of cluster so
they tend to be more clustike. As Figure3.6 shows all fabrics exhibitow isotropy and high
elongation. They are all moderate to strong fabric so they can be useful to interpréteémo
direction. Moderate fabricaseigenvaluesl between 0.6 to 0.7, with spread bimodal modality.
Strong fabrichaseigenvalues1>0.7 and spread unimodal modality.
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Figure3.6. Fabric shape ddll 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-plast andnudrich, which are described as
till in the database. Howeveat the top of the drumlin sections, santhisdominant component,
which takes up over 6@t. percent of all particles. When it comeghe bottom of the drumlin
section, thegortion of silt and clay becomes higher, which means there are more fine particles. Gravel
is always the rarest grain size, whiolintainsb to 15wt. percent of all particles.

For example, in drumlin section 1, sampleR”ZAN-025B at the top has dominant sand portion,
S0 it can be described as samtiamicton Figure3.7). Other samples hawemixture of unsorted and
unstratified sediment, including a range of particle sizes from clgsaiel, so they can be described
as diamicton. However, in drumlin section 2, there are sanely diamicton layerst the upper part
of the till, from sample 22PXN-033Bto 21-PXN-036B (Figure3.8). For dumlin section 3it hasa
similargrain size distributiomssection 1 with a sandy diamicton layer at the {&jigure3.9).

21-PXN-025B

21-PXN-026B

Sediment Clay Silt Sand Gravel Diamicton
Depth (m)

interpretation

21-PXN-027B

21-PXN-028B
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(Glaciation)

21-PXN-029B

21-PXN-030B

21-PXN-031B

21-PXN-032B

m Silt and clay

Sand

M Gravel

Figure3.7. Grain size distribution of drumlin section 1.
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Figure3.8. Grain size distribution of drumlin secti@n
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Figure3.9. Grain size distributioof drumlin section 3

3.3.1.3 Pebble Counts Results of Drumlin Sections

Figure3.10illustrates the disparity in clast lithology percentages among drumlin sections 1
through3. The findings indicate that the till in secti@rexhibits ahigherproportion of Canadian
Shield clasts and a correspondintglwer proportion of clasts froVCSB 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 tipe end of the drumlin. The cumulative percent of different components
suggest that in all sections, there are more WE€I8&sthan Canadian Shieldasts
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Figure3.10. A) Distribution of Canadian Shield clasts across the drumlin section8; Blo

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.
Firstlithology group is fromthe pebble count results dfumlin sections, which is characterized by
30% to 45%Canadian Shield componenhg¢luding felsic, mafic igneous rocksd quartz
Carbonate rocks also occup9% to 45%of the clastsThe remaining part is composed of
siliciclastic rockg10% to 15%)red doloston€4% to 7%)and shalé€3% to 13%)Amongsection 1
to 3, samples in the middpartare richer in Canadian Shield, whidamples at thapper till tends to

be richer incarbonate rocké-igure3.11 & Figure3.12). Specially, sample 2WL-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 limestor(igure3.13 & sample 2AWL-004in Appendix Con p.124).

21-PXN-025

Sediment Clay Silt Sand Gravel Diamicton
interpretation DePth (m)

—_ 21-PXN-026
1 21-PXN-027
2 21-PXN-028
Till
(Glaciation)
3 21-PXN-029
4 21-PXN-030
5 21-PXN-031
6 21-PXN-032
® Canadian Shield H Dark grey carbonate M Red dolostone
u Siliciclastic rock M Shale M Beige brown carbonate 0% 5% 50% 75% 100%

Figure3.11. Pebblecountsresultsof drumlin section 1.
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21-PXN-033
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Figure3.12. Pebblecountsresultsof drumlin section?2.
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Figure3.13. Pebblecountsresultsof drumlin section3.

3.3.2 Results of Surficial Samples

3.3.2.1 Grain Size of the Samples in the Study Area

Figure3.14 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 ssineld 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 fromsized to gravesized
particles. These samples are commonly referred to as 'till' in the database, reflecting their unsorted
nature and heterogeneous compositidmered points are samples frothree drumlin sections, and

they are clustedtogether in a similar siltgandy rangewith very little gravel
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Figure3.14. General texture of alamples 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.

Figure3.15is 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 partieledsomeof them like 21PXN-017Aare
abundantn silt and clayln addition some samples have very few fine particles (silt@dayg and
areabundantn sand, which arsimilarto thesamples at the top of drumlin sectioRer example,
21-PXN-024A has very few silt and clay.
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