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Abstract

The Hudson Bay Lowland (HBL)ontains aunique sedimentary record extending
beyond the penultimate glaciation of the Quaternd@ihe complex interplay betweetwo
majorice dispersal centrgthe Keewatin in the north and the Quethebrador centre in the
east) producedultiple till sheetan northeastern ManitobeontainingCanadian Shielénd
carbonate rock detritus in variable proportidnghe Gillam areahe existing till stratigraphic
frameworkconsists ofour tills: the Sundance Till, the Amery Till, the Long Spruce Titida
the Sky Pilot Till This till classificationis based on clast lithology, matrix color, matrix
carbonate conterdndclast fabricOne important aspect of thekassifications that it has been
established at sites wherare interstadial or interglaal organicbedsseparag certain tills,
which facilitated their identificationThe mainproblens areA- these organic beds seldom
occuraway fromtype sectionandB- thetills show considerabl@verlap in their sedimentary
charateristics. In addition, descriptive inconsistencies exist in the literature and different
criteria have been used by various researchers overAiiogether, these problems make it
challenging to use the existing till stratigraphic framework to desaréwe till sections,
understand the regional glacial sedimentary reard help drift exploratiamNew approaches
need to be tested to verify the stratigraphic framework, determine provenance of the tills and
help with regional intergtations.

Till matrix geochemistrycontains information which can be useddiscriminate till
units anddeterminethdr provenance, but has not been used widely in the HBL region in
previous till studies.The aim of this thesis is to assedsether tills can be disieninated on
the basis of theimatrix geochemistry

To this endmultivariate statistical analysis applied to a till geochemistry dataset.
The methods used includetkeans clusteringnd principal component analysis (PCA) to gain
insighssinto spatial andompositional trends. The integration of cluster analysis and @A,
spatial visualization of results ilrcGIS, allow for the classification and examination of till
groups statistically and spatially.

The number of clusters was determined through Viespection of a scree plot based

on thesum of squared error (SSE) in the dataBe¢ PCA configuration of theix geochemical



clusters groupg wasthen examined anithe groupsvereanalyzed and interpreted in terms of
composition and possiblerovenanceWhile five of the six groups have ielatively clear
compositionalsignaturenear theircentroidin multivariate spacethe majority of samples
(n=80) fall within a mixed group that considerabherlap inthe overall PCA configuration
with all other groupsThis means that whilepgcific till samples have distinclbompositions,
several samples within each groape not clearly separatdtom the large mixed groyp
suggesting a till composition continuuamd a complex (mixedprovenancefor most till
samples

Based on this thesis, it can be concluded thatonsiderableoverlap intill matrix
compositionexists across and within all identified till shegtand?2) stratigraphic correlations
away from type sectiorarethusgreatlyhindeedby the compositionaariationstontinuum
Tillswithin the Manitoba HBL arenterpretedss a palimpsest product agediment provenance
overprinting and inheritanaelated to a long glacial history and complex changéseifiow
andsubglacial conditionsesponsible fotill production and reentrainment through time. Till
matrix geochemistryhowever,provides complementary informatiolon the proportion of
shield vs platform contributions tills and this is useful for the interpretation of till and the

glacial historyalongside other data such as clast lithology and till fabrics.
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Chapter1l ntroducti on

1.1 Research problem

The Quaternary stratigraphic record of the Hudson Bay Lowlands (HBL) is an important
geological archive of glacial and interglacial cydledNorth 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; DuHépubert et al. 2012). Firstly, it is a key record of ice sheet evolution
and dynamics related tavd major ice cemes or ice domes; namely the Keewadattor and the
QuebeelLabradorsector of the Laurentide Ice Sheet (LISyhich expanded and contracted in

concert with the nearby Innuitian and Cidletan Ice Sheet@~igurel-1).

170°W 150° 120° 80° 50°W 30°W 20°W

ICE
LAKE
B .anD

\ B wATER Greenland Ice Sheet
[ PRECAMBRIAN .
SHIELD

3

q
(.

& P
Sedimentary Basin'!

330 660

10°W 100°W 90w 80°W 70°W

Figure 1-1 A map of ice mass extent in North Amergbaring Last Glacial MaximurfLGM), depicting
the location of the Laurentide, Innuitian, Cordilleran, and Greenland Ice Sheets. Highlighted on this map
are the extent of therecambriarshield (covered by ice during the LGM), and the location ofthéson

Bay Lowland in red fontrodfied from Dyke et al., 2002
1



Thesediment successioimsthe HBLhavelong beenrdentifiedfor their potential to
capture the main changes in LIS configuraiem. Shilts 198p Using a specific pebble
lithology, inthis case Dubawnt erratics, Shili©982 determined that till within northern
Nunavut and the Manitoba HBL had been derived at least partiallyBeker Lake a distance
of more than 60@&m to the north/northwesgimilarly, using greywacke erratics with calcareous
concretions (Omars), Prest et@000 showed that part of the tills within the Manitoba HBL
was derived from the Belch&landGroup- a distance ofmore than 80&m to the east.

In northeastern Manitoba, tiguaternary sediment successions of the HBL have been the
subject of numerous studies (elNjelsen and Dredge, 198Rielsen et al. 198@)redge and
Nielsen, 1987Klassen, 1986; Roy, 1998; Trommelen, 2013) that aimeddavBloping
understandingf theregional Quaternary historgcluding the preliminary till stratigraphy, as
well as more thorough documentation of nonglacial uaitg?) better understanding LIS
evolutionand dynamicge.g.Shilts, 192; Klassen 1986 Thorleifson et al., 199p Thesestudies
focused on characterizing the stilbnonglacial 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 tillclast lithology counts, geochemigiof the till matrix, and clastabric analyses.
Unfortunately, his MSc. 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 sortedegliment unitsThe preliminary work completed by R§¥998 shows that the
data is more variable and cannot easily be separatefburtdistinct till sheets. This was also
shown by Trommele(2013, which led to the need for this.Bk. thesisTills were
characterizedh previous work based @implified 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 des@iptieriap or are based on
different methodologiebetween studie$n addition, the studies that named and described
stratigraphic till sheets for the Manitoba HBL are based on sections within justiéakrd are
not regionally representativAdditionally, the subi till sorted sediment units are ohcertain
ages Roy, 1998 and notfound at every sectiof.heseproblens limit unit correlatiors between

different sediment exposures



New developmentm till classification have involvethtegrding facies analysig.g. clast
fabric, clast lithology)with provenance stuels based on various combinations iodicator
minerals high-dimensional visualizatiomnd geochemist (e.g. Griinfeld 2007 Grunsky and
Kjarsgaard, 2008; Bostoat al, 201Q Dempster et al., 2013ylcMartin et al., 2015 Such
integratedapproaches have yet to be appliethi® glacial stratigraphy afortheastern Manitoba
The key question is thus: Caguantitative multivariate statistical analyses ol matrix
geochemistrybe used d differentiatetills in the Manitoba HBLwhere the qualitative field
descriptions shows inconsistencies and confli¢tse objectives of this thesisareto 1) examire
till matrix geochemistry usingultivariatestatistical techniquesnd2) compare to the existing
four-layeredtill stratigraphy, and 3garefully analyze what the results may mean in terms of
provenance and glacial dynamidsis representanimportant step towards establishing a more
guantitativeQuaternaryill stratigraphe 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 topograpland thick Quaternary
sedimentsElevation rangefrom 21m to 23 m above sea levéasl) (Figure1-2). The terrain is
poorly to moderatelrainedandis dominated by swamps and spruce bogs (Bostock,)1970
Bedrock outcrop in the study area issaand only occurs at the base of a few réamtions Along
the Nelson RiverJogged sections contain multiple stratigraphic layers recording glacial and
interglacial events of the Quaternaiifielsen and Dredge, 1982Because of train and road
connections to the town, as well as the constructidrseveral dams, this is an accessible area
where geologists can study the stratigraphic sequences of the HBL. The main study area for this

mast er 6 s tismeasGillamFmurali)e c t
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Figure 1-2 Location ofthestudy area with elevatioRlistorical £ctions discussed in this thesis are
highlighted in the black boxMajor hydraulic dams are iarange Background hillshade image was
generated using a Shuttle Radar Topography Mission (United States Geological Survey, 2002) digital
elevation model.

1.2.2 Bedrock Geology

The study area crossthe Paleozoic platform in Hudson Bewthe easaind Precamban
Shieldin the wes{Manitoba Energy and Mines, 1992)ain bedrock lithologies in the region are
shown inFigure 1-3: 1) Precambrian shiel@vest ofblack solid line) containdelsic granulite
grantes granodioritetonalite,amphibolite metavolcanic rocksnigmatite,and metasedimentary
rocks such as metagraywadkéanitoba Energy and Mines, 199Rinne, 2016)The geochemical
contrast may be linkeéd locally within Precambrian Shield lithologies since many of the rock types
are compositionally similar (e.g. felsi@) Paleozoic platform in Hudson B#gast of blaclsolid
line) is mainly composed of limestone and dolon{ianitoba Energy and Mingd992) A
northwestern part dfox RiverBe | t ( d e n o t dured-8) is BithaeB i the south of
the study areaand contairs layered ultramafignafic intrusionsand sedimentaryocks (e.g.
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Scoates, 1981; 1990; Manitoba Energy and Mines, 1992; Peck et al., TI99®)ajor rock types
associated with the ultramafimafic intrusions are komatiitic basalt and baga#ck et al.1999,
2000).The sedimentaryrocksmainly compromise clastic sedimentary rocks including mudstone,
argillite, greywackeand siltstone (Peck et al., 1999, 2000).
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Figure 1-3 Major bedrock geology in thstudy area gnpublishedligital 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 ikigurel1-4 includes several distinct bedrock lithologi@ssome parts of
Canada including northern and central MdpétoGlacial erratics(far - transported rocksn
glaciated terrain have been regarded asmportantindicators for ice flow history and ice
provenance €.g. Doornboset al., 2009;Dredge and McMartin, 2011Plouffe et al., 2011
According toNielsen and Dredge (1982he provenances for the glacial erraficsn the cosse
fraction of tills in the Gillam areaan be divided into two groups: northern provenance and eastern
provenanceThe reddish volcanic and sedimentary rocks are found in ditidare most likely
sourced from the Dubawnt Supergranpghe 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 anddistgncetransport.Their
presence ithe study againdicates ice flow from the nortithe greywacke with light concretions

(also called omars), which have often eroded away and left circular holes, are foundandills

are most likely sourced frothe Omarolluk Formation ithe Belcher Island GroufN(elsen 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 ditinctivebedrock geology in northern and centta@nadgfrom Dredge and
McMartin, 2011).

1.3 Quaternary till stratigraphy of the HBL i previous work

The HBL region contains numerous Quaternary sediment exposures along the main rivers
flowing into Hudson Bay (cf. Drege and Cowanl1989). Although HBL region covers three
provinces (e.g. Manitoba, Ontario and Quebec), this thesis focuses on the Mpauitdezurtills

have been named during previous workianitoba Sundance TillAmery Till, Long Spruce Till

and SkyPilot Till (Figurel-5). This successioaf tills is overlain at most sites by glacial lake and
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glaciomarine sedimenEigure 1-5 is a composite stratigraphic summaayd it is important to

note that this entire succession has not been found at any of the known exposuretnsietate

it is a product of stratigraphic analysis and correlation based on reskare over many years by
several workers. The stdections belovsummarizeéhe main characteristics of each of tianed

till units, while highlighting the nature of the overlaps and the correlation issues away from the

type sectionsThe main descriptianfor each till unit are summarizedTiablel1-1.

Terrestrial unit
Tyrrell Sea phase
Glacial
Lake Agassiz
phase
silty till At Amery till
E sandy till ;St t;nlg Spruce till
" ; r
Wisconsin
Glaciation - gravel R Rock
sand SPt Sky Pilot till
olt St Sundance till
NRs Nelson River
E clay sediments
s SR sandy
Sangamon & - diamicton
Interglaciation = LM L L] peat
[m soil
- At A Al a l:] bedrock
lllinoian A A &
Glaciation A A A
a
Interglaciation
Stllllllllllll
Glaciation
- A A . -
R

Figure 1-5 Quaternary stratigraphic framework of the Hudson Bay Lowlands of northeastern Manitoba
(from Dredge and McMartir2017).

1.3.1.1 Sundance Till

The till at the base of the Sundance secfieigure 1-2, Figure 1-6) rests on carbonate
bedrock and is considered the oldest till in the BXézisen and Dredge, 1982). The Sundance Till
is described as light olive grey (5Y 5/&ith a relatively high proportion of sand @5%) (cf.
Nielsen et al. 1986). Clast lithology is characterized by a high percend&gg3%) of
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undifferentiated Precabrian igneous clasts amD-55% weight percent carbonate clasts of
interpreted local sourgdNielsen and Dredge, 198Rjelsen et al., 198&Roy, 1998; Dredge and
McMartin, 201). The latter interpretation is based on the lack (or trace amount) of tistinc
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, d1986; Dredge and McMan, 2011). Ice flow erosional
indicators on bedrock underlying Sundance Till are indicative of s@stfirendingice flow
(245°), but upstream of Sundance section there areaeeeffosional indicator@niniaturecrag
andtails) thattrendsoutheast (145°) (Nielsen et,d986; Dredge and McMartjr2011). Fabric

data also suggeSt-trendingice flow during till deposition (Nielsen et a1.986). Overall, the till

has been interpreted to be the product of Keewatin ice (northwest provecfahgure1-1), but

with minor incorporation of prexisting material of eastern provenanice to the smatumber

of foraminifera in the till andhe striaghat underlieshe Sundance Till at the Sundance section
(Dredge and McMartin2011). At the Sundance section, a paleosol is developed at the top of the
Sundance Til[Nielsen and Dredge, 1982; Roy, 1998he paleosolTablel1-1) is described as a

30 cm leached zone characterizedd®pletion oflabile metals (e.g. Zn, Ni) overlying zone of

metal enrichment (Nielsen et al., 198Gedgeet al., 199). The paleosahlso has pollen content
indicative of tundra vegetation (Dredge and Cowl&#89).The paleosol was also documented at
Moondancesection by Roy (1998) where it developed in the upper part of the Sundanae Fill

~1 m thick zone of weatherind\ till found and described at the Moondarseetion as well as
Birdsdéd | sl and has been doeaco theesimdat aadt lithology,tsdme S u n
stratigraphic position and southeast ice flow from fabric (Rtgy, 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 McMagiril).

1.3.1.2 Amery Till

At the Henday SectiorF(gure 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 (Wisconsayzn3 |
and Holocene layerK({assen, 1986Figure 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 coloris also described as olive grey (5Y 44)d olive brown (2.5Y 4/4)y Roy (1998) and
olive grey (5Y 5/2) by Klasse(1986).It also shows oxidation along th&nt surfaces (Dredge
and McMartin 2011). Amery Till contains more silt (less sand) than the Sundand@dlille1-1).
The composition is differdrthan the Sundance till, as tAeery Till contains abou#6-87 percent
carbonate clast®-24 percent igneous clasts and up20 percent greywacke clasts from the
Omarolluk Fn (Omars) in eastern Hudson Bay (Nielsen etl#186). The fine matrix (<63 um)
contains about 25 to 40 wt. percent carbonate (Nielsen £088 Tablel-1). Till fabrics indicate
ice flow rangig from southwestrendingto northwestrendingdirectionsdepending on the site
and authors (cfDredge and McMartin2011), but that combined with the occurrence of Omars
have been used to interpret ice flow from the Quélawrador SectorRigure 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.gHiatella arcticg) and abundammnicrofossils, mainly foraminifers, which has been

used to further support an eastern (Hudson Bay) source for the till (Nielseri888). Another

till with similar characteristics as the Amery Till is found at the basb &t Godds Ri ver
(Figure1-7b) where it also underlies interglacial sediments (e.g. Klassen, 1986). It has also been
identified at other sections including the Moondanceésech, Li mest one secti on,
section (Roy, 1998)At the Moondance section, the Amery Till was described as olive brown

(2.5Y 4/4) anccontainednarine shell fragment3he Amery Till isseparated from the underlying
Sundance Till by the occwnce of paleosol (Roy, 1998At the other two sectian(Limestone
section and Birdodés I sland section) described
shownin Moondance section, and they have similar matrix texturecantain marine shell
fragmentsThe age of this till has been assigned to the lllinoian glaciation basexstrattgraphic

position beneath &gamonian age (e.g. Missinaibi Formation; Skinner, 1973) interglacial
sedimentgNielsen et al., 1986

Figure 1-7 a) Sequence exposed at the Henday section; A: Aikr: Nelson River Sediments; C:
Long SpruceTill 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 $es(e.g. Klassen, 1986; Dredge and Nielsen, 1888gge and Nielsen,
1987;Nielsen et al., 1986; Roy, 1998; Dredge and McMartin, 204 ¢arbonateich till is found
overlying organierich sediments that have been assigned to the last (Sangamonian) interglacial
(Nelson River sediment&igure1-5). Along the Nelson River, this till is ferred to as the Long
Spruce Till, whereas a comparable till in a similar stratigraphic position along the Gods River is
referred to as fAthe | ower t,i1988).dhe bohg Sprhce TilWi g wa n
shows a range of color including a lighltve grey (5Y 6/1) color (Nielsen and Dredge, 298
dark grey (5Y 4/1) color (Roy, 1998) and olive grey (Dredge and McMartin, 2Q14st fabric
data from Long Spruce Tihhas been interpreted as NWV-, and SWi trending (Nielsen and
Dredge, 1982; Nisen et al., 1986; Roy, 1998; Nielsen, 2001; Dredge and McMartin, 204.1)
grain size and clast lithologgre similar to that of the Amery Til(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 dielson River Sedimentslowever, the separation
between Long Spruce Till and Amery Till ot easy to clarifylt has been argued that Long
Spruce Till has a lower average abundance ofrioréiers than Amery Till (Nielse et al, 1986),
but a close loolat the Nielsen et al. (1986) data shows the difference is due to only one outlier
AAmery Till o sample with an anomal ously high
dataset, the averages become similar. Furthermore, no statistical test of thasiesen applied
making this criterion speculative. Nielsen et al. (1986) suggestedathahomalously high
percentage (23%)f Omars at some sites suggests thate than one grey till may overlibe
Nelson River sedimentsince other Long Spruce T8ltes only have 5% Omars. However, Omar
clasts have also been identified in the Amery Till, Sky Pilot Filepelow), as well as some of

the suricial 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 (Dredb€awan 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). Thalls are fractured andontain oxidation rinds (Nielse& Dredge,
1982). Descriptions vary among different authors. The lowerisiescribed aslastrich and

silty, compact, and calcareous, while the upper @nless stonyandless compac{Dredge&
McMartin, 2011). The ice flow history associated with these two brown tills includes a shift in ice
flow from W-trendingto SW-tendingwhich are based on the till fabric measurement and the
orientation of drumlins (Nielsen et al., 1986; Dredge & McMar801). However, Trommelen
(2013, Trommeleret al. (2014) and Gauthier et al. (202617 have shown that the youngest till
along the Sky Pilot Creek is associated with a transition from-nexsding to northwesdfrending

ice flow.

1.4 Problems

At least 3glacial cycles occurred in Hudson Bay Lowlands (HBk)evidenced byhe
presence of nonglacial intervalsli€lsen and Dredge, 198Rlielsen et al., 1986; Roy, 1998
Moreover, the glacial dynamidahat occurred as each of those glaciicles advanced dn
retreated from at least 2 different source areas of the LIS (e.g. Keewatin and -Qaiefaetor
sectors)ikely led to complexchanges in icdlow directions over time. The resultant deposition,
transportation, and erosion of till is likely complex aslwghe palimpsest nature of till production
is seen in thegualitative, fieldi basedfour till stratigraphydescribedabove, as parameters
typically used in facies analysis (e.g. texture, colour, clast lithology, fabric) show ovyerlaps
inconsistencies, ahconflicting descriptions from different authors between the described till units
(Tablel-1). Other than the stratigraphic positjamhereglacial units arseparated by a nonglacial
sorted sediment and/or organic watita limited number of sites, none of the criteria that have bee
used to discriminate between Amery and Long Spruce tills are unique. Moreover, the ice flow
directionassociated wittheLong Spruce Tiland Amery Till arevariable among dfierent authors
(Table1-1). 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 bthe surficial till and other named tills. Nielsen et al. (1986) recognized two different
13



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 nunflsamaples 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 confuseatvih lithologies
(Hodder et al.2015).Assigning thesepperttill 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 ongleciabn
stratigraphic units, andr@liminarily namedfour tills based on onlya 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 Triltjheir
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 fimet with | i mile®npostionalcaiabditp bec a
within tills. Additionally, quantitative analysis on till matrix geochemistrgth®t been appl i
the studied area. Howevdhere is uncertainty about till recognition because of petrographic
similarities and ambiguitiest is possible that tHmatrix 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 McManti 2011).
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Table 1-1 Summary table showing till unit descript®hydifferent 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 solutioto the problemin this studyis to integrate till geochemistry, using
multivariate statistical techniquegGrunsky, 2010 Grunsky and Kjarsgaard, 2016with
traditional facies analysis (e.g. color, clast lithology, texttaeric) of the till. Asmentioned in
Secton 1.1, the scope of this research is not to complete the full facies analysis integration, but
rather to examine tilmatrix geochemistry in detaibtsee what information it can provide that

traditional facies analysis methods canndie primary objectivesireto:

1 Determine whethetill -matrix geochemical groups form a continuum (hybrid
groups overlapping with eathembers) or distinct groups (clear groups with
unique geochemical makeup).

1 Identify and interpret vertical trends in seleckey sectionas well as horizontal
spatial patterns.

1 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 theeresults and interpretation of this thesis
to develop the overall, more comprehensive, till stratigraphy of the study area.

1.6 Methodology overviewand aut hor6s contributions

Field work was conducted in 20142015 by the author apdoject teammembersField
work involvedtill sampling,section loggingand fabric measurement$e stratigraphic logs were
completed by the MGS team (thesissupervisor Dr. Michelle Trommelen and Tyler Hodder) in
Winnipeg and used in this thesis for the purpdsgraviding a framework of major unit contacts
and general facies. This is useful to putrgmultsof this research thesis into a general descriptive
stratigraphic framework (major bounding surfaces and textural descriptfomsjal of 254till
samplesvere collected frontills at surface and outcropping in sectiéi samples were processed
atthe Saskatchewan Research Cou@doanalytical Laborator§SRC). Geochemicaladawere
preparedanalyzed and interpretetdy the author of the thesis Watetoo under the guidance of
Dr. Martin Ross (cesupervisor)and Dr. Samuel Kelleypostdoc) using statistical methods
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through the software program Rhiips://www.rproject.org. A more eetailedmethod section is

found in Chaptep.

1.7 Thesis Structure

This thesis contains four parts: An introduction chafié&apter 1escribing the rationale
for the study as well as the main objectives; a method ch@piapter 2) which describes the
details @ field work, sampling, analytical work, data processing and statistical analysis; a paper
format main body chaptéChapter 3)which presents the main findings and interpretation; and,
finally, a conclusion chaptefChapter 4) which summarizes the theswork and the main
contributions.
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Chapter2A strategy and workflow for analyz

matri x geochemicatli ldlatsat riant lagmaudhy cont

2.1 Introduction

This Chapter describes tmecessarprdered set of divities, or workflow, requied to
achieve the projectbds objectives as stated in
about the rationale for choosing certain methods as well as the preliminary steps to prepare data
before initiating the analysis presented in detail€hapter 3. The subections below present the

details of the workflow.

2.2 Field Work

Field work was a team efforfsee acknowledgmentgnd it consisted primarily of
documenting observations from exposed stratigraphic sections, collecting clast fabric
measurements, and sampling till for geochemical analysis. This lual#ls upon existing
published literature (cf. Nielse& Dredge, 1982; Klasseri,986; Nielsen et al., 1986; Dredge &
Nielsen, 1987; Roy, 1998; Dredge MicMartin, 2011 for stragjraphic descriptions; cf. Nielsek
Dredge, 1982; Roy, 1998 for fabric measurements; cf. Roy, 1998; DasdlyEehrssqr2006;
Trommelen, 2013or 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 krfiistudy area and were accessed by truck, helicopter, or boat.

2.2.1 Stratigraphic logging

Stratigraphic logging consisted adientifying along natural exposures (mainly river
sections) visible bounding surfaces separating stratigraphic beds. The vertical thickreess of e
identified stratigraphidbed was measured and their sedimenfiaries described, such #exture
and color of sediments, as well as clast congrtt sedimentary structureBhe nature of the
contact (e.g., sharp, diffuse) and any apparent faciesstwarte noted.Clast fabrics were
completed at 19 stratigraphic deass, 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 foumdoimmelen (2013, Trommelen et al.,
(2014, andKelley et al.,(2015 at the Manitoba Geological survey. Only a brief summary of the
concept is described below.

2.2.2 Fabric Measurements

Elongatectlasts ina matrixsupportedill can have a preferred orientation reflecting stress
and strain at time of deposition and this information can be used to gasvee flow direction
associated to that tillMeasurement of clast macrofabrics are conduateutinely during
investigations of past glacial activity (Evans et al., 200@dlividual elongatedclastscan be
described by three orthogonal axes and their associated pkigase@-1). Thedip and dip
direction of the longa-axis of in situ clasts are always measured and for a 3D fabric, the
intermediateb-axis or the ab plane is also measured. The stiartis can be derived from the
measuremds of the other twoThe 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 neces3dmy ratio betwee the length of the-aand

b-axes ofaclast needs tbe 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 planaurfaces (ab, ac, bc) (Benn, 2007).

In order to complete a clast fabric in the fieddyorking surface needs to be prepared at

selected sites. To reduce hias in the selection of the clasts to be measured, it is recommended to
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prepare at each site cleanhorizontal surfacegenerally, a30 cm*30 cm square surfaces
sufficien)) 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 artecal face

could lead to an xy orientation bias in the samplidgninimum number of measurements is
needed to get representative fahraosd most studies in the literature recommend aboutasis

for a single fabric (Benm2007). However, this can beffettult to achieve in matrixich, clast

poor, tills and due to time, budget considerations, and previous work in Manitoba comparing clast
fabrics with different sample populatiortdgrt and Smith, 1997; Nielsen, 2001; Nielsen, 2002b

a minimum of 30 clsts was considered acceptable for this stlithgse 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 fldve atne of deposition.

2.2.3 Till Sampling

A total of 254till samples were collected froeleanedsections along the Nelson River
and fromhanddug pits at the surface across the field &Fégure2-3). A clean unpainted shovel
and/or dutch auger were used to collect sampladl (Figure 2-2). For surface samples, the
minimum depth of samplingzas 40cm in order to be withirthe parent material {sorizon) and
thus minimize the complexities related to shallower soil forming processes and the risk of
contamination from any anthropogeractivity (McMartin and McClenaghan, 200Bach till
sample weighed aboutt@ 3 kilograms,which meetsthe minimum recommended weigt2 kg)
for till matrix geochemistry surveys in northern Canada (McMartin and Camgbé®). About
half of the totalwveight of each sampleas kept at the MGS for archivinghe samplesplitswere
sent to the Saskatchewan Research Council (SRC) Geoanalytical Labdmas@pyarate out the
<63 pm grain size fractioh which was then used for the analysis of trace elegmmthemistry.

The >2 mm size fraction was also separated at SRC, and sent back to the MGS wtie3@ the 2

mm clasts werelassified bylithology.
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Figure 2-2 Example of aampling 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.

95°W 94°W

Elevation I 56°50'N

294m
@ surficial samples - 250 m

56750N : v section samples i fg‘;g

100 m
50m
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56°40'N

56°30N
-~ bsee20N

56°20'N 4

95°W 94°W

Figure 2-3 Locations of the till sample sites (red dots are surficial samples and blue stars indicate where
section samples are collecteBackground 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
Thefine fraction(< 63um) underwenboth partial (HCIl: HNQ) and total digestions (HF:

HNOs: HCIO4). The twodigestionmethods prone 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 ing¢i®uch as sulphide minerals. Partial digesteamalso
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 digegironide a more complete set of
information about the composition of a sample. Stheestudy is mostly about discriminating till
units on the basis of their overall composition, the results based on the total digestion are the ones
usal in the statistidaanalysis At SRC, the product dbtal digestion was analyzed using a Perkin
Elmer Optima 5300DV inductively coupled plas®mission spectrometer (IGPES) and
inductively coupled plasma mass spectrometry {M3¥). The partial digestion was analyzed
using ICR-MS. The commercial laboratg also provided percentagesoadcite (CaC@), dolomite
(CaMg (CQs)2), and total carbonate (G& based on Ca and Mg results aradculatons (all in
weight percent) using several equations (e.g. Dolomite (%) = Mg (%) * 7.5852).

Grain sizeanalysis was done on the materlalss than 2 mroy SRC Samples were ahd
and sievedAn aliquot of materials less than 2 mm wedefloculatedusing Calgn® and sieved
through a2 mmscreen ito a graduated cylindeand then an aliquot dfie sample was removed
at once.After settling occuredanotheraliquot of samplewas removed fronthe cylinder to
determine th@rain size distributionThe aliquots of materials and sieved samde died and re
weighed.

2.4 Quality Assurance and Quality Control

Field duplicates and lab duplicates are used for the quality comtigl.is important in
order to test reproducibility of results, as well aglentify any changes in the performance of the
laboratory equipment during the analysis of a sample batdietal, 12 lab duplicates (samples
are separated into two partstirelab) and 9 field duplicates (samples are regaatollected 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. Pieeg, 2014) involves comparing results of duplicates for identification of

discrepancies

2.4.1 Scatterplots

Scatterplots are a tool plotting original data asakd duplicate data as; With a given
precision leve(Piercey 2014;Figure2-4). If data points are plotted within the precison line, they
are precse to the chosen precision (e.g. blue solid déitgyre 2-4). If the points are not within
the precison line, then they are not considered preciieetaertain precision level (e.g.ukel
hollow dots;Figure 2-4). Scatterplotsvere produced in Microsoft Excéfppendix B. In this
study, the comparison of results for the SRC standard samplestsleawverageelativestandard
deviation (%RSD) is 2.92%, which indicates good precision for geologic interpretation according
to Jenner (1996) and Abzalov (200Bor the duplicate samplg®oth field and lab duplicat,
results show a precision of 10% for the major oxided between 105% 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 thiemdhe other
aliquot will reducethe 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 majofitdata points are within the chosen precision

lines, with some outside scatter, this suggests the data is moderately \pitci®o bias at a level of 15%
precision (modified fronfPiercey, 2014)

2.4.2 Thompson-Howarth method

The ThompsofHowarth method (Thompson & Howarti978) of QA/QC involves
plotting data on a control graph with a control line (e.g. 95th percentile or 90th percentile)
(Thompson & Howarth1978 Stanley, 2003Piercey, 2014). The process is conducted using a
function which iscreated fothe R program (see Garrett and Grunsky, 200 he xaxis is the
mean ((X+X2)/2) of original data () and duplicate data gX while the yaxis is the absolute
difference (|X-X2|) between original data ¢Xand duplicate data gX With a diosen 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 pints are all above the control line, then the data are not prauise
should not be usg@’hompson & Howarthl978; Piercey, 2014 this study, all elements plotted
below the95™" percentile line, except YPAppendix Q. Therefore, Yb was not used for further

analysis.

QA/QC

1e+00 1e+01 1e+02

Absolute Difference between Duplicates

1e-01

1e-02

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

Mean of Duplicates

Figure 2-5 ThompsorHowarthplot. Control line is set at 95ercentile. No points are abe the control

line suggesting data &cceptable for the desir@decision

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 unitsn be recognized on the basis of tilltrba
geochemistry (cf. Sect.d). Geochemical results received from SRC were processed using the R
programming software. R igpen sourcesoftware widely used for statistical computing and

graphics kttps://www.rproject.orqg.

Since the study locatioriFigure 2-3) is underlain by two contrasting geological domains
(a carlmnate 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 thast 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 wdskitbest

also to capture and represent eliint characteristics of the dafde 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 codgtéetet
treatedas 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 examples Bioal (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 NaeOfgldspars, such as alkali feldspars (e.g.
orthoclase), contain K and Na, and ferromagnesian minerals also have abundant Al. Tleerefore,
ratio of Ca and Mg with these elements (Al, Na, K) helps separate a carbonate source from a
silicate source. In this studthe Ca+Mg/Na+K+Al ratio is used to determine the carbonate v.
feldspathic relative contributions in till. In addition, Rare Earth ElemdEE] in till are good
indicators of a shield provenanbecause they belong to the group of lithophile elements which
are concentrated in silicate rocks of theecambriarShield (e.g. Dredge and Pehrsson, 2006;
Dredge & McMartin, 2011McMartin et al., 206); carbonates have comparatively low REE
content (Rose et al. 1979 this study, the Ca+Mg/Na+HKl ratio and totakREE were plotted
alongside selectadl stratigraphic loggcf. Chapter 3as a firstorder analysis of carbonate versus
shield propoiibn and provenanda tills.

2.6 Dataset Preparation for Multivariate Analysis

Two important preprocessing steps should be applied to data before using statistical
methods. The first step involves results that are below the instrument detection limit @ensore
data). The second step is to address a common problem with compositional data that sum up to a

constant; also referred to as the O6closured p
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2.6.1 Censored Data

Geochemical data reported from SRC contain censored values (Sanfakd E993;
Grunsky, 2010) . These val ues aFigare2r6eagndbevarye d as
element has its own detection limit for afpaular instrument or analytical apprdaflable2-1).

If an element has a high proportion of censored values, it is better to drop that elemehefrom
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)

Al20s3 0.01 Ag 0.02 Er 0.02 Pb 0.02 \% 0.1
CaO 0.01 Ba 1 Eu 0.02 Pr 0.1 W 0.1
Cr0s 0.002 Be 0.1 Ga 0.1 Rb 0.1 Y 0.1
FeO3 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.0O 0.01 Cs 0.1 Li 1 Ta 0.02

P20Os 0.002 Cr 1 Mo 0.02 Th 0.02

TiO2 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 elemeeisorted 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 valug.g. Dinse et al., 20142) usethezCompositionsan R package developed by
PalareaAlbaladejo and MartiiFernandez (20350 identify elements with censored values and
remove the onethat havea high proportion of censored valuésrunsky, 201Q) In the first
empirical method, all aesored values are replaced with a single value. This method introduces
bias into the dataset, and may influence lateryaiga[(Dinse et al., 2014)t was decided not to
usethe first methodn this study. The second methaCompositionsallows the R psgram to
target censored values in one dataset and perform imputation for censored data (ct Palarea
Albaladejo & MartinFernandez, 2035This method of dealing with censored data is thought to
produce a more realistic and representative distributiorigf lew valueghan the first method.
The workflow forzCompositionstarts with the use of another R packazfeatterns. The latter
summarizes in a graphical format all the censored values within one d&igsee 2-7). After
plotting the zPatterns for the total digestion dataset, lmaiyiuth (dark green rectangle kingure
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 dagaset® 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 valgesphically. 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 casumized 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 sumot a O6cl oseddé constant (e. g. 1009
correlations and other statistical issues. Closure cardraplified by looking at elementahlues
where all the major elemerase reported as weigpercent ¢0). This means the total of atiajor
elementalvalues remains constant at or very near 100%. Hence, whenedemental values
increase, the others decrease to balance the sum. This internal relationship between compositional
data is known as the constaum or closure problem (Aitcdon, 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 n reality it hasnot changed relative to other samples. In addition, compositional
geochemical data are reported in real positive number space, whereas the standard statistical
anal ysis requires i ndepende-istatistcal ieaultsimayss t o f r
not be valid leading to incorrect interpretatig@sunsky, 2010). Aitchison (1984) introduced the
use ofcented-logratio transformations for statistical analysis of compositionallmatanverting
a concentration (e.g. ppm) into a vector in the Eeelidspace using ratioBhe transformation
projects compositional data into the real number space, allahésiandard statistical process to
be used (Grunsky, 2010). The most recent developments in the theory and application of the use
of centedlogratos are described by Egozcue et al. (2003), Buccianti e{2806), and
PawlowskyGlahn andegozcug2006).

The dataset for this research commiseth major oxides and trace elements. Oxides are
reported as weight percent (%), whereas trace elementparted as parts per million (ppm). To
avoid the closure problem, we apply the centoggtatio transformationEquationl) to the

dataset. The cemdlogratio transformation was dortegetheron oxides and trace elements.
Oxides were first recalculated to their single element confergsd & 6 ®H —— NCa and

CaO are in wt. %, Ca and O are theoomic mass of these elementand applied with

transformation. Hence, all the data was converted to a common unitfgopstgtistical analysis.

-

U oad 1 T1T6-MBH I € )

Equation 1. Centred logratio transformation (from Aitchison, 128 X, and X; 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 singletill samplecontainsnumerous elemen(s.g. 49 elements in our datasatyl there
can be 100s or 1000s of samplesidatabase. Multivariate analysis is an effective approach to
handling this type of dataset (Grunsky, 201dultivariate analysis is a family of advanced
statistical techniques designedéduce dimensionality tanalyzdarge sampleatasetsiescribed

by multiple variablesThese 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
understanishg of the general structure of the datad to identiy groups or clusters in multivariate
space that may have a geological meaning, for example. Common techniques include principal
component analysis (PCA);means clustering, setfrganizing maps, and hierarchical clustering
(Mellinger, 1987 Grunsky, 201D Supervised classification techniques are used to label a class of
observations of interest, referred to as O0tr a
dataset. Techniques such as weights of evidence and decision trees are amosgdhemonly
used machine learning techniques to xamt supervisedlassification (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 Kjarsgaafd)2D 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 fingerpting, 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 pgsiiske p
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 des&iand understand the glacial record of the
study area. The main advantage of this strategy is that it proposes to increbyességpthe level
of understanding of compositional variations in the study area and to extract possible geological
meanings bfere 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 chemostratigraphimdwork 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 certdiservations of interest can be predicted.

After the initial process discoverphase, it was determined that PCA aundheans
clustering would be appropriate to analyze the data. No detailed investigation or comparison of all

the available classificatioiechniques was carried out as twssdeemed to be beyond the scope
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of this research. In additiohe@use ofk-means clustering and PCA separately or in combination
have been successfully appligal the analysis of compositional data to address a yaoiet
geoscience problem.g. Grunfeld 2007; Boston et al., 2010; Grunsky, 2010; Refsnider and
Miller, 2013; Gamboa et al., 201&hd should provide the necessary insights to achieve the thesis

objectives Thesetwo techniquesre further describeoelow.

2.7.1 K-means Cluster Analysis

Thek-means clustering technique usesltivariate proximitiesinstead othe similarities
among individual samplashich thehierarchical clustering technigsi@se(Grunsky, 2010)The
k-means clustering method aims totijmmno b s er vat i ons i nto kS ( @,n) c
S to minimize the distance of each point)(in the clustef to the k centroid (& (Tan et al.,

2005). The first step of the algori t(chmtheonsi st
second step, clusters are formed so that every observadlionxs assi gned to the
centroid. I n the third step, new k dédmeansd ar
Xi within each cluster and steps32are r@eated until the squared distance is minimized for each

point; i.e. when the best k centroids are found. R code fok-theans 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 trendon the scree plashows an inflection point based on the relationship
between the number of clusters and the sum of squaresd& s to findhatinflection pointon
the scree platand chosethat cluster numbef-or example, irFigure 2-8, thefirst 4 clusters
account forover 90% sum of squared erro6E8B in the dataset; hencé, clusterswould be an

appropriate number of clusters to run the mi€arustering technique on thiata.
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Figure 2-8 Scree plot for choosingtreu mber of cl usters; red rectangle

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 réigsons
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, 20R&fsnider and Miller, 2013
McMartin et al., 2015 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, 201D The PCA method generates a new coordinate system for the dataset
by using eigenvectors and eigenvalues of the covariance matrix of thrahsfprmed data (Jeong
et al.,, 2016). The eigenvectors and eigenvalues will determine how one valifédae 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 variabilitydaitaset (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, Fifi4e2-9). Thae are twaoutputs

from running PCA irthe 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 arelerived by multiplying the eigenvector matrix by a diagonal matrix of
eigenvaluege.g. Jolliffe & Cadima, 2016 Grunsky, 20100 A score plot shows the data points
distribution on the axes of PCs. The loading plot displayed as a barplot showing values of the
variableswerenegative or positive for each principal component, which is useful for determining
which variables are comtlling variability in each PC. PCA can be very useful in discriminating
different geological processes by identifying patterns and relationships between several
geochemical elemen(&runsky, 201Q)

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 variablesich are demonstrated based on the
absolute loading values ehch variable in the PC spadieone 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 PCSample compositional clusters can be identjfiad onlyif they separate wie
on a PC plotPCAresultscanbe plottedon a map (e.g. using GI8j) vertically along stratigraphic
logsto identify possible spatighorizontal and verticabelationships. In this study, the PCA was

done using thggbiplotpackage in R (Vu, 2016).

2.7.3 Integration of results and interpretation approach

The geochemical dataset in this study was first illustrated 4oye&s clustering,
classifying 6 tusters out of all samplgsee Chapter 3Next, these 6 clusters were projected in
PC space, anithe PCAaddeddriving variables for each cluster ana/g each sample new values
(scores) under the PC spacéhe combination ofnears and PCA provide@ description of the
general structure of the dafsiter thestatistical analysjshese results were thenadyzed spatially
on maps usinfArcGIS( fnGeospati al Coherenceo; alweliass ky
vertically alongstratigraphicdogs to detect possible meaningful patterns and trends that can be
interpreted in terms othe bedrock provenanceAdditionally, six geochemical groups are
compared to the prexisting stratigraphic framework at one type section in order to determine
whether these two classifications are similar.

A summaryworkflow of the methods described and discussed abgresentedh Figure
2-10.
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<Working flow chart>
<Field Work> <Lab Work> <Data Process> <Statistical Analysis> <Statistical Analysis> <Interpretation>
1Replace R
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rogrammin
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k collected Samples are
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Principal
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Figure 2-10 Workflow chart summaring the methodlogical approach of this studyhe workflow is
generated from an onlirdrawingsoftwarefi P r o ¢ eh#ps:Bwwd.prdcesson.comonly available in

Chinesé.
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Chapter3St ati stical l angkepyshemobstty in nort

Manitoba

Overview

The Quaternary stratigraphy bfanitobaHudson Bay LowlandHBL) 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 durimg tPrelllinoian, the lllinoain, and the Wisconsin
glaciations. Howevegpplying thisfour 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 studikgtivariate statisticalanalysis including
cluster analysis and principal component ana)yaidill matrix geochemistry is applied to the
Quaternary tills of the HBL near Gillgrivlanitoba to quantifythe local till classification and gain
understanding about the genesis of different till units.s&itistical tillgeochemistrygroups are
identifiedfirst by examining a scree plot based on the sum of squared error in the dataset and then
by applying kmeans clustering and PCA analysig\n attempt is made to determine the
provenance of these 6 groups, their compositions are sourdeaim theminerogy of original
eroded rocks, as well as any-aetrained glacial or nonglacial sedimenthere are fazy
boundaries between the statistical-gidlochemistry groups, and considerable overlap in the
element signatureBased on these resultd|s within the Manitoba HBL arenterpreted as
palimpsest product of overprinting and inheritance and cannot easily be sepachtaairelated
into regionallywidespread layered till sheetmsed on their geochemistry and the previously

proposed foutill stratigraphy

3.1 Introduction

The Quaternarytsatigraphic 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., 199%)e sedimentary records provideyk
information about ice sheet evolution and dynamics related to two majcentes; namely the

Keewatin Sector and the Quebembrador Sector of the Laurentide Ice Sheet (LFsgyre3-1).
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The sediment successions in the HBL have long mkenified for their potential to capture the
main changes in LIS configuration (e.g. Shilt882. Using a specific pebble lithology, this

case Dubawnt erratics, Shilts (1982) determined that till within northern Nunavut and the Manitoba
HBL had been derived at least partially from Baker La&alistance of more than 600 km to the
north/northwest. Similarly, using greywacke erratics witcareous concretions (Omars), Prest

et al. (2000) showed that part of the tills within the Manitoba HBL was derived from the Belcher
IslandGroup- 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 Maxirtiu®&M), depicting
the location of the Laurentide, Innuitian, Cordilleran, and Greenland Ice Sheets. Highlighted on this map
are the extent of therecambriarshield (covered by ice dugrnthe 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, 1@#&riNet al., 1986; Klassen,

1986; Roy, 1998) aimed at better understandif¢ghe regional Quaternary history such as glacial

and interglacial cycles, but also possibly interstadial eyants2) the LIS evolution and dynamics

(e.g. Shilts, 198, Klassen, 1986; Thorlesbn et al., 199 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 coieethem 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 dcontinuous. Moreovewhile previous researchers haveasuredlast

fabrics (e.g. Nielsen and Dredge, 1982; Nielsen et al., 1986;1R8%) and simplified tilclast
composition (Roy, 1998), thesesults were assigned to a qualitatigar till stratigraphy rather

than used quantitativelyOur research involves revisiting and sampling historical sections,
documenting and sampling new stratigraphic sections, as well as collecting stilifiseinples

away from river sectios. This paper focusem thestatistical aspect of theampled till matrix
geochemistryDetailed studies are being conducted on the stratigraphsiai composition and

clast fabrics, concurrently to this paper.

Analysis of till matrix geochemistrilas been successfully appliedunderstand the till
provenance and dispersal patternsGanadaand EuropgShilts, 19%; Garrett and Thorleifon,
1996;Boston et al., 201A5runsky, 2010Pempster et al., 2013; Salmirinne et al., 20&runsky
and Kjarsgaard, 201&aariainen, 2018VicMatrtin et al., 201¥hence, this technique is regarded
as a useful todio determine if different till units can be distinguishefl Boston et al., 2010).
Multivariate statistical analysis of tithatrix geochemistry has the potential to reveal impobrta
vertical and/or lateral trends, which together may provide important new insights into till
provenance and related glacial processes (e.g. erosion, sedireetitarement). Such analysis
can contribute to improving the existing till stratigraphic framek. This study applies tihatrix
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 ermdembers), have both emdembers and hyld 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 &redi8)scletermine
whether the statistical groups camlimked to changes in glacial process such as provenance shifts,

sediment reentrainment, or advance/retreat cycles (time gaps).

3.1.1 Physiography and Surficial Geology

The study area isentredon Gillam, northeastern ManitobBigure3-2). 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. €gem 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 al2q14. Main types of sediment deposits are 1)
glaciofluvial and sandy diamicton deposits (e.g. Nielsen and Dredge, 1982; Trommelen22013)
glaciolacustrine deposit8) marine sedimentgt) till. The glaciolacustrine depdsiincluding silt
and clay rhythmis, clay, and waterlain till wesstuated west of the Long Spruce hydroelectric
dam and in the valley of Sky Pilot Creek (Nielsen and Dredge, 1982; Trommelen, 2013). The
marine sedimentsonsist ofl) sand and gravel sited 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 detadeature review on
till description is dscussed irBecton 3.1.3 The study area is in a zone where a transiiceurs
from a thin till on the Precambrian Shield to the west to rtilllstratigraphy(30-50 m in depth)
in the HBL to the east (e.g. Kelley et al., 2015; Gauthier et al., 20t6)glaciofluvial and sandy
diamicton deposits wetikely deposited byglaciofluvial outwash and debris flow when the ice
retreated eastwardlyNielsen and Dredgel982 Nielsen et al. 1986 Trommelen 2013

Trommelen et al2014).
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Shuttle Radar Topography Mission (United States Geolo§igaley, 2002) digital elevation model.

3.1.2 Bedrock

The study area cross the Paleozoic platform in Hudson Bay the eastand the
Precambrian Shieloh the wes{Manitoba Energy and Mines, 1992fain bedrock lithologies in
the region are shown Figure3-3: 1) Precambrian shiel@vest of blacksolid line) containgelsic
granulite grantes, granodiorite, tonalite, amphibolite metavolcanic roks, migmatite, and
metasedimentary rocks such as metagraywgdkaitoba Energy and Mines, 199Rinne, 2016)
The geochemical contrast may be limited locally within Precambrian Shield lithologies since many
of the rock types are compositionally similatd. felsic) 2) Paleozoic platform in Hudson Bay
(east of blacksolid line) is mainly composed of limestone and dolor(lifanitoba Energy and
Mines, 1992) A northwestern part asheFox Ri ver Bel't (Rbere3B8Yie d as
situated in the south of the study aread contairs layered ultramafianafic intrusions and
sedimentaryocks(e.g. Scoates, 1981; 1990; Manitoba Energy and Mines, 1992; Peck et al., 1999).
The major rock types associated with the ultramatfafic intrusions are komatiitic basalt and
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basalt(Peck et al., 1999, 2000). Tisedimentaryunits mainly compromiseslastc 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 areapublished digital bedrock geology compilation
from MGS, 2016)

3.1.2.1 Erratics
The map shown ikigure3-4 includes several distinct bedrock lithologies in some parts of
Canada including northern and central ManitoB#acial erratics(far - transported rocksn

glaciated terrain have been regaed asimportant indicators for ice flow history and ice
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provenance €.g. Doornboset al., 2009;Dredge and McMartin, 2011Plouffe et al., 2011
According to Nielsen and Dredge (1982), the provenances for the glacial erratics from the coarse
fraction of tlls in the Gillam area can be divided into two groups: northern provenance and eastern
provenance. The reddish volcanic and sedimentary rocks are found,iartdiare most likely
sourced from the Dubawnt Supergranphe District of Keewatir{Nielsenand Dredge, 1982).

Their presence in the study area indicates ice flow from the fidréhtact 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 lordjstancetransport.The greywacke with light concretions (also
called omars), which have often eroded away and left circular holes, are found mntlse

most likely sourced fronthe Omarolluk Formation ithe 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 ditinctivebedrock geology in northern and centtainadgfrom 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
gualitatively based on stratigraphic context, till cptdastlithology content and clagabric 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 orséghens
situated within just &m?, along the Nelson River near the Limestone dam (Figure Bredge
and McMartin (2011) have published a detailed summary of the local stratig&yaigance Till
is regarded as the oldest till in the region, followed by Amery Till, Long Sprucenid&ky Pilot

Till (Figure3-5).
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Figure 3-5 Simplified stratigraphic column from northeast®&anitoba (nodifiedfrom 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, 199B)e typesection is the Sundance
section(Nielsen and Dredge, 198Rjelsen et al., 1986This till is stratigraphically theldest till
and rests directly on the Paleozoic platform at the two sites where it outcrops: Moondance and
Sundance sections (Nielsen and Dredge, 1982, F888). The Sundance Till contains-85%
Precambrian clasts, and-85% calcareous clasts (Nielsamd 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 (Diflge and McMartin 2011). Striations to 245° and 260° were mapped

at the base of the Sundance section (Nielsen and Dredge 1982), while striation$ werk60
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mapped at the base of the Moondance section (Roy 1998)fé&llastdata from the Sundance till
indicatessoutheastrending ice flow directior{Nielsen et al., 1986; Roy 1998). Because of the
elevated proportion of Precambrian clasts, the Dubawnt erratics, and tHaloteestneasurements,
this till has been regarded as the product of nortketmced ice. However, the small amount of
Omar erréics, together with a small number of foraminifera in the till and the southvessting
striae suggest that the Sundance till may haaxentmined older sediment derived from an eastern
source area\ielsen et al., 198@redge and McMartiy2011).

The Amery Till is light olive grey (5Y 6/1) or olive gray (5Y 44 5Y 5/2), and contains
more silt (40 66%) than the Sundance Till (325%) (Nielsen et al., 1986; Klassen, 1986; Roy,
1998). The typsesection is section 20 of Klass€h986), 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 @Y% calcareous clasts, abraded marine shejtrfemts, 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
indicatedthe Amerytill was deposited by theW- trendingflowing ice.However, a S\rending
ice-flow direction was interpreted from four clast fabrics, while a@hding iceflow direction
was interpreted from a fifth (Rp%998).Overall, the fabric data suggested aMhding 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 lllinoian glaciation because @rligsl 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 oliveyg(gY 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 (Figuré;Nielsen et al1986. This till has similar grain size and
clast lithology to the Amery Til(Nielsen and Dredge, 1982; Nielsen et al., 1986; Roy, 1998;
Dredge and McMatrtin, 2011)rhe 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 stratigraghmtion is only found at a limited
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number of sitegGauthier et al., 2017)making it difficult to differentiate between Amery and
Long Spruce Till away from the type section where this stratigraphy was estabGéhstdabric

data from Long Spruce Tihas been interpreted as NWV-, and SWi' 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 withWhé&rendingice flow based

on fabric measurements, striations on the underlying bedrock and the greywadasstagated

with an eastern provenancBredge and McMartin (2011) summarnkéhe ice flowashaving a
W-trendingdirection Roy(1998)suggested &W-trerding ice flow directiorbecause of Kipalu
erratics (not Omarsyhich are erratics of oolitic jasper from the Belcher Island Group (Prest et al.,
2000)

The Sky Pilot Till is a brown till (10YR 6/2, Nielsen and Dredge, 1982; Nielsen et al., 1986)
or olive lrown to brown (Dredge and McMartin, 2011), which is often associated with sand and
gravel lenses (Dredge and Cowan 1989). It was named by Nielsen(E288, 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 litbgl to the Amery Till and the Long Spruce Till
(Nielsen and Dredge, 1982; Roy, 1998; Dredge and McMartin, 20h#&)fabric data shows W
trending ice flow direction (Nielsen and Dredge, 198)e fabric data and small amounit
foraminifera indicated th&ky Pilot Till was deposited from Hudson Béyielsen and Dredge,
1982) Nielsen et al. (1986) suggested that$kg Pilot Till compriseswo different tills, based
on till fabrics and orientation of drumlins indicating a shift frarwesttrendingto southwest
trendingice flow direction associated with this uppermost tlbwever, Trommelen (20)3
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 wwesiding to northwesdtending 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 kim northeastern Manitob&igure3-1). Till-sample sites
were accessed by trudsgat,and helicopter over three field seasons. In total, 245 till samples were
collected, plus 9 field duplicates. 119 samples are fromheriZon at the surface, collected from
handdug holes by shovel or dutch auger. 126 are subsurface samples, coeshexvdd from
semtvertical Quaternary sections. Each sample weighed ab®ug2half of which was archived.
Samples were sent t@askatchewan Research Council (SRC) Geoanalytical Laboratorigsafar
size analysis antll -matrix geochemical analysihile clasts were sent to Manitoba Geological
Survey (MGS) for claslithology analysisThe analysis of grain size distribution was done on the
materialdess than 2 mrby SRC. Materials less than 2 mm were defloculated using Casyah
sieved through @ mm screen into a graduated cylintieiget 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 anmeighedto determie the grain size
distribution Till-matrix geochemistry was run on the <63 micron -iaetion, using total
digestion (HF:HN@HCIO4acid) and ICPRMS andICPi OES analysesTotal digestion was used
in this study, as it is important to recognize the sigmad@iminerals like feldspar and other silicate
minerals that are not easily dissolveddgua regiaor other partial digestion@oljonen et al.,

1992) An analysis on the total digestion is expected to provide a more complete picture of the
mineralogythat controls the geochemical composition of the till matrix and is thus useful for this
type of regional provenance analyges.g. Nikkarinen et al., 1984; Koljonen et al., 1992;
McClenaghan and Kjarsgaard, 200fcClenaghan et al., 201BicMartin 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 wadeel s 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 dasing duplicatescatterplots and Thompsaitowarth
methods (Thompson & Howarth978; Piercey, 2014). Duplicate scatterplots emplayinal data
plotted against duplicate data (Pierc2914), wiereas th& hompsorHowarthmethoduses the
mean of duplicate as the »axis andthe absolute difference between duplicatssthe yaxis
plottedagainst a control line (e.g. 9%ercentile; 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 datagbe 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 cextt logratio transformation was conducted to address a
problemreferred o as t he A p rAdchisoe, 19841986; Giursks/, 20)@Moreover,
in an effort to examine the distribution of carbonate rocks in the studyaaredj ¢ a rrdti@n at e
(carb ratio), specificallfCa+Mg)/(Na+k+Al) is usedsince Ca can be derived from either
carbonate rocks or plagioclase feldsparsl Mg can be derived from either carbonate rocks or
ferromagnesian silicate mineralad K can be derived from alkali feldsgarg. Ross et al., 2011,
Dredge and McMartin, 201I¥icMartin et al., 206). Therefore, i dividing by the sodium
potassium and aluminum the ratio will remove anynoise coming fromsilicate source
Additionally, Rare Earth Elements (REE) in till are good indicators of a shield provenance because
they belong to the group ofthiophile 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. TB&®arb ratio is used
to compare with the concentration of the Rare Earth Elements (REE)

Multivariate analyses, includingc-means cluster analysis and Principal Component
Analysis (PCA), were then performed on the geochemical dataset using R, asoopsEn

statistical sofwvare (https://wwwproject.org/).
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3.2.2.1 Cluster analysis

K-means cluster analysis is an approach that selects a set nurkbentbids 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-pldii that compares the sum of the sgaa
distance between each member of a cluster and its centroid (sum of squared errors; SSE), to a
sequential number of clustefs.g. Tan et al., 2005 here should be a decreasing trend of the
values of SSE with increasing number of clusters and, soestaclear break or inflexion point
is apparent in the decreasing slope at a specific cluster(gelTan et al., 2005Figure 3-6
shows the bplot 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 breahk gwerplot
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 tbaducted using six centroids or clusters.
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Figure 3-6 K-mears sum of sqaured ems (SSE)plot. SSE associated with each number of clusters is
shown on theaxis. The less number of clusters has the bigfeE. The inflexion point here is at
number 6 which is applied in this study.

3.2.2.2 Principal component analysis

Principalcomponent analysis (PCA) is an eigenvettased 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 projectsaie alatay 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 reducedheut losing important informatiorkigure
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 componersicores which are the transformed or projected values of the original data

onto the principal axes, amohdings which are the weights of thea r i ab | es 0

principal component.

contri b

Till-geochemistry groups are identified usingkars cluster analysis and samples on the

PCA biplots are colecoded according to theirikears cluster membership to examine element

combinations respwible 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, sedimentsentrainment) and their stratigraphic arrangement (chemostratigraphy).
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Figure 3-7 Principal Component Analysi®CA) scree platEigenvalues associated with each principal

component is shown on theaxis. First principal component has the largest eigenvalue which explains

t he most variance

numker 3 which is used in this study.

wi t hi

52

n

t he

dat aset

(e.

g.

Grunsk



3.3 Results

Usingmultivariate 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 goupings. Second, the six groups are discussed spatially, to determine what their
relationship is to thgeologicalworld.

3.3.1 Cluster analysis results

Table3-1 shows the main results from therlears method. The largest group contads
samples and the smallest group contaisarplesin addition, the average distance between data
points within the group and its corresponding centroid is list@@dlme3-1. Each group is defined
by its centroid and the different distance between sample points and the centroid within one group
indicates how strana sample point is related to the group featufesne group has larger
averagdlistanceo its centroid, this group will be less welkfined compared tihe othersgroup
(Tan et al., 2005). Ikigure3-1 of the dataset from this study, Group a and Group e are less well
defined than the other four groughsrived usindk-means clustering analysis. addition, Group a
is the weakest group by virtwé very small number of samples and large average distance to its
centroid.

Table 3-1 Results from kmears 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 5.2]]

3.3.2 Grain size results

Some trace element concentrati¢ag. Sn, W, Zpcan 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-tilatrix texture. @in size results for whole samples
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are presentedn Figure 3-8. Grain size results on the €8m size fraction of the till matrices
indicate that the till samples contain 0.1 to 47.6% Gaserage = 17.8%)he ternary diagrams
show that grain size varies within each of the sixg@lbchemistry groupsn Figure 3-8, the
majority of sanples fromGroup ¢ andGroup f contain more clay than the samples fGraup d
andGroup e, which indicates some trace elements might have higher wra(Eesip f andGroup

¢ than those irGroup d andGroup e.Hence,texture may havesomeinfluence onthe cluser

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

3.3.3 Principal Component Analysis

Table3-2 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 soteEiglure3-7). We will
therefore focus our analysis on the first three components; PC1, PC2, and PC3. The next step is to

identify the elements thabntribute the most to each of the first three principal comporiesitte
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3-3 shows the loadings of the main elements with the strongest loadirdigihigd for each of
the PG. 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:means cluster analysis has separated the dataset into-six till
geochemistry groups. However, this cluster analysis does not provide detailed information within
each groupThereforethe next step is to examihewthe major and trace elemeit®separated
between the groups.

In the PCA biplots Figure3-9), all samples areolor-coded by the six tHheochemisy
cluster analysis groups. The elements are labelled througjyliglotR package. The positions
of the elements are based on the loadings: if an element has a large loading value, far from the
cente, this elementontributes significantlyo one priipal componentThe examination ofhie
loadings tableTable3-3) revealdnformation as follows

1 Group a is defined by elements that have stpogjtive loadings for PC2 and
negative loadigs for PC1. These are Al, Gapd Rb.

1 Group b samples fall in the central portion of thelots. The group thus has an
average chemical makeup relative to the entire dataset; neither strong enrichment
nor depétion of any element.

1 Group c is defined by the elements that have strong negative loadings for PC2
mainly Ca and MgMost samples belonging to Groupuealsoplottedin positive
PC3spacewith the exception of fowamplesSamples within positive PC$ace
adds Mo as a contributor to Group c. Samples within Group ¢ appear to be
uncorrelated t&®C1 since no elements with strong loadings in Bf@hssociated
with this group.

1 Groupdis defined by the elements that have positive loadings for PC1 and negative
loadings for PC3. A close look at thegdots and loadings table indicatiat Ca,

Cd, Er, Eu,Ho, K, Mg, Mn, Na, P,Sr, and Tiarein PC1 and PC3 spacandall
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contribute to Gup d. However, samples within Group d are uncorrelated to PC2
since all samples within this group are situated around the PC2 axis.

Groupe is defined by the elements that have strong positive loadings for PC1 and
PC3. Although it is variable within thgroup, the strongest PC3 loadings are within
that group. The elements that are contributing to Geoane Gd, which is a heavy
rare earttelement(HREE), as well as Nd, Pr, and Sm, which are light earéh
elementdLREE), as well as Hf and Zr. Groupiuncorrelated to PC&nce all
samples within this group are situated near the PC2 axis

Group f is defined by moderately strong negative loadings for &fdlpositive
PC2 but it appears to be uncorrelated to PC3. The main elementgabng to

this group arde, Co, Cr,Cs,Cu, Fe,Ga,Li, Ni, Rb,Sc, SnV, andZn.
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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 elementoadings ¢ first 3 PCs. Loadings of + 0i§ the threshold for elements that

contribute strongly to PCs (red bold fonts).

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| Th 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 -045|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 0.511 Zr 0.84 0.20 0.18
Hf 0.85 0.21 0.20
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Figure 3-9 K-mears clusters (colored) plotted on graphs that compare RCBC1 vs PC2, B) PC1 vs
PC3.Number of samples in each group: Group=a2), Group b (=80), Group ¢ G=31), Group d
(n=41), Group e i=24), Group f 6=67). The position of an individual labelled element is plotted in R
according to its loading value away from (0,0) and its eigenreCantroidfrom k-mean clustering
analysisare 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 comparisonwith the singlevariate data. Tabl&-5 shows the average concentration and
standard deviation of each element, calculated for each of the speddhemistry groups

determined by cluster analysis
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Table 3-4 Summary table athe average concentration and standard deviation of each element, calculated
for each of the six tilgeochemistry groups. Rare earth elements (REE) are highlighted in yelloareand
included as a summed group at the end of the table. Light orange bloadedlelimit the highest mean
concentrations of a specific element, relative to the sigditichemistry groups. Light green shaded

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

geochemistrgroups. Box plots are plottebr several element\ppendix D.

Major elements

Cat+Mg/
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

Trace elements

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 definedthg elements AlGa, and RbA close bok atTable
3-4 shows that group samples indeed have the héggimean concentrations of these elemémas
most other group$ut alscotherelements including Ba&e, Co, Hf K, Na,Nb, Sc, Pby, and Zt

Group asamples also have the lowesncentration 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 grap. A close look affable 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 tht group c is defined by the elements Cg, Bhd Mo A close look aflable
3-4 shows that group ¢ samples have the highest mean concentrations of Ca, Mg andnla¢ecarb
ratio. Moreover, group c has the highestanconcentratiorof Mo. Group ¢ hathelowestmean

con@ntrationof Hf, Na, Sr, and Zr.
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3.3.5.4 Groupd
PCA shows that g d is defined by the elemer@g, Cd, Eu,Ho, K, Mg, Mn, Na, P, Sr

and Ti A close look afrable3-4 shows that group d samples have the highest mean concentrations
of Sr, and the second highest mean concentrations of Candghe carbaate ratio. While PCA
includesCd, Eu,Ho, K, Mn, P and Ti within group e, the mean concentratmithese elements

are similar to other groups and are not the highest or the lowest. Group d samples also have the
lowest mean concentratisof 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 thatrgup e is defined by the elements Gd, Hf, Nd, Pr, Sm, and Zr. A close
look atTable3-4 shows that group e samples havesbeoncdighest mean conceationsof Gd,
Hf, Nd, Pr,Sm, and Zr.Group e samples also have the lowest mean concensratiéh Cu, Ga,
K, Li, Rb, Sc, and Zn

3.3.5.6 Group f

PCA shows that group f is defined by the elem&eat<Co, Cr,Cs, Cu, Gal.i, Ni, Rb, Sc,
Sn,V and Zn. A close look atTable 3-4 shows that group f samples have thighest mean
concentration®f Co, Cr,Cu, Fe, K, La, Li, Ni, RbTh, V, Zn and REE Group f samples do not

have any lowest mean concentrasiofelemens.
3.4 Discussion

3.4.1 Interpreting the source of the six till-geochemistry groups

Cluster analysis, PCA, and singlariate element statistics have generated six clusters,
with various element tationships. There are some spatial patterns within the 6 groapsly
groups a and d overlthe Precambrian Shield, but most of the groups are widespread across the
study area and were sampled fromhbsiirface and subsurface tilfs. the most basicvel, 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 geoctieal inputs from different sediment and bedrock
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source areas, as well asemtrainment of older till and both glacial and nonglacial fluvial,
lacustrine and marine sediments.

The Paleozoic carbonate platform in the Hudson Bay consistsie$tibne andolomite
(Trommelen2012; Nicolas and Young, 20)14nd McMartin et al. (2016) statduatthe Paleozoic
carbonate clasts are enriched in Ca, Mg, Te +Aiditionally, the ratio of Ca+Mg/ Na has been
used in McMartin et al. (2016) to highlight the carlteneontent in the tills. Therefore, the carb
ratio (Cat+Mg/Al+K+Na) established temovethe feldspargontributionis applied in this study
to examine the range of the carbonate content within each gidgPrecambrian shield can be
simplified into metasedimentargietavolcanic rocks, and granitic/gneissic rocks. The
metasedimentary rocks are expected to have ferromagnesian elemerasiepteted REE and
high field strength element$ESE) (except for Zn) geochemical signature (Asiedu et al., 2004).
The HFSE belong to incompatible elements and contain intense electrostatic field due to strong
chargesand small ioniaadius(Albarede, 2009)However, the metasedimentary rocks can have
great variability in compositions (e.g. McLennan et al., 198i#js et al., 1986; Ahmad et al.,
2016).The metavolcanic rocks cérave anotabletrace elementselationshiphigh Zr/Y and low
abundance of HFSE with high value inc®incentrationgLesher et al., 1986). The graniticcks
are expected to have a hatAl, K, Na, Zr and HFSEcontent(Frost et al., 2001). The gneissic
rocks might contain hornblende, biotite, mustewplagioclase and quartz whigh K, Na and Al
and variablesr and Zr (e.g. Lal et al., 2011; Hartlaub et al., 2004).

The tills also have a knvn component of fatravelled 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 ceesralrock types including feldspar
porphyy, red arkose, pink and white quartzite and conglomerate (Nielsen and Dredge, 1982
Figure3-3). Geochemical signatures would be similar to those of the Precambrian shield locally.
Detritus transported by a glacier west from the Belcher Islands would sgesglrock types
including greywake, carbonate rocks, siltstone agdartzsandstongDredye and McMartin
20171 Figure3-3). Clast lithologyindicateshat some detritu the study arehave travelled00
km from the Dubawnt $ergroupand 800km from the Eelcherlsland GrougShilt, 1982; Prest

et al., 200D. However, he bedrock betwedroth ofthese areas has not been mapped in detail, but
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generally includes Precambrian Shield in the north and tdedhBay basin in the eag¥i@nitoba
Energy and Mines, 1992Detailed geochemistry from these-taway 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 rocl&a(minen et al., 2009e Vos et al., 2006 The dominant
host minerals foAl and Ga are feldspar and mica (Salminen et al., 2D@5Vos et al., 2006
which are part of the minerals that are much more abundargimrgcks (e.g. granites and certain
metasedimentaryocks) than mafic rocksTogether with the lowest carbonate ratio, this data

indicates that Group samplesre likely derived from felsic rocks of the Precambrian Shield.

3.4.1.2 Group b

Groupb is defined a a mixed group due to lack specific element signatures frdmth
PCA and single element concentratioibis suggests a mixed composition from a variety of
sources.Compositionalblend in sedimentscan occur due to a number of processes, but this
charateristic generally indicates-entrainmentind mixingof pre-existing sediments afifferent

provenance(Weltje and von Eynatten, 20p4

3.4.1.3 Group c

Group c is defined bthe highestconcentrations of Ca, Mg, Mo and carbonate ratio from PCA
and single element concentratiod$is signature clearlyndicates that till samples classified
within Group ¢ have a chonate rock provenancé&he low Sr concentration associated with this
groupis likely becausesr cannot replace a huge amount of Ca in calcite since the ioniofadii
these two elementsavea large differene, but Mg cansubstitutefor Cain calcite (Appelo and
Postma, 2004)n addition, carbonates can lose Sr during diagenesis, including the transformation
of aragonite to calcite (e.g. Morse and Mackenzie, 1990; Jones et al., TI®&®forethis group
has a carbonate rock provenance, ibdbw in Sr. However the range bthe carbratio within
Group ¢ shows a wide spreahdthe Al, Ca, Mg and the sum of REEs are higher than that in

Group d(Figure3-10; Appendix D. These elemeat signatures suggestriable proportions of
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multiple sourcesvithin Group ¢ Additionally, Mo is a element which is enriched in shaleda
siltstone Salminen et al., 2009De Vos et al., 2006 and Mo will be enriched in organitch

mudrocks deposited in sulfidic environments (Scott and Lyons, ZDiAi®)could possibly indicate
some input ofiliciclastic rocks $alminen et al., 200®e Vos et al., 2006 Therefore, Group ¢

represents a mixezhrbonatesiliciclastic provenance

3.4.1.4 Groupd

Group d is defined bthe second highest concentrations of Ca, Mg,camdratio and the
highestconcentratiorof Sr, together with the lowest sumREE valuesSr and Ca are strongly
associatedn calcareous rocks; thushe SrCaMg associations cad indicate a calcareous
provenancéSalminen et al., 2005In addition,Sr can replace Ca in aragonite which i®ek-
forming mineralof limestone Appelo and Postma, 20p4um of REEis usially high in igneous
rocks Salminen et al., 2009e Vos et al., 2006and low in carbonate rocKe.g. Rose et al.,
1979. As the sum of REE is lowest for Group Taple 3-4; Figure3-10; Appendix D, igneous
rocks are likely not a contributing sourcgroup c is also interpreted have acarbonate rock
provenance. Group d is different from Group ¢ because Grdwgs dhighest Sand lowest Mo
while Group cshows the opposite results of these two elemérits contrast in Sr behavior
between Group ¢ and Group d suggests multiple carbonate provenance with different depositional

and/or diagenetic histories.

3.4.1.5Group e

Group e s defined byGd, Hf, Nd, Pr, Sm, andr by comparing?CA and single element
concentrationsZr and Hf shows very similar geochemical properties; therefore, minerals
containing Zr will generally have H6@lminen et al., 20Q5Granitic rocks tend to have the highest
conentrations of Hfand Zr than the mafic and metamorphic rocgaltinen et al., 2005
Moreover, Gd, Nd, Pr, and Sm which are REEs shows high concentrations in guashite
granodiorite(Salminen et al., 2005Thus,Group e samples are interpreted to haw®minant
felsic (granitic) source, albeit a different one than that defining GroHpwever, the caxdnate

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 carbonapeitimixed with felsic sourceF{gure 3-10;

Appendix D.

3.4.1.6 Group f

Group f is defined by Be, Co, Cr, Cs, Cu, Gia,Ni, Rb, Sc, Sn, \and Zn Thus,Group
f has a cleametalsignature with elements like GGy, Cs,Cu, Li, Ni, Rb,and Zn Groupf contains
more clay compared to groap group d and group €igure3-8), which can increase the amount
of metals (e.g. Shilts, 1995dditionally, carbonatesransported fronthe Hudson Bay platform
havethe ptential to mask or dilute the signal from Precambrian Shield rocks in thick till seguence
(McMartin et al., 2016)Group f has a low to medium canateratio (Figure3-10) which islikely
to causeenrichmentin the Precambrian Shield source for this gralye tolack of carbonate to
dilute the signal from Precambrian Shield ro(kg. McMartin et al., 201% However, Group f
still hasahigher carbnateratio than Group &igure3-10; Appendix D, which indicates Group
f still has somevariation in provenance contributionsthin the group.
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Figure 3-10 Color-coded geochemical groupkassified from till matrix geochemistry thymears

cluster analysis: scatterplot of carb ratio vs. sum of RIEHoup 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 valoe in ca
ratio with a large spread, and a large spread in REEs; Group d: high in carb ratio and lowest in REEsS;
Group elargespreads in both carb ratio and REEs; Group f- lm&dium 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 spatidigcauseill geochemistry closely relates to the
underlying and/or transported bedrock and sedinteégui(e3-11; Gurnsky and Kjarsgaard, 2016
The classification from the multivariate analysis should resemble the geospatial pattern in the area
where the samples wer e c &GluhskyandK@rsgbaidGC2OIH pat i al
samples have been colooded and displayed on a map to examine spatial patteéguse€3-11).
Group a 2 samplesgontains only surficial samplgand is situated in the western part of the study
area overlying the Precambrian Shield. GrouB® Jamples)containsboth surficial and sub
surfacesamplesand is widespread acrdssth 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 ar€xoup ¢ 81 samples)nainly contains samplés sections except
for onesurficial sampleSamples within sections are all in the Hudson Bay platform, while the
one surficial sample is located on the Precambrian Slieldever, Group ¢ has carbonate mixed
with siliciclastic rocks. The spatial patterns correlate with the cateoprovenance bdio not
show arelationship with theiliciclasticrocks inputGroup d 41 samplestontainsbothsurficial
and subsurfacesamples, is situated on the Precambrian Shield except for 4 samples in the Hudson
Bay platform.Group e 24 sampes) alsacontaingbothsurficial and suksurfacesamples. The sub
surfacesamples within this group are located in the Hudson Bay platform except for one sample
whichoccurs in a section on the Precambrian Shield, while the surficial samples withiotips g
areall present on the Precambrian Shi&doup f €7 samples)s another grougontainingboth
surficial and subsurfacesamplesandis spread across the study at@eoup f is enriched in the
Precambrian Shield source mix with carbonate rocks input, whiclbedemonstrated by the
spatial pattern shown by principal component scd?&s¢ores)PCscores are the new values of
individual samples in the PCA space, whatce associated with groups of elemdrtg.Grunfeld
2007;Dempster et al., 201Zalmirinne et al., 20135runsky and Kjarsgaard, 2016
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Figure 3-11 The spatial distrubtion dfil -geochemistngroups. Locations of sections are denoted by
hollow triangles, and stacked dots show individual till samples with those sedtiopsiblished digital
bedrock geology compilation from MGS, 2016)

Till samples classified as Group f have a widespread disitsibin PCA spacghowever,
this group plots mainly in negative PC1 space mdtlyin positive PC2 space, with a relatively
even distribution in both positive and negative B@&ceIn positive PC3 spacgroup fis plotted
mixedwith Group c. Therefore, PC3 scores of samples in this group can sewe@lcompositional
chang within the group(Figure3-12). Figure3-12A shows that groupgamples witiPC3 scores
<0 and PC2 scose> O (i.e. close t@&roup aon the PC1 vs. PC2 pland away fromGroup ¢ on
the PC1 vs. PC3 plptare all located on thBrecamhian Shield Figure 3-12A). In contrast,
samples withirGroup candGroup f with PC3scores0 and PC2 score Qe. close toGroup ¢ on
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boththePC1 vs. PC2 plaind PC1 vsPC3 ploj are all located on the carbonate platfoFig(re
3-12B). Therefore, thecompositional 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.
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