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Abstract

The Hudson Bay Lowland (HBL) contains a unique sedimentary record extending
beyond the penultimate glaciation of the Quaternary. The complex interplay between two
major ice dispersal centres (the Keewatin in the north and the Quebec-Labrador centre in the
east) produced multiple till sheets in northeastern Manitoba containing Canadian Shield and
carbonate rock detritus in variable proportions. In the Gillam area, the existing till stratigraphic
framework consists of four tills: the Sundance Till, the Amery Till, the Long Spruce Till, and
the Sky Pilot Till. This till classification is based on clast lithology, matrix color, matrix
carbonate content, and clast fabric. One important aspect of this classification is that it has been
established at sites where rare interstadial or interglacial organic beds separate certain tills,
which facilitated their identification. The main problems are A- these organic beds seldom
occur away from type sections and B- the tills show considerable overlap in their sedimentary
characteristics. In addition, descriptive inconsistencies exist in the literature and different
criteria have been used by various researchers over time. Altogether, these problems make it
challenging to use the existing till stratigraphic framework to describe new till sections,
understand the regional glacial sedimentary record, and help drift exploration. New approaches
need to be tested to verify the stratigraphic framework, determine provenance of the tills and
help with regional interpretations.

Till matrix geochemistry contains information which can be used to discriminate till
units and determine their provenance, but it has not been used widely in the HBL region in
previous till studies. The aim of this thesis is to assess whether tills can be discriminated on
the basis of their matrix geochemistry.

To this end, multivariate statistical analysis is applied to a till geochemistry dataset.
The methods used include k-means clustering and principal component analysis (PCA) to gain
insights into spatial and compositional trends. The integration of cluster analysis and PCA, and
spatial visualization of results in ArcGIS, allow for the classification and examination of till
groups statistically and spatially.

The number of clusters was determined through visual inspection of a scree plot based

on the sum of squared error (SSE) in the dataset. The PCA configuration of the six geochemical



clusters (groups) was then examined and the groups were analyzed and interpreted in terms of
composition and possible provenance. While five of the six groups have a relatively clear
compositional signature near their centroid in multivariate space, the majority of samples
(n=80) fall within a mixed group that considerably overlap in the overall PCA configuration
with all other groups. This means that while specific till samples have distinct compositions,
several samples within each group are not clearly separated from the large mixed group,
suggesting a till composition continuum and a complex (mixed) provenance for most till
samples.

Based on this thesis, it can be concluded that 1) considerable overlap in till matrix
composition exists across and within all identified till sheets; and 2) stratigraphic correlations
away from type sections are thus greatly hindered by the compositional variations/continuum.
Tills within the Manitoba HBL are interpreted as a palimpsest product of sediment provenance
overprinting and inheritance related to a long glacial history and complex changes in ice flow
and subglacial conditions responsible for till production and re-entrainment through time. Till
matrix geochemistry, however, provides complementary information on the proportion of
shield vs platform contributions in tills and this is useful for the interpretation of till and the

glacial history alongside other data such as clast lithology and till fabrics.



Acknowledgements

This project was funded by Natural Resources Canada through a Geo-Mapping for
Energy and Minerals Phase 2 (GEM 1) research grant to Dr. Martin Ross (UW). First, | would
like to thank both of my supervisors, Dr. Martin Ross and Dr. Michelle Gauthier (MGS) for
their immense guidance and support over this project. Quaternary group members including
Tyler, Aaron, Shawn, Jessey, Amanda, Sam made my graduate life at Waterloo an even better
experience. Sam is especially thanked for his help and knowledge through the project. Dr.
Brian Kendall and Dr. Eric Grunsky are thanked for being my committee members and
providing their comments and insightful thoughts on the project. Tyler Hodder and Daniel
Shaw are thanked for their field work and assistance. Tian You is thanked for her excellent
statistical knowledge and learning R together with me. Lingyi Kong is thanked for her
knowledge of geochemical lab methodology. Finally, I thank my mom, my friends and Han

for their support during my MSc project.



Table of Contents

AUTHOR'S DECLARATION ...ttt ettt ii
Y 0] 1 - Tod SRS RUP P PTPPPPRPRN iii
ACKNOWIBAGEIMENTS ...kt b et b b b e %
LI Lo Lo o) 0] 1 =] PSS T Vi
LUISE OF FIGUIES ... bbbt bt bbbt neen s iX
LISE OF TaBIES ...ttt e st e et et et et e te e neeete e e neeereenne s Xiii
Chapter 1 INTrOUUCTION. ......cueiiiiiieiiitiete et ne et b e n e enes 1
1.1 RESEArCN PrOBIEM .. .o 1
1.2 State Of KNOWIBAGE ......ooeeieieiii et 3
1.2.0 PRYSIOQEAPNY ...ttt ettt et bbb 3
1.2.2 BEArOCK GEOIOQY ......ceiiiiiiieieeieee sttt ettt 4
1.2.3 CONtINENLAI-SCAIE BITALICS .....veverieiiereeiisiieie ettt 6
1.3 Quaternary till stratigraphy of the HBL — previous Work............ccccccoiiieniincic e, 7
I 0] o] 1] 1 TSP PRUS PSPPI 13
1.5 THESIS ODJECHIVES ..oecviiiiiicc ettt s be et e s ae e e e s be e st e sresteetesre s 16
1.6 Methodology overview and author’s CONtIIDULIONS..........ccieeririiiiierie e 16
1.7 TRESIS SITUCKUIE .....veeeeetietieieee ettt sttt ettt s bttt e s e st et e s b benneneeeneas 17
Chapter 2 A strategy and workflow for analyzing and interpreting till matrix geochemical data in a
MUItI-tH] Stratigraphy CONTEXT......ccviiiie ettt st s re e sb e s be e e sbesteesbenae s 18
P2 11 oo L1 1 (o o OO 18
P =] (o YL o] o SO S 18
2.2.1 StratigraphiC lOgQING ... .cveeeeiiiieriei et 18
2.2.2 FabriC MEASUIEMENTS .....veiveeiiesiesieeiesiesee e steestestestae e ste e e e besseesaesteesaesteeseesbessaeseestesneeseenses 19
2.2.3 Tl SAMPIING ..ottt 20
2.3 Sample Preparation and AnalytiCal WOIK ..o 22
2.4 Quality Assurance and Quality CONEIOl...........cooiiiiiiiiiic s 22
2.4. 1 SCALEIPIOLS ...t bbbttt bbb 23
2.4.2 Thompson-Howarth Method...........ccoiiiiiiii s 24
2.5 Analysis 0f GEOCNEMICAl DALA .........c.eoveiiiiiiiiiiie s 25
2.5.1 Elemental ratios and first-order assOCIations............cooviveieriiiere e e 26
2.6 Dataset Preparation for Multivariate ANAIYSIS .........coovoieiiiieieiiee e 26

Vi



AT O a1 o] (=T [ B T - N TTROTTRRRRR 27

2.6.2 Compositional Data and Closure ProbIem ... 29

2.7 MUIEIVArTAte ANAIYSIS .....c.ooiiiiii e 30
2.7.1 K-means CIUSLEr ANAIYSIS ........cciriiiieeisis s 32
2.7.2 Principal Component ANAIYSIS.......c.ciiiiieiiiiiiesiecieie st sre e sre e sre e sre e e ens 33
2.7.3 Integration of results and interpretation approach...........ccccocvvveveiieeic s 35
Chapter 3 Statistical analysis of till geochemistry in northeastern Manitoba ...........c...cccccoovviiiennnane. 37
OVEIVIBW ...ttt bbb b bbbt b bbb bbbt e e bt bt bbbt b et 37

K T0 I 101 oo L1 1 [ o PSSR PP 37
3.1.1 Physiography and Surficial GEOIOGY ........ccccviieiiiiiiiie e e 40
TR A = 1o [ oo GO 41
3.1.3 Manitoba HBL four till Stratigraphy........cccccveieiiiiciiie e 44

B2 IMIBENOUS ...ttt b e e bbbt nn et e s 48
3.2.1 Field and Laboratory Work and QA/QC ........cuo v 48
3.2.2 MUIEIVArTAte ANAIYSIS ..ot 49

B RESUILS ...ttt ettt R Rt e Ee et e ReeRe e tenRe e e e nneeneenreeren 53
3.3.1 CIUSEEr @ANAIYSIS TESUITS .......eviiiiteiteieeee e 53
3.3.2 GraiN SIZE FESUILS ...uveveeiie e ctee ettt sttt e ste e esre s e e benreeneenneaneeneeenes 53
3.3.3 Principal Component ANAIYSIS .......cc.eieiiiiiiiriisie sttt 54
3.3.4 Integrating the MELNOUS ..o s 55
3.3.5 Comparison with single element CONCENEIAtiONS ...........ooveviiiirenerereeee s 59

KRR I E o011 T SRS 63
3.4.1 Interpreting the source of the six till-geochemistry groups..........cocevveveeicviiiecve s, 63
3.4.2 Vertical stratigraphic trends in Moondance SECLION ...........cccvcvvevereevese e 71
KR G B [ aTo] [ To U o] OO USRS PRP 77

K TSI O] Tod [0 o] SO 78
(@8 T o) (] S @0 o [od (U] o] o ISR 80
4.1 Statistical analysis of the till geochemistry of the Gillam area ............cccoccevveiiiii i 80
4.1.1 TheSiS CONTIIDULIONS. .......eoiiiieie ettt seeere et sreeneenee e 80

=1 0] [To] o] =T o] 1 Y S SS 82
F AN o] oL g o D N o o[- SR 91
APPENTIX B b ettt bt r e 94



Appendix C Examples for Thompson-Howarth PIOt ...

Appendix D BoXplots Of SOME EIEMENTS .........cvoiiiiiiiie e

Appendix E

viii



List of Figures

Figure 1-1 A map of ice mass extent in North America during Last Glacial Maximum (LGM),
depicting the location of the Laurentide, Innuitian, Cordilleran, and Greenland Ice Sheets.
Highlighted on this map are the extent of the Precambrian Shield (covered by ice during the LGM),
and the location of the Hudson Bay Lowland in red font (modified from Dyke et al., 2002)................ 1
Figure 1-2 Location of the study area with elevation. Historical sections discussed in this thesis are
highlighted in the black box. Major hydraulic dams are in orange. Background hillshade image was
generated using a Shuttle Radar Topography Mission (United States Geological Survey, 2002) digital
L] Z2 L] T 170 T L= OSSR 4
Figure 1-3 Major bedrock geology in the study area (unpublished digital bedrock geology compilation
from MGS, 2016). Black solid line shows the boundary between Precambrian shield and Hudson Bay
carbonate platform. Black dashed line shows a small part of the Fox River belt............c..ccocovninennn. 5

Figure 1-4 Map showing distinctive bedrock geology in northern and central Canada (from Dredge

Lo AV oV T T2 0 TSSO R SO 7
Figure 1-5 Quaternary stratigraphic framework of the Hudson Bay Lowlands of northeastern
Manitoba (from Dredge and McMartin (2011)). ....ccvoiiiiiiiiiiiie et st 8

Figure 1-6 Sundance section exposed on Nelson River. a: carbonate bedrock, b: Sundance Till, c:
Amery Till and d: postglacial sediments (from Dredge and McMartin, 2011). ......c.ccccoovevviviinenennnn, 10
Figure 1-7 a) Sequence exposed at the Henday section; A: Amery Till; B: Nelson River Sediments; C:
Long Spruce Till and D: Lake Agassiz and Tyrrell Sea sediments (Nielsen et al., 1986) b) Sequence
exposed along Gods River; 1: Lower till; 2: Gods River sediment; 3: middle till; 4: upper till; 5:
Tyrrell Sea sediments (KIASSEN, 1986) ........cceiiieiiiiiiiiere e 11
Figure 2-1 An elongated clast or pebble with its three principal and orthogonal axes (a, b, ¢) and
associated planar surfaces (ab, ac, bc) (Benn, 2007).......cccooeiiiiiniiiiiineereeee e 19
Figure 2-2 Example of a sampling site and general sampling approach. The section is first cleaned
with an unpainted shovel to remove any slumped or weathered material. The sample is extracted
using a plastic trowel (not shown) and put in a thick plastic bag with a sample number..................... 21
Figure 2-3 Locations of the till sample sites (red dots are surficial samples and blue stars indicate
where section samples are collected). Background hillshade image was generated using a Shuttle
Radar Topography Mission (United States Geological Survey, 2002) digital elevation model........... 21
Figure 2-4 An example of a scatterplot where the original sample is plotted vs. the duplicate sample.

The orange solid line is the 1:1 control line which means original data is equal to duplicate data. The
iX



blue dashed line is the 15% precision line. Since the majority of data points are within the chosen
precision lines, with some outside scatter, this suggests the data is moderately precise with no bias at
a level of 15% precision (modified from Piercey, 2014). .......ccccooiiiiiirinereieeesesese e 24
Figure 2-5 Thompson-Howarth plot. Control line is set at 95" percentile. No points are above the
control line suggesting data is acceptable for the desired preciSion. ..........ccccocveveveeiecniivie s 25
Figure 2-6 An example for how censored data look in the report. Detection limit (DL) is 0.1 ppm.
Censored values are indiCated iN FEO. .......cooeiiiiiiiie e e 27
Figure 2-7 zPatterns indicate censored values graphically. In this example, 20.32% of Bi values are
below the detection limit. All other elements in the dataset have values above their detection limit. .29
Figure 2-8 Scree plot for choosing the number of clusters; red rectangle shows the “elbow” shape
(known as the point of inflexion). In this example, the chosen number of clustersis 4............c..c....... 33
Figure 2-9. Graphic plot of first principal component (red line) and second principal component
(yellow line) regenerated from Detlefs (2016). .......cceiiiiiiiiiieiiieiie et st 34
Figure 2-10 Workflow chart summarizing the methodological approach of this study. The workflow
is generated from an online drawing software “Processon” (https://www.processon.com, only
AVAIADIE TN CRINESE). ...ttt b b 36
Figure 3-1 A map of ice mass extent in North America during Last Glacial Maximum (LGM),
depicting the location of the Laurentide, Innuitian, Cordilleran, and Greenland Ice Sheets.
Highlighted on this map are the extent of the Precambrian Shield (covered by ice during the LGM),
and the location of the Hudson Bay Lowland in red font (modified from Dyke et al., 2002).............. 38
Figure 3-2 Location of study area. The main road is marked as a thick black line, and railway is the
thin interlaced black line. The location of five important historical sections (Moondance, Henday,
Limestone, Birds’ Island and Sundance) is included in this map. Background hillshade image was
generated using a Shuttle Radar Topography Mission (United States Geological Survey, 2002) digital
L=V 2= U] 0 oo ] OSSP 41
Figure 3-3 Major bedrock geology in the study area (unpublished digital bedrock geology compilation
L0 0LV (TS T O ) PSS 42
Figure 3-4 Map showing distinctive bedrock geology in northern and central Canada (from Dredge
AN MCMAITIN, 20D1) ...ttt ettt sttt et s ee s e bt s re et e saeeneesaeete e tesneeneeneeaneeneeenes 44
Figure 3-5 Simplified stratigraphic column from northeastern Manitoba (modified from Dredge and
o0 AV = A T2 0 PSR 45



Figure 3-6 K-means sum of sqaured errors (SSE) plot. SSE associated with each number of clusters is
shown on the y-axis. The less number of clusters has the bigger SSE. The inflexion point here is at
number 6 which is applied in thiS STUAY. .......ccoiiii e 51
Figure 3-7 Principal Component Analysis (PCA) scree plot. Eigenvalues associated with each
principal component is shown on the y-axis. First principal component has the largest eigenvalue
which explains the most variance within the dataset (e.g. Grunsky, 2010). The inflexion point
(“elbow” shape) here is at number 3 which is used in this study. .........cccccovviieieiiiicii i, 52
Figure 3-8 Ternary plots of grain size results for €ach group........ccoccocvveeii s 54
Figure 3-9 K-means clusters (colored) plotted on graphs that compare PCs: A) PC1 vs. PC2, B) PC1
vs. PC3. Number of samples in each group: Group a (n=2), Group b (n=80), Group ¢ (n=31), Group
d (n=41), Group e (n=24), Group f (n=67). The position of an individual labelled element is plotted
in R according to its loading value away from (0,0) and its eigenvector. Centroids from k-mean
clustering analysis are black SOl AOS. .......cccviiiiiiiiiiiie e e 59
Figure 3-10 Color-coded geochemical groups classified from till matrix geochemistry by k-means
cluster analysis: scatterplot of carb ratio vs. sum of REEs. Group a: lowest in carb ratio and medium
value of sum of REES; Group b: medium values in both carb ratio and REEs; Group c: highest value
in carb ratio with a large spread, and a large spread in REEs; Group d: high in carb ratio and lowest in
REEs; Group e: large spreads in both carb ratio and REEs; Group f: low- medium value in carb ratio
AN NIGNEST IN REES. ...ttt b et n e 67
Figure 3-11 The spatial distrubtion of till-geochemistry groups. Locations of sections are denoted by
hollow triangles, and stacked dots show individual till samples with those sections (unpublished
digital bedrock geology compilation from MGS, 2016). ........cceiririiiriieieneeeee e 69
Figure 3-12 A) Spatial characteristics within Group f (yellow stars) showing only those samples with
PC3 scores <0 and PC2 scores >0; B) spatial relationship between Group f and Group ¢ of samples

with PC3 scores >0 and PC2 scores <0 (unpublished digital bedrock geology compilation from MGS,

Figure 3-13 Moondance section till-clast units logged by research team and till-geochemistry units
based on the multivariate analysis (this study) compared with stratigraphy generated from Roy
(1998). Sample locations are revealed by their labels (€.9. 1 t0 10)......ccceiiiieeiiiiiiierieee e 73

Figure 3-14 PCA biplots show the position of samples collected from Moondance section. .............. 76

Xi



Figure 3-15 Concentration plots for carbonate ratio and certain REEs (Gd, Nd, Pr, Sm) with Hf and
Zr for the Moondance samples. Orange dashed lines indicate the contacts between the major till units
acCOrding t0 ROY (1998). .....ccuiiuiiiiiiiite ittt n e 77

Xii



List of Tables

Table 1-1 Summary table showing till unit descriptions by different authors ..........c.ccccoovevvivienne. 15
Table 2-1 Total digestion detection limit of all analyzed elements reported from SRC. .................... 28
Table 3-1 Results from K-means MEthOd............ccueiiiriiii e 53
Table 3-2 Summary of principal COMPONENTS .........coviiiiiiie e 57

Table 3-3 Individual element loadings of first 3 PCs. Loadings of + 0.5 is the threshold for elements
that contribute strongly to PCs (red bold fONtS). ........ccooiiiiiiiiiec e 57
Table 3-4 Summary table of the average concentration and standard deviation of each element,
calculated for each of the six till-geochemistry groups. Rare earth elements (REE) are highlighted in
yellow, and are included as a summed group at the end of the table. Light orange shaded boxes
delimit the highest mean concentrations of a specific element, relative to the six till-geochemistry
groups. Light green shaded boxes likewise delimit the lowest mean concentrations of a specific
element, relative to the six till-geochemistry groups. Box plots are plotted for several elements
(APPENTIX D).ttt st e e be st e et et e s Re e s b et e e Rt e s heeRe e beeReebente e e e sreareebeares 60

Xiii



Chapter 1 Introduction

1.1 Research problem

The Quaternary stratigraphic record of the Hudson Bay Lowlands (HBL) is an important
geological archive of glacial and interglacial cycles in North America (e.g. Andrews et al. 1983;
Nielsen et al. 1986; Dredge et al. 1990; Thorleifson et al. 1992; Parent et al. 1995; Veillette et al.
1999; Roy et al. 2009; Dubé-Loubert et al. 2012). Firstly, it is a key record of ice sheet evolution
and dynamics related to two major ice centres or ice domes; namely the Keewatin sector and the
Quebec-Labrador sector of the Laurentide Ice Sheet (LIS), which expanded and contracted in

concert with the nearby Innuitian and Cordilleran Ice Sheets (Figure 1-1).
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Figure 1-1 A map of ice mass extent in North America during Last Glacial Maximum (LGM), depicting
the location of the Laurentide, Innuitian, Cordilleran, and Greenland Ice Sheets. Highlighted on this map
are the extent of the Precambrian Shield (covered by ice during the LGM), and the location of the Hudson

Bay Lowland in red font (modified from Dyke et al., 2002).
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The sediment successions in the HBL have long been identified for their potential to
capture the main changes in LIS configuration (e.g. Shilts 1982). Using a specific pebble
lithology, in this case Dubawnt erratics, Shilts (1982) determined that till within northern
Nunavut and the Manitoba HBL had been derived at least partially from Baker Lake - a distance
of more than 600 km to the north/northwest. Similarly, using greywacke erratics with calcareous
concretions (Omars), Prest et al. (2000) showed that part of the tills within the Manitoba HBL
was derived from the Belcher Island Group - a distance of more than 800 km to the east.

In northeastern Manitoba, the Quaternary sediment successions of the HBL have been the
subject of numerous studies (e.g. Nielsen and Dredge, 1982; Nielsen et al. 1986; Dredge and
Nielsen, 1987; Klassen, 1986; Roy, 1998; Trommelen, 2013) that aimed at 1) developing
understanding of the regional Quaternary history including the preliminary till stratigraphy, as
well as more thorough documentation of nonglacial units; and 2) better understanding LIS
evolution and dynamics (e.g. Shilts, 1982; Klassen, 1986; Thorleifson et al., 1992). These studies
focused on characterizing the sub-till nonglacial units, and attempting to apply ages to those
units. Roy (1998) was the first to systematically apply quantitative analyses to the till units, using
detailed till-clast lithology counts, geochemistry of the till matrix, and clast-fabric analyses.
Unfortunately, his M.Sc. thesis involved work on only four Quaternary sections. These early
Quaternary studies named and described a sequence of four layered tills, sometimes separated by
nonglacial sorted sediment units. The preliminary work completed by Roy (1998) shows that the
data is more variable and cannot easily be separated into four distinct till sheets. This was also
shown by Trommelen (2013), which led to the need for this M.Sc. thesis. Tills were
characterized in previous work based on simplified clast lithology, matrix color, matrix
carbonate content, clast fabric, and microfossils (e.g. Nielsen and Dredge, 1982; Klassen, 1986;
Nielsen et al., 1986). In most cases, however, the facies descriptions overlap or are based on
different methodologies between studies. In addition, the studies that named and described
stratigraphic till sheets for the Manitoba HBL are based on sections within just 6 km? — and are
not regionally representative. Additionally, the sub — till sorted sediment units are of uncertain
ages (Roy, 1998) and not found at every section. These problems limit unit correlations between

different sediment exposures.



New developments in till classification have involved integrating facies analysis (e.g. clast
fabric, clast lithology) with provenance studies based on various combinations of indicator
minerals, high-dimensional visualization and geochemistry (e.g. Grinfeld, 2007; Grunsky and
Kjarsgaard, 2008; Boston et al., 2010; Dempster et al., 2013; McMartin et al., 2016). Such
integrated approaches have yet to be applied to the glacial stratigraphy of northeastern Manitoba.
The key question is thus: Can quantitative multi-variate statistical analyses of till matrix
geochemistry be used to differentiate tills in the Manitoba HBL where the qualitative field
descriptions shows inconsistencies and conflicts? The objectives of this thesis are to 1) examine
till matrix geochemistry using multivariate statistical techniques, and 2) compare to the existing
four-layered till stratigraphy, and 3) carefully analyze what the results may mean in terms of
provenance and glacial dynamics. This represents an important step towards establishing a more
quantitative Quaternary till stratigraphic framework for the HBL.

1.2 State of Knowledge

1.2.1 Physiography

The study area is located in the Hudson Bay Lowlands (HBL) of northeastern Manitoba
(Figure 1-1, Figure 1-2). The HBL is characterized by flat topography and thick Quaternary
sediments. Elevation ranges from 21 m to 294 m above sea level (asl) (Figure 1-2). The terrain is
poorly to moderately-drained and is dominated by swamps and spruce bogs (Bostock, 1970).
Bedrock outcrop in the study area is rare, and only occurs at the base of a few river sections. Along
the Nelson River, logged sections contain multiple stratigraphic layers recording glacial and
interglacial events of the Quaternary (Nielsen and Dredge, 1982). Because of train and road
connections to the town, as well as the constructions of several dams, this is an accessible area
where geologists can study the stratigraphic sequences of the HBL. The main study area for this

master’s thesis project is near Gillam (Figure 1-2).
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highlighted in the black box. Major hydraulic dams are in orange. Background hillshade image was
generated using a Shuttle Radar Topography Mission (United States Geological Survey, 2002) digital
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1.2.2 Bedrock Geology

The study area crosses the Paleozoic platform in Hudson Bay in the east and Precambrian
Shield in the west (Manitoba Energy and Mines, 1992). Main bedrock lithologies in the region are
shown in Figure 1-3: 1) Precambrian shield (west of black solid line) contains felsic granulite,
granites, granodiorite, tonalite, amphibolite, metavolcanic rocks, migmatite, and metasedimentary
rocks such as metagraywacke (Manitoba Energy and Mines, 1992; Rinne, 2016). The geochemical
contrast may be limited locally within Precambrian Shield lithologies since many of the rock types
are compositionally similar (e.g. felsic); 2) Paleozoic platform in Hudson Bay (east of black solid
line) is mainly composed of limestone and dolomite (Manitoba Energy and Mines, 1992). A
northwestern part of Fox River Belt (denoted as “FRB” in Figure 1-3) is situated in the south of

the study area, and contains layered ultramafic-mafic intrusions and sedimentary rocks (e.g.
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Scoates, 1981; 1990; Manitoba Energy and Mines, 1992; Peck et al., 1999). The major rock types
associated with the ultramafic-mafic intrusions are komatiitic basalt and basalt (Peck et al., 1999,
2000). The sedimentary rocks mainly compromise clastic sedimentary rocks including mudstone,
argillite, greywacke and siltstone (Peck et al., 1999, 2000).
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Figure 1-3 Major bedrock geology in the study area (unpublished digital bedrock geology compilation
from MGS, 2016). Black solid line shows the boundary between Precambrian shield and Hudson Bay
carbonate platform. Black dashed line shows a small part of the Fox River belt.



1.2.3 Continental-scale erratics

The map shown in Figure 1-4 includes several distinct bedrock lithologies in some parts of
Canada including northern and central Manitoba. Glacial erratics (far - transported rocks in
glaciated terrain) have been regarded as important indicators for ice flow history and ice
provenance (e.g. Doornbos et al., 2009; Dredge and McMartin, 2011; Plouffe et al., 2011).
According to Nielsen and Dredge (1982), the provenances for the glacial erratics from the coarse
fraction of tills in the Gillam area can be divided into two groups: northern provenance and eastern
provenance. The reddish volcanic and sedimentary rocks are found in tills, and are most likely
sourced from the Dubawnt Supergroup in the District of Keewatin (Nielsen and Dredge, 1982).
The fact that lithic clasts of the Dubawnt Supergroup indicate that the transport of the glacial
material is significant, and this is the evidence for reworking and long-distance transport. Their
presence in the study area indicates ice flow from the north. The greywacke with light concretions
(also called omars), which have often eroded away and left circular holes, are found in tills, and
are most likely sourced from the Omarolluk Formation in the Belcher Island Group (Nielsen and
Dredge, 1982). Their presence in the study area indicates ice flow from the west and southwest
(Nielsen and Dredge, 1982; Prest et al., 2000).
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Figure 1-4 Map showing distinctive bedrock geology in northern and central Canada (from Dredge and
McMartin, 2011).

1.3 Quaternary till stratigraphy of the HBL — previous work

The HBL region contains numerous Quaternary sediment exposures along the main rivers
flowing into Hudson Bay (cf. Dredge and Cowan, 1989). Although HBL region covers three
provinces (e.g. Manitoba, Ontario and Quebec), this thesis focuses on the Manitoba part. Four tills
have been named during previous work in Manitoba: Sundance Till, Amery Till, Long Spruce Till

and Sky Pilot Till (Figure 1-5). This succession of tills is overlain at most sites by glacial lake and
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glaciomarine sediment. Figure 1-5 is a composite stratigraphic summary, and it is important to
note that this entire succession has not been found at any of the known exposures to date. Instead,
it is a product of stratigraphic analysis and correlation based on research done over many years by
several workers. The sub-sections below summarize the main characteristics of each of the named
till units, while highlighting the nature of the overlaps and the correlation issues away from the

type sections. The main descriptions for each till unit are summarized in Table 1-1.

Terrestrial unit
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Figure 1-5 Quaternary stratigraphic framework of the Hudson Bay Lowlands of northeastern Manitoba
(from Dredge and McMartin, 2011).

1.3.1.1 Sundance Till

The till at the base of the Sundance section (Figure 1-2, Figure 1-6) rests on carbonate
bedrock and is considered the oldest till in the area (Nielsen and Dredge, 1982). The Sundance Till
is described as light olive grey (5Y 5/2), with a relatively high proportion of sand (45-47%) (cf.
Nielsen et al. 1986). Clast lithology is characterized by a high percentage (45-53%) of
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undifferentiated Precambrian igneous clasts and 40-55% weight percent carbonate clasts of
interpreted local source (Nielsen and Dredge, 1982; Nielsen et al., 1986; Roy, 1998; Dredge and
McMartin, 2011). The latter interpretation is based on the lack (or trace amount) of distinctive
erratics of eastern Hudson Bay provenance, such as greywacke of the Omarolluk Fm (Nielsen et
al., 1986) and low foraminifer content. The less than 63 microns fraction contains from 16 to 31
wt. percent carbonate (Nielsen et al., 1986; Dredge and McMartin, 2011). Ice flow erosional
indicators on bedrock underlying Sundance Till are indicative of southwest-trending ice flow
(245°), but upstream of Sundance section there are ice flow erosional indicators (miniature crag-
and-tails) that trend southeast (145°) (Nielsen et al., 1986; Dredge and McMartin, 2011). Fabric
data also suggest SE-trending ice flow during till deposition (Nielsen et al., 1986). Overall, the till
has been interpreted to be the product of Keewatin ice (northwest provenance; cf. Figure 1-1), but
with minor incorporation of pre-existing material of eastern provenance due to the small number
of foraminifera in the till and the striae that underlies the Sundance Till at the Sundance section
(Dredge and McMartin, 2011). At the Sundance section, a paleosol is developed at the top of the
Sundance Till (Nielsen and Dredge, 1982; Roy, 1998). The paleosol (Table 1-1) is described as a
30 cm leached zone characterized by depletion of labile metals (e.g. Zn, Ni) overlying a zone of
metal enrichment (Nielsen et al., 1986; Dredge et al., 1990). The paleosol also has pollen content
indicative of tundra vegetation (Dredge and Cowan, 1989). The paleosol was also documented at
Moondance section by Roy (1998) where it developed in the upper part of the Sundance Till as a
~1 m thick zone of weathering. A till found and described at the Moondance section, as well as
Birds’ Island has been correlated to the Sundance Till due to the similar clast lithology, same

stratigraphic position and southeast ice flow from fabric data (Roy, 1998; Nielsen, 2002b).



Figure 1-6 Sundance section exposed on Nelson River. a: carbonate bedrock, b: Sundance Till, c: Amery

Till and d: postglacial sediments (from Dredge and McMartin, 2011).

1.3.1.2 Amery Till

At the Henday Section (Figure 1-2) along the Nelson River, a lower till in contact with
bedrock is overlain by an interglacial unit, which is in turn overlain by glacial (Wisconsinan) layers
and Holocene layers (Klassen, 1986; Figure 1-7a). This lower till, referred to as the Amery Till
(Nielsen et al., 1986), is described as a compact, fissile, and jointed light olive grey (5Y 6/1) till.
The color is also described as olive grey (5Y 4/2) and olive brown (2.5Y 4/4) by Roy (1998) and
olive grey (5Y 5/2) by Klassen (1986). It also shows oxidation along the joint surfaces (Dredge
and McMartin, 2011). Amery Till contains more silt (less sand) than the Sundance Till (Table 1-1).
The composition is different than the Sundance till, as the Amery Till contains about 66-87 percent
carbonate clasts, 9-24 percent igneous clasts and up to 20 percent greywacke clasts from the
Omarolluk Fm (Omars) in eastern Hudson Bay (Nielsen et al., 1986). The fine matrix (<63 um)
contains about 25 to 40 wt. percent carbonate (Nielsen et al., 1986; Table 1-1). Till fabrics indicate
ice flow ranging from southwest-trending to northwest-trending directions depending on the site
and authors (cf. Dredge and McMartin, 2011), but that combined with the occurrence of Omars
have been used to interpret ice flow from the Quebec-Labrador Sector (Figure 1-1) during the
deposition of Amery Till. The Amery Till has also been described as containing marine shell
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fragments (e.g. Hiatella arctica) and abundant microfossils, mainly foraminifers, which has been
used to further support an eastern (Hudson Bay) source for the till (Nielsen et al., 1986). Another
till with similar characteristics as the Amery Till is found at the base of the God’s River section
(Figure 1-7b) where it also underlies interglacial sediments (e.g. Klassen, 1986). It has also been
identified at other sections including the Moondance section, Limestone section, and Birds’ Island
section (Roy, 1998). At the Moondance section, the Amery Till was described as olive brown
(2.5Y 4/4) and contained marine shell fragments. The Amery Till is separated from the underlying
Sundance Till by the occurrence of paleosol (Roy, 1998). At the other two sections (Limestone
section and Bird’s Island section) described in Roy (1998), the Amery Till has the same color as
shown in Moondance section, and they have similar matrix texture and contain marine shell
fragments. The age of this till has been assigned to the Illinoian glaciation based on its stratigraphic
position beneath Sangamonian age (e.g. Missinaibi Formation; Skinner, 1973) interglacial
sediments (Nielsen et al., 1986).

Figure 1-7 a) Sequence exposed at the Henday section; A: Amery Till; B: Nelson River Sediments; C:
Long Spruce Till and D: Lake Agassiz and Tyrrell Sea sediments (Nielsen et al., 1986) b) Sequence
exposed along Gods River; 1: Lower till; 2: Gods River sediment; 3: middle till; 4: upper till; 5: Tyrrell
Sea sediments (Klassen, 1986)
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1.3.1.3 Long Spruce Till

At a number of sites (e.g. Klassen, 1986; Dredge and Nielsen, 1985; Dredge and Nielsen,
1987; Nielsen et al., 1986; Roy, 1998; Dredge and McMartin, 2011), a carbonate-rich till is found
overlying organic-rich sediments that have been assigned to the last (Sangamonian) interglacial
(Nelson River sediments, Figure 1-5). Along the Nelson River, this till is referred to as the Long
Spruce Till, whereas a comparable till in a similar stratigraphic position along the Gods River is
referred to as “the lower till” of the Wigwam Formation (Klassen, 1986). The Long Spruce Till
shows a range of color including a light olive grey (5Y 6/1) color (Nielsen and Dredge, 1982),
dark grey (5Y 4/1) color (Roy, 1998) and olive grey (Dredge and McMartin, 2011). Clast fabric
data from Long Spruce Till has been interpreted as NW-, W-, and SW — trending (Nielsen and
Dredge, 1982; Nielsen et al., 1986; Roy, 1998; Nielsen, 2001; Dredge and McMartin, 2011). Its
grain size and clast lithology are similar to that of the Amery Till (Table 1-1). The two can be
distinguished based on their stratigraphic position relative to the interglacial bed, but that can only
be achieved at a limited number of sites where interglacial sediments are exposed.

Long Spruce Till overlies Amery Till or Nelson River Sediments. However, the separation
between Long Spruce Till and Amery Till is not easy to clarify. It has been argued that Long
Spruce Till has a lower average abundance of foraminifers than Amery Till (Nielsen et al., 1986),
but a close look at the Nielsen et al. (1986) data shows the difference is due to only one outlier
“Amery Till” sample with an anomalously high count. If this one sample is removed from the
dataset, the averages become similar. Furthermore, no statistical test of the mean has been applied,
making this criterion speculative. Nielsen et al. (1986) suggested that an anomalously high
percentage (23%) of Omars at some sites suggests that more than one grey till may overlie the
Nelson River sediments, since other Long Spruce Till sites only have 5% Omars. However, Omar
clasts have also been identified in the Amery Till, Sky Pilot Till (see below), as well as some of

the surficial undifferentiated tills.

1.3.1.4 Sky Pilot Till

Several till sheets stratigraphically positioned above interglacial sediments have been

documented by previous workers. These tills are often interbedded with sand and gravel layers and
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have been traditionally separated into grey and brown tills (Dredge and Cowan, 1989). According
to legacy work, the grey tills (e.g. Long Spruce) are found below brown tills (Nielsen and Dredge,
1982) and the brown tills have been lumped together into a single unit referred to as the Sky Pilot
Till (Nielsen et al. 1986). The tills are fractured and contain oxidation rinds (Nielsen & Dredge,
1982). Descriptions vary among different authors. The lower unit is described as clast-rich and
silty, compact, and calcareous, while the upper unit is less stony, and less compact (Dredge &
McMartin, 2011). The ice flow history associated with these two brown tills includes a shift in ice
flow from W-trending to SW-tending which are based on the till fabric measurement and the
orientation of drumlins (Nielsen et al., 1986; Dredge & McMartin, 2011). However, Trommelen
(2013), Trommelen et al. (2014) and Gauthier et al. (2016, 2017) have shown that the youngest till
along the Sky Pilot Creek is associated with a transition from west-trending to northwest-trending

ice flow.

1.4 Problems

At least 3 glacial cycles occurred in Hudson Bay Lowlands (HBL) as evidenced by the
presence of nonglacial intervals (Nielsen and Dredge, 1982; Nielsen et al., 1986; Roy, 1998).
Moreover, the glacial dynamics that occurred as each of those glacial cycles advanced and
retreated from at least 2 different source areas of the LIS (e.g. Keewatin and Quebec-Labrador
sectors) likely led to complex changes in ice-flow directions over time. The resultant deposition,
transportation, and erosion of till is likely complex as well. The palimpsest nature of till production
is seen in the qualitative, field — based four till stratigraphy described above, as parameters
typically used in facies analysis (e.g. texture, colour, clast lithology, fabric) show overlaps,
inconsistencies, and conflicting descriptions from different authors between the described till units
(Table 1-1). Other than the stratigraphic position, where glacial units are separated by a nonglacial
sorted sediment and/or organic unit at a limited number of sites, none of the criteria that have been
used to discriminate between Amery and Long Spruce tills are unique. Moreover, the ice flow
direction associated with the Long Spruce Till and Amery Till are variable among different authors
(Table 1-1). As for the Sky Pilot Till, it appears from the literature that the texture, fabric, and
physical properties of these surficial till sheets vary considerably with major overlaps between the

properties of the surficial till and other named tills. Nielsen et al. (1986) recognized two different
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brown tills based on the content of greywacke clasts; the lower till sheet contains 20% Omars
versus 5% for the upper till. However, they do not specify the number of samples or the standard
error associated to these average values. The identification of Omars in certain grain size fractions
may also be difficult and it is possible that in some cases it is confused with other lithologies
(Hodder et al., 2015). Assigning these upper till sheets to a single stratigraphic unit (Sky Pilot Till)
is likely a major, and perhaps misleading, simplification.

The main issue in the study area is that previous researchers focused on the non-glacial
stratigraphic units, and preliminarily named four tills based on only a few samples from a few
sections along the Nelson River. Examining the published data shows that there are no clear
distinctions between the upper 3 tills (Amery Till, Long Spruce Till and Sky Pilot Till). In their
stratigraphic summary of Manitoba, Dredge and McMartin (2011) acknowledged that previous
efforts to discriminate till sheets into separate stratigraphic units in the HBL of northeastern
Manitoba have “met with limited success” because of the considerable compositional variability
within tills. Additionally, quantitative analysis on till matrix geochemistry hasn’t been applied to
the studied area. However, there is uncertainty about till recognition because of petrographic
similarities and ambiguities. It is possible that till-matrix geochemistry would be affected by the
same limitations, because of the complex shifts in ice sheet configuration which caused sediment
re-entrainment and mixing of bedrock detritus from multiple sources during till production
(Dredge and McMartin 2011).
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Table 1-1 Summary table showing till unit descriptions by different authors

15

Unit Name Sediment Type Color Structure Fossils Tyr.>|ca[ Clast Matrix Texture Marix totel Mang‘a.nese CIaTst—fal?rlc
Lithology Carbonate Staining Orientation
West-trending, west-
trending and southwest-
rending; 218"
Carbonate: 59-99%, |Gravel: 2-23%, (southwest-trending);
Brown Clay Till/ Clayey Till Pale yellowish (10YR 70.75-72.57% (red Sand: 13-48%, 7.78- | N/A; N/A; 38.56%, YES t v
Sky Pilot Till ' 6/2); brown( 10YR  |Vary between carb. 3.2-4.46%),75% |17.14%,15% 38% west-
4/3), compact and fissile; Precambrian: 1-29%, |Silt: 35-61%,73.31- southwest-trending and
relatively soft and 11.94-15.00%, 82.43%, 75% west-rending; west-
unoxidized; no Greywacke: 0-31%;  |Clay: 12-46%, 8.32- rending to southwest-
oxidation evidence |Shell fragments 5.89-9.6%, 5-20% 9.78%, 10% trending
Carbonate: 62-82%, [Gravel: 4-11%,9%
76%, 62.00-78.56% Sand: 22-33%, 25%,
. . (red carb.0-0.65%), 17.658-
Upper Grey Till/ I;?r)t ?jla“:lf ::;’((:z s 21i218%25%; Sl N/A; 24%; 31.60%, 24
) Till & Precambrian: 8-25%, [38-48%,39%, s £ * 7| YES, but relatively less
Long Spruce Till 4/1); 19%,13.76- 65.977- 40% Northwest-trending;
Highly fissile with  [Abraded shell 26.60%,28% 72.336%,68% west-trending;300°
faint light brown fragments; poorly |Greywacke: 2-26%, Clay: 24-37%, 27%, (North-trending);
oxidation rinds fossiliferous 5%, 6.32-10.55%, 8% |5.905-10.746%, 8% southwest-trending
interglacial Sand, silt and clay
Deposits/Nelson mixture with minor ice N/A thinly bedded Spruc‘e weod N/A N/A N/A N/A N/A
River sediment rafted detritus (Ficea)
Carbonate: 66-37%, |Gravel: 9-12%, 8%
Light olive grey (Sy Shell fragments 179%, 76.38-80.15% Sand: 25-31%, 27%, Northwest-trending;
Middle Grey il 6/1); olive gray (5Y | Highly fractured are common;  |(red carb. 0-0.60%), |24.054- N/A; 25%; 37.61%, 25 YES southwest-rending and
Till/Amery Till 4/2); with oxidationrinds| abudant marine |77% 34.043%,28% 40% west-trending; 238"
shell fragment  |Precambrian: 9-24%, |Silt: 36-47%, 40%, (southwest-trending);
14%, 1.96-4.33%, 23% |60.14-69.931%, 66% southwest-trending and
Greywacke: 3-10%, Clay: 22-39%, 25%, southeast-trending;
7%, 16.80-20.10% 4.444-7.35%, 7%
Paleosol/Sundanc Conslstof30m
Paleosol N/A thick carnonate N/A N/A; N/A; N/A; N/A N/A
e paleosol
leach zone
Gravel: 14% or
Carbonate: 52% or 6%,10% Sand: 45%
42%, 47%, 40.33- or 55%,47%, 30.786-
Light olive grey (5Y 46.72% (red carb. 0%), | 54.594%, 45%
Lower Grey _ il 5/2); dark grayish Some oxidation N/A; lack of fossils 55% Silt: 38% or 33%, N/A; 16%; 37.61%; 16 YES Striae: 245°, fabric
Till/Sundance Till brown color (2.5Y shown Precambrian: 45% or |32%, 42.696- 31% southeast-trending;
5/2) 53%, 53%, 0.13-0.88%,|63.008%,45% southeast-
45% Clay: 13% or 12%; trending; 149"
Greywacke: 3% or 5%, |11%, 2.328-13.29%, (southeast-trending);
0%, 51.2-58.40% 10% southeast-trending
(Nielsen &
Dredge, (Nielsen, 2001, McMartin and
1982) (Nielsen et al., 1986) 2002) (Roy, 1998) Dredge, 2011




1.5 Thesis Objectives

One possible solution to the problem in this study is to integrate till geochemistry, using
multivariate statistical techniques (Grunsky, 2010; Grunsky and Kjarsgaard, 2016), with
traditional facies analysis (e.g. color, clast lithology, texture, fabric) of the till. As mentioned in
Section 1.1, the scope of this research is not to complete the full facies analysis integration, but
rather to examine till matrix geochemistry in detail to see what information it can provide that

traditional facies analysis methods cannot. The primary objectives are to:

e Determine whether till-matrix geochemical groups form a continuum (hybrid
groups overlapping with end-members) or distinct groups (clear groups with
unique geochemical makeup).

e |dentify and interpret vertical trends in selected key sections as well as horizontal
spatial patterns.

e Interpret potential causes for the groups and trends.

This thesis is part of a collaborative project involving the Manitoba Geological Survey and
the University of Waterloo. The research team will use the results and interpretation of this thesis
to develop the overall, more comprehensive, till stratigraphy of the study area.

1.6 Methodology overview and author’s contributions

Field work was conducted in 2014 and 2015 by the author and project team members. Field
work involved till sampling, section logging, and fabric measurements. The stratigraphic logs were
completed by the MGS team (thesis co-supervisor Dr. Michelle Trommelen and Tyler Hodder) in
Winnipeg and used in this thesis for the purpose of providing a framework of major unit contacts
and general facies. This is useful to put the results of this research thesis into a general descriptive
stratigraphic framework (major bounding surfaces and textural descriptions). A total of 254 till
samples were collected from tills at surface and outcropping in section. All samples were processed
at the Saskatchewan Research Council Geoanalytical Laboratory (SRC). Geochemical data were
prepared, analyzed, and interpreted by the author of the thesis in Waterloo under the guidance of
Dr. Martin Ross (co-supervisor) and Dr. Samuel Kelley (post-doc) using statistical methods
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through the software program R ((https://www.r-project.org). A more detailed method section is

found in Chapter 2.

1.7 Thesis Structure

This thesis contains four parts: An introduction chapter (Chapter 1) describing the rationale
for the study as well as the main objectives; a method chapter (Chapter 2), which describes the
details of field work, sampling, analytical work, data processing and statistical analysis; a paper
format main body chapter (Chapter 3), which presents the main findings and interpretation; and,
finally, a conclusion chapter (Chapter 4), which summarizes the thesis work and the main

contributions.
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Chapter 2 A strategy and workflow for analyzing and interpreting till

matrix geochemical data in a multi-till stratigraphy context

2.1 Introduction

This Chapter describes the necessary ordered set of activities, or workflow, required to
achieve the project’s objectives as stated in Chapter one. It also provides background information
about the rationale for choosing certain methods as well as the preliminary steps to prepare data
before initiating the analysis presented in details in Chapter 3. The sub-sections below present the

details of the workflow.

2.2 Field Work

Field work was a team effort (see acknowledgments) and it consisted primarily of
documenting observations from exposed stratigraphic sections, collecting clast fabric
measurements, and sampling till for geochemical analysis. This work builds upon existing
published literature (cf. Nielsen & Dredge, 1982; Klassen, 1986; Nielsen et al., 1986; Dredge &
Nielsen, 1987; Roy, 1998; Dredge & McMartin, 2011 for stratigraphic descriptions; cf. Nielsen &
Dredge, 1982; Roy, 1998 for fabric measurements; cf. Roy, 1998; Dredge and Pehrsson, 2006;
Trommelen, 2013 for till sampling). In total, approximately two months were spent in the field
including 45 days and 14 days spent in 2014 and 2015, respectively. The field sites are located

within the 7,380 km? study area and were accessed by truck, helicopter, or boat.

2.2.1 Stratigraphic logging

Stratigraphic logging consisted of identifying along natural exposures (mainly river
sections) visible bounding surfaces separating stratigraphic beds. The vertical thickness of each
identified stratigraphic bed was measured and their sedimentary facies described, such as texture
and color of sediments, as well as clast content and sedimentary structures. The nature of the
contact (e.g., sharp, diffuse) and any apparent facies trends were noted. Clast fabrics were
completed at 19 stratigraphic sections, in order to help determine the ice flow orientations
associated with till samples. The stratigraphic and fabric analyses are used for comparison with
the chemostratigraphy developed in this thesis and to support part of the interpretation. Details
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about the stratigraphic and fabric analyses can be found in Trommelen, (2013), Trommelen et al.,
(2014), and Kelley et al., (2015) at the Manitoba Geological survey. Only a brief summary of the

concept is described below.

2.2.2 Fabric Measurements

Elongated clasts in a matrix-supported till can have a preferred orientation reflecting stress
and strain at time of deposition and this information can be used to derive past ice flow direction
associated to that till. Measurement of clast macrofabrics are conducted routinely during
investigations of past glacial activity (Evans et al., 2007). Individual elongated clasts can be
described by three orthogonal axes and their associated planes (Figure 2-1). The dip and dip-
direction of the long a-axis of in situ clasts are always measured and for a 3D fabric, the
intermediate b-axis or the ab plane is also measured. The short c-axis can be derived from the
measurements of the other two. The shape of the clasts is thus an important criterion to consider.
In order to facilitate the identification of the different axes and make accurate measurements, a
minimum length difference between them is necessary. The ratio between the length of the a- and

b-axes of a clast needs to be greater than 1.5 (Benn 2007).

Figure 2-1 An elongated clast or pebble with its three principal and orthogonal axes (a, b, ¢) and

associated planar surfaces (ab, ac, bc) (Benn, 2007).

In order to complete a clast fabric in the field, a working surface needs to be prepared at

selected sites. To reduce bias in the selection of the clasts to be measured, it is recommended to
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prepare at each site a clean horizontal surface; generally, a 30 cm*30 cm square surface is
sufficient) instead of a vertical surface because clasts in lodgement till (i.e. till that has moderate-
strong fabric anisotropy good for ice flow analysis) tend to have a shallow dip and a vertical face
could lead to an xy orientation bias in the sampling. A minimum number of measurements is
needed to get representative fabrics, and most studies in the literature recommend about 50 clasts
for a single fabric (Benn, 2007). However, this can be difficult to achieve in matrix-rich, clast-
poor, tills and due to time, budget considerations, and previous work in Manitoba comparing clast
fabrics with different sample populations (Hart and Smith, 1997; Nielsen, 2001; Nielsen, 2002b),
a minimum of 30 clasts was considered acceptable for this study. These measurements are then
used to investigate the spatial arrangement of clasts in the till matrix and determine whether there

is a preferred orientation that could be a record of past ice flow at the time of deposition.

2.2.3 Till Sampling

A total of 254 till samples were collected from cleaned sections along the Nelson River
and from hand-dug pits at the surface across the field area (Figure 2-3). A clean unpainted shovel
and/or dutch auger were used to collect samples of till (Figure 2-2). For surface samples, the
minimum depth of sampling was 40 cm in order to be within the parent material (c-horizon) and
thus minimize the complexities related to shallower soil forming processes and the risk of
contamination from any anthropogenic activity (McMartin and McClenaghan, 2001). Each till
sample weighed about 2 to 3 kilograms, which meets the minimum recommended weight (2 kg)
for till matrix geochemistry surveys in northern Canada (McMartin and Campbell, 2009). About
half of the total weight of each sample was kept at the MGS for archiving. The sample splits were
sent to the Saskatchewan Research Council (SRC) Geoanalytical Laboratory, to separate out the
<63 pum grain size fraction — which was then used for the analysis of trace element geochemistry.
The >2 mm size fraction was also separated at SRC, and sent back to the MGS where the 2-80

mm clasts were classified by lithology.
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Figure 2-2 Example of a sampling site and general sampling approach. The section is first cleaned with
an unpainted shovel to remove any slumped or weathered material. The sample is extracted using a plastic
trowel (not shown) and put in a thick plastic bag with a sample number.
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Figure 2-3 Locations of the till sample sites (red dots are surficial samples and blue stars indicate where
section samples are collected). Background hillshade image was generated using a Shuttle Radar

Topography Mission (United States Geological Survey, 2002) digital elevation model.
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2.3 Sample Preparation and Analytical Work
The fine fraction (< 63 pum) underwent both partial (HCIl: HNO3z) and total digestions (HF:

HNOs: HCIO4). The two digestion methods provide different information useful for the analysis
and interpretation. Specifically, partial digestion is useful in exploration because it can dissolve
certain minerals that are of economic interest such as sulphide minerals. Partial digestion can also
dissolve carbonates and other soft minerals that can be of interest to various provenance studies.
The total digestion is a more aggressive digestion that can dissolve most minerals including the
more resistant silicate minerals. Results from total digestion provide a more complete set of
information about the composition of a sample. Since this study is mostly about discriminating till
units on the basis of their overall composition, the results based on the total digestion are the ones
used in the statistical analysis. At SRC, the product of total digestion was analyzed using a Perkin
Elmer Optima 5300DV inductively coupled plasma-emission spectrometer (ICP-OES) and
inductively coupled plasma mass spectrometry (ICP-MS). The partial digestion was analyzed
using ICP-MS. The commercial laboratory also provided percentages of calcite (CaCOz), dolomite
(CaMg (COs3)2), and total carbonate (CO3%) based on Ca and Mg results and calculations (all in
weight percent) using several equations (e.g. Dolomite (%) = Mg (%) * 7.5852).

Grain size analysis was done on the materials less than 2 mm by SRC. Samples were dried
and sieved. An aliquot of materials less than 2 mm were defloculated using Calgon® and sieved
through a 2 mm screen into a graduated cylinder, and then an aliquot of the sample was removed
at once. After settling occured, another aliquot of sample was removed from the cylinder to
determine the grain size distribution. The aliquots of materials and sieved sand were dried and re-
weighed.

2.4 Quality Assurance and Quality Control

Field duplicates and lab duplicates are used for the quality control. This is important in
order to test reproducibility of results, as well as to identify any changes in the performance of the
laboratory equipment during the analysis of a sample batch. In total, 12 lab duplicates (samples
are separated into two parts in the lab) and 9 field duplicates (samples are repeatedly collected in
the field), as well as 12 standard samples from SRC were inserted in the batches. The QA/QC
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procedure (e.g. Piercey, 2014) involves comparing results of duplicates for identification of

discrepancies.

2.4.1 Scatterplots

Scatterplots are a tool plotting original data as X1 and duplicate data as Y1 with a given
precision level (Piercey, 2014; Figure 2-4). If data points are plotted within the precison line, they
are precise to the chosen precision (e.g. blue solid dots; Figure 2-4). If the points are not within
the precison line, then they are not considered precise to the certain precision level (e.g. blue
hollow dots; Figure 2-4). Scatterplots were produced in Microsoft Excel (Appendix B). In this
study, the comparison of results for the SRC standard samples shows the average relative standard
deviation (%RSD) is 2.92%, which indicates good precision for geologic interpretation according
to Jenner (1996) and Abzalov (2008). For the duplicate samples (both field and lab duplicates),
results show a precision of 10% for the major oxides and between 10-15% for trace elements
(Appendix B). The precision for the duplicate samples is likely due to intrinsic heterogeneities of
the split samples; one sample aliquot containing a slightly different mineral blend than the other
aliquot will reduce the precision relative to the standard samples. Nonetheless, this level of

precision was deemed reasonable for the purpose of this study.
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Figure 2-4 An example of a scatterplot where the original sample is plotted vs. the duplicate sample. The
orange solid line is the 1:1 control line which means original data is equal to duplicate data. The blue
dashed line is the 15% precision line. Since the majority of data points are within the chosen precision
lines, with some outside scatter, this suggests the data is moderately precise with no bias at a level of 15%

precision (modified from Piercey, 2014).

2.4.2 Thompson-Howarth method

The Thompson-Howarth method (Thompson & Howarth, 1978) of QA/QC involves
plotting data on a control graph with a control line (e.g. 95th percentile or 90th percentile)
(Thompson & Howarth, 1978; Stanley, 2003; Piercey, 2014). The process is conducted using a
function which is created for the R program (see Garrett and Grunsky, 2003). The x axis is the
mean ((X1+X2)/2) of original data (X1) and duplicate data (Xz), while the y axis is the absolute
difference (|X1-X2|) between original data (X1) and duplicate data (X2). With a chosen precision,

if the data points are below the control line, then the data are precise at this precision or even better
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(Figure 2-5). If the data points are all above the control line, then the data are not precise and
should not be used (Thompson & Howarth, 1978; Piercey, 2014). In this study, all elements plotted
below the 95™ percentile line, except Yb (Appendix C). Therefore, Yb was not used for further

analysis.

QA/QC

Absolute Difference between Duplicates
1e+00 1e+01 1e+02

1e~-01

1e-02

T T
le-02 le-01 1e+00 le+01 le+02

Mean of Duplicates

Figure 2-5 Thompson-Howarth plot. Control line is set at 95" percentile. No points are above the control

line suggesting data is acceptable for the desired precision.

2.5 Analysis of Geochemical Data

The statistical analysis of geochemical data is the main approach used to achieve objective
1, which is to determine whether different till units can be recognized on the basis of till matrix
geochemistry (cf. Sect. 1.5). Geochemical results received from SRC were processed using the R
programming software. R is open source software widely used for statistical computing and

graphics (https://www.r-project.org).

Since the study location (Figure 2-3) is underlain by two contrasting geological domains
(a carbonate platform to the east and shield rocks to the west), the geochemical signature of these

two domains is important for establishing provenance, especially in the regional context of
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multiple tills and ice flow shifts (cf. Chapter 1). It is expected that most tills will have a mixed
provenance and it is thus important to use techniques that can discriminate tills characterized by
mixed sources. Different methods were used herein, to ascertain which methods work best, but
also to capture and represent different characteristics of the data. The first group of techniques is
based on the use of elemental ratios and groups of elements that are characteristic of a specific
source. The second group of techniques involves the multivariate analysis of the complete dataset

treated as individual elements.

2.5.1 Elemental ratios and first-order associations

Combining elements into ratios is useful for examining mineral content of till (e.g. Ross et
al., 2011; Dredge & McMartin, 2011, McMartin et al., 2016). For example, Ross et al. (2011) and
Dredge and McMartin (2011) used ratios to discriminate Ca and Mg from carbonates versus Ca
derived from plagioclase (feldspars) and Mg derived from ferromagnesian silicate minerals.
Unlike carbonates, plagioclase contains Al and Na. Other feldspars, such as alkali feldspars (e.g.
orthoclase), contain K and Na, and ferromagnesian minerals also have abundant Al. Therefore, a
ratio of Ca and Mg with these elements (Al, Na, K) helps separate a carbonate source from a
silicate source. In this study, the Ca+Mg/Na+K+Al ratio is used to determine the carbonate v.
feldspathic relative contributions in till. In addition, Rare Earth Elements (REE) in till are good
indicators of a shield provenance because they belong to the group of lithophile elements which
are concentrated in silicate rocks of the Precambrian Shield (e.g. Dredge and Pehrsson, 2006;
Dredge & McMartin, 2011; McMartin et al., 2016); carbonates have comparatively low REE
content (Rose et al. 1979). In this study, the Ca+Mg/Na+K+Al ratio and total REE were plotted
alongside selected till stratigraphic logs (cf. Chapter 3) as a first-order analysis of carbonate versus
shield proportion and provenance in tills.

2.6 Dataset Preparation for Multivariate Analysis

Two important pre-processing steps should be applied to data before using statistical
methods. The first step involves results that are below the instrument detection limit (censored
data). The second step is to address a common problem with compositional data that sum up to a
constant; also referred to as the ‘closure’ problem (e.g. Grunsky, 2010).
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2.6.1 Censored Data

Geochemical data reported from SRC contain censored values (Sanford et al., 1993;
Grunsky, 2010). These values are reported as “< lower detection limit” (Figure 2-6) and every
element has its own detection limit for a particular instrument or analytical approach (Table 2-1).
If an element has a high proportion of censored values, it is better to drop that element from the
dataset before applying statistical analyses. In the case where only a small proportion of the values

are censored, it may be useful to find a replacement value for these few censored values.

Bi (ppm)
DL=0.1
<0.1
0.1
<0.1
0.2
<0.1
0.1
<0.1

Figure 2-6 An example for how censored data look in the report. Detection limit (DL) is 0.1 ppm.

Censored values are indicated in red.
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Total Digestion Detection Limit

Major Elements (%) Trace Elements (ppm)

Al03 0.01 Ag 0.02 Er 0.02 Pb 0.02 \Y 0.1
CaOo 0.01 Ba 1 Eu 0.02 Pr 0.1 W 0.1
Cr.03 0.002 Be 0.1 Ga 0.1 Rb 0.1 Y 0.1
Fe.0s 0.01 Bi 0.1 Gd 0.1 Sc 0.1 Yb 0.02
K20 0.002 Cd 0.1 Hf 0.1 Sm 0.1 Zn 5
MgO 0.001 Ce 0.1 Ho 0.02 Sn 0.02 Zr 0.1
MnO 0.001 Co 0.2 La 1 Sr 1

Na.O 0.01 Cs 0.1 Li 1 Ta 0.02

P20s 0.002 Cr 1 Mo 0.02 Th 0.02

TiO; 0.001 Cu 0.1 Nb 0.1 Th 0.02

LOI 0.1 Dy 0.02 Nd 0.1 U 0.02

Table 2-1 Total digestion detection limit of all analyzed elements reported from SRC.

There are many approaches to handle censored data. Two methods have been considered
in this research: 1) divide the lower detection limit by the square root of 2 and use that value as a
replacement value (e.g. Dinse et al., 2014); 2) use the zCompositions, an R package developed by
Palarea-Albaladejo and Martin-Fernandez (2015) to identify elements with censored values and
remove the ones that have a high proportion of censored values (Grunsky, 2010). In the first
empirical method, all censored values are replaced with a single value. This method introduces
bias into the dataset, and may influence later analysis (Dinse et al., 2014). It was decided not to
use the first method in this study. The second method (zCompositions) allows the R program to
target censored values in one dataset and perform imputation for censored data (cf. Palarea-
Albaladejo & Martin-Fernandez, 2015). This method of dealing with censored data is thought to
produce a more realistic and representative distribution of very low values than the first method.
The workflow for zCompositions starts with the use of another R package (zPatterns). The latter
summarizes in a graphical format all the censored values within one dataset (Figure 2-7). After
plotting the zPatterns for the total digestion dataset, only bismuth (dark green rectangle in Figure
2-7) is found to have many censored values (20.32%), and most of the other values are also close

to the detection limit for that element. Bismuth was thus dropped from the datasets prior to the
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statistical analysis. This also helped increase the degree of freedom in the dataset by reducing the

number of elements relative to the total number of samples.

2032

L] Nondetected

m] Observed

000000000000(|000000000000000000000000000000000000

79.68

Pattern number

N

20.32

Al K.. Na. Ba.ppm. Co.ppm Er._ppm. Ho.ppm. Nd.ppm. Sc.ppm. Tb.ppm Y..ppm
Component

Figure 2-7 zPatterns indicate censored values graphically. In this example, 20.32% of Bi values are

below the detection limit. All other elements in the dataset have values above their detection limit.

2.6.2 Compositional Data and Closure Problem

Geochemical data is a type of compositional data and can be visualized using various plots,
such as bivariate plots and ternary diagrams, to recognize different compositional assemblages.
However, geochemical data are generally reported as proportions (e.g. weight %, parts per million,
parts per billion) that sum to a ‘closed’ constant (e.g. 100%), which can lead to spurious
correlations and other statistical issues. Closure can be exemplified by looking at elemental values,
where all the major elements are reported as weight percent (%). This means the total of all major
elemental values remains constant at or very near 100%. Hence, when some elemental values
increase, the others decrease to balance the sum. This internal relationship between compositional
data is known as the constant-sum or closure problem (Aitchison, 1984), and is a problem because
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abundance of one element in a particular sample can make another element seem less abundant
when in reality it has not changed relative to other samples. In addition, compositional
geochemical data are reported in real positive number space, whereas the standard statistical
analysis requires independent variables to freely range from +oo to -oo; statistical results may thus
not be valid leading to incorrect interpretations (Grunsky, 2010). Aitchison (1984) introduced the
use of centred-logratio transformations for statistical analysis of compositional data by converting
a concentration (e.g. ppm) into a vector in the Euclidean space using ratios. The transformation
projects compositional data into the real number space, allowing the standard statistical process to
be used (Grunsky, 2010). The most recent developments in the theory and application of the use
of centred-logratios are described by Egozcue et al. (2003), Buccianti et al. (2006), and
Pawlowsky-Glahn and Egozcue (2006).

The dataset for this research comprises both major oxides and trace elements. Oxides are
reported as weight percent (%), whereas trace elements are reported as parts per million (ppm). To
avoid the closure problem, we apply the centred-logratio transformation (Equation 1) to the

dataset. The centred-logratio transformation was done together on oxides and trace elements.
Oxides were first recalculated to their single element contents (e.g. Ca = CaO*(%); Ca and

CaO are in wt. %, Ca and O are the atomic mass of these elements) and applied with

transformation. Hence, all the data was converted to a common unit (ppm) for statistical analysis.

z = clr(x) = [log {%}, ...,log {%}] )

Equation 1. Centred- logratio transformation (from Aitchison, 1982). X; and Xgq are the first number of
the data and the Dth number of the data. g(x) is the geomean of the data.

2.7 Multivariate Analysis

A single till sample contains numerous elements (e.g. 49 elements in our dataset) and there
can be 100s or 1000s of samples in a database. Multivariate analysis is an effective approach to
handling this type of dataset (Grunsky, 2010). Multivariate analysis is a family of advanced
statistical techniques designed to reduce dimensionality to analyze large sample datasets described

by multiple variables. These techniques can be subdivided into two broad groups: the unsupervised
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and supervised classification techniques. The unsupervised techniques are used to develop an
understanding of the general structure of the data and to identify groups or clusters in multivariate
space that may have a geological meaning, for example. Common techniques include principal
component analysis (PCA), k-means clustering, self-organizing maps, and hierarchical clustering
(Mellinger, 1987; Grunsky, 2010). Supervised classification techniques are used to label a class of
observations of interest, referred to as ‘training data’, characterize it, and predict that class in the
dataset. Techniques such as weights of evidence and decision trees are among the most commonly
used machine learning techniques to carry out supervised classification (Harris and Grunsky,
2015). It is out of the scope of this thesis to describe in detail all these techniques.

As for the process discovery (e.g. Grunsky and Kjarsgaard, 2016), in the context of this
thesis and considering the limited understanding of surficial sediment geochemical composition in
the study area prior to this research, and the lack of detailed bedrock lithogeochemical maps for
high level provenance fingerprinting, it is considered most appropriate to focus on developing a
general understanding of the structure of compositional data in the region and use that to achieve
the thesis objectives at that level of understanding (identify groups, trends, and propose possible
geological meanings). The strategy of the thesis is thus to focus on the application of unsupervised
techniques to describe the compositional data and analyze clusters and trends in an attempt to
extract meaningful information that will help describe and understand the glacial record of the
study area. The main advantage of this strategy is that it proposes to increase step-by-step the level
of understanding of compositional variations in the study area and to extract possible geological
meanings before a higher order understanding can be attained. It is, however, important to also
recognize the limitations of this strategy and of the thesis; the results of the analysis may not be
sufficient to establish with confidence a formal chemostratigraphic framework and determine
specific bedrock sources with a high degree of certainty. Nonetheless, the hope is that the thesis
will lay the foundation to develop a higher level of understanding, perhaps using advanced
supervised techniques to see how well certain observations of interest can be predicted.

After the initial process discovery phase, it was determined that PCA and k-means
clustering would be appropriate to analyze the data. No detailed investigation or comparison of all

the available classification techniques was carried out as this was deemed to be beyond the scope
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of this research. In addition, the use of k-means clustering and PCA separately or in combination
have been successfully applied to the analysis of compositional data to address a variety of
geoscience problems (e.g. Griinfeld, 2007; Boston et al., 2010; Grunsky, 2010; Refsnider and
Miller, 2013; Gamboa et al., 2017) and should provide the necessary insights to achieve the thesis

objectives. These two techniques are further described below.

2.7.1 K-means Cluster Analysis

The k-means clustering technique uses multivariate proximities, instead of the similarities
among individual samples which the hierarchical clustering techniques use (Grunsky, 2010). The
k-means clustering method aims to partition n observations into k (<n) clusters or sets S {S1, S, ...,
Sk} to minimize the distance of each point (xi) in the cluster j to the k centroid (cj) (Tan et al.,
2005). The first step of the algorithm consists in randomly assigning k ‘mean’ centroids (Cj). In the
second step, clusters are formed so that every observation (xi) is assigned to the closest k ‘mean’
centroid. In the third step, new k ‘means’ are calculated based on the distances between the points
xi within each cluster and steps 2-3 are repeated until the squared distance is minimized for each
point; i.e. when the best k centroids are found. R code for the k-means method is included in
Appendix A.

In the R program, the total number of clusters is determined by consulting a scree plot
(Figure 2-8). The trend on the scree plot shows an inflection point based on the relationship
between the number of clusters and the sum of squares. The idea is to find that inflection point on
the scree plot, and choose that cluster number. For example, in Figure 2-8, the first 4 clusters
account for over 90% sum of squared error (SSE) in the dataset; hence, 4 clusters would be an

appropriate number of clusters to run the mean K clustering technique on this data.
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Figure 2-8 Scree plot for choosing the number of clusters; red rectangle shows the “elbow” shape (known

as the point of inflexion). In this example, the chosen number of clusters is 4.

2.7.2 Principal Component Analysis

The PCA is another dimension reduction technique useful to examine the relationships
between elements within a large multivariate dataset and to determine which elements are most
responsible for the variance in the data. PCA has been used for the study of tills by extracting
multi-elemental information on a spatial map (Grinfeld, 2007; Refsnider and Miller, 2013;
McMartin et al., 2016). PCA is a multivariate method that consists of a linear transformation with
x original variables and y new variables, where each new variable is a linear combination of the
old variable (Grunsky, 2010). The PCA method generates a new coordinate system for the dataset
by using eigenvectors and eigenvalues of the covariance matrix of the log-transformed data (Jeong
et al., 2016). The eigenvectors and eigenvalues will determine how one variable differs from
another and where the original samples are located in the new coordinate system defined by the
selected principal components (e.g. PC1 v. PC2, PC1 v. PC3, and so on). The first principal
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component (PC1) is the axis which contains the most variability of a dataset (Davies & Fearn,
2004). Second and higher components represent the lower variability compared to PC1 within the
data and are plotted orthogonal to PC1 (Davies & Fearn, 2004, Figure 2-9). There are two outputs
from running PCA in the R program: one is called "score”, and the other one is called "loading".
Scores are the new values of samples plotting on the new coordinate system (Davies & Fearn,
2004). Loadings are derived by multiplying the eigenvector matrix by a diagonal matrix of
eigenvalues (e.g. Jolliffe & Cadima, 2016; Grunsky, 2010). A score plot shows the data points
distribution on the axes of PCs. The loading plot displayed as a barplot showing values of the
variables were negative or positive for each principal component, which is useful for determining
which variables are controlling variability in each PC. PCA can be very useful in discriminating
different geological processes by identifying patterns and relationships between several
geochemical elements (Grunsky, 2010).

6 |

Figure 2-9 Graphic plot of first principal component (red line) and second principal component (yellow

line) regenerated from Detlefs (2016).

PCA is best suited for finding the driving variables which are demonstrated based on the
absolute loading values of each variable in the PC space. If one variable has a large positive or

negative value under one of the PCs, then this variable is the driving variable under the
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corresponding PC. Sample compositional clusters can be identified, but only if they separate well
on a PC plot. PCA results can be plotted on a map (e.g. using GIS) or vertically along stratigraphic
logs to identify possible spatial (horizontal and vertical) relationships. In this study, the PCA was
done using the ggbiplot package in R (Vu, 2016).

2.7.3 Integration of results and interpretation approach

The geochemical dataset in this study was first illustrated by k-means clustering,
classifying 6 clusters out of all samples (see Chapter 3). Next, these 6 clusters were projected in
PC space, and the PCA added driving variables for each cluster and gave each sample new values
(scores) under the PC spaces. The combination of k-means and PCA provided a description of the
general structure of the data. After the statistical analysis, these results were then analyzed spatially
on maps using ArcGIS (“Geospatial Coherence”; Grunsky and Kjarsgaard, 2016) as well as
vertically along stratigraphic logs to detect possible meaningful patterns and trends that can be
interpreted in terms of the bedrock provenance. Additionally, six geochemical groups are
compared to the pre-existing stratigraphic framework at one type section in order to determine
whether these two classifications are similar.

A summary workflow of the methods described and discussed above is presented in Figure
2-10.
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Figure 2-10 Workflow chart summarizing the methodological approach of this study. The workflow is

generated from an online drawing software “Processon” (https://www.processon.com, only available in

Chinese).
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Chapter 3 Statistical analysis of till geochemistry in northeastern

Manitoba

Overview

The Quaternary stratigraphy of Manitoba Hudson Bay Lowland (HBL) contains valuable
information about past glacial cycles. Previous research has identified four till units that outcrop
in the region: Sundance Till, Amery Till, Long Spruce Till, and Sky Pilot Till. These tills are
thought to have been deposited during the Pre-lllinoian, the Illinoain, and the Wisconsin
glaciations. However, applying this four till stratigraphy to new stratigraphic sections over a larger
region of the HBL has proven difficult. This is because the descriptions are mainly qualitative, and
there are inconsistencies between different studies. Multivariate statistical analysis, including
cluster analysis and principal component analysis, of till matrix geochemistry is applied to the
Quaternary tills of the HBL near Gillam, Manitoba, to quantify the local till classification and gain
understanding about the genesis of different till units. Six statistical till-geochemistry groups are
identified first by examining a scree plot based on the sum of squared error in the dataset and then
by applying k-means clustering and PCA analysis. An attempt is made to determine the
provenance of these 6 groups, as their compositions are sourced from the mineralogy of original
eroded rocks, as well as any re-entrained glacial or nonglacial sediments. There are fuzzy
boundaries between the statistical till-geochemistry groups, and considerable overlap in the
element signatures. Based on these results, tills within the Manitoba HBL are interpreted as a
palimpsest product of overprinting and inheritance and cannot easily be separated and correlated
into regionally-widespread layered till sheets based on their geochemistry and the previously

proposed four-till stratigraphy.

3.1 Introduction

The Quaternary stratigraphic record of the Hudson Bay Lowland (HBL) preserves valuable
information from past glacial and interglacial cycles (e.g. Andrews et al., 1983; Nielsen et al.,
1986; Dredge et al., 1990; Thorleifson et al., 1992). The sedimentary records provide key
information about ice sheet evolution and dynamics related to two major ice centres; namely the

Keewatin Sector and the Quebec-Labrador Sector of the Laurentide Ice Sheet (LIS) (Figure 3-1).
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The sediment successions in the HBL have long been identified for their potential to capture the
main changes in LIS configuration (e.g. Shilts, 1982). Using a specific pebble lithology, in this
case Dubawnt erratics, Shilts (1982) determined that till within northern Nunavut and the Manitoba
HBL had been derived at least partially from Baker Lake - a distance of more than 600 km to the
north/northwest. Similarly, using greywacke erratics with calcareous concretions (Omars), Prest
et al. (2000) showed that part of the tills within the Manitoba HBL was derived from the Belcher
Island Group - a distance of more than 800 km to the east.
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Figure 3-1 A map of ice mass extent in North America during Last Glacial Maximum (LGM), depicting
the location of the Laurentide, Innuitian, Cordilleran, and Greenland Ice Sheets. Highlighted on this map
are the extent of the Precambrian Shield (covered by ice during the LGM), and the location of the Hudson

Bay Lowland in red font (modified from Dyke et al., 2002).
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In northeastern Manitoba, the Quaternary sediment successions of the HBL have been the
subject of numerous studies (e.g. Nielsen and Dredge, 1982, 1985; Nielsen et al., 1986; Klassen,
1986; Roy, 1998) aimed at better understanding: 1) the regional Quaternary history such as glacial
and interglacial cycles, but also possibly interstadial events, and 2) the LIS evolution and dynamics
(e.g. Shilts, 1982; Klassen, 1986; Thorleifson et al., 1992). The till classification framework that
resulted from these studies is largely based on visual field observations and related sediment facies
descriptions. However, it is difficult to differentiate tills and correlate them from section to section
on the basis of sediment facies descriptions alone because of the apparent homotaxy of tills and
the lack of laterally extensive marker beds; organic beds separating similar tills at type sections,
for example, are highly discontinuous. Moreover, while previous researchers have measured clast
fabrics (e.g. Nielsen and Dredge, 1982; Nielsen et al., 1986; Roy, 1998) and simplified till-clast
composition (Roy, 1998), these results were assigned to a qualitative four till stratigraphy rather
than used quantitatively. Our research involves revisiting and sampling historical sections,
documenting and sampling new stratigraphic sections, as well as collecting surficial till samples
away from river sections. This paper focuses on the statistical aspect of the sampled till matrix
geochemistry. Detailed studies are being conducted on the stratigraphy, till-clast composition and
clast fabrics, concurrently to this paper.

Analysis of till matrix geochemistry has been successfully applied to understand the till
provenance and dispersal patterns in Canada and Europe (Shilts, 1995; Garrett and Thorleifon,
1996; Boston et al., 2010; Grunsky, 2010; Dempster et al., 2013; Salmirinne et al., 2012; Grunsky
and Kjarsgaard, 2016; Kééaridinen, 2016; McMartin et al., 2016) hence, this technique is regarded
as a useful tool to determine if different till units can be distinguished (cf. Boston et al., 2010).
Multivariate statistical analysis of till-matrix geochemistry has the potential to reveal important
vertical and/or lateral trends, which together may provide important new insights into till
provenance and related glacial processes (e.g. erosion, sediment re-entrainment). Such analysis
can contribute to improving the existing till stratigraphic framework. This study applies till-matrix
geochemical analyses to tills sampled within the Manitoba HBL.

The specific goals of this study are: 1) to determine whether till geochemical groups form

a continuum (no clear end-members), have both end-members and hybrid groups, or consist of
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distinct groups (limited overlap; clear groups with unique geochemical makeup); 2) apply the
groups spatially, and examine the data for evidence of vertical and lateral trends; and 3) determine
whether the statistical groups can be linked to changes in glacial process such as provenance shifts,

sediment re-entrainment, or advance/retreat cycles (time gaps).

3.1.1 Physiography and Surficial Geology

The study area is centred on Gillam, northeastern Manitoba (Figure 3-2). Elevation varies
from 21 to 294 m above sea level, with 30+ m bluffs along the Nelson River. Nelson River is the
main northeast drainage channel into Hudson Bay. The region is dominated by spruce bogs.
Permafrost is commonly near surface. The presence of bedrock is rare in the eastern half of the
study area.

The surficial geology of Gillam area has been discussed by Nielsen and Dredge (1982) and
Trommelen (2013) and Trommelen et al. (2014). Main types of sediment deposits are 1)
glaciofluvial and sandy diamicton deposits (e.g. Nielsen and Dredge, 1982; Trommelen, 2013); 2)
glaciolacustrine deposits; 3) marine sediments; 4) till. The glaciolacustrine deposits including silt
and clay rhythmites, clay, and waterlain till were situated west of the Long Spruce hydroelectric
dam and in the valley of Sky Pilot Creek (Nielsen and Dredge, 1982; Trommelen, 2013). The
marine sediments consist of 1) sand and gravel situated along the road between Long Spruce and
Conawapa hydroelectric dam sites, and 2) laminated silt was situated east of the Long Spruce
hydroelectric dam, generally 0.5 to 5 m thick (Trommelen, 2013). A detailed literature review on
till description is discussed in Section 3.1.3. The study area is in a zone where a transition occurs
from a thin till on the Precambrian Shield to the west to multi-till stratigraphy (30-50 m in depth)
in the HBL to the east (e.g. Kelley et al., 2015; Gauthier et al., 2016). The glaciofluvial and sandy
diamicton deposits were likely deposited by glaciofluvial outwash and debris flow when the ice
retreated eastwardly (Nielsen and Dredge, 1982; Nielsen et al., 1986; Trommelen, 2013;
Trommelen et al., 2014).
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Figure 3-2 Location of study area. The main road is marked as a thick black line, and railway is the thin
interlaced black line. The location of five important historical sections (Moondance, Henday, Limestone,
Birds’ Island and Sundance) is included in this map. Background hillshade image was generated using a

Shuttle Radar Topography Mission (United States Geological Survey, 2002) digital elevation model.

3.1.2 Bedrock

The study area crosses the Paleozoic platform in Hudson Bay in the east and the
Precambrian Shield in the west (Manitoba Energy and Mines, 1992). Main bedrock lithologies in
the region are shown in Figure 3-3: 1) Precambrian shield (west of black solid line) contains felsic
granulite, granites, granodiorite, tonalite, amphibolite, metavolcanic rocks, migmatite, and
metasedimentary rocks such as metagraywacke (Manitoba Energy and Mines, 1992; Rinne, 2016).
The geochemical contrast may be limited locally within Precambrian Shield lithologies since many
of the rock types are compositionally similar (e.g. felsic); 2) Paleozoic platform in Hudson Bay
(east of black solid line) is mainly composed of limestone and dolomite (Manitoba Energy and
Mines, 1992). A northwestern part of the Fox River Belt (denoted as “FRB” in Figure 3-3) is
situated in the south of the study area, and contains layered ultramafic-mafic intrusions and
sedimentary rocks (e.g. Scoates, 1981; 1990; Manitoba Energy and Mines, 1992; Peck et al., 1999).
The major rock types associated with the ultramafic-mafic intrusions are komatiitic basalt and
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basalt (Peck et al., 1999, 2000). The sedimentary units mainly compromise clastic sedimentary

rocks including mudstone, argillite and siltstone (Peck et al., 1999, 2000).
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Figure 3-3 Major bedrock geology in the study area (unpublished digital bedrock geology compilation
from MGS, 2016)

3.1.2.1 Erratics
The map shown in Figure 3-4 includes several distinct bedrock lithologies in some parts of
Canada including northern and central Manitoba. Glacial erratics (far - transported rocks in

glaciated terrain) have been regarded as important indicators for ice flow history and ice
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provenance (e.g. Doornbos et al., 2009; Dredge and McMartin, 2011; Plouffe et al., 2011).
According to Nielsen and Dredge (1982), the provenances for the glacial erratics from the coarse
fraction of tills in the Gillam area can be divided into two groups: northern provenance and eastern
provenance. The reddish volcanic and sedimentary rocks are found in tills, and are most likely
sourced from the Dubawnt Supergroup in the District of Keewatin (Nielsen and Dredge, 1982).
Their presence in the study area indicates ice flow from the north. The fact that lithic clasts of the
Dubawnt Supergroup indicate that the transport of the glacial material is significant, and this is the
evidence for reworking and long-distance transport. The greywacke with light concretions (also
called omars), which have often eroded away and left circular holes, are found in tills, and are
most likely sourced from the Omarolluk Formation in the Belcher Island Group (Nielsen and
Dredge, 1982). Their presence in the study area indicates ice flow from the west and southwest
(Nielsen and Dredge, 1982; Prest et al., 2000).
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Figure 3-4 Map showing distinctive bedrock geology in northern and central Canada (from Dredge and
McMartin, 2011)

3.1.3 Manitoba HBL four till stratigraphy

Four till units are named within the Manitoba HBL. These tills have been described
qualitatively based on stratigraphic context, till color, clast lithology content and clast-fabric data
(e.g. Nielsen and Dredge, 1982; Nielsen et al. 1986; Dredge and Nielsen, 1987; Klassen, 1986;
Roy, 1998). Importantly, most of the tills were classified and named based on type-sections
situated within just 6 km?, along the Nelson River near the Limestone dam (Figure 3-1). Dredge
and McMartin (2011) have published a detailed summary of the local stratigraphy: Sundance Till
is regarded as the oldest till in the region, followed by Amery Till, Long Spruce Till, and Sky Pilot

Till (Figure 3-5).
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Figure 3-5 Simplified stratigraphic column from northeastern Manitoba (modified from Dredge and
McMartin, 2011).

The Sundance Till has a light olive grey color (Munsell color 5Y 5/2; Nielsen et al. 1986)
or dark grayish brown color (Munsell 2.5Y 5/2; Roy, 1998). The type-section is the Sundance
section (Nielsen and Dredge, 1982; Nielsen et al., 1986). This till is stratigraphically the oldest till
and rests directly on the Paleozoic platform at the two sites where it outcrops: Moondance and
Sundance sections (Nielsen and Dredge, 1982, Roy, 1998). The Sundance Till contains 45-53%
Precambrian clasts, and 40- 55% calcareous clasts (Nielsen and Dredge, 1982; Nielsen et al., 1986;
Roy, 1998; Dredge and McMartin, 2011), with a small percentage of distinctive Omarolluk
Formation erratics of eastern Hudson Bay provenance. Red Dubawnt clasts from northern Nunavut
are also present in this till (Dredge and McMartin 2011). Striations to 245° and 260° were mapped

at the base of the Sundance section (Nielsen and Dredge 1982), while striations to 160° were
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mapped at the base of the Moondance section (Roy 1998). Clast-fabric data from the Sundance till
indicates southeast-trending ice flow direction (Nielsen et al., 1986; Roy 1998). Because of the
elevated proportion of Precambrian clasts, the Dubawnt erratics, and the clast-fabric measurements,
this till has been regarded as the product of northern-sourced ice. However, the small amount of
Omar erratics, together with a small number of foraminifera in the till and the southwest-trending
striae suggest that the Sundance till may have re-entrained older sediment derived from an eastern
source area (Nielsen et al., 1986; Dredge and McMartin, 2011).

The Amery Till is light olive grey (5Y 6/1) or olive gray (5Y 4/2 or 5Y 5/2), and contains
more silt (40- 66%) than the Sundance Till (32- 45%) (Nielsen et al., 1986; Klassen, 1986; Roy,
1998). The type-section is section 20 of Klassen (1986), situated along the Nelson River 2 km
upstream of the Sundance section. The Amery Till has a different clast composition than the
Sundance. It contains 66-87% calcareous clasts, abraded marine shell fragments, as well as a minor
greywacke contribution presumably from the Omarolluk Fm. in eastern Hudson Bay (Nielsen et
al., 1986, Roy, 1998). The fabric data from Nielsen and Dredge (1982) from Sundance section
indicated the Amery till was deposited by the NW- trending flowing ice. However, a SW-trending
ice-flow direction was interpreted from four clast fabrics, while a NW-trending ice-flow direction
was interpreted from a fifth (Roy, 1998). Overall, the fabric data suggested a W-trending ice flow
direction. The decreased proportion of Precambrian shield clasts, combined with the presence of
shell fragments and clasts of the Omarolluk Fm. in the till, indicates an eastern provenance. The
Amery till has been assigned to the Illinoian glaciation because it underlies the Nelson River
Sediments, which are interpreted as interglacial sediments similar to the Sangamonian Missinaibi
Formation interglacial sediments in Ontario (Nielsen et al., 1986, Skinner, 1973).

The Long Spruce Till is described as light olive grey (5Y 6/1) color (Nielsen et al., 1986),
dark grey (5Y 4/1) color (Roy, 1998) and olive grey (Dredge and McMartin, 2011). The type-
section is the Henday section (Figure 3-1; Nielsen et al. 1986). This till has similar grain size and
clast lithology to the Amery Till (Nielsen and Dredge, 1982; Nielsen et al., 1986; Roy, 1998;
Dredge and McMartin, 2011). The differentiation between these two units is thus based on their
stratigraphic position relative to an interglacial bed; the Nelson River Sediments (cf. Nielsen et al.,

1986) that lies between them. However, such a stratigraphic situation is only found at a limited
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number of sites (Gauthier et al., 2017), making it difficult to differentiate between Amery and
Long Spruce Till away from the type section where this stratigraphy was established. Clast fabric
data from Long Spruce Till has been interpreted as NW-, W-, and SW — trending (Nielsen and
Dredge, 1982; Nielsen et al., 1986; Roy, 1998; Nielsen, 2001; Dredge and McMartin, 2011).
Nielsen and Dredge (1982) stated that this till is associated with the NW-trending ice flow based
on fabric measurements, striations on the underlying bedrock and the greywacke clasts associated
with an eastern provenance. Dredge and McMartin (2011) summarized the ice flow as having a
W-trending direction. Roy (1998) suggested a NW-trending ice flow direction because of Kipalu
erratics (not Omars) which are erratics of oolitic jasper from the Belcher Island Group (Prest et al.,
2000).

The Sky Pilot Till is abrown till (10YR 6/2, Nielsen and Dredge, 1982; Nielsen et al., 1986)
or olive brown to brown (Dredge and McMartin, 2011), which is often associated with sand and
gravel lenses (Dredge and Cowan 1989). It was named by Nielsen et al. (1986), and though a
specific type section was not identified, the till outcrops along Sky Pilot Creek and is the surface
till. This till has similar grain size and clast lithology to the Amery Till and the Long Spruce Till
(Nielsen and Dredge, 1982; Roy, 1998; Dredge and McMartin, 2011). The fabric data shows W-
trending ice flow direction (Nielsen and Dredge, 1982). The fabric data and small amount of
foraminifera indicated the Sky Pilot Till was deposited from Hudson Bay (Nielsen and Dredge,
1982). Nielsen et al. (1986) suggested that the Sky Pilot Till comprises two different tills, based
on till fabrics and orientation of drumlins indicating a shift from a west-trending to southwest-
trending ice flow direction associated with this uppermost till. However, Trommelen (2013),
Trommelen et al., (2014) and Gauthier et al. (2016) have shown that the youngest till along the
Sky Pilot Creek is associated with a transition from west-trending to northwest-trending ice flow.
Moreover, the relative abundance of greywacke in the upper till units (5%) is smaller than that in
the lower till unit (20%) (Nielsen et al., 1986). The upper till unit contains more clay than the lower
unit (Dredge & McMartin, 2011). Hence, assigning these till sheets to a single stratigraphic unit
(Sky Pilot Till) may not reflect the observed internal variability.
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3.2 Methods

3.2.1 Field and Laboratory Work and QA/QC

The field area comprises 7380 km? in northeastern Manitoba (Figure 3-1). Till-sample sites
were accessed by truck, boat, and helicopter over three field seasons. In total, 245 till samples were
collected, plus 9 field duplicates. 119 samples are from the C-horizon at the surface, collected from
hand-dug holes by shovel or dutch auger. 126 are subsurface samples, collected by shovel from
semi-vertical Quaternary sections. Each sample weighed about 2-3 kg, half of which was archived.
Samples were sent to Saskatchewan Research Council (SRC) Geoanalytical Laboratories for grain
size analysis and till-matrix geochemical analysis, while clasts were sent to Manitoba Geological
Survey (MGS) for clast-lithology analysis. The analysis of grain size distribution was done on the
materials less than 2 mm by SRC. Materials less than 2 mm were defloculated using Calgon® and
sieved through a 2 mm screen into a graduated cylinder to get two aliquots of samples: one was
removed from the cylinder immediately and the other one was obtained after the settling occurred.
The aliquots of materials and sieved sand were dried and re-weighed to determine the grain size
distribution. Till-matrix geochemistry was run on the <63 micron size-fraction, using total
digestion (HF:HNO3:HCIO4 acid) and ICP-MS and ICP—OES analyses. Total digestion was used
in this study, as it is important to recognize the signature of minerals like feldspar and other silicate
minerals that are not easily dissolved by aqua regia or other partial digestions (Koljonen et al.,
1992). An analysis on the total digestion is expected to provide a more complete picture of the
mineralogy that controls the geochemical composition of the till matrix and is thus useful for this
type of regional provenance analysis (e.g. Nikkarinen et al., 1984; Koljonen et al., 1992;
McClenaghan and Kjarsgaard, 2007; McClenaghan et al., 2013; McMartin et al., 2016).

It is important to conduct quality assurance and quality control in both field sampling and
geochemical analysis (Evans, 1995; Piercey, 2014). First, our sample collection in the field was
carried out using a clean shovel/auger and samples were sealed in thick plastic bags with duplicate
labels inside and outside. The sample bags were sealed in plastic pails and sent to the lab. Second,
two sample bags were collected at the same site (field duplicates) every 40 samples, to test
variabiliy within the field. Third, standard materials were inserted into the batch every 20 samples

at SRC.
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We assessed the quality of our data using duplicate scatterplots and Thompson-Howarth
methods (Thompson & Howarth, 1978; Piercey, 2014). Duplicate scatterplots employ original data
plotted against duplicate data (Piercey, 2014), whereas the Thompson-Howarth method uses the
mean of duplicates as the x-axis and the absolute difference between duplicates as the y-axis
plotted against a control line (e.g. 95" percentile; Thompson & Howarth, 1978; Piercey, 2014).
The 49 elements were tested using these methods, and Ytterbium (Yb) was the only element not

precise enough to include in the further analysis.

3.2.2 Multivariate Analysis

To prepare the geochemical dataset, the replacement of censored data was applied to
remove elements that have mostly censored values (i.e., below the detection limit). In this study,
bismuth was removed. Next, a centred log-ratio transformation was conducted to address a
problem referred to as the “problem of closure”; Aitchison, 1984, 1986; Grunsky, 2010). Moreover,
in an effort to examine the distribution of carbonate rocks in the study area, a “carbonate ratio”
(carb ratio), specifically (Ca+Mg)/(Na+K+Al) is used since Ca can be derived from either
carbonate rocks or plagioclase feldspars, and Mg can be derived from either carbonate rocks or
ferromagnesian silicate minerals and K can be derived from alkali feldspar (e.g. Ross et al., 2011;
Dredge and McMartin, 2011; McMartin et al., 2016). Therefore, by dividing by the sodium,
potassium, and aluminum, the ratio will remove any noise coming from silicate source.
Additionally, Rare Earth Elements (REE) in till are good indicators of a shield provenance because
they belong to the group of lithophile elements which are concentrated in silicate rocks of the
Precambrian Shield (e.g. Dredge and Pehrsson, 2006; Dredge & McMartin, 2011; McMartin et al.,
2016); carbonates have comparatively low REE content (Rose et al. 1979). The carb ratio is used
to compare with the concentration of the Rare Earth Elements (REE).

Multivariate analyses, including k-means cluster analysis and Principal Component
Analysis (PCA), were then performed on the geochemical dataset using R, an open-source

statistical software (https://www.r-project.org/).
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3.2.2.1 Cluster analysis

K-means cluster analysis is an approach that selects a set number of k centroids randomly,
and then iterates until data clusters minimize the distance between data points and their associated
centroid (Tan et al., 2005; Grunsky, 2010). Different techniques can be used to determine an
appropriate number of centroids, and thus of clusters. In this study, the number of
centroids/clusters was determined by examining a bi-plot that compares the sum of the squared
distance between each member of a cluster and its centroid (sum of squared errors; SSE), to a
sequential number of clusters (e.g. Tan et al., 2005). There should be a decreasing trend of the
values of SSE with increasing number of clusters and, sometimes, a clear break or inflexion point
is apparent in the decreasing slope at a specific cluster level (e.g. Tan et al., 2005). Figure 3-6
shows the bi-plot for our dataset, using R. Although the clearest break in slope is at cluster #2, the
decrease continues until about cluster #6, beyond which it levels off. As the break point in the plot
is ambiguous between 6 and 7, we also examined the data using 7 clusters and found no substantial
impact on the total SSE and thus adding the additional cluster is not meaningful for the

classification problem at hand. The analysis was thus conducted using six centroids or clusters.
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Figure 3-6 K-means sum of sqaured errors (SSE) plot. SSE associated with each number of clusters is
shown on the y-axis. The less number of clusters has the bigger SSE. The inflexion point here is at
number 6 which is applied in this study.

3.2.2.2 Principal component analysis

Principal component analysis (PCA) is an eigenvector-based multivariate analysis method
that uses an orthogonal linear transformation to convert a set of observations into uncorrelated
principal components (Grunsky, 2010). The new coordinate system projects the data in a way that
the first component accounts for most of the variance in the dataset, while the succeeding
components have decreasing variance. By plotting only the first few principal components, the
dimensionality of a multivariate dataset is reduced without losing important information. Figure
3-7 shows the scree plot of our data through R. The clearest inflexion point is at #3. Therefore, the

first three components (PC1, PC2, PC3) are chosen to be considered for this data. The results of a
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PCA include component scores, which are the transformed or projected values of the original data
onto the principal axes, and loadings, which are the weights of the variables’ contribution to each
principal component.

Till-geochemistry groups are identified using k-means cluster analysis and samples on the
PCA biplots are color-coded according to their k-means cluster membership to examine element
combinations responsible for the groupings. The combination of the methods is also used to
interpret the geological meaning of the groupings (e.g. dominant bedrock provenance, mixed

sources, sediment re-entrainment) and their stratigraphic arrangement (chemostratigraphy).

15
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Figure 3-7 Principal Component Analysis (PCA) scree plot. Eigenvalues associated with each principal
component is shown on the y-axis. First principal component has the largest eigenvalue which explains
the most variance within the dataset (e.g. Grunsky, 2010). The inflexion point (“elbow” shape) here is at

number 3 which is used in this study.
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3.3 Results

Using multivariate statistical analyses on the 245 till samples, the data can be constrained
into six till-geochemistry groups. These groups are first discussed statistically, to determine the
validity of these groupings. Second, the six groups are discussed spatially, to determine what their
relationship is to the geological world.

3.3.1 Cluster analysis results

Table 3-1 shows the main results from the k-means method. The largest group contains 80
samples and the smallest group contains 2 samples. In addition, the average distance between data
points within the group and its corresponding centroid is listed in Table 3-1. Each group is defined
by its centroid and the different distance between sample points and the centroid within one group
indicates how strong a sample point is related to the group features. If one group has a larger
average distance to its centroid, this group will be less well-defined compared to the others group
(Tan et al., 2005). In Figure 3-1 of the dataset from this study, Group a and Group e are less well-
defined than the other four groups derived using k-means clustering analysis. In addition, Group a
is the weakest group by virtue of very small number of samples and large average distance to its
centroid.

Table 3-1 Results from k-means method.

Average
Group # n distance to its
centroid
Group a 2 19.29
Group b 80 1.14
Group ¢ 31 4.41
Group d 41 4.56
Group e 24 8.96
Group f 67 5.21

3.3.2 Grain size results

Some trace element concentrations (e.g. Sn, W, Zn) can vary according to the proportion
of clay in the sediment (Shilts, 1995). To test whether clay is responsible for the clustering, the six

till-geochemistry groups were plotted by till-matrix texture. Grain size results for whole samples
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are presented in Figure 3-8. Grain size results on the <2 mm size fraction of the till matrices
indicate that the till samples contain 0.1 to 47.6% clay (average = 17.8%). The ternary diagrams
show that grain size varies within each of the six till-geochemistry groups. In Figure 3-8, the
majority of samples from Group ¢ and Group f contain more clay than the samples from Group d
and Group e, which indicates some trace elements might have higher values in Group f and Group

¢ than those in Group d and Group e. Hence, texture may have some influence on the cluster

analysis.
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Figure 3-8 Ternary plots of grain size results for each group.

3.3.3 Principal Component Analysis

Table 3-2 shows the proportion of explained variance for the first 10 principal components.
From that table, we see that the first three components account for 61% of the total variance, and
PC3 also corresponds to the position of an inflexion point on the scree plot (Figure 3-7). We will
therefore focus our analysis on the first three components; PC1, PC2, and PC3. The next step is to

identify the elements that contribute the most to each of the first three principal components. Table
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3-3 shows the loadings of the main elements with the strongest loadings highlighted for each of
the PCs. Large positive or negative loadings indicate that the element has a strong effect on that

principal component.

3.3.4 Integrating the methods
After independently applying PCA to the dataset, the next step is to combine these results

with the cluster analysis results. K-means cluster analysis has separated the dataset into six till-
geochemistry groups. However, this cluster analysis does not provide detailed information within
each group. Therefore, the next step is to examine how the major and trace elements are separated
between the groups.

In the PCA bi-plots (Figure 3-9), all samples are color-coded by the six till-geochemistry
cluster analysis groups. The elements are labelled through the ggbiplot R package. The positions
of the elements are based on the loadings: if an element has a large loading value, far from the
centre, this element contributes significantly to one principal component. The examination of the
loadings table (Table 3-3) reveals information as follows:

e Group a is defined by elements that have strong positive loadings for PC2 and
negative loadings for PC1. These are Al, Ga, and Rb.

e Group b samples fall in the central portion of the bi-plots. The group thus has an
average chemical makeup relative to the entire dataset; neither strong enrichment
nor depletion of any element.

e Group c is defined by the elements that have strong negative loadings for PC2;
mainly Ca and Mg. Most samples belonging to Group c are also plotted in positive
PC3 space, with the exception of four samples. Samples within positive PC3 space
adds Mo as a contributor to Group c. Samples within Group ¢ appear to be
uncorrelated to PC1 since no elements with strong loadings in PC1 are associated
with this group.

e Group dis defined by the elements that have positive loadings for PC1 and negative
loadings for PC3. A close look at the bi-plots and loadings table indicates that Ca,
Cd, Er, Eu, Ho, K, Mg, Mn, Na, P, Sr, and Ti are in PC1 and PC3 space, and all
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contribute to Group d. However, samples within Group d are uncorrelated to PC2
since all samples within this group are situated around the PC2 axis.

Group e is defined by the elements that have strong positive loadings for PC1 and
PC3. Although it is variable within the group, the strongest PC3 loadings are within
that group. The elements that are contributing to Group e are Gd, which is a heavy
rare earth element (HREE), as well as Nd, Pr, and Sm, which are light rare earth
elements (LREE), as well as Hf and Zr. Group e is uncorrelated to PC2 since all
samples within this group are situated near the PC2 axis.

Group f is defined by moderately strong negative loadings for PC1 and positive
PC2, but it appears to be uncorrelated to PC3. The main elements contributing to
this group are Be, Co, Cr, Cs, Cu, Fe, Ga, Li, Ni, Rb, Sc, Sn, V, and Zn.
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Table 3-2 Summary of principal components

Number# PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PCS PC10

Standard deviation 4.288| 2.454| 2.072| 1.832| 1.557| 1.416| 1.218| 1.043| 0.958| 0.890
Proportion of Variance | 0.391| 0.128| 0.091]| 0.071| 0.054| 0.043]| 0.032| 0.023| 0.020| 0.017
Cumulative Proportion | 0.391| 0.519]| 0.611| 0.682| 0.736]| 0.779| 0.811]| 0.834| 0.853| 0.870

Table 3-3 Individual element loadings of first 3 PCs. Loadings of + 0.5 is the threshold for elements that

contribute strongly to PCs (red bold fonts).
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Elements PC1 PC2 PC3 Elements PC1 PC2 PC3

Al -0.27 0.59 -0.54 | Ho 0.82 0.25 -0.04
Ca 0.47 -0.72 -0.05 | La 0.32 0.43 0.54
Fe -0.89 0.30 0.18 | Li -0.96 0.03 0.06
K 0.23 0.28 -0.69 | Mo -0.17 -0.38 0.45
Mg 0.49 -0.70 -0.07 | Nb 0.06 0.52 -0.41
Mn 0.08 -0.36 -0.08 | Nd 0.62 0.53 0.34
Na 0.74 0.19 -0.37 | Ni -0.77 -0.12 0.04
P 0.54 -0.19 -0.16 | Pb 0.22 0.11 0.23
Ti 0.41 0.61 -0.18 | Pr 0.60 0.48 0.45
Ag -0.07 -0.20 -0.17 | Rb -0.73 0.45 -0.15
Ba 0.51 0.36 -0.31 | Sc -0.76 0.45 -0.25
Be -0.58 0.22 -0.13 | Sm 0.69 0.32 0.44
cd 0.54 -0.40 -0.12 | Sn -0.80 0.26 0.14
Ce 0.09 0.36 0.64 | Sr 0.75 -0.24 -0.37
Co -0.87 0.16 -0.07 | Ta 0.18 0.56 0.01
Cr -0.56 0.23 0.05 | Tb 0.85 0.25 0.02
Cs -0.95 0.11 0.12 | Th -0.11 0.31 0.61
Cu -0.74 -0.06 -0.04 | U 0.12 -0.30 0.14
Dy 0.73 0.24 -0.01 |V -0.83 0.31 0.17
Er 0.69 0.21 -0.21 | W -0.26 -0.11 -0.28
Eu 0.71 0.36 -0.45 | Y 0.75 0.30 -0.13
Ga -0.60 0.60 -0.35 | Zn -0.92 -0.01 0.07
Gd 0.63 0.21 0.51 | Zr 0.84 0.20 0.18
Hf 0.85 0.21 0.20
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Figure 3-9 K-means clusters (colored) plotted on graphs that compare PCs: A) PC1 vs. PC2, B) PCL1 vs.
PC3. Number of samples in each group: Group a (n=2), Group b (n=80), Group ¢ (n=31), Group d
(n=41), Group e (n=24), Group f (n=67). The position of an individual labelled element is plotted in R
according to its loading value away from (0,0) and its eigenvector. Centroids from k-mean clustering
analysis are black solid dots.

3.3.5 Comparison with single element concentrations

To confirm the element and oxide associations determined by PCA, it is important to verify
by comparison with the single-variate data. Table 3-5 shows the average concentration and
standard deviation of each element, calculated for each of the six till-geochemistry groups

determined by cluster analysis.
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Table 3-4 Summary table of the average concentration and standard deviation of each element, calculated

for each of the six till-geochemistry groups. Rare earth elements (REE) are highlighted in yellow, and are

included as a summed group at the end of the table. Light orange shaded boxes delimit the highest mean

concentrations of a specific element, relative to the six till-geochemistry groups. Light green shaded

boxes likewise delimit the lowest mean concentrations of a specific element, relative to the six till-

geochemistry groups. Box plots are plotted for several elements (Appendix D).

Major elements

CatMg/
0, o, o, 0, 0, o, 0, 0, o,

Group # Sample no. Al (%)| Ca (%) Fe (%) K(%)| Mg (%)| Mn(%)| Na(%) P (%) Ti (%) Al+Na+K

a average 6.72 1.02 275 2.14 0.79 0.03 1.41 0.02 0.39 0.18

standard Dev 0.48 0.05 0.25 0.12 0.11 0.00 0.07 0.01 0.01 0.00

b average 4.66 13.82 1.88 1.85 4.12 0.04 1.08 0.05 0.25 2.41

standard Dev 0.47 2.18 0.27 0.18 0.76 0.01 0.13 0.01 0.03 0.52

C average 4.74 14.96 2.15 1.73 4.77 0.04 0.95 0.05 0.24 3.09

standard Dev 1.02 2.51 0.51 0.38 1.68 0.01 0.25 0.01 0.06 2.10

d average 4.11 14.38 1.38 1.69 4.45 0.03 1.16 0.05 0.22 293

standard Dev 0.34 1.51 0.23 0.11 0.38 0.00 0.09 0.00 0.02 0.39

e average 4.06 13.38 1.50 1.61 4.11 0.03 1.10 0.05 0.25 2.67

standard Dev 0.61 2.29 0.29 0.21 0.66 0.01 0.14 0.00 0.04 0.68

f average 5.95 11,53 273 2:23 3.61 0.04 1.08 0.06 0.30 1.68

standard Dev 0.72 2.61 0.47 0.24 0.59 0.00 0.13 0.01 0.03 0.46

Group # Sample no. Ag (ppm)| Ba (ppm)| Be (ppm)| Cd (ppm)| Ce (ppm)| Co (ppm)| Cr (ppm)| Cs (ppm)| Cu (ppm)| Dy (ppm)

a average 0.23 594.00 1755 0.20 48.50 11.68 55.00 2.70 12.35 2.50

standard Dev 0.01 8.00 0.05 0.00 5.50 2.72 6.00 0.60 3.65 0.26

b average 0.18] 416.71 1.01 0.23 40.63 8.15 49.23 1.97 14.64 2.43

standard Dev 0.04 44.31 0.14 0.04 6.72 1.14 5.67 0.36 4.40 0.24

C average 0.24| 412.13 1.18 0.22 45.48 8.79 49.16 2.62 16.44 2.50

standard Dev 0.19 86.32 0.25 0.07 11.47 2.08 12.86 0.71 4.22 0.51

d average 0.20|  390.00 0.91 0.23 35.71 5.99 34.05 1.31 10.60 2.25

standard Dev 0.14 25.60 0.15 0.05 8.31 1.13 6.36 0.34 2.57 0.22

e average 0.17| 401.00 0.87 0.25 45.21 6.12 38.67 1.27 10.33 2.51

standard Dev 0.06 52.00 0.18 0.06 10.19 1.46 7.21 0.42 4.06 0.42

f average 0.25| 482.06 1.44 0.23 53.16 11.63 65.12 3.41 22.10 2.91

standard Dev 0.05 61.01 0.24 0.05 9.59 2.10 10.12 0.76 5.16 0.34
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Group # Sample no. Er (ppm)| Eu (ppm)| Ga (ppm)| Gd (ppm)| Hf (ppm)| Ho (ppm)| La (ppm)| Li (ppm)|Mo (ppm)|Nb (ppm)
a average 1.44 0.87 16.25 3.15 6.05 0.46 25.50 36.50 0.47 12.25
standard Dev 0.09 0.01 3.05 0.55 1.65 0.03 2.50 8.50 0.12 1.15
b average 1.37 0.87 10.45 3.49 4.04 0.47 26.53 25.31 0.42 751
standard Dev 0.14 0.08 1.29 0.45 0.74 0.05 2.71 4.46 0.13 0.97
C average 1.38 0.83 10.33 3.35 3.62 0.45 27.68 33.74 0.60 7.71
standard Dev 0.28 0.17 2.45 0.70 0.86 0.09 5.89 7.80 0.17 1.80
d average 1.28 0.82 8.73 2.96 3.84 0.43 22.54 16.88 0.30 6.90
standard Dev 0.13 0.07 1.01 0.34 0.66 0.04 2.63 3.78 0.08 0.72
e average 1.40 0.85 8.65 3.79 9135 0.49 27.67 16.58 0.42 7.43
standard Dev 0.25 0.12 1.84 0.60 0.99 0.08 4.93 537 0.19 1.79
f average 1.64 1.04 14.39 3.99 3.90 0.55 3293 42.31 0.49 9.52
standard Dev 0.17 0.11 2.29 0.54 0.56 0.06 4.24 7.97 0.16 1.16
Group # Sample no. Nd (ppm)| Ni (ppm)| Pb (ppm)| Pr (ppm)| Rb (ppm)| Sc (ppm)|Sm (ppm)| Sn (ppm)| Sr (ppm)| Ta (ppm)
a average 22.05 33.05 17.50 5.85 78.55 8.20 3.80 1.35[ 203.00 0.86
standard Dev 2.35 9.35 1.00 0.55 5.95 0.90 0.60 0.23 10.00 0.08
b average 22.29 24.16 12.28 6.12 65.67 5.74 3.98 0.96] 207.33 0.54
standard Dev 2:12 2.76 1.15 0.62 8.09 0.80 0.46 0.13 16.73 0.06
C average 22.26 29.70 13.12 6.01 68.65 6.25 3.76 1.10f 201.23 0.58
standard Dev 4.77 5.26 2.18 1.29 16.92 1.54 0.80 0.24 36.91 0.13
d average 19.63 17.80 10.77 535 53.78 4.78 3.42 0.76] 225.46 0.49
standard Dev 2.12 221 1.18 0.62 6.27 0.61 0.37 0.12 22.43 0.06
e average 23.29 18.18 12.22 6.41 52.96 4.75 4.28 0.84] 205.29 0.56
standard Dev 3.93 3.40 1.71 1.10 11.54 0.89 0.66 0.21 16.59 0.12
f average 27.34 34.04 14.90 7.50 92.65 8.12 4.60 1.37)  209.99 0.68
standard Dev 325 6.81 2.21 0.91 15.67 1.30 0.56 0.23 15:12 0.09
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Group # Sample no. Tb (ppm)| Th (ppm)| U (ppm)| V(ppm)| W (ppm)| Y (ppm)| Zn (ppm)| Zr (ppm) REE
a average 0.39 10.72 2.34 70.00 4.90 11.55 52.50] 210.50| 134.26
standard Dev 0.04 1.48 0.09 10.40 3.40 0.35 8.50 48.50 11.91
b average 0.41 9.60 1.87 49.93 0.75 12.83 41.28] 139.19| 127.14
standard Dev 0.04 127 0.67 6.25 0.24 1.25 6.09 25.51 14.09
¢ average 0.40 11.22 2.41 53.60 2.09 11.60]  49.90[ 121.10] 131.95
standard Dev 0.08 2.82 0.56 11.51 433 2.35 9.06 28.86 29.31
d average 0.38 8.09 2.43 36.35 0.81 11.50 31.24| 128.24| 111.05
standard Dev 0.04 1.31 4.44 6.04 0.23 1.09 5.39 22.77 15.05
e average 0.43 10.44 2.01 39.76 0.70 12.95 31.25| 184.75| 134.02
standard Dev 0.07 2.32 0.48 7.41 0.30 2.14 7.30 34.45 24.50
f average 0.49 12.86 2.21 70.88 1.14 14.74 61.87| 127.43| 158.99
standard Dev 0.05 2.43 0.55 11.70 0.37 1.56 10.60 18.37 21.24
high low elements belong to REE

3.3.5.1 Group a

PCA shows that group a is defined by the elements Al, Ga, and Rb. A close look at Table
3-4 shows that group a samples indeed have the higher mean concentrations of these elements than
most other groups, but also other elements including Ba, Be, Co, Hf, K, Na, Nb, Sc, Pb, V, and Zr.

Group a samples also have the lowest concentration of Ca, Mg and carb ratio.

3.3.5.2Group b
PCA shows that group b has a blended signature with no element contributing strongly to
defining the group. A close look at Table 3-4 shows that group b samples do not contain any

highest or lowest mean concentrations of any elements.

3.3.5.3Groupc

PCA shows that group c is defined by the elements Ca, Mg, and Mo. A close look at Table
3-4 shows that group ¢ samples have the highest mean concentrations of Ca, Mg and the carbonate
ratio. Moreover, group c has the highest mean concentration of Mo. Group ¢ has the lowest mean

concentrations of Hf, Na, Sr, and Zr.
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3.3.5.4 Groupd
PCA shows that group d is defined by the elements Ca, Cd, Eu, Ho, K, Mg, Mn, Na, P, Sr

and Ti. A close look at Table 3-4 shows that group d samples have the highest mean concentrations
of Sr, and the second highest mean concentrations of Ca, Mg, and the carbonate ratio. While PCA
includes Cd, Eu, Ho, K, Mn, P and Ti within group e, the mean concentrations of these elements
are similar to other groups and are not the highest or the lowest. Group d samples also have the
lowest mean concentrations of Be, Cr, Co, Fe, Ga, Li, Mo, Nb, Pb, Th, V, Zn and REE (Ce, Gd,
La, Pr, Sc, Sm, and Y).

3.3.5.5Group e
PCA shows that group e is defined by the elements Gd, Hf, Nd, Pr, Sm, and Zr. A close

look at Table 3-4 shows that group e samples have the second highest mean concentrations of Gd,
Hf, Nd, Pr, Sm, and Zr. Group e samples also have the lowest mean concentrations of Al, Cu, Ga,
K, Li, Rb, Sc, and Zn.

3.3.5.6 Group f
PCA shows that group f is defined by the elements Be, Co, Cr, Cs, Cu, Ga, Li, Ni, Rb, Sc,

Sn, V and Zn. A close look at Table 3-4 shows that group f samples have the highest mean
concentrations of Co, Cr, Cu, Fe, K, La, Li, Ni, Rb, Th, V, Zn and REE. Group f samples do not

have any lowest mean concentrations of elements.
3.4 Discussion

3.4.1 Interpreting the source of the six till-geochemistry groups

Cluster analysis, PCA, and single-variate element statistics have generated six clusters,
with various element relationships. There are some spatial patterns within the 6 groups, namely
groups a and d overlie the Precambrian Shield, but most of the groups are widespread across the
study area and were sampled from both surface and subsurface tills. At the most basic level, till is
derived from the sediments and/or bedrock that a glacier entrains, transports and deposits down
ice (Eyles, 1985). In the study area, there have been at least three glacial cycles (Nielsen et al.,

1986), leading to potential additional geochemical inputs from different sediment and bedrock
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source areas, as well as re-entrainment of older till and both glacial and nonglacial fluvial,
lacustrine and marine sediments.

The Paleozoic carbonate platform in the Hudson Bay consists of limestone and dolomite
(Trommelen, 2012; Nicolas and Young, 2014) and McMartin et al. (2016) stated that the Paleozoic
carbonate clasts are enriched in Ca, Mg, Te £ Mn. Additionally, the ratio of Ca+Mg/ Na has been
used in McMartin et al. (2016) to highlight the carbonate content in the tills. Therefore, the carb
ratio (Ca+Mg/Al+K+Na) established to remove the feldspars contribution is applied in this study
to examine the range of the carbonate content within each group. The Precambrian shield can be
simplified into metasedimentary/metavolcanic rocks, and granitic/gneissic rocks. The
metasedimentary rocks are expected to have ferromagnesian elements with a depleted REE and
high field strength elements (HFSE) (except for Zn) geochemical signature (Asiedu et al., 2004).
The HFSE belong to incompatible elements and contain intense electrostatic field due to strong
charges and small ionic radius (Albaréde, 2009). However, the metasedimentary rocks can have
great variability in compositions (e.g. McLennan et al., 1984; Gibbs et al., 1986; Ahmad et al.,
2016). The metavolcanic rocks can have a notable trace elements relationship: high Zr/Y and low
abundance of HFSE with high value in Sr concentrations (Lesher et al., 1986). The granitic rocks
are expected to have a higher Al, K, Na, Zr and HFSE content (Frost et al., 2001). The gneissic
rocks might contain hornblende, biotite, muscovite, plagioclase and quartz with high K, Na and Al
and variable Sr and Zr (e.g. Lal et al., 2011; Hartlaub et al., 2004).

The tills also have a known component of far-travelled Dubawnt Supergroup erratics from
northern Nunavut and Omar erratics from the Belcher Islands in eastern Hudson Bay. Detritus
transported by a glacier south from Nunavut would cross several rock types including feldspar
porphyry, red arkose, pink and white quartzite and conglomerate (Nielsen and Dredge, 1982;
Figure 3-3). Geochemical signatures would be similar to those of the Precambrian shield locally.
Detritus transported by a glacier west from the Belcher Islands would cross several rock types
including greywacke, carbonate rocks, siltstone and quartz-sandstone (Dredge and McMatrtin,
2011; Figure 3-3). Clast lithology indicates that some detritus in the study area have travelled 600
km from the Dubawnt Supergroup and 800 km from the Belcher Island Group (Shilt, 1982; Prest

et al., 2000). However, the bedrock between both of these areas has not been mapped in detail, but
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generally includes Precambrian Shield in the north and the Hudson Bay basin in the east (Manitoba
Energy and Mines, 1992). Detailed geochemistry from these far-away source areas is difficult to

interpret, based on the lack of detailed bedrock mapping.

3.4.1.1 Group a

Group a is defined by high concentrations of Al, Ga, Rb and sum of REE, all of which are
associated with felsic igneous rocks (Salminen et al., 2005; De Vos et al., 2006). The dominant
host minerals for Al and Ga are feldspar and mica (Salminen et al., 2005; De Vos et al., 2006),
which are part of the minerals that are much more abundant in felsic rocks (e.g. granites and certain
metasedimentary rocks) than mafic rocks. Together with the lowest carbonate ratio, this data
indicates that Group a samples are likely derived from felsic rocks of the Precambrian Shield.

3.4.1.2 Group b

Group b is defined as a mixed group due to lack of specific element signatures from both
PCA and single element concentrations. This suggests a mixed composition from a variety of
sources. Compositional blend in sediments can occur due to a number of processes, but this
characteristic generally indicates re-entrainment and mixing of pre-existing sediments of different

provenances (Weltje and von Eynatten, 2004).

3.4.1.3 Group c

Group c is defined by the highest concentrations of Ca, Mg, Mo and carbonate ratio from PCA
and single element concentrations. This signature clearly indicates that till samples classified
within Group c have a carbonate rock provenance. The low Sr concentration associated with this
group is likely because Sr cannot replace a huge amount of Ca in calcite since the ionic radii of
these two elements have a large difference, but Mg can substitute for Ca in calcite (Appelo and
Postma, 2004). In addition, carbonates can lose Sr during diagenesis, including the transformation
of aragonite to calcite (e.g. Morse and Mackenzie, 1990; Jones et al., 1995). Therefore, this group
has a carbonate rock provenance, but is low in Sr. However, the range of the carb ratio within
Group ¢ shows a wide spread, and the Al, Ca, Mg, and the sum of REESs are higher than that in

Group d (Figure 3-10; Appendix D). These elemental signatures suggest variable proportions of
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multiple sources within Group c. Additionally, Mo is an element which is enriched in shale and
siltstone (Salminen et al., 2005; De Vos et al., 2006), and Mo will be enriched in organic-rich
mudrocks deposited in sulfidic environments (Scott and Lyons, 2012). This could possibly indicate
some input of siliciclastic rocks (Salminen et al., 2005; De Vos et al., 2006). Therefore, Group ¢

represents a mixed carbonate-siliciclastic provenance.

3.4.1.4 Groupd

Group d is defined by the second highest concentrations of Ca, Mg, and carb ratio and the
highest concentration of Sr, together with the lowest sum of REE values. Sr and Ca are strongly
associated in calcareous rocks; thus, the Sr-Ca-Mg associations could indicate a calcareous
provenance (Salminen et al., 2005). In addition, Sr can replace Ca in aragonite which is a rock-
forming mineral of limestone (Appelo and Postma, 2004). Sum of REE is usually high in igneous
rocks (Salminen et al., 2005; De Vos et al., 2006) and low in carbonate rocks (e.g. Rose et al.,
1979). As the sum of REE is lowest for Group d (Table 3-4; Figure 3-10; Appendix D), igneous
rocks are likely not a contributing source. Group c is also interpreted to have a carbonate rock
provenance. Group d is different from Group ¢ because Group d has highest Sr and lowest Mo
while Group c¢ shows the opposite results of these two elements. The contrast in Sr behavior
between Group ¢ and Group d suggests multiple carbonate provenance with different depositional
and/or diagenetic histories.

3.4.1.5 Group e

Group e is defined by Gd, Hf, Nd, Pr, Sm, and Zr by comparing PCA and single element
concentrations. Zr and Hf shows very similar geochemical properties; therefore, minerals
containing Zr will generally have Hf (Salminen et al., 2005). Granitic rocks tend to have the highest
concentrations of Hf and Zr than the mafic and metamorphic rocks (Salminen et al., 2005).
Moreover, Gd, Nd, Pr, and Sm which are REEs shows high concentrations in granite and
granodiorite (Salminen et al., 2005). Thus, Group e samples are interpreted to have a dominant
felsic (granitic) source, albeit a different one than that defining Group a. However, the carbonate

ratio box plot indicates the carbonate concentration within this group is similar to Group ¢ and
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Group d; therefore, this group has a carbonate input mixed with felsic source (Figure 3-10;
Appendix D).

3.4.1.6 Group f

Group f is defined by Be, Co, Cr, Cs, Cu, Ga, Li, Ni, Rb, Sc, Sn, V and Zn. Thus, Group
f has a clear metal signature with elements like Co, Cr, Cs, Cu, Li, Ni, Rb, and Zn. Group f contains
more clay compared to group a, group d and group e (Figure 3-8), which can increase the amount
of metals (e.g. Shilts, 1995). Additionally, carbonates transported from the Hudson Bay platform
have the potential to mask or dilute the signal from Precambrian Shield rocks in thick till sequences
(McMartin et al., 2016). Group f has a low to medium carbonate ratio (Figure 3-10) which is likely
to cause enrichment in the Precambrian Shield source for this group due to lack of carbonate to
dilute the signal from Precambrian Shield rocks (e.g. McMartin et al., 2016). However, Group f
still has a higher carbonate ratio than Group a (Figure 3-10; Appendix D), which indicates Group

f still has some variation in provenance contributions within the group.
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Figure 3-10 Color-coded geochemical groups classified from till matrix geochemistry by k-means
cluster analysis: scatterplot of carb ratio vs. sum of REEs. Group a: lowest in carb ratio and medium value
of sum of REES; Group b: medium values in both carb ratio and REEs; Group c: highest value in carb
ratio with a large spread, and a large spread in REEs; Group d: high in carb ratio and lowest in REEs;
Group e: large spreads in both carb ratio and REEs; Group f: low- medium value in carb ratio and highest

in REEs.
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3.4.1.7 Spatial distribution

It is important to look at the data spatially because till geochemistry closely relates to the
underlying and/or transported bedrock and sediment (Figure 3-11; Gurnsky and Kjarsgaard, 2016).
The classification from the multivariate analysis should resemble the geospatial pattern in the area
where the samples were collected (“Geospatial coherence”; Grunsky and Kjarsgaard, 2016). All
samples have been color-coded and displayed on a map to examine spatial patterns (Figure 3-11).
Group a (2 samples) contains only surficial samples, and is situated in the western part of the study
area overlying the Precambrian Shield. Group b (80 samples) contains both surficial and sub-
surface samples, and is widespread across both the Precambrian Shield and Hudson Bay platform.
Not surprisingly, this complex hybrid group does not show any obvious spatial pattern, appearing
in samples across the field area. Group ¢ (31 samples) mainly contains samples in sections except
for one surficial sample. Samples within sections are all in the Hudson Bay platform, while the
one surficial sample is located on the Precambrian Shield. However, Group c has carbonate mixed
with siliciclastic rocks. The spatial patterns correlate with the carbonate provenance but do not
show a relationship with the siliciclastic rocks input. Group d (41 samples) contains both surficial
and sub-surface samples, is situated on the Precambrian Shield except for 4 samples in the Hudson
Bay platform. Group e (24 samples) also contains both surficial and sub-surface samples. The sub-
surface samples within this group are located in the Hudson Bay platform except for one sample
which occurs in a section on the Precambrian Shield, while the surficial samples within this group
are all present on the Precambrian Shield. Group f (67 samples) is another group containing both
surficial and sub-surface samples, and is spread across the study area. Group f is enriched in the
Precambrian Shield source mix with carbonate rocks input, which can be demonstrated by the
spatial pattern shown by principal component scores (PC scores). PC scores are the new values of
individual samples in the PCA space, which are associated with groups of elements (e.g. Griinfeld,
2007; Dempster et al., 2013; Salmirinne et al., 2013; Grunsky and Kjarsgaard, 2016).
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Figure 3-11 The spatial distrubtion of till-geochemistry groups. Locations of sections are denoted by
hollow triangles, and stacked dots show individual till samples with those sections (unpublished digital

bedrock geology compilation from MGS, 2016).

Till samples classified as Group f have a widespread distribution in PCA space; however,
this group plots mainly in negative PC1 space and mostly in positive PC2 space, with a relatively
even distribution in both positive and negative PC3 space. In positive PC3 space, Group f is plotted
mixed with Group c. Therefore, PC3 scores of samples in this group can reveal some compositional
change within the group (Figure 3-12). Figure 3-12A shows that group f samples with PC3 scores
<0 and PC2 scores > 0 (i.e. close to Group a on the PC1 vs. PC2 plot and away from Group ¢ on
the PC1 vs. PC3 plot) are all located on the Precambrian Shield (Figure 3-12A). In contrast,
samples within Group ¢ and Group f with PC3 score>0 and PC2 score <0 (i.e. close to Group ¢ on
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both the PC1 vs. PC2 plot and PC1 vs. PC3 plot) are all located on the carbonate platform (Figure
3-12B). Therefore, the compositional changes within Group f indeed correlate with the spatial
locations of the samples. The overlaps between Group f and Group c in terms of both PCA and

spatial patterns might indicate a carbonate input associated with Group f.

PC 3 <0 and PC 2>0
A el
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Figure 3-12 A) Spatial characteristics within Group f (yellow stars) showing only those samples with

PC3 scores <0 and PC2 scores >0; B) spatial relationship between Group f and Group c of samples with

PC3 scores >0 and PC2 scores <0 (unpublished digital bedrock geology compilation from MGS, 2016).

3.4.2 Vertical stratigraphic trends in Moondance section

The interpreted six geochemical groups from this paper are applied to stratigraphic sections

to examine the vertical trends within individual sections and make a comparison with existing till

stratigraphy in the region. The thick till stratigraphy within the Manitoba HBL allows us to look
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at the vertical till-geochemistry relationships in addition to the horizontal spatial trends. The
Moondance section is examined herein, as this section has been described, sampled and analyzed
by multiple researchers (Moondance section - Roy 1998, and section 13115MT281/14115MT001
by this research group). It consists of three till units (e.g. Sundance Till, Amery Till and Long
Spruce Till), a paleosol that separates the Sundance Till and Amery Till, Nelson River Sediments
that separate the Amery Till and Long Spruce Till, and Holocene sand and gravel at the top (Figure
3-13; Roy, 1998). According to the till clast lithology, our research team also characterized three
till units, Nelson River Sediments and deglacial sediments at the top. Moondance section is located

near the Limestone dam north east of the Gillam townsite, and is accessible by road (Figure 3-2).
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10 geochemical samples were taken from this section and three geochemical groups are
shown in the stratigraphy (Figure 3-13). The Sundance Till at the base of the section was identified
by Roy (1998) based on the high abundance of Precambrian clast and SE-trending ice flow
direction from fabric data. In the till geochemistry units (Figure 3-13), the Sundance Till samples
are not fully differentiated, but are included with one sample above it into Group e. Group e is
characterized by Hf, Zr and certain REEs (Gd, Nd, Pr, and Sm), and the Sundance Till samples are
sample #1, sample #2 and sample #3 within Group e space (Figure 3-14). The Sundance Till is
characterized by a high abundance of Precambrian clasts and less carbonate clasts by previous
researchers (e.g. Nielsen and Dredge, 1982; Nielsen et al., 1986; Roy, 1998). Therefore, the
geochemistry signature related to this till will have high concentrations in REEs and low in
carbonate related elements (e.g. Rose et al., 1979; Salminen et al., 2005; McMartin et al., 2016).
In the PCA biplot, these three samples are plotted close together in both PC1 vs. PC2 and PC1 vs.
PC3 spaces associated with Hf, Zr, and REEs such as Gd, Nd, Pr, and Sm. Combined with the
concentrations of these elements, the three lower samples, correlated to the Sundance Till, are
indeed higher in Gd+Hf+Nd+Pr+Sm+Zr, and lower in carbonate ratio (Figure 3-15) relative to the
other samples at the Moondance section. However, the fourth sample (sample #4), which is also
plotted in Group e in the PCA biplot, has much higher carbonate ratio values and lower value of
the elements associated with Group e in PCA. Additionally, this sample fell into a different till
unit (Amery Till) due to the presence of the paleosol on top of the Sundance Till based on Roy
(1998) and it shows different lithology in the stratigraphic work compared to the lower three
samples in this study (Figure 3-13). The cause of the sudden increase in carbonates could be due
to a change in ice flow direction with enough inheritance from the underlying till (Sundance) to
keep it in Group e, or a change in subglacial conditions that brought more local rocks (carbonates)
into that Group e geochemical group. The above two till samples (sample #5 and sample #6),
separated by the Nelson River Sediments with samples collected from the upper till units, are in
Group f which is different from the geochemical groups the upper till units fall into. The upper till
samples (sample #7 to sample #10), which were characterized as the Long Spruce Till by a
previous worker (Roy, 1998), fall within three groups: Group b, Group ¢ and Group f. This
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suggests a mixed signature with variable inputs from different sources (e.g. carbonates,
Precambrian Shield) for that till.
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Figure 3-15 Concentration plots for carbonate ratio and certain REEs (Gd, Nd, Pr, Sm) with Hf and Zr
for the Moondance samples. Orange dashed lines indicate the contacts between the major till units
according to Roy (1998).

3.4.3 Implications

3.4.3.1 Till stratigraphy

Till matrix geochemistry provides complementary information in identifying
compositional changes in the tills of the HBL. However, the spatial and compositional variability
is surprisingly complex, and leads to ambiguity in the interpretation. At a minimum, it is clear that
there are not four distinct tills in a layered sequence (c.f. Nielsen and Dredge, 1982; Nielsen et al.,
1986; Roy, 1998). Instead, six geochemical groups are identified from the multivariate analysis.
The Gillam area of the HBL is a complex region where thick multi-till stratigraphy over the
carbonate platform transitions to thin drift cover on the Precambrian Shield, implying the glacier

deposited a lot of sediments in a topographic depression, and depositions were not much when the
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depression was gone. However, the geochemistry of till matrix still preserves valuable information
about the till provenance. A total of six till matrix geochemical groups have been identified and
analyzed:1) Group a shows a felsic rock signature; 2) the other five groups show considerable
compositional overlap statistically; however, most of these five groups has a dominant provenance:
1) Group b contains a mixture of sources; 2) Group ¢ has a dominantly carbonate provenance with
a siliciclastic rocks input; 3) Group d contains mainly carbonates; 4) Group e shows a dominant
granitic source with some carbonate input; 5) Group f has a dominant metal signature such as Co,
Fe, Ni, Cu, and Zn, mixed with a carbonate input which is demonstrated through the spatial
distribution.

Till matrix geochemistry provides several new insights into the tills of northeastern
Manitoba as well as hints on possible provenance and/or processes. First, six geochemical groups
are defined by different elements in the PCA, from which interpretations on till provenance can be
drawn. Second, the considerable overlaps among the geochemical groups suggests tills in the study
area are the products of overprinting and inheritance.

The proposed interpretations can be tested with additional studies of these tills. For instance,
a study of till fabric and pebble lithology classifications could help refine the proposed
provenances. Additionally, other supervised multivariate data techniques can be applied such as

the random forest method (Breiman, 2001).

3.5 Conclusion

The Hudson Bay Lowland in Manitoba has preserved complex till stratigraphy due to the
glacial dynamics that occurred during the past glacial cycles; thus, the study of this region has met
the limits on till provenance and regional correlation studies of traditional facies analysis such as
clast lithology, clast fabric, color, etc. The aim of this study is to obtain extra information on till
matrix geochemistry to help understand the stratigraphic framework in the region.

The understanding of till matrix geochemistry adds new insight to the existing Quaternary
stratigraphic framework. Results show that there is considerable overlap in the till geochemical
makeup. The dominant group of samples is best described as a geochemical hybrid that overlaps
with all the other groups identified by the analysis. This means that the tills appear to form a

compositional continuum across and within identified till sheets. The results thus indicate that the
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till units of the original four-till stratigraphy proposed for the region (e.g. Sundance Till, Amery
Till, Long Spruce Till, and Sky Pilot Till) cannot be discriminated and identified on the basis of
their composition in a way that would allow identification and correlation of units away from type
sections. Therefore, the tills in Manitoba HBL are interpreted as the product of compositional
overprinting and inheritance, and cannot be easily differentiated into individual layered till sheets.

Analysis of the till matrix geochemistry provides some details about certain processes (e.g.
sediment re-entrainment); the base of a till sheet defined by qualitative logging methods can be
compositionally similar to the underlying unit, for example. However, vertical trends from the till
matrix geochemistry are complex. Processes like sediment re-entrainment can play a role, but some
trends will require more research for interpretation.

Till matrix geochemistry alone may not be sufficient to establish the stratigraphic
framework in the study area, but it provides complementary information to the existing knowledge
of the regional stratigraphy. The classification from this study still needs to be compared to other
information (e.g. clast fabric and clast lithology) to generate a revised till stratigraphy for the

region.
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Chapter 4 Conclusion

4.1 Statistical analysis of the till geochemistry of the Gillam area

This work is focused on the statistical analysis of the till matrix geochemistry in the Nelson
River area, and uses both field work and multivariate data analysis. The section below details the

main contributions of the thesis.

4.1.1 Thesis Contributions

The most significant contributions are as follows:

1. The tills of northeastern Manitoba are, for the first time, described and analyzed
rigorously on the basis of their till matrix geochemistry. Six geochemical groups are
identified, and their geochemical makeup described and interpreted in terms of possible
bedrock provenance and relative degree of mixing. Most till samples show mixing of
shield and carbonate (platform) compositional signatures.

2. Results indicate considerable compositional overlap of till matrix. This strongly
suggests that despite the identification of distinct till sheets in some sections, most tills
exhibit a high degree of compositional similarity. For example, samples from the Long
Spruce Till identified at the Moondance section fall within three geochemical groups.
This means that a single till sheet recognized through stratigraphic techniques can have
samples falling in several different geochemical groups indicating that there is a
comparable degree of compositional variation within a till sheet than across different
tills separated by stratigraphic bounding surfaces.

3. Results of this thesis support the interpretation that most tills in northeastern Manitoba
formed through complex processes involving ice flow shifts and re-entrainment of pre-
existing sediment to various degrees. This has major implications not only for
understanding glacial processes, but also for reconstructing the regional glacial history,
as well as for drift prospecting used in mineral exploration.

4. The findings of this thesis suggest that drift prospecting techniques cannot be applied
in a straightforward manner in the region. Detailed ice flow, stratigraphic and

compositional analyses are necessary to understand results and identify possible source
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areas for any indicator minerals found in the tills of the study area. Overall, the region
presents significant exploration challenges which can best be overcome through
detailed research.

. This study is the first attempt to differentiate till units based on till matrix geochemistry
in the region. The study shows that the till matrix geochemistry can provide information
about certain processes such as sediment mixing through re-entrainment; the base of a
till sheet defined by the standard logging methods may be compositionally similar to
an underlying unit, for example. Additionally, the section examined in this study
indicates that the vertical trends in till matrix geochemistry are complex. Processes
involving sediment re-entrainment can explain certain trends, but some trends will
require more research.

. This study also provides a case for more detailed bedrock mapping which would
include more detailed litho-geochemistry information on each of the bedrock types.
This would allow for a more robust connection between till composition and the
possible source rocks.

Multi-elements signature from the six geochemical groups can provide meaningful
patterns including compositional change and spatial trends in an area where the
regional till stratigraphy is complex. This will help the interpretation of the provenances

and processes associated with different till sheets with more data integration.
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Appendix A

R code

“mydata” refers to the dataset which is being analyzed in R

Hierarchical cluster analysis:

(http://www.statmethods.net/advstats/cluster.html)

d <- dist(mydata, method = "euclidean™)

analysis based on complete linkage)
plot(fit)
“krgroups <- cutree(fit, k=5)

iterect.hclust(fit, k=5, border="red")

K-means method: (http://www.statmethods.net/advstats/cluster.html)
wss € (nrow(mydata)-1)*sum(apply(mydata, 2, var)

for (1 in 2:20)+wss][i] €

sum(kmeans(mydata,centres=I,nstart=100,iter. max=1000)$withinss)

plot(1:20,wss,type="b",xlab="Number of clusters”,ylab="within groups

sum of squares”)
mydata.pca=prcomp(mydata,centre=TRUE, scale.=TRUE)
plot(mydata.pca, type="1"
comp<-data.frame(mydata.pca$x[,1:4])
k=kmeans(comp, 14,nstart=100,iter.max=1000)
library(RColorBrewer)

library(scales)

palette(alpha(brewer.pal(9,”set17),0.5)
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plot(comp,col=k$cluster,pch=16)
text(comp$PC1,comp$PC2+0.3,label="",cex=0.4,col=k$cluster)
Principal component analysis:

ggbiplot :( http://www.r-bloggers.com/using-r-two-plots-of-principal-

component-analysis/)

library(ggbiplot)

mydata <- read.csv("~/Desktop/section_groups_sequence_selected.csv")
selected=scale(section_groups_sequence_selected[,2:24])
selectedpca=prcomp(selected,centre=TRUE, scale. = TRUE)
plot(selectedpca,type="1")

mygroup = c(rep("'group 1", 8), rep("group 2", 6), rep("group 3", 24),
rep("group 6", 18), rep("group 7", 12), rep("group 8", 19), rep("group 9",
19), rep(""group 11", 6), rep(*'group 12",7))

ggbiplot(selectedpca,choices=c(1,2), cex = 0.5, groups = mygroup)
ggbiplot(selectedpca,choices=c(1,3), cex = 0.5, groups = mygroup)
ggbiplot(selectedpca,choices=c(2,3), cex = 0.5, groups = mygroup)
library(reshape2)

library(ggplot2)

data=matrix(nrow=length(mygroup),ncol=119)
scores=data.frame(mygroup,selectedpca$x[,1:3])

PC1.2=qgplot(x=PC1,y=PC2,data=scores,colour=factor(mygroup))+them

e(legend.position="none")
PC1.3=qgplot(x=PC1,y=PC3,data=scores,colour=factor(mygroup))+them
e(legend.position="none")
PC2.3=qgplot(x=PC2,y=PC3,data=scores,colour=factor(mygroup))+them
e(legend.position="none")
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print(PC1.2)

print(PC1.3)

print(PC2.3)
name.groups=names(section_groups_sequence_selected[,2:24])
melted=cbind(name.groups,melt(selectedpca$rotation[,1:4]))

barplot <- ggplot(data=melted) +geom_bar(aes(x=Varl, y=value,

fill=name.groups),stat="identity") +
facet_wrap(~Var2)

print(barplot)
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Appendix B

Trace elements: precision 10%
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