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Abstract

It is important to study subglaciahvironmentsn northern Canada for many reasons, sigtoa
develop amore comprehensivanderstanding of glacial landscape development and to aid in
mineral exploration. The purpose of this researdm@ove understanding of the Quaternary
geology of north central Hall Peninsula, Baffin Islaride subglacial dynamicsecord in
particular, in ordeto provide industry witmew knowledgemaps and interpretations to aid in
mineral explorationThe glacial history of norticentral Hall PeninsulaBaffin Island is very
complex By studying the subglacial landscape using both renawté field based techniques it

was possible to developsabglacial landscape mamd aflowset map which highlighted areas

with different glacial histories and basal thermal regim&fe subglacial dynamics and how
they changed spatially and temporally shaped the landscape to what it is today with a mixture of

cold, intermediate, and warbmsed ice.

Through mapping using remote sensing and field methedensglacial landform and striation
directions were foundral grouped into fource flow events. Thedentified iceflows include

regional flows, northern anelastern fjord influenced areas, central deglacial flows, and modern
icecap flows.Subglacial erosion wamvestigatedusing several poxies includingstreamlined

hill elongation ratios, streamlined hill density, and bedrock controlled lake density siltbsse

proxies together with the subglacial landscape map were overlaid to select discrete zones, termed
glacial terrain zones (GTZs), in an attempt to analyzeuhbglacial dynamics and how different

basal thermal regimesteracted with the landscape.

Five glacial terrain zones (GTZsyere identified, with different spati@mporal basal ice
regimes and landform assemblages. The first zone (GTZ 1) is characterized by an expansive
flowset of parallel paleflow indicators trending northeast. This zdres the highest degree of
arealscour withthin, discontinuous and relatively unweathetidd The second zone, GTZ 2, is

an area wheréhe broad northeast flowset is crosscut locally by ice flow indicators that converge
into troughs that now form ases of north trendingfjords in the northof the study arealhis
overprinted landscape is found to propagate infanaing a channelized system, leading way to
linear erosion. The modern icecap resides in GTZ 3, which inherited the broad northesett flow

but is overprinted in valleys bgasternflows funneling into the fjords to the easts well as



western flows flowing from thenodern icecap. In the central ardzere is aolling terrain of

thicker till (GTZ 4) that is distinguished by its lack subglacial features. The final contrasting
landscape (GTZ 5) is characterized by southeast trending bedrock features (most likely enhanced
by southeast flowing ice) and associated perpendicular mor&n&s5 isalsocharacteried by

highly weatheredbedrock, and locally by landform assemblages recording late deglacial

readvances of thin lobes including moraines and striated outcrops.

Geochemical studies for each of these landscapes lesttiiionalinsights, characterizing the

five zones furtherThe geochemical studies took advantage of tW@ample databases taken

over the study area for exploration purposes by Peregrine Diamondsrbh&Bhemical index of
alteration(CIA) was appliedo compare erosion in the different zondgh CIA values ndicate

high weathering, where low CIA valudew weathering GTZ 1 is characterized bjow CIA

values (low weathering footprint and GTZ 5is characterized byigh CIA value (highly
weathered) To study if the GTZs had distinct geochemical signaturesavell as a signature
landscape, multivariate geochemical statistics (Principal Component Analysis and Linear
Discriminant Analysis) were done over the study area. Interestingly, it was found that the GTZs
havegeochemicakignaturs, which reflectthe roke of underlying bedrock, weathering patterns,
glacial dispersaland the complex relationshigsetweensubglacial dynamics and landscape
evolution To determine if the GTZs could be predicted by the till geochemistry, linear
discriminant analysis was subsequently applied. The results indicatéh¢hdt geochemical

data has a predictive capacityith an accuracy of 83.78, which brings insight it the

relationship betweeglacial landscapes and till composition

With this multiproxy approachand buildingfrom previous studigsa conceptual model was
developed for the study areAuring thelLast Glacial Maximum (GM), the study area was
inundated bythe Laurentide Ice Sheet (LISyjth the Hall Ice Divide parallel to the axis of the
peninsula with ice flowing from the divide to the northeast and southwest. As ice thinned, GTZ
1, an area once inundated with wabased ice, as shown by esitte ofarealscour and low

CIA values, switched to being celthsed ice preserving an older landscapeough GTZ 1 was
under coldbased ice, wrmbased conditions still prevailed within the channelized flow zones,

which characterize GTZ. Evidenceof this is found in the striation record, as well as [the



CIA value indicative oflow weathering (or high erosionYhis may reflect a transition from
LGM (thick-based ice) to thinner, topographically controlled i@eth coldbased ice in
interfluves and #itops, during early deglaciation. The catchment zones of the channelized
system locally extend near the central area (GTZ 4) which is reflected in dispersal patterns and
the striation record. As the LIS retreated, it went through a series of southrdasta@dvances

and surges (GTZ 5)'hough the ice was waHmased near the moraines in GTZpsevailing
cold-based conditionprevailed during most of the last glacial cy¢cland the late deglacial
readvanceshad limited erosion capacity and did not overprthe old-based landscape
significantly. This isshown by the CIA values indicative of high weathering, and lack of
subglacial landformsSeries of preglacial lakes also formed in front of the retreating lobe.i$
needed over GTZ 1 to prevent thémlees from draining northward. This thin ice was most likely
cold-based, preserving the older GTZ 1 landscape of areal scouring.

The glacial landscape of Hall Peninsalppears to record switch from uniform warnbased

LGM ice, which was laterally extense, to localized channel flows in the fjords during
deglaciation and interveningold-based ice The change in the geometry and basal thermo
mechanical conditions may be the prologue to the separation of the modern day ice cap from the
LIS.
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Chapter 1 : Introduction

1.1 Subglacial Landscape of Baffin Island

Canada has been affected by HsoryE&hlenslandgGlblzaci at i o
2004) whichcan be seen in the vast landscape made up of features and materials alluding to its
glacial origin. Different parts of Canada were shaped by glaciations to varying degrees. Baffin
Island, in the eastern Canadian Arctic, is an area that exemplifiesatlyevays past glaciations

have shaped the landscape (Figure.1Tle variations in subglacial conditions, whether warm
based (temperatures above the presmalting point) or cold based (temperatures below the
pressuremelting point), influence subgladiarosion intensity, landform development, and
overall glacial landscape evolution througjaciations(Trommelenet al. 2012 Greenwood and

Clark 2009 Stokeset al.2009) The past subglacial conditions can therefore be understood by
studying the subglacial landforrecord(Klemanet al.2001; Kleman et al. 2010Baffin Island

was covered in coldased ice for extended periods of time during the Quaternary Period, leading
to a terrain of limited glacial erosion, extensive regolith, thin till, and bedrock controlled features
(Andrews 1989; Dyke et al. 200De Angelisand Kleman 2007) There are fewer areas of
Baffin Island where webased conditions existed, creating a variety of landforms, complex till
sheets and abundasgdiment transport patter(8ndrews 1989; Dyke et al. 200De Angelis

and Kleman 2007; Refsnider and Miller 201Due to the tempat and spatial mix of coldand
warmbased ice, Baffin Island has diverse landscapes ranging from terrain which appears to not
be affected by glacial erosion to areas drastically sculpted by dynamithee are areas that
show inheritancérelict surfaes, older icelow indicators, contrasting orientations, old sediment
dispersal train directions efand areas that shomore intenseoverprintingby young events

which partly or completely obliterated the glacial record of previous ey&@msnmelen etl.

2012). Because of its geographical location, Baffin Island contains records of landscape
evolution over the last glacial cycle, information which can be wmtiemicallyand also

practically for mineral exploration.



Subglacial Geomorphology
of Baffin Island
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Figure 1-1: The geomorphology of Baffin Island (modified fromDe Angelis2007) exemplifying the way past glaciations have shaped the
landscape as they differed in time and space.




Baffin Island is the largestsland in Canada, and fifth worldwide, and remains largely
unexplored for mineral resources. Mineral deposits may be buried underneath glacial sediments,
and they may also intersect the bedrock surface over small areas making it difficult for
exploration gologists to successfully and cedftectively vectosin these areas of economic
interest. Glacial processes, in particular erosion and sediment transport at the base of glaciers,
can leave a traceable signature or footprint in glacial sediment of aaliited zone over
variable distances reaching up to multitudes of kilomefBrgimanis 1956; Dreimanis and
Vagners 1971; DiLabio and Shilts 1979; Shilts 1984; Shilts 1993; Shilts 1996; McClenaghan et
al. 2002; Stanley 2009) Consequently, searching for mineral indicators and geochémi
pathfinders of economic interest in glacial sediments is a major exploration approach in glaciated
regions such as Canada and ScandinéSthalts 1984; Paulen and McMartin 2009)his &
especially true for diamond exploration. Diamondiferous kimberlite pipes in Canada are vertical
structures whose crosgctional diameter at the bedrock surface is generallkiarietre in

length. However, they are mineralogically unique and havendiste mineral and chemical
signatures that can be distinguished in glacial sediments over srgen areagMcClenaghan

and Kjarsgaard 2001)Consequently, the principal method in exploring for diamon@amada
involves the search for the distinct mineral assemblages in the glacial sediments and tracing them
back to their source based on information about past ice flow dyngdMaSlenaghan and
Kjarsgaard 2001as well as on the geophysical signature of potential bedrock source areas. In a
nutshell, glaciers have spread the breadcrumbs that lead back to the diamond sources. Dirift
prospecting methods have played a key role in a number of major diamond desaweri
CanadaKong et al. 1999; Kirkley, Mogg, and McBean 2003; Rikhotsbal.2003)such as the

highly diamondiferous kimberlites in the Lac de Gras field of thaheest TerritoriegFipke et

al. 1995)

In order to utilize drift prospecting methods effectively one has to understand regional glacial
dynamics and the subtleties of glacial erosion, sediment productionpdrei®n, and
deposition(Klassen 2001) Lack of such knowledge often results in orphaned diamond indicator
mineral anomalies in glacial sediments and can adversely affect the decatorg process in
prioritizing drilling targets. New and innovative approaches that will improve the knowledge of

the dynamic sedimentary and geomorphological processes and history of ice flow are thus



needed to enhance drift exploration strategies, especially in the conteatmaingdi exploration

in the Canadian Arctic.

1.2 Study Area and Research Proleim

Baffin Island has three southern peninsulas, which are the Meta Incognita, Hall, and Cumberland
Peninsulas (Figure 1.1). The focus of this studpaghcentral Hall PeninsulaBaffin Island

(Figure 1.2). Field work was restricted to a smaller area than that of mapping based on remote
sensing (Figure 1)2 The larger area is approximately 25,400 km
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Figure 1-2: The location of the field site on Hall Peninsula, Baffin Island. Focused fieldwork is
shown in the red polygon and geomorphology mapping was within the largest, green polygon.

The gener al goal s of this masterds thaywis ar
Geology on Hall Peninsula through establishing glacial sediaedform assemblages,
investigating relationships with glacial erosion intensity, and determining the net effect on

sediment dispersal trains; accomplishing these goals will help buildniherstanding of past



glacial dynamics on Hall Peninsula, which can in turn be used for research and mineral

exploration.

Hall Peninsula lacks geoscience information including geological maps, data, and interpretations.
As a result, our understanding tife regional geology is inadequate to meet the needs of

researchers and exploration geologists.

This study area encompasses Peregrine Diamond
highlight of diamond exploration in Canada for the past fivargewith more than 60
kimberlites, most of them diamondiferousing found to dat¢Pell 2011) The property was
discovered using classical drift prospecting combined with airborne and ggeoptiysics and
targeted dlling surveys. The success of the property was accomplished with minimal
understandings of glacial dynamics. Despite the exploration success, many of the indicators
recovered from the sampling surveys exhibit extremely complex patterns at surfacamend s
highly interesting anomalies have not been confidently linked to any of the discovered
kimberlites. Questions have therefore arisen as to whether more diamondiferous kimberlites have
yet to be discovered and whether interpretations akonberlite indcator mineral (KIM)
dispersal patterns are correct. Other problems have arisen as well, with potential geophysical
targets appearing to not be associated with a dispersal train and with some discovered kimberlites
being without clear geophysical or till compositional signegur

This combination of complex geological and geophysical factors may hinder exploration effort
and significantly raise the cost of exploration. New knowledge about glacial dynamics is critical
to take full advantage of the till and geophysical datapehich can in turn reduce the risk that

is involved in drilling potential targets and resolve some of the unexplained KIM patterns.

1.3 Bedrock Geology

The bedrock geology of Baffin Island has only been mapped at a reconnaissance scale and more
researh needs to take place for it to be better unders{Ped et al. 2012) Hall Peninsula was
mapped at reconnaissance scale Blackadar(1967)and revisited byscott(1996) In 2006,

the map was released digital(st-Onge, Scott, and Henderso(figure 2-2). It has been
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recognized through previous mapping efforts that Hall Peninsula is divided into three major
crustal assemblagethat are (from east to west) gneissicterrain called the Hall Peninsula
Block, an intermediate belt d?aleoproterozoic metasediments and the Cumberland Batholith.
(Scott 1996; Scott 1999; -®ingeet al.2006; Whalen et al. 2010) The Hall Peninsula Block,
where the kimberlites are located, consistédfiaeanorthogneissic and supracrustal rocks that
are approximately 2.92.80 Ga, and also includes tectonically reworked younger clastic rocks
(Scott 1999; Pell et al. 2012¥he central belt of Paleoproterozoic supracrustal rocks is a
metamorphosed succession of continental margin correlated withiIMeta ogni t a Peni n
Lake harbour Group strata, which are <2.01 >1.9¢St®ngeet al.2006; Whalen et al. 2010)
Granulite facies intracrustal granitoids make up the Cumberland Batholith, and are
approximately 1.868.845 Ga in agé/NVhalen et al. 2010)

More than 60 kimberlites have been discovered between 2008 and 2012 in the study area. The
placement of thé&imberlites, which occur in both pipes and steeply dipping sheetsintruded into
basement gneisses andverlaying Palaeozoic daonate spanned betweenbetween
approximiately 18 Ma from to 156 Mé&Pell et al. 2012Heaman et al. 20)2Notable base and
precious metal till anomalies have been found suggesting that thenane be prospective for
magmatic NiCu-PGE and metamorphosed massive sulphide ded@sts2011) There are two
showings of native copper in the study area as (Relll 2011)

1.5 Thesis Objectives

The main objectives of this thesis are to:

1. Characterize the subglacial geomorphology of roehtral Hall Peninsula

2. Map the spatial distribution and relative intensity of subglacial erosion using various
proxies

3. Investigate glaciatedimendandform relationships

4. Develop a glacial dynamics evolution model for the study area and analyse the
implications within a regional context as well as for mineral exploration on Hall

Peninsula



These research goals are designed to contributeatteaga and industry, and will bring new
insight into the Quaternary geology of nedéntral Hall Peninsula, which can potentially be

used to augment mineral exploration strategies.

1.4 Regional Glacial History

Hall Peninsula has been included in reglastadies of the Laurentide Ice Sh€ELS) (Dyke et
al. 2002)and the Quaternary Geology of the neettstern Canadian Shie({@ndrews 1989;
Briner et al.2009;De Angelis2007;De Angelisand Kleman 2007; Miller et al. 2002; Miller et
al. 2005) Few studies have focused on the peninsula itseltreydmostly focus on the record
of deglaciation and associated late Foxe and Cockburn Substage moraine @ylitem$980;
Miller 1985).

During theLast Glacial Maximuml(GM), which was approximately 21 k ydall Peninsula and
its offshore islands were overwhelmed by (ke et al. 2002)The portion of the LIS that
covered Baffin Island is referred to as the F&edfin sector, and hadn area of .92 x 10 6 kfn
(Dredge 2001; Dyke et al. 2002; De Angelis and Kleman 200Re Foxe/Baffin sector of the
LIS is thought to have largely drained byptgraphically controlled ice streams and outlet
glaciers betweethe LGM and approximately 7.0yk BP (De Angelisand Kleman 2007)The
Cumberland Ice Stream filled Cumberland SouRkdyyre 1-1) until about 9.0 to 10 ka BP
(Jennings 1993; Dyke (2004); De Angelis and Kleman 2007)

Baffin Island is dominated by a landscape reflecting varying thermal regimes as shown through
bedrock erosiorfAndrews 1989; Refsnider and Miller 2010)There are areas of Baffin dsid

that show evidence of wariyased erosive ice with areal scour, selective linear erosion, as well
as little to no glacial erosion reflecting cdddsed ic§ Andrews 1989; De Angelis and Kleman
2005; De Angelis and Kleman 200During the LGM, an ice dividéhat paralleledhe axis of

the Peninsulavas active from the LGM to deglaciatifbyke and Prest 1987; Dyke et al. 2002)
Marsella et al. suggest that during deglaciation, the Hall Ice Divide is thought to have run
parallel to the axis of the peninsula and to have flowed away from the divide to the northeast and
southwest (2000).



The ice divide over Hall Peninsula, as well as the ice streams in Frobisher Bay and Cumberland
Sound, controlled ice flow in this aréByke and Prest 1987; Dyke et @002; De Angelis

2007) The ice sheet retreated towards Foxe Basin around 8.5 kyr BP, and the ice divide on Hall
Peninsula was no longer active. Bgtween7.0 and 6.0 kyr BP, the Foxaffin sector
collapsed promotinghinningice and further retreat; ithe paper presentdny De Angelisand
Kleman(2007)the study area is completely ice free, with the exception of the local icBg&p.

“C ka BP, the southern portion of the dstuarea was ice free, and is marked by an
advance/readvance of the ice sheet (Dyke4RODhe entire study area as presented by Dyke
(2004)became ice free by around 78 ka BP.

De Angelisand Kleman2007)described three types of swarmsrmrthwesterrHall Peninsula
including ice stream (convergent flow patterns), event (abundant-ff@eandicators but no
eskers) and wdtased deglaciation (directional lpaflow indicators and legned meltwater
traces). Colebased zones were also recogniZed Angelisand Kleman 2007). Both a northeast
and southwest event werecognizedn the northeast ansbuthwestnorthwestof the study area
respectively, as wellsaactive webased deglaciation in the southern portion around moraines.
Cold-based ice was also recogniagalice fromthe morainegDe Angelisand Kleman 2007)it

is important to note that these featureseverapped and described using rersgasing, and

fieldwork needs to be done to groutndth some of these observations.

The oldest moraine on the peninsula is the Hall Mor@ifier 1980; Miller 1985) (Figure 13).

It trends northeast/soutiwest across the high part of the PeningMdler 1980; Miller 1985)

The Hall Moraine is dated at 10, 760 +*3Q yrs BP, and thsimarks a still stand of the margin

of the LIS as it retreated to the northwest during the overall deglaciation of the area on Hall
Peninsula and Frobisher Bdiller 1980; Miller 1985) Dyke et al. (2004) show the first

readvance of the ice sheet df@ ka BP (Hall Moraine).

To the northwest, two major moraine systems younger than the Hall MoFagneg2-3) have
been mapped and dated at about 8®9000“C yrs BP (the Cockburn Substadg®liller 1980).
The Frobisher Bay Moraine System (Figure 1.3) can be traced from inner Frobisher Bay and up

to the northwest where the trace eventually diminisiglller 1980; Miller 1985) Drumlinized



till suggests that ice flowed parallel to the axis of the peninsula, flowing from the northwest to
the southeast (Figure 1.8Miller 1980; Miller 1985) Dyke et al. (2004) suggest thateth
Frobisher Bay Morainéormsaround 7.8“C ka BP.
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Figure 1-3: Major moraine systems of Southern Baffin Island and their respective radiocarbon ages
The dashed lines indicate inferredmoraine segments and the dotted line show interpolated
moraine segments The study area (trapezoid) includes Hall Moraine (H) and Frobisher Bay
Moraine (FB). The Chidliak Moraine, mapped by Miller (1985), runs parallel to the east coast and
is dated at 8890 and 8666°C yrs BP, shown next to Chidliak Bay Figure modified from Miller

(1980).

The Chidliak Moraine runs soutioutheast along the east coast of Hall Peninsula to Chidliak

Bay (Miller 1985). The ice that deposited this moraine flowed from the plateau ofrtimsydea
and funnelled through the fjords and bays that line the perirgidiber 1985). Shell ofHiatella

Arctica found on the moraine were dated at 8,660 *+

%D yrs BP (GS©466), which

correlates to the Frobisher Bay Moraine System. East of Chidliak Bay, the drumlins have a
north-east trend, which contrasts with the seedist trending features in the centre of the
peninsulaMiller 1985).



Previous mapping of a local moraine inland of Popham Bay suggests that it required ice flowing
from the east to wegMiller 1985). The local moraine is from the expansion of the local Hall
Peninsula ice cap, located within the study area, which formed a terminal moraine that has been
dated withHiatella shells gathered from iggroximal raised marine deltas. These shells yielded

an age of 8,890 +108'C yrs (GSG2586) which is a minimum ag®r the moraine(Miller

1985) This age correlates the local ice advance to the Frobisher Bay Moraine §ysiiem

1985)

Other features of Hall Peninsula are gltatoistrine shorelines, deltas and overflow channels
from proglacial lake systen{#/liller 1985). There are two main groups of glacial lakes, one is
associated with the Hall Moraine (older) and the other is asedaoidath Frobiskr Bay Moraine
system (younger(Miller 1985). There are also well developed-imentact/proximal deltas where
the lakes are against the edge of the mordiMdier 1985). The older lakes, south of the Hall
Moraine, are at 630 m asl and drained sqMhler 1985). The younger lakes, associated with
the Frobisher Bay Moraine system, also lie at 630 m asl andamedtto the Frobisher Bay
Moraine along the western margin but, to the nedht, the margin is logMiller 1985). It has
beenpostulated that the lake could only have existed if a thin residual ice cap rérhatneen
Cumberland Sound and the lake, blocking drainage into areas of lower elevation, such as
Ptarmigan Fjord (Fig. -2) (Miller 1985). Moraine deposits associated to this blockage and
inferred icecap islacking (Miller 1985). However, since this inferred ice cap was most likely

thin and coldbasedit may have not left a clear geomorphic imprint on the landscape.

1.6 Methodology Overview

1.6a Characterizing subglaial geomorphology through mapping

The mapping of subglacial landforms was accomplished using reseosing and fieldbased
mapping techniques. Satellite imagery (e.g. Landsat ETM+ band 8; resolution = 15m) and
publicly available digital elevation mets (DEM) from an online database
(http://www.geobase.gavere used to map glacial landforms, as well as end moraines-and

shaped valleys Streamlined hills were mapped as straight lines from the Landsat images in
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ArcGIS (ESRI). Ushaped valleys and fjords were mapped as polylines also in ArcGIS using
both Landsat and a DEM. Targeted field investigation allowed grearification of theremote
sensing mapping. Paldlow indicators, most often in the form of glacial striations, were
measured in the field. Glacial striations are often measured to reconstruct the ice flow history of
an area (Parent et al. 1995). As summarized by Paraht(@995), the direction (or sense) of

ice flow on striated outcrops is generally established on the basis of two main sets of criteria: 1)
smallscale features such as Aladad striae, rat tails and crescentic marks, and 2) mestata
features suchsarock drumlinsyochesmoutonnéespr stossandlee topography It is common

to find two or more directions of movement on an outcrop. In that case, their relative age can
often be determined based on crosscutting relationships and position on tiop oel@&tive to

each other (i.e. McMartin and Paulen, 2009).

1.6bMapping the spatial distribution and relative intensity of subglacial erosion

An ice sheetds basal t her mal regi me exercises
deformation, ie sheet geometry, and the response of the ice sheet to climatic forcing, all of
which influence how the landscape is modified by glacial erosion (Refnsider and Miller 2010).
Proxies can be used to gain insight into the temporal and spatial variatitiesbasial thermal

regime (Refsnider and Miller 2010; Trommelen et al. 2012). In this study a holistic approach was
used, bringing together multiple proxies that were used to develop a more complete
understanding of subglacial erosion. The proxies useddadhe Chemical Index of Alteration

or CIA (Nesbitt and Young, 1982; Refsnider and Miller 2010), streamlined hill density and
elongation ratios (Stokes and Clark 2002; Stokes et al.,, 2013), and bedniciled lake

density studies (Andrews 1989).

Thechemical index of alteration (CIA) approach is sometimes used as a proxy of till weathering
or inheritance from a regolith. The CIA is a useful index that reflects the ratio of primary

minerals from the upper crust (mainly feldspars) to weatheringrégucts (neominerals; i.e.

clay minerals) in sediments (Nesbitt and Young 1982; Fedo et al. 1995). It is determined
according to CIA = [AIO4/ (Al,O3 + CaO* + NaO + KO)] X 100, wheramineralsare expressed

as molar proportions and where CaO* representsr@a &ilicatebearing minerals (e.g. nen

carbonate sources). The latter assumption is considered to be reasonable for the study area,
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which is underlain by igneous and metamorphic rocks with no evidence of carbonate dispersion
from sedimentary basins (e.roxe Basin), with the exception of carbonate xenoliths in
kimberlites from an eroded platform; which could be a very minor contributor for CaO down ice.
For this study, a till geochemistry suitan@lysed using Inductively Coupled Plasma Mass
Spectromely (ICP-MS) using total digestion of theize fraction: <180um) collected by
Peregrine Diamonds Ltd. in 2009 was used (Appendix E). It has been demonstrated that
unweathered rocks and minerals ranging in composition from gabbrefétnispar have very
similar CIA values of about 50 (Fedo et al. 1995). CIA values should thus not vary much due to
underlying bedrock lithological changes across the study area. CIA values are thought to mainly
reflect weathering of the till or inheritance from a regolithg &imerefore can give insight into

how erosive the ice was across the study area (Refsnider and Miller 2010).

In the eastern Canadian Arctic, landscapes reflect varying degrees of glacial erosion (Andrews
1989). For examplea high density of small bedrdc controlled lakes highlight areas of
relatively high glacial scour where areas of surface tors, angular blockfields, and few lakes
highlight areas of low glacial scour (Andrews 1989).

Dimensions of streamlined hills of glacial origin are often used as a proxy for relative basal ice
flow intensity/velocity (Clark 1993; Hart and Smith 1997; Stokes and Clark 2002). The

el ongation ratio (E=L/ W) i s widtl if &a streamlinedmik d hi |
has an elongation ratio greater than 10:1, it is generally considered to represent fast basal flow
(Clark 1993; King et al. 2009). In the case of bedrooked streamlined hills, a case may be

made that their elongation ratiso reflects subglacial bedrock erosion intensity.
The elongation ratio and density of lakes were derived using various GIS tools and coupled to

combine the proxies to highlight areas of relatively high basal erosion intensity and ice flow,

which is rderred to as the subglacial dynamics in@leedder 2012).

1.6¢ Investigating glacial sedimentandform relationships

The relationship between subglacial erosion, till production, and landform development is
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complex (e.g. Boulton 1996). Because of tlenplexty of the relationshipsthey arerarely
investigated because it requires large and diverse datasg¢gsningboth landform and sediment
characteristics. It is, however, important to integrate such data in order to understand the
evolution of theice sheet at varying temporal and spatial scales (Trommelen et al. 2012).
Information gathered to study subglacial dynamics typically indsdéglacial landformand

data concernintheir abundance, shape, and orientation (e.g. Clark et al. 2000; Stuk€dark

2003; Briner 2007; Phillips et al. 2010; Stokes et la, 2013), as well as smalillerndadicators
measured in the field (e.g. McMartin and Henderson 2004; Trommelen et al. 2012). In this
study, not only subglacial landform characteristics fegld-based icdlow indicators were used,

but also bedrockontrolled lake density and extensive till geochemical data. This-faa#ted
approach allows the relationships between landform and glacial sediment characteristics to be
investigated in ordeio get more insight into the subglacial dynamics and its effect on landforms

and till production and transport.

Landscapes resulting from past glaciations are not homogembasglacial record has been
shown in many areas aspatchwork of contrastingndscapegRoss et al. 2009; Trommelen et

al. 2012). Each of these areas appears to have a distinct glacial history which may or may not
overlap with that of adjacent terrain zor@®viding distinct or hazy borders respectivehs

shown by differentiabg subglacial landforms, striation records, etc.; these areas aredetferr

as glacial terrain zon&STZs (Trommelen et al. 2012). The mosaic landscapebe explained

by spatietemporal changes in subglacial conditions leading to differing amoumseritance

and overprinting, or varying degrees of landscape preservation (Clark 1999; Trommelen et al.
2012. Following the methodology of Trommelen et al. (2012), streamlined landform flowsets,
field-based icdlow indicator and relative age relatiomgé variation, as well as presence of
characteristic types of landforms such as end moraines, topographic characteristics, sediment
composition, and the relationship between esker and streamlined landform orientation were all
carefully analyzed in order wetermine whether the study area contains distinct GTZs or not. In
this study, principal component analysis (P@¥gs also used to determine whether till could be
partitionedinto GTZsbased on its composition. Results were then combined with CIA results

(see above) as well as with the landform record to enhance the GTZ analysis.
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Another method used to study the Quaternary geology was multivariate statistics to study the
relationship between the landscape, bedrock geology, and till geochenhkihyvariate
methods highlight changes in several properties simultaneously (Davis 2002). Principal
component analysis (PCA) is a multivariate method that consists of a linear transformation with
x original variables and y new variables, where each neiabla is a linear combination of the

old variable (Davis 2002)A secondtill geochemical database ofay-sized sediment (<pm)

was used to do the multivariate statistimsthe study areaThe till samples were analysed using

the Aqua Regia methadThis data contains over 1000 samples with information on 54 elements,

making it acomplex multivariate database, and was collected by Peregrine Diamonds in 2009.

The objective of PCA is to reduce the number of variables necessary to describe the observed
variation within a dataset. In this case, PCA was used to recognize possible trends in the till
geochemistry within GTZ, as well as relationship with underlying bedrock geology. Each
principal component might be interpreted as describing a geologicaegsrosuch as a
differentiation (partial melting, crystal fractionation, etc.), alteration/mineralization
(carbonization silicification, alkali depletion, metal associations and enrichments, etc.) and
weathering processes (Grunsky 2010). In areas of thicknsolidated sediment cover such as

till, alluvium or colluvium, the linear combinations of variables and the plots of the loadings may
not be so easy to interpret as they may reflect a mixture of several surficial processes, including
glacial transpor{Grunsky 2010). PCA can be run on a set of data through statistical software
such as R Statistical Environment (R Development Core Team, 2013), which was the program

utilized for this research.

Maps of principal component scores of the observations erseful in understanding
geochemical processes, as well as surficial processes. If a component expresses underlying
lithologies, then a map of that component may outline the major lithological variation of the
area.Surficial processes may also affecethesulting component maps. Measure of association,

or metric, can have a significant effect on the derivation of principal components. Covariance
relationships between the elements reflect the magnitude of the elements and thus elements with
large valuegend to dominate the variancevariance matrix (Grunsky 2010). If there is a

pattern in the geochemistry of the GTZs, a linear discriminant analysis can be run on the data
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through R Environment, to determine if the GTZs could actually be predicted diy th

geochemistry.

1.6d A holistic approach to developing glacial dynamics evolution model

Delineating GTZs by geomorphological mapping, erosion proxies, and till geochemical
groupings, allows for a better understanding of the spatial and relative temporal changes in the
glacial record. This is the foundation for a conceptual model of the evolution of subglacia
dynamics on nortltcentral Hall Peninsula, Baffin Island. By combining thnelerstanding ahe

various proxies used to study the subglacial landscape of Hall Peninsula developed through this
research and building on Miller (1980), Dyke et al. (2002),[2@ Angelisand Kleman (2007), a
conceptual model has been developed.

1.7 Thesis Structure

The thesis includes a thesis abstract, an introduction chapter (Chapter 1), two chapters designed

as publishable papers (Chapter3)2and a conclusion chapter.

The first chapter provides the framework for the thesis, explaining the research problem, the
main goals and research considerations, and summarizing the relevant geosciences literature

specific to the study area.

Chapter 2was prepared as government pedtion; specifically an Open File of the Geological
Survey of Canada (Johnson et al. 2013). The Open File focuses on field data collected in the
summers of 2011 and 2012, as well as remote sensing data of the study area. The second chapter
lays the grondwork for the following chapter. The map that was developed from the work done

in Chapter 2is important to industry in the area, as they will use the pdllewa indicators in

prioritizing targets for future drilling.

Chapter ds coauthored with sugrvisor Martin Ross and project collaborator Tommy Tremblay

(C-NGO). The research project was designed and supervised by M. Ross, but | was responsible
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for data collection, organization, presentation, and interpretation, as well as writing. Tommy
Tremblayprovided input during project discussions and during the review of earlier versions of
the manuscriptChapter 2has also been peesviewed by Roger Paulen of the Geological
Survey of Canada as part of the publication requirements for Open File Repd«stural

Resources Canada.

The third chapter is drafted as a journal manuscript. Chapter three presents a detailed look at the
glacial landscape and sediment assemblages, including the geochemistry, which leads to the
development of a conceptual modelgidicial dynamics evolution from tHeGM to final retreat

of theLIS and early stages of local ice cap development. Using a holistic app@EBthwere
delineated providing an idepth understanding of the complex patchwork of glacial landforms
and sedirants in the study area, which result from different-noeval iceflow events Using a

large till geochemical database, tGeemical Index of Alteration (CIA)s calculated over the

study area to study weathering. Using another till geochemical datahaspossible link
between GTZandtill geochemistryis studied using principal component analysis (PCAhe

bedrock geologyis alsoconsidered to see if the geochemistry of the underlying lithologies
influences the till more than glacial or perhapsatliering processes. The conceptual model ties

the story together with the little research that was done in the past, to what we understand

presently.

Chapter 3is coauthored with Professor Martin Ross, Eric Grunsky, a Research Scientist at
Natural Resorces Canada (NRCan) and Adjunct Professor at Waterloo, Tyler Hodder, a
graduate student at Waterloo, and Tommy Tremblay, also Research Scientist at NRCan. | was
responsible for raw data manipulation (chemical index of alteration, streamlined hill mapping,
elongation ratiomapping and calculationspreparing raw data for statistical procedures),
interpretation, and writing. The streamlined hills and elongation ratio data was given to Tyler
Hodder who did a GIS analysis of subglacial erosion using theséepras well as bedrock
controlled lake density. Tyler Hodder created the subglacial dynamics index. Eric Grunsky was
responsible for the principal component analysis and linear discriminant analysis, which was
done through R Environment, and aided ireiptetation. Tommy Tremblay validated the

chemical index of alteration study, and provided input at various stages of the research. | was
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also responsible for putting all the results together and for developing the conceptual model as

well as for writingthe chapter.

The fourth chapter concludes and summarizes the thesis, presenting complications and future

research.
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Chapter 2 : Glacial geomorphology of north-central Hall
Peninsula, SouthernBaffin Island

2.1 Introduction

Canada was affected by several glaciations during the Quaternary (Ehlers and Gibbard 2004).
Many ore deposits are covered by glacial sediments, which make it difficult to detect the deposits
remotely. Currently, an important exploration method in Canadalves the search for distinct
mineral assemblages in glacial sediments and tracing them back to their source. To use this
method effectively, it is critical to understand regional past glacial dynamics and the subtleties of
glacial erosion, sediment praction, transportation, and deposition (Klassen 2001). Lack of such

knowledge can delay major discoveries and lead to increased exploration costs.

The evolution of icdlow systems over time has a major effect on the glacial landscape and its
sediments.Maps of glacial landforms at various scales, including streamlined hills and
striations and other ice flow indicators preserved on glacially abraded outcrops, are necessary to
understand the glacial dynamics and ice flow history of an area. Such maffurig were
undertaken on Hall Peninsula, Baffin Island, because available maps and data were clearly
insufficient to meet the needs of mineral exploration in this prospective rédiergoal of this

report is to present the results of the mapping afelgkilometre scale) subglacial landforms
based on remote sensing and of targeted field mapping ofsoeko (sukkilometre) landforms

and outcropscale glacial striae and other palee-flow indicators throughout the study area.

2.2 Location

The stug area is located in nodtentral Hall Peninsula, Baffin Island. Fieldwork was restricted
to a smaller area than what was mapped using remotely sensed imiigeng 2-1): The
location of the field site on Hall Peninsula, Baffin Island. Focused fieldwork is shothe ned

polygon and geomorphology mapping was within the largest, green palygon.
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Figure 2-1. The location of the field site on Hall Peninsula, Baffin Island. Focused fieldwork is
shown inthe red polygon and geomorphology mapping was within the largest, green polygoithe
larger area is approximately 25,400 krfi

2.3 Physiography

Hall Peninsula is the middle of three large peninsulas of southeastern Baffin Island. It is
bounded by Froher Bay to the south/southwest and Cumberland Sound to the north/northeast
(Figure 2-1). Most of central and eastern Hall Peninsula is drained via the McKeand River
(Miller 1985), which cuts through the eastern portion of the study area (Pell 2011). Fjords
dissect the perimeter of the peninsula, thus directing the drainage. According to the
physiographic region maps by Bostock (1970) and Andrews (1989), the physiographic regions of
the study area are the stepped plain or di s
Surfacedo in the sout h. Baf f ilakes &&6%) withtoesands de s
angular blockfields, suggesting that the area has not been intensely scoured blyagedm

glacial ice (Andrews, 1989). The land from the coast to approximately 50 km inland consists of
abundant lakes, ponds and bedrooktrolled streamlined hills. The central part of the study

area is characterized by flat to rolling topography consisting of more continuous till surrounding

an area of regolith, and with few ponds and lakes. The central area also contains minor
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glaciofluvial and lacustrine deposits. Theeastern region is characterized by bedrock hills

occupied by the current ice cap, valleys, and fjords.

2.4. Bedrock Geology

The bedrock geology of the study area is summarized by Pell (2011). The bedrock geology of
Baffin Islard has only been mapped at a reconnaissance scale (Jackson and Berman 2000). Hall
Peninsula was mapped by Blackadar (1967) and revisited by Scott (1996). In 2006, the map was
released digitally (SOnge,Jackson, and Hendergdifrigure2-2).
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Figure 2-22 A summary of the simplified geology of southern Baffin Island showing
tectonostratigraphic assemblages, such as the Hall Peninsula Block located in the study area. As
shown, Hall Peninsula is underlain by Hall Peninsula block (orthogneiss and supracrusteocks)
and Lake Harbour Group assemblages (modified from SOnge et al. 200&nd Whalen 2010).

Hall Peninsula is thoughit be underlain by three units. To the east existsrain referred to as
the Hall Peninsuld@lock, which is composed of Archeamthognessic and supracrustal rocks
(Whalen et al. 2012).Alongside the Hall Peninsula Block is a centbalt of intermediate
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Paleproterozoic metasediments correlated to the Lake Harbour Gs¢@mnge et al. 2006;
Whalen et al. 2010). To the west isrtherland Batholith, which is made up of granulite facies
intracrustal granitoids (Scott 1999; Whalen et al. 2012).

More than sixtykimberlite bodiesas well as prospective till anomalies indicative of magmatic
Ni-Cu+PGE metamorphosed SEDEX, VMS, anddagbld deposithiave been discovered in the
study areaand hasbeen the focus of intense diamond exploration since 2005 (Pell 2011; Pell et
al. 2012. The kimberlite province stretches in a nestiuth direction for approximately 70
kilometres and inmeastwest direction for approximately 40 kilometres (Pell et al. 2012). Most

of the kimberlites discovered are hosted in rocks belonging to the Hall Peninsula Block (Pell et
al. 2012).

2.5 Surficial Materials

Till throughout Baffin Island is generglthin with the exception of locally thicker deposits in

the central region. Small pglacial and subaqueous outwash and deltaic sediment bodies also
occur attesting of the existence of sHoreéd proglacial rivers and lakes in the study area (Miller
198). Based on exploration drill holes, the till in the central plateau area reaches up to 15 m in
thickness (Pell 2011). It is thinner in areas proximal to the coasts, where bedrock is
discontinuously covered with a thin till veneer abot® fn thick. Invalley floors and other
areas of relatively lower elevation, till is also thicker (Pell 2011). According to Andrews (1989),
the till on Baffin Island consists of two types: sandy till with abundant Precambrian clasts (shield
type), and a sitlay matrixdominated till with abundant Palaeozoic carbonate clasts. The till

encountered during field work is from the

characterized by abundant clasts of orthogneisses or Paleoproterozoic metasedimentary rocks

found in the study area. Locally, the till can have a strong kimberlitic composition including

green matrix, kimberlite and limestone cobbles.

2.6 Previous Studies

Limited research has been done on the Quaternary geology of Hall Peninsula. Hall Peagsula
been included in regional studies of the Laurentide Ice Sh&®) (Dyke et al. 2002) and the
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Quaternary Geology of the north eastern Canadian Shield (Andrews 1989; Miller et al. 2002;
Miller et al. 2005;De Angelis2007; De Angelisand Klemen 2007; iner, et al. 2009). Few
studies have focused on Hall Peninsula itself, but have a primary focus on the record of
deglaciation and associated late Foxe and Cockburn Substage moraine systems (Miller 1980;
Miller 1985). A 1:500 000 scale predictive surdicigeology map was released following a
remote predictive mapping (RPM) study based on LANDSAT and digital elevation models
(DEM) (Harris et al. 2012).

Baffin Island is dominated by a landscape reflecting varying thermal regimes as shown through
bedrock eosion (Andrews 1989). The ice sheet velocity and profile were highly controlled by
the substrate and thermal regime (Miller et al. 2000). During the Last Glacial Maximum (LGM)
(approximately 21 ka ago), thelS overwhelmed southern Baffin Island, incladi Hall
Peninsula and its offshore islands (Dyke et al. 2002). During early deglaciation, the Hall Ice
Divide is thought to have run parallel to the axis of the peninsula and to have flowed away from
the divide to the northeast and southwest (Hall &G3).

The oldest moraine on the Peninsula is the Hall Moraine (Miller, 1980; Miller, 1885)ré

2-3). About 50 km to the northwest of the Hallokine is the inner Frobisher Bay Moraine,
which trends northeast/souivest across the high part of the Peninsula. The Hall Moraine was
dated with 3 paired valves dya truncatathat averaged 10, 760 + #C yrs BP marking the
deglaciation from a termal moraine complex in Warwick Sound (Miller 1980) and thus marks a
still standof the margin of thé.IS during the overall deglaciation of the area on Hall Peninsula
and Frobisher Bay (Miller 1985). At Gold Coyshells ofMya truncatayielded ages of 10,100

+ 100%C yrs BP (GSE2725), which is considered to date the deglaciation of the cove (Miller,
1980). Other ages for the deglaciation of the cove included the apff@reme of 12,150 + 140

yr (QC-543), which was later rdated lecause the initial age was significantly older than GSC
2725; the new analysis yielded an age of 10,200 + 210 yr B.P.-R3%&) which is statistically
indistinguishable from the first one (Miller, 198@.M. truncatashellwith theage of 9,725 *

120 yr (QC-450) was also found in marine limit deposits which shows a transition to marine

environment after the deglaciation of Gold Cove (Miller 1980).
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Further west, two major moraine systems younger than the Hall MoFmed2-3) have been
mapped and dated at about 8,680 yrs BP, equivalent to the Cockburn Substage (Miller 1985).
The Frobisher Bay Moraine Systdifigure2-3) was traced from inner Frobisher Bay and up to
the northwest where the trace eventually is lost (Miller 1985). Drumlinized till suggests that ice

flowed parallelto the axis of the peninsula from the northwest to the southeast (Miller 1985).

Miller (1985) also mapped the Chidliak Morajréhich runs soutfsoutheast along the east coast

of Hall Peninsula to Chidliak Bay (Miller 1985). The ice that depositesl tioraine flowed
northeast from the plateau of the peninsula and funnelled through the fjords and bays that line the
perimeter (Miller 1985). Shell dfliatella arcticafound on the moraine were dated at 8,660 *

160 *“C yrs BP (GS€466), which correlateto the Frobisher Bay Moraine System. East of
Chidliak Bay, the drumlins have a northeast trend, which contrasts with the southeast trending

features in the centre of the peninsula (Miller 1985).

Previous mapping of a local moraine inland of Popham Bmu(e2-3) suggests that it required
ice flowing from the east to west (Miller 1985). The local moraine was deposited by the Hall
Peninsula ice cap, located in the study atd@atella arcticashellsgathered from icgroximal
raised marine deltas yielded an age of 8,890 £40@rs (GSG2586) (Miller 1985). This age
correlates the local ice advance to the inner continental moraine system in Chidliak Bay and
Frobisher Bay (Miller 1985).
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Figure 2-3: Major moraine systems of Southern Baffin Island and their respective radiocarbon ages (Figure modified from Miller 1980).
The dashed lines indicate places where the moraines are inferred, and the dottaw is where it is extrapolated. The geomorphology map
done in this project is within the trapezoid and includes the Hall Moraine (H) and the Frobisher Bay Moraine (FB). The Chidik
Moraine (C), mapped later by Miller (1985), runs parallel to the eastoast and is dated at 8890 and 866€C yrs BP, but was not observed
during this study. Figure modified from Miller (1980).
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Proglacial features of Hall Peninsula include lacustrine shorelines, deltas arldvowaiidnnels

from the former proglacial lake systems (Miller 1985). The two main series of the lakes
identified are associated with the Hall Moraine (older) and the Frobisher Bay Moraine system
(younger) (Miller 1985). There are also well developedca@act/proximal deltas where the

lakes were against the edge of the moraines (Miller 1985). The older lakes are at 630 m asl and
drained south (Miller 1985). The younger lakes also lie 630 m asl and are traced to the Frobisher
Bay Moraine along the westemargin but, to the northeast, the margin is lost amongst the edge
of the largest lake (Miller 1985). Miller (1985) postulated that the only way this large lake could
have existed was to be dammed by a thin residual ice cap lying between Cumberlandrsiound
the large lake. There is no evidence in terms of modern moraine deposits, which would support
the existence of such an ice body (Miller 1985). However, this ice cap was most likely thin and
perhaps cokbased. Cosmogenic dating of bedrock surfaces lmmdders from within the

inferred ice cap area could test this late ice cover hypothesis.

2.7 Methods

This study focused on subglacial landforms in order to map and provide information about ice

flow dynamics. The mapping of surficial materials (e.goiih, till, glaciofluvial and lacustrine

deposits) is out of the scope of this report. Remote sensing is frequently used for mapping
regional scale glacial features (Clark et al. 20D8; Angelisand Kleman 2007; Kleman and

Glasser 2007; Clark et al. 2009; Stokes et al. 2009; Kleman et al. 2010; Trommelen and Ross
2012; Spagnolo et al. 2011; Smith and Knight 2011). Satellite images and air photographs are
often used to develop understandingoban e a 6 s gl aci al history, even
mapping has been done (Kujansuu 1990). Satellite images can be visually interpreted to
highlight specific features of the landscape such as groups of streamlined hills or moraines
(Boulton and Clarkl990). Glacial features can thus be reliably mapped by visual interpretation,
though it is essential to go through quality checks, such as overlaying geological maps to
differentiate glacial features from bedrock features (Clark et al. 2009).

Subglach | andf orms often occur in clustemas or Af
different times. These clusters provide insight on glacial dynamics, erosion, transport and

deposition. Fields of parallel streamlined ridges thought to have forméadda} iceflow are
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referred to as flowsets (Kleman et al. 1997). It has become clear that because of variable degrees

of erosion and preservation, the glacial landscape forms a complex patchwork of glacial
landforms and sediments resulting from different-noeval iceflow events (Stea and Finck

2001; Clarhall and Jansson 2003; Ross et al. 2009; Stokes et al. 2009; Trommelen et al. 2012).
Some of these fApatcheso, r ef esr(cf. @rommelen etaak gl ac
2012), may overlap showingomplex crosscutting patterns or may be defined by sharp
boundaries separating groups of landforms with contrasting orientation or characteristics (e.qg.
Ross et al. 2009).

For remote sensing, the study took advantage of LANDSAT 7 heitlusat Enhanced €matic

Mapper Plus (ETM+)satellite imagery, publicly availabl®EM, airborne magnetics, and
topographic mapsr@ble2-1). Georeferenced and orthectified air photographs were not used

in this study. Satellite images were used to map the study area foranuksunegascale
subglacial features. A mosaic of available satellite images was created and visualized at a
1:100,000 scale and again at a 1080, scale in order to capture landforms of different sizes.
Streamlined ridges (till and bedreckred drumlins, meg#utes, and largeoches moutonnégs

were mapped together as glacial features. There were no distinctions made between different

types ofstreamlined ridges.

Table 2-1: Presented is a summary of the datasets that were used for remote sensing mapping.

Spatial Technical
Data Source | Resolution : Projection Source
. Properties
(horizontal)
Satellite Panchromatic NAD 83,
imagery 15 meters Band 8 UTM Zone | http://www.geobase.c
(ETM+) 19
_ NAD 83,
DEM 3 arc seconds 1'250’.000 UTM http://www.geobase.c
NTS tiles
Zone 19
Airborne
magnetic NAD 83, Unpublished;
geophysical | 4 meters UTM Peregrine Diamonds
survey Zone 19 Limited
images
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A crucial component to understanding the Quaternary history of an area is mapping glacial
erosional features.Reconstructingce-flow history is done withmeasuring glacial striations
(Parent et al. 1995; McMartin and Hendaer2004; McMartin and Paulen 2009; Plouffe et al.
2011). As summarized by Parent et al. (1995) thdlave direction can be established by two

sets of criteria: (1) smaficale features such as nailhead striae, crescentic gouges, -taitl rat
ridges and(2) medium sized features such as whaleback forms, and -scederroches
moutonnéegtoo small to be visible on the LANDSAT images). It is common to have multiple
features at one site. When there are two or mordldee directions observedh the same

location crosscutting and stosandlee relationships are studied to determine the relativefage

the multiple iceflows (Parent et al. 1995; McMartin and Paulen 2009). This is achieved by
studying the relative positions of the indicators on the ouisoae according to the following

criteria: a) iceflow indicators found just on the top parts of an outcrop are usually considered the
youngest for that site; b) idbow indicators found in depression or lower positions on the same
outcrop are typicallyelatively older (McMartin and Paulen 2009). For example, lower polished
surfaces in a dowite position relative to the iedow direction as recorded on top of the
outcrop are referred to as fAprotecterglicterur f ace
preserved striations from an older-ft@wv phase. Also, sometimes deeper grooves or crescentic
gouges are crosscut by younger striae superimposed on an angle on top of these features thus
giving a clear relative age relationship (Parent et1895; McMartin and Paulen 2009).
Quaternary field mapping of striations and other erosional features were used to reconstruct the

ice-flow history of the area and to groutrdith the features mapped using remote sensing.

Helicoptersupported fieldwork a&s based out of camps operated by Peregrine Diamonds
Limited during the summers of 2010 and 2011. The data gathered from the field were primarily
smaltscale iceflow indicators such as striae, grooves, chattermarks, sculpted outcrops, and in
some casesnsall-medium sizedoches moutonnéesnd drumlins. The goal of the 2010 field
season was to understand the regionafl@me in the area. To distinguish the regional flows
from the local flows, directional indicators were studied at the tops of bedrixkdibpposed to
within valleys. At lower elevations, striation records are often more complex than records of
higher elevations, reflecting local topographic influence offlee that developed during late

stage deglaciation. The 2011 field seasontgchmore time to investigate these local flows in
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high priority areas. The field data is stored in a Microsoft Access database and includes station
information (station ID and coordinates), pafemw data when observed, sample information

and photo iderfication. The iceflow indicator measurements collected in the field were also
visualized in ArcGIS® (ESRI). The coordinate system used for all of the GIS files is NAD 83,
UTM Zone 19

2.8 Results

28.1 Remote Sensing Results

A total of 1293streamlined hills, one major moraine system, one local moraine, and a series of
U-shaped valleys were mapped using remote sensing technigigese(2-4; Appendix A).

There are discrete landscapes within the study area recognized on the LANDSAT images which
include areas near the coast with relatively high density of lakes (Andrews 1989), ponds, fjord
interfluves and streamlined hills, a central areactvlis relatively featureless and blanketed in

till and regolith, and the area dominated by the local ice cap.

Four main orientations of ieow were found through analysis of the LANDSAT images. Each
flow trajectory was confidently established in tiedd through analysis of the stelee relations

of streamlined hills. These flows can be summarized from relatively oldest to youngest as
follows: (1) iceflow to the northeast in fjord interfluve areas; (2) to the north and northwest in
relation to the arthern fjords; (3) to the east along the eastern cdagtre 2-4); and, (4)
southeast central to the study area. A southwest flow, which is noglstnepresented in the
remote sensing results, may be concurrent with the northeast flow (1) flowing on the opposite
side of the Hall Ice Divide (Marsella et al. 2000kieldwork will be needed in this area to
establish the extent of the southwest floWhe southeast flow (5) is found with few striations

and the orientation of the late stage moraines. However, most large southeast trending landform
features recognized in the satellite imagery are parallel to major bedrock structures visible on the
airbome magnetic map and are thus interpreted as bedwmkolled ridges.
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Figure 2-4: Remote-sensing results with moraines, streamlined hills, and-shaped valleys.
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The degree omodification of these northwest/southeast ridges by the soutineading ice
flow phase is currently unknown. In the central area, there is rolling topography blanketed with

thicker till but no obvious icélow indicators at the messcale Figure2-5).

66°30'0" W
Figure 2-5: Rolling topography covered in till with few streamlined ridges and fewer lakes.

Other mtential glacial streamlined hills were mapped as dashed lines. These uncertain features
are either outside the fieldwork area and were thus not ground checked or simply too unclear in
origin to be mapped under streamlined hills of more certain glacgihoriThe dashed lines can

be grouped as follow: (1) Streamlined hills generally in a southern direction, found within the
lobate Frobisher Bay Moraine perpendicular to each of the lobes; (2) Sodtbadsig hills
following the fjords in the southeast the study area and (3) Southetienhding hills in the

centre of the study area. Group 1 and 3 are likely glacial as they are within the lobes of the end
moraines. The third group agree with those previously mapped in the central region of the study
area (Miller 1985), though it is shown with magnetic data that the bedrock features are striking
southeast/northwest. Ice may have been thin enough for basal flow to be controlled by the
southeast bedrock features during the ice advances that depositedaimesio
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Two major moraine systems and two local moraines were previously mapped within the study
area (Miller 1980; Miller 1985). Components of the Frobisher Bay Moraine sybigord2-6a-

b) were recognized as well as the local Hall Moraine with analysis of the LANDSAT images.
The moraine was hand mapped on the LANDSAT photo below by recognizing the hummocky
areas of thicketill, which make up the bulbous portion of the Frobisher Bay Moraine system.
The ridges of these moraines are prominent features on the studied images and show that ice
flowed approximately from the northwest to the southeast. Parts of the FrobisheroBaipeM

that were not mapped on the LANDSAT include the dashed line segments The Chidliak Moraine
that follows the coast and the local moraine showing west flowing ice across from Popham Bay
reported by Miller (1985) were not recognized on the LANDSAT irsage

Figure 2-6: A major segment of the Frobisher Bay Moraine system and Hall Moraine (Blake 1966;
Miller 1980). a) The ridge is mapped from the LANDSAT image enhanced with DEM; (b) the
same image with he mapped outline of the Frobisher Bay Moraine (lobate feature in the
northwest) and the Hall Moraine (the more linear feature in the southeast corner). The areas that
appear as white tone are areas of regolith lacking evidence of glacial erosion.

With publically available DEM, U-shaped valleys were mapped throughout the study area
(Figure 2-7). It is interpreted that many of the valleys extend f&and beyond modern fjords
and these troughs contributed to funnelling ice and further eroding the troughs through positive

feedbacks.
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Figure 2-7: U-shaped valleys in purple mapped on a DEM base. THhd-shaped valleys start far
inland and eventually lead towards the fjords. Cool colours correspond to low elevations (dark
green is sea level) and hot colours correspond to high elevation (1095 m asl).

28.2 Fieldwork Results
Fieldwork focused on mesand micrascale iceflow indicators.Observations were made at 413

stations Figure 2-8), with a total of 456 palefiow indicators during the summeo$ 2010 and
2011 from base camps operated by Peregrine Diamonds Limited (Appendix A; Appendix B).
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Figure 2-8: Shown are key locations for 2010 and 2011 fieldwork. Black circles show station

locattions for 2010 and
yellow polygon denotes Ptarmigan Fjord.
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Of the 456 paledlow indicators measured, 400 are striations, 48 are chatter marks, and 15 are
roches moutonnéesA mapshowing 113 of the 456 features was made to highlight the main

azimuths foundRigure2-9).
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Figure 2-9: The results of the paleeflow features measured in the field. The local ice cap is shown
in stippled blue.

Streamlined bedrock forms were numerous throughout the field study area. Field observations of
these landforms wereseful to verify the preliminary geomorphological map based on remote
sensing. However, measurement of the general orientation of these landforms in the field was
done only if there were no smaller scale features found or if there was an evident ageshgtati

with the striation record preserved on them. Out of the 456 {laandicators, it was possible

to get the sense of direction of 375. There are 14 sites where a clear relative age relationship

could be established.

Striations make up the bull the paleeflow indicator dataKigure2-10). Grooves, a slightly
larger erosional feature, were grouped into the data as striations. Grooveshfougthout the

study area were grouped together with striations as a-flaledeature. Striations and grooves
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are bidirectional, and directional indicators were sometimes needed to confiltowiarection

when an obvious stodee relationship was ngresent. Directional indicators included chatter
marks and crescentic gougdsgure 2-11), which were grouped together under chatter marks.
Striaions are sometimes found parallel to foliation; special care was thus given to ensure high

confidence in the measurement.

Figure 2-10: Striation measurements showing stoskee relationship indicating direction of flow.
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Figure 2-11: An example of a well striated outcrop showing multiple crescentic gouges indicating
the direction (as indicated by the compass). The direction for this station was approximdyel83°,
showing the southern flow. Note the rough (not polished) surface dowaoe (upper left) relative to
the abraded/polished surface (lower right).

The field observations agree with the landfesoale patterns based on remote sensing. However,
more iceflow directions were recognized in the field such as the flows with a western direction
found in valleys that recorded movement from the Hall Ice @ag,the northwest valley flows

directed into Ptarmigan Fjord.

2.8.3 Relative age relationships

The relative chronologyHgure 2-12) of the flowsds was established from field observations,
some of which are supported by remote sensing data. Tops of ridges were primarily focused on
to identify regional flowsets as opposed to local topographically controlled flowsets, though high
priority areas withlower elevations were also studied. The-fiogv directions result from a

series of glacial events that are thought to span from the LGM to deglaciation, and final retreat to

the icecap.
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Figure 2-12: Relative chronology relationships documented in the field. A total of 14 relationships
were found, with the majority of them documenting an earlier northeast flow overprinted by
various other flows.

Through crossutting relationships observed in the digiit is possible to put these ice flow
events in chronological order. Compared to other ptit®o features, relatively few age
relationships were found in the field. There were 14 sites where relative age relationships were
determined, with each of tke sites having either a single pair or multiple features showing
chronology (Appendix C). The age relationships were studied by observing their relative

positions on the outcrop scale, which vary in nature.

Thenortheast features reflect thklest flov (Figure2-13). The majority of the south paldlow
features, found in the south portion of the study area, are likely to be concurrent anceagposit
the northeast flow and separated by the Hall Ice Divide that existed in the area (Marsella et al.
2000). The northeast flows are shown to be relatively older than the north and northwest flows

in 11 of the 14 locations studied in the field. The ottieee sites where a relative age
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relationship was observed showed different results. One location showed a relatively older
northern flow and younger northeast flow, contrary to what was observed at the bulk majority of
the field sites. Another site sived an older north flow, and a relatively younger southwest flow.

There was also a single site where there was an older north flow and a relatively younger
southwest flow. Many of the relationships studied consisted of younger striae superimposed on

or proximal to older northeast features such as chatter miaidugr€2-13).
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Figure 2-13 A and B: Two examples of the younger (2) stria®n abraded surface on top of the
outcrop and older crescentic gouges (1). A northward flow direction was determined for the young
striations which are ubiquitous at the site on several adjacent outcrops. Thrare crescentic gouges
found on few rough surfaces are associated to an older northeast flow. These features have a better
preservation potential then striations and polished surfaces. They indicate an iflew direction
parallel to the shape of many indiidual outcrops suggesting they were primarily moulded by the
older flow.
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2.9 Interpretation of Ice-flow History

Seven main glacial landform and striation directions were identified and grouped into four

phasesKigure2-14).
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Figure 2-14: Shown is an iceflow synthesis, in proposed phases-B. Through field evidence, it is
found that phase A is relatively older than phase B and phase D. Phase C, which the moraines are
a part of, have been dated

With the relative age indicators in mind, these phases were chronologically ordered. The results

of the field and remote sensing based mapping can be summarized and related as such:

a. Regional Flows (Phase A):
I.  Fjord interfluve areas proximal to the coast (between approximately 500 and 850

m asl): Northeast (varies from 2@0°; average is 43.5°)
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[I.  Southern regions: South (directions between 1B(I°)
b. Fjord influenced areas (between 0 m and 650 m asl) (Phase B):
I.  North (approximately 34220°) for northern fjord heads,
i. Relatively older fjord influenced flow
II.  Northwest (approximately 300°) east safePtarmigan Fjord (Figure 2.13)
i. Relatively younger fjord influenced flow
ii. Perhaps northeast to the west side of the Ptarmigan Fjord
. And east to southeast (#212°; 135°) for eastern fjords.
c. Central region (Phase C): Southeast (1B&0°)
d. Hall Ice Cap(Phase D): West (24285°) in valleys

The earliest event is the northeast flow interpreted as a regiontdbucgphase (Phase -B.

There is a high degree of parallelism in the orientation of streamlined hills anddrstd
indicators associated toemortheast flow phase. This suggests that the landscape most likely
developed at a time when the ice was relatively thick over that area with ice flow direction being
mainly controlled by the ice surface slope. The northeast flows are found throughetitdye

area, often crosscut by younger flows. The extensive landscape with the strong nrortheast
trending iceflow imprint is thus assigned to the LGM. Most of the northeast striations are
correlated to this phase, as well as streamlined hills mapped nesitge sensing techniques
(Figure 2-15). The observations show that the northeast flow was widespread across northern
Hall Peninsula. Even proximab tthe icecap, northeast flows were found at higher elevations
(Figure 15c). Twentyour southward to soutbouthwestward icelow features are observed in

the southern part of the study area (Phadp AFigure2-11). These indicators are interpreted to

be coeval to the northeast features during the LGM reflectinfioseon the southern side of a

local ice divide.
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Figure 2-15: (A) Area proximal to the coast showing northeasterly directed streamlined hills (blue
lines) and striae (black arrows) and (B)Roche moutonnéén the fjord i nterfluves showing a strong
northeast flow near Ptarmigan Fjord and (C) chatter marks and striae showing a northeast flow
proximal to the icecap.
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During deglaciation, icdlow became focused into topographical troughs (Phase Bflowe
directions assaated to that phase are more complex and include multiple directions reflecting

convergent icélow towards discrete troughs (now forming fjordB)gure2-16).

Figure 2-16. Channelized flow as demonstrated by striations (black arrows) and landforms (green
lines) showing a span ofdirections going into the Ushaped valley created by ice draining into
Chidliak Bay through Ptarmigan Fjord.
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As deglaciation progressed, itew wasincreasingly topographically controlled. Three sets of
striae fall under the earlier deglaciation phase (north, northwest, and east). Some of the northeast
flows in the valleys close to the fjords may also be deglacial. The northwest dswhown by

some of the relative age relationships fouraine later as the ice, which is now represented by

the local icecap, separated from the LIS. The north flows were found to be older than the
northwest flows at two locations. North and east are the best eapatige directions of that

Phase B. Influence of subglacial bed topography on ice flow dynamics increases as ice gets
thinner. Erosional forms found in the field demonstrate the effect of the troughs on the ice, as

shown by largeroches moutonnéeand dumlins showing north flow, messcale northern

drumlins, and grooves directed north into the modern fjdfigi(e2-17 a-c).

Figure 2-17. Erosional forms demonstrating fjord's topographic effects: a) Largescale roches
moutonnéesb) Well-formed grooves; b) Mesescale drumlins

Southeast striae and possible streamlined hills, amongst the yownhdhst flow events, are

found in the western portion of the study aremre2-18 a-b). The southeast flows have been
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documented previously (Blak€a6; Miller 1980; Miller 1985). The mapped streamlined hills

in the area are parallel to bedrock structures seen with geophysical (magnetic) data, and it is
unclear whether glaciers have sculpted th&he deposition of Hall Moraines@utheast of the

study areg occurred during this deglacial phase (Phase C). The portion of the lobate Frobisher

Bay Moraine in the study area is the last local evidence dfithe

Figure 2-18 Southeast flowing a) streamihed hills and b) striations in the vicinity of the southeast
trending bedrock ridges (marked as blue lines on the map). There is a clear southeast-flev
phase (perpendicular to local moraines). However, the bedrock ridges in A appear to be parallel to
prominent bedrock structures as visible on airborne geophysical data as well as in the field. The
degree of glacial remoulding of these ridges is unknown, though the bedrock structures are most
likely enhanced by glacial abrasion.
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The youngest west flowsvere found in the valleys near the local ice cap, which record
movement from the local ice capigure2-19) (Phase D). West trending palBow features are

found in the eastern side of the study area (proximal to the icecap).

Figure 2-19: Late western flows shown with a) striations and b) directional indicators revealing the
rounded, up-ice surface and dowrice plucked surface (stoss and lee forms).

For the most part, the higher elevation ridges proximal to the ice cap show the inherited
northeatern flow where in the valleys the older flow is overprinted by younger topographically
controlled flows Figure 2-20). There are large scal®ches moutonnéesand micrescale

striations found in valleys proximal to the ice cap (Phase D).

Figure 2-20: a) Northeastern flow (towards the center of the ice cap) associated to the LIS on top of
ridges established by b) stostee relationship showing a smooth abraded ujce surface, and rough
down-ice surface.
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2.10 Conclusion

With the use of remote sensing and targeted field mapping, a subglacial geomorphological map
of Hall Peninsula, Baffin Island, has been completed. Mapping consisted of large, kilometre
scale subglacial landforms and skilbmetre, mesescale landforms awell as outcrogscale

glacial striae and other paléwe-flow indicators throughout the study area. A total of 1293
streamlined hills, one major moraine system, one local moraine, and a serishayjedl valleys

were mapped using remote sensing techniquéstotal of 456 paledlow indicators were
measured in the field (400 striations, 48 chatter marks, antbdites moutonnégs Such
mapping is essential for mineral exploration purposes on Hall Peninsula, Baffin Island, and drift
prospecting in norther©anada. It is evident that the glacial history could not have been
reconciled from remote sensing alone. Fieldwork was necessary to study discrete flows, as well

as directional indicators.
The iceflow system evolution greatly affects the glacial lasagse and sediments, as is shown in

southern Baffin Island, and the data reveals a complex glacial landscape mosaic reflecting

varying subglacial conditions and #flew histories, including four icédlow phases.
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Chapter 3: Subglacial sedimertlandform relationships on
Hall Peninsula, Baffin Island: Insights into glacial dynamics
evolution

3.1 Introduction

Subglacial landforms often occur in clusters or fields that form uretéain conditions. In many
areas, landforms with contrasting orientations within the clusters crosscut each other or are found
adjacent to each other. Mapping streamlined landforms into flowstages (Boulton and Clark 1990)
or flowsets (Kleman and Borgstroh996; Clark 1999) have been widely applied as it can lead to
the recognition of spatitemporal shifts in subglacial ice flow dynamiddgman et al. 1997,

2008; Clark et al. 2000; Janson et al. 2002; Clark 2008k 2009b; Trommelen et al. 2012).
Flowsets, when analysed in combination with other landform patterns or features of the glacial
record, such as the striation record and till compositional data, provide additional insights which
can lead to a better understanding of the evolution of subgtmiditions (e.g. thermal regime)

and, ultimately, to more comprehensive -gteet reconstructions. It has been recognized,
through this type of analyses, that glacial landscapes often consist of a mosaic of terrains, or
Glacial Terrain Zones (GTZ), whereach GTZ has internal characteristics (e.g. sediment
landform relationships) that are distinct from adjacent portions of the land@Raps et al.

2009; Trommelen et al. 2012)hrough this study, it is also shown that the GTZs also reflect

distinctive mneralogy.

GTZ are recognized on the basis of the geomorphic record, but further analysis can also reveal
important patterns in till composition that may relate to the GTZ, as till carries the fingerprint of

a number of processes that also influenceiglld@andscape evolution. A number of tools can be
used to investigate till composition, and to identify trends and patterns that can then be compared
with the geomorphic record to enhance the GTZ analysis and get important insights into
subglacial dynamicgvolution. On Baffin Island, the Chemical Index of Alteration (CIA) has
been used to assess the degree of weathering inheritance in the till (Refsnider and Miller 2010).
High CIA values are found in some coastal mountains and in interior plateaus aodt she
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interpretation that these regions were characterized by low erosion and prolonged periods of
cold- based conditions, whereas low values are found at lower elevations, in gisctalhed
troughs (Refsnider and Miller 2010). A number of other @®xsuch as cosmogenic nuclides

and clay mineralogy in tills appear to also show patterns consistent with warm vershaszsld

areas derived from the CIA (Staiger et al. 2006; Refsnider and Miller 2013). While these
techniques have revealed major corras Baffin Island at the physiographic landscape scale
(mountains, high plateaus, and troughs) with clear subglacial thermal zonation and associated
erosion record, sedimetandform relationships at the GTZ scale remain poorly understood. This
has potetial implications for understanding the glacial record and landscape evolution of areas
characterized by a wide range of GTZ and ice flow patterns. There are also important
implications for mineral exploration in cases where till composition and theoiwadicords vary
drastically across an area. Hall Peninstigre3-1) is located on Baffin Island and consists of
interior plateaus dissected by seal troughs that lead to fjords along the coast. The area is also
characterized by a wide range of subglacial terrains and ice flow patterns and is highly
prospective making it possible to investigate sediremdform relationships at a larger scale
using extensive industry databases.

In this study we analyse the subgladatdscape oHall Peninsula, Baffin Islando develop

past subglacial dynamics. In addition, we investigate the degree of spatial relationship of
landform assemblages and interpdetesubglacial dynamics with subglacial sediment
composition. The latter possibly captures the net effect of bedrock geology, topography, basal
thermal regime and basal ice flow dynamics and should therefore reveal patterns consistent with
the landscape (GTz&and subglacial dynamics analysis. This study is expected to further advance
our understanding of subglacial records (both landforms and sediments), especially the range of
GTZ in-between the enthember categories (colthsed and warfhased), as well as improve

understanding of the glacial dynamics history of Hall Peninsula, Baffin Island.
3.2 Location and Geological Setting

3.2.1 Bedrock Geology

The study area is located on necéntral Hall Peninsula, Baffin Island. Fieldwork was

concentrated within the smaller area represented by the red pdliymume 3-1). The larger

49



area represented by the green polygon shows the limits of remote sensing work (Figure 3.1), and

is approximately 25,400 km
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Cumberland Batholith Lake Harbour Group e Broad Study Area
K-feldspar biotite +/- orthopyroxene 2 2 === Focus Study Area
+/- garnet megacrystic monzogranite Metaleucxdionte Hydrological Features
Biotite +/- garnet monzogranite Metaperidotite Holocene Ice-cap
Hall Peninsula Block Psammite ) .
Orthogneiss %  Kimberlites

Figure 3-1: Study area and geological map of nortkcentral, Hall Peninsula, Baffin Island, Canada
(modified from St-Onge et al. 2006). The majority of this study focuses within the red study area as
it is the borders of the field and gechemistry work. Hall Peninsula is underlain by three major
crustal units, that include the Cumberland Batholith to the west,a central intermediate belt of
Paleoproterozoic metasediments, and an eastern gneissic terrain called the Hall Peninsula Block
(Whalen et al. 2010).

In 2006, the bedrock geology map of Baffin Island was released digitalyr(§tet al) which
compiled previous efforts of reconnaissance scale bedrock mapping by Blackadar (1967) and
Scott (1996). Hall Peninsula is thought to belerlain by three major unjtshatinclude an
eastern Archean Gneiss belt, a central metasedimentary dtrmaairas been correlated to the

Paleoproterozoic Lake Harbour Group rocks on Meta Incognita Peninsula, and a western
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Cumberland Batholith (Whalert a@l. 2012). The bedrock lithologies within the focused study

area are as follows (®nge et al. 2006):

1. Cumberland Batholith: Located to the west, the Cumberland Batholith is mostly
comprised of granulite facies intracrustatyjpe) granitoids which ardated at
~1.8651.845 Ga in age (Whalen et al. 2010)

2. Intermediate Paleoproterozoic Metasediments (Lake Harbour Group): A central
belt consisting of metamorphosed continental margin shelf siliciclastic succession
(Whalen et al.2010). This group has beerre@lated with the Lake Harbour Group
strata on Meta Incognita Peninsula-(Bige et al. 2006).

3. Hall Peninsula Block: The eastern Hall Peninsula Block is a terrain comprised of
Archean orthogneissic and supracrustal rpekgch are approximately 2.92.80
Ga. It is possible that there are younger clastic rocks that have been reworked to

some degree (Scott 1999).

Since 2005, the study area has been the focus of intense diamond exploration and over 60
kimberlite bodies have been discovered (Pell 2011;d®ell. 2012). The Chidliak kimberlites

are located on the Hall Peninsula Block (Pell et al. 2012). The kimberlites found thus far have
different morphologies and sizes, ranging from shietarger pipdike bodiesthat have plan

view sizes of less timaone to greater thaB0,000 mi (Pell et al. 2012). Thkimberlitescontain
mantlederived xenoliths to variable degrees, which include sodic and chromian garnets, chrome
diopside (+ picroilmenite), and spinel, as well as olivine macrocrysts and phgstediPell et.

al 2012). Some of the kimberlites hold fresh mantle xenolthgh include websterites, garnet
harzburgites, garnet Iherzolites, and eclogites that are up to 35 cm in diameter. The dominant
groundmass includes spinel, phlogopite, apatitenticellite, carbonate and serpentine (Pell et.

al. 2012). Thekimberlites erupted through Paleozoic carbonabek, whichwas overlying
basement gneisses; the Paleozoic strata have been completely eroded from the area. Carbonate
xenoliths are commomithe Chidliak kimberlites, and are the only evidence of the Paleozoic
strata cover that remain (Pell et al. 2012). Twdiy of the Chidliak kimberlites have been
dated using Perovskite-Bb technique, which indicated that magnetism took place betvi&en 1

138 Ma (Heaman et al. 2012; Pell et al. 2012).
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3.2.2 Quaternary Geology

Detailed Quaternary Geology can be found in Chapteasd2. The landscape of Baffin Island
shows large spectra of thermal regimes as reflected through bedrock erosion (AriB8vasid
Miller 2010). The Laurentide Ice Sheet (LIS) inundated Hall Peninduling the Last Glacial
Maximum (LGM), which was from 123 ka ago (Dyke et al. 2002). The Hall Ice Divide is
thought to have run parallel to the axis of the peninsula flofvorg the divide to the southwest
and northeast (Marsella et al. 2000).

The study area has been included in regional studies (Andrews 1989; Briner, Davis et al. 2009;
De Angelis2007;De Angelisand Kleman 2007; Dyke et al. 2002 Miller et al. 2002; Miller et al.
2005), but most studies focusing solely on Hall Peninsula look at the deglaciation record (Miller
1980; Miller 1985). The Hall Moraine 10, 760 + 3T yrs BP (Miller 1980; Miller 1985)si the

oldest moraine in the study area, and marks a stable period of the LIS margin as it retreated to the
northwest during deglaciation (Miller 1980; Miller 1985). The Frobisher Bay Moraine System is
dated at 8,000,000C yrs BP (the Cockburn Substag Miller 1980), and shows that ice
flowed parallel to the axis of the margin, so that the ice flowed northwest to southeast (Figure
1.3). Other features of Hall Peninsula include glaciolacustrine shorelines, deltas and overflow
channels from proglacial k& systems (Miller 1985). There are two main groups of glacial
lakes, one is associated with the Hall Moraine (older) and the other is associated with Frobisher
Bay Moraine system (younger) (Miller 1985).

Recent work has also taken place in to the west of the study area (-Bhiaras et al. 2013,
Tremblay et al. 2013; Tremblay et al. in press). A zone of regolith has been recognized and
studied in detail to the west of the study area (LebRmmas et al2013; Tremblay et al. in

press), as well as recognized in previous fieldwork (Chapter 2; Johnson et al. 2013).

The till in the study area is generally thin with locally thicker deposits in the central plateau that
reach up to 15 m (Pell 2011). It isirther in areas proximal to the coasts, where bedrock is
covered by a discontinuous thin till veneer. In areas of low elevation such as valley floors the till
is also thicker (Pell 2011). The till on Baffin Island consists of either sandy till with abunda
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Precambrian clasts (shield type) or a-sliéty rich till with abundant Paleozoic carbonate clasts
(Andrews 1989). The till in the study area consists of the shield type of clay with abundant clasts
of orthogneisses or Paleoproterozoic metasedimentakg which are found in the study area.
Very locally, ®me till in the study area also has strong kimberlitic compositiahincludes a

greenmatrix, limestone cobbles, andmkberlite (Johnson et al 2013).

3.2.3 Physiography

Detailed physiography cdse found in Chapters 1 and he elevation of the study area ranges

from 200 m asl to 700 m asl in a central plateau that decreases towards the northeast to about
200-300 m asl (Miller 1985)Fjords cut into the northern and eastern portions of the stuagdy

The central part of the study area has flatalbing topography with relativelyhicker till (Pell

2012). The western portion of the study area consists of an area of highly weathered bedrock, or
regolith. The central area also contains minor glaciofluvial and lacustrine deposits (Miller 1980;
Miller 1985). The eastern region contains @ldéene Ice Cap and is characterized by bedrock
hills.

3.3 Methodology

In order tounderstandegional past glacial dynamics, it is essential to decipher the subtleties of
glacial erosion, sediment production, transportation and deposition as well rasotfnize
evidence of distinct subglacial thermal regimes (Trommelen et al. 2012). The subglacial
dynamics record is commonly investigated through mapping subglacial landforms and-outcrop
scale paledlow indicators (Andrews 1989; Kleman and Borgstrom 190rk 1999; Clark et

al. 2000; Dyke et al. 2002; Miller et al. 2002; McMartin and Henderson 2004; Kleman and
Glasser 2007De Angelis2007; McMartin and Paulen 2009; Ross et al. 2009; Ross et al. 2011;
Trommelen et al. 2012). Till compositional data apsovide important insights into erosion,
transport and deposition in the subglacial environment (KlassénThompson 1990; Shilts
1984; Shilts1992) and thus can inform past subglacial dynamics models. Below is a location
map outlining the survey and nyapg boundaries, as well as locations of select figkrgufe

3-2).
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Figure 3-2: Location map showing mapping and surveyboundaries, as well as figures highlighting
various features.

3.3.1 Remotesensing based subglacial mapping

The details of the remotensing mapping are described in Johnson et al. (2013) [Chapter 2].
Remote sesing was done using LANDSAT7 with Landsat Enhanced Thematic Mapper Plus
(ETM+) satellite imagery, publically available digital elevation data obtained from
www.geobase.ca, topographic maps and airborne magnékiestesulting map (Appendix A)

was used tadentify flowsets, characterize the shape and distribution of glacial landforms, and to
outline the GTZ. Unpublished aeromagnetic data provided by Peregrine Diamonds were used to
recognize bedrock structural trenaghich greatly facilitated the recogruti of glacial features

that are mainly oblique to these trends. Mapping was done on ArcGIS® (ESRI).

3.3.2 Field based subglacial mapping

The details of the fieldbased mapping are described in Johnson et al. (2013) [Chapter 2].
Targeted fieldwork took lpce to map glacial erosional features and to verify the mapping done
using remotesensing techniques. Field based work was done within the red polygon shown in
(Figure 3-1). The paledlow indicators gathered were primarily smaflale features such as
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nontdirectional indicators like striae, grooves, as well as sculpted outcrops and directional
indicators such as chatter marks, crescentic gougeseaistbks relationships. Mediuscale
features such as drumlins mches moutonnéesnd whaleback forms were also mapped. If
crosscutting relationships were found in the field, they were documented and analysed to
determine, where possible, relati@gerelationships. Regional flows were the primary focus,
though local flows were studied in high priority areas. As done in Trommelen et al. (2012), the
field-based ice flow indicators were studied collectively with and related to the landform record
to remgnize regional patterns and establish relative age relationships. The coordinate system
used for mapping was NAD 83, UTM Zone 19. The full dataset is also available in Johnson et al.
(2013) (see also Appendix B).

3.3.3 Flowset Mapping

Flowsets are mappeusing the paleoglaciological inversion model (Kleman and Borgstrom
1996), summarizing the geomorphology in independent flow events. For landforms to form a
flowset, three criteria are generally met, which are (1) the grouped landforms are parahel, (2) t
landforms are of similar morphology and (3) they are within close proximity of each other (Clark
1999; Knight 2010). Generally, if these criteria are met the landforms are interpreted to represent
a single and coeval ice flow event. However, isolatddgibow indicators are sometimes found

in areas of incomplete overprinting, which may have formed from the same ice flow event
recorded elsewhere (not proximal) (Trommelen et al. 2012). The flowsets were mapped using
traditional remote sensing methods @Bon and Clark 1990; Kleman and Borgstrom 1996;
Clark 1999), but also with the striation record. The flowsets have been studied in terms of their
relative chronology (Johnson et al. 2013) where eco$ting relationship evidence was

available.
3.3.4Subglacial Dynamics ProxiesCoupling bedrock controlled lake and streamlined hill

data methodology

The density of bedroekontrolled lakes has been used to gain insights into glacial erosion
intensity (Andrew 1989; Hodder 2012). The shape of subglacial landforms has also been used to
get insights into subglacial processes (Clark et al. 2000; Stoke3lakd?002; Stokes and Clark
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2003; Clarke 2005) using the assumption that the elongation of drumlins and similar landforms
reflects the intensity or velocity of basal ice flow. One parameter that is commonly measured is

the elongation of drumlins. The @lgationE is the ratio of the length to its widthW (E=L/W),

wherebyL corresponds to the long axis of the landform#hds measur ed acr oss t
centroid. Results are often mapped using a grid or raster approach to examine the spatial patterns
(Stokes and Clark 2002).

In this study, bedrockontrolled lakes were mapped using a Geographic Information System
(GIS). Spatial information which included digital elevation and hydrographic data were obtained
from www.geobase.ca, and Landsat imagese projected using ArcGIS® (ESRI). A grid was
created in ArcToolbox with each cell representing 25 kneas (5 km x 5 km) (Hodder 2012).

Lake polygons were created using the hydrographic data, and the centroids of each lake were
calculated within eachyrid cell to study the density of lakes in the region (Hodder 2012).
Particular regions in the study area were masked, such as the moraines and the ice cap areas, as
the lakes in these areas are not bedrock controlled. Polygons of individual stredmiisnedre
digitized in ArcGIS, and the elongation ratio calculated from the length and width of each
polygon. The length and width of the polygons were calculated following the procedure of
Clark et al. (2009). The polygons were hand drawn, and thengien and area were exported

from ArcGIS into an Excel file, where length and width were calculated from the following two

equations (

Equations3-1 a-b):

Equations 3-1 a - b: Equations used to calculate the length and width from the area and perimeter
of streamlined hill polygons mapped in ArcGIS (Clark et al. 2009). The symbol' pepresents the
perimeter and A represents the area of a landform polygon.

Mo p ¢ 6
Mo  p @ o

C2

a) Length,0 -
b) Width, ® -

Ca
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The length and width were then used to calculate the elongation ratio (E=L/W) and exported
back into ArcGIS.

Streamlined hill elongation ratios were also calculated per grid cell for comparison with lake
density results using GIS overlay techniques. The subglacial dynamics index, which includes

both the lake density and streamlined hill elongation ratio (Hodd2)2@as applied to classify

cells using the Jenks natural breaks. The lake density and streamlined hill elongation ratios were
combined to show the apt i a | di stribBut(iHoWdetr R04d&)vi @or ar
was most active. In summary, autlines areas with a high number of lakes, striations, and
streamlined hills. Similar methods utilizing indexes have been used in the Canadian Arctic
(Tremblay et al. 2011)

3.3.5 Glacial Terrain Zone Mapping

Due to shifting subglacial conditions and the complex interplay of erosion, transport, and
deposition, the record of subglacial landscapes is often fragmentary forming a mosaic of discrete
assemblages of landforms and sediments (Clarhall and Jansson R@§3;et al. 2009;
Trommelen et al. 2012). Glacial terrain zone mapping (Trommelen et al. 2012) combines classic
flowset mapping with field data (paldlmw indicator data, relative age relationships, terrain
observations etc.) to identify, map, and analysosaic subglacial landscapes. Glacial terrain
zone mapping along with the proxies described above are used to analyse the landscape of north
central Hall Peninsula. With this approach, flowsets are first recognized, and then GTZ are
delineated and theioutline refined by the subglacial dynamics proxies. The map layers
displaying the subglacial landform map, subglacial dynamics index, and the directional
information of the kimberlite indicator mineral trains were overlain in ArcGIS, and the borders

weredigitized manually.

3.3.6 Geochemical Studies

3.3.6aChemical Index of Alteration

Another proxy used to study subglacial dynamics is the Chemical Index of Alteration (CIA),

which provides insight into the amount of weathered material in the till which could indicate
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inheritance from prglacial regolith or interglacial weathering of dill (Nesbitt and Young

1982; Refsnider and Miller 2010). The CIA can thus be viewed as a proxy of erosion intensity
because evidence of high inheritance in the surface till is indicative of low erosion. The CIA is a
ratio of primary minerals to chemicakathering byproducts in sediments, where tihénerals

are expressed as molar proportions (wt% divided by molecular mass) and the CaO* is the non
carbonate phase (

Equation3-2) (Nesbitt and Young 198Refsnider and Mille2010).

Equation 3-2 (Nesbit and Young 1982
CIA =[Al,04/ (Al,03 + CaO* + NaO + KO)] X 100

The till samples from the utilizedlatabase were collected in a sesttangular grid of
approximately 70 km x 120 km, which is shown with the green polygigue3-2). The actual

sanple locations are shown Figure3-3. The till samples were collected in 2006 and 2008, and
analysed usingtotal digestionICP-MS (Inductively Coupled Plasma MaSpectrometry at

SRC labs in Saskatchewan, Canadahich combineshigh temperature inductively coupled
plasma source with a mass spectrometer. The atoms of the element in each sample are converted
to ions by the ICPsource. Once the elements are deduced to ions, the mass spectrometer
separates and detects them (www.usgs.com). The &I&ire fraction) database contains data

for 1591 samples (Appendix E). The calculations leading to the CIA were done in Microsoft

Excel (Appendix E), and were displayed in ArcGIS with a NAD83 Zone 19 projection.
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Figure 3-3: Locations of the till geochemical samples used in the chemical index of alteration.

3.3.6b Geochemistry Mulivariate Statistics

The hypothesisto test with multivariate statistids that till characteristics, its composition in
particular, might have a signature unique to GTZ. This is because till is generally a mixture of
first-cycle sediments (particles derived from direct erosion of farslwveatheredocks) and
reworked (multicycle) preexisting sediments, the proportions of which may vary according to

the same processes that led to the development of the mosaic landscape (GTZ). Another factor
to consider is bedrock lithological changes: if a GTZ overlaps a major changealrockhe
lithology and the till is locally derived, the sediments within the GTZ will have varying
composition. This could reveal important insights into the role of bedrock on GTZ development

and overall glacial landscape evolution.
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A second till geochemist samping programwas taken over the study area by Peregrine
Diamonds Ltd. in 2009.The survey consisted of 1276 till samples, ara$ collected over a
semtrectangular approximately0 km x 120 km across Kigure 3-4). The preferred sample
medium was frost boils with the approximate depth of 30 cinlarge region in the middle of

the property was not sampled as a part of the prograhe sample &juots werdesedat Acme

lab with partial digestiorusing Aqua Regia method, which uses a combination of concentrated
hydrochloric and nitric acids to leach sulphides, some oxides and some siliChteslatabase
contained results on the claizedfraction (< 2 um), which is the most valuable because many
cations are concentrated in the clay fraction due to mineralogical and chemical partitioning
(Shilts 1984). Compositional data was analysed using various plots such as bivariate plots, and
ternarydiagrams in order to recognize different compositional assemblages. However, patterns
can be quite complex or subtle and the database contains a wide range of elements. Multivariate
analysis is a powerful approach to handle this type of dataset (GruAdky and Principal
Component Analysis (PCA), for example, have been used for the study o&tilisféld 2007;
Refsnider and Miller 2013)
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Figure 3-4: Locations of the till geochemistry samples used fanultivariate statistics.

Several steps were taken to prepare the database for multivariate data analysis. The database
contained censored values that are lower than the limit of detection. Elements with high numbers
of censored values were removed befapplying PCA because these elements do not indicate

any obvious process in the study area (Grunsky 2010). The elements dropped because of the
high amount of censoring were Sb, Bi, B, W, Tl, S, Hg, Se, Te, Ge, Hf, Ta, In, Re, Be, Pd and Pt.
Many elemerg with fewer censored values were replaced usingrtpatation of missing values

in compositional data using knn methodsn@dKNNa) function from the robCompositions

packagesoftware, which is plugged into-&wironment statistical softwar@ron et al 2010.

After the censored values were replaced the data was examined in a multivariate context using
PCA, which is a dimensioneducing technique (Grunsky 201MCA is a method used to
describe variation and recognize patterns in large multivariateet®{@runsky 2010). By using
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PCA, it is possible to view data in a mulimensional space, where the first principal
component (PC 1) accounts for the majority of the variance in a set of data, and each succeeding

component accounts less variance tharpteeeding component.

Patterns observed from the PCA results can be used as a basis for defining targets or background
groups from the till geochemical database. If patterns are found, then techniques such as linear
discriminant analysi (LDA) can be ged to test the ability to classify and/or categorize sample
groups and find which elements have the strongest discriminating power (Grunsky 2010). In
other words, the principal components can be tested using linear discriminant analysis to see
what elemats have the most control over the patterns. LDA tests the accuracy of the PCA by
comparing the samples that fell within the GTZs mapped using geomorphology to the samples
that were placed in a GTZ by the PCA. Since there were patterns found in thedeG#\ haear
discriminant analysis was applied to the data to determine if the GTZs could be predicted by

their till geochemistry.

Further analyses were conducted by studying two probability estimates to test robustness:
posterior probability and typadity probability (Grunsky 2010).These twasets of numbers were
output for each sample by-&vironment when linear discriminant analysis veasnpleted
Posterior probability forces the samples into one of the GTZ, where the typicality involves the
Mahahknobis distance (Grunsky 2010) which estimates the distance of an observation to a
centroidor a common pointand is dependent of the covariance and mean of the multivariate.
With typicality, it is possible that some of the samplegypicality might notbe placed in any

class (Grunsky 2010). This analysis shows the predicative capability of the PCA, or the
likelihood that a sample would be associated to its GTZ based on geochemistry alone. Posterior
probabilities and typicalt probabilitiesfor each ofthe 5 predicted GTZ from the LDA were

studied. The results were then interpolated via krigging to study any existing spatial patterns.

In summary, in order to gain insight into the geochemical characteristics of the GTZs, the data
was manipulated in éhfollowing ways:
1. The values in the database were labelled according to their GIZ (1

2. The values were legentre transformed
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3. The database was ran through a principal component analysis,
a. Hypothesis: If the GTZs group together in the PCA, there woula darelation
between geochemistry and the GTZ

4. An isometric logratio transform was applied to the data and subsequently classified
using linear discriminant analysis, based on the GTZs as reference groups.

5. The linear discriminant analysis resulted in past probability and typicality results for
each of the 5 predicted GTZ. These were visualized in ArcGIS and interpolated via
krigging to study any existing patterns.

3.4 Results

3.4.1 Remote sensing mapping

A total of 1293 streamlined hills were mapped using remote sensing and confidently interpreted
to be glacial in origin; most ridges have typical glacial landform shapes and are oriented oblique
or perpendicular to bedrock structures visible on Landsatmmaagnetic maps. The Frobisher

Bay Moraine (Miller 1980Miller 1985), Hall Moraine (Miller 1980Willer 1985) and a series of
u-shaped valleys were also mapped using remasihged data. To summarize, there were 4
major orientations recognized in the ddorm record which from relatively oldest to youngest

are as follows: (1) icllow to the northeast in fjord interfluve regions; (2) to the northwest and
north in relation to the northern fjords; (3) to the east along the eastern coast; and, (4) southeast
central to the study arekigure2-4) (Johnson et. al 2013).

3.4.2 Fieldbased results

Targeted field based mapping resulted in 456 ptteofeature measurements from 413
stationsjncluding smalscale features such as atriand crescentic gouges, and medsaaale
features such as rock drumlins andhes moutonnégand crosgutting relationships. This
field-derived data helped recognize and confirm flowsets and their crosscutting relationships
(Figure2-9).

3.4.3 Flowset Mapping Results
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The results of both remote sensing and fledded mapping of ice flow indicators were grouped

into six distinct flowsets (

Figure3-5). The flowsets are numbereeblwith flowset 1 being subdivided into 1a and 1b (

Figure3-5). The flowsets are characterized as follows:

T

Flowset 1a (northeast): This flowset includes laterally extensive fields of parallel
streamlined hills oriented to the northeast. Gimgsing rdationships both at the
landscape and outcrop scales (Johnsons et al. 2013; Chapter 2) reveal this flowset is the
oldest on record in the study area.
o0 Flowset 1b(southwest) Clear outcropscale ice flow features indicate ice flow
towards the south and@hwest (Johnson et al. 2013; cf. Chapter 2). This flowset
is not clearly defined at the landforseale and is possibly of similar age than la
Flowset 2(north): This flowset is spatially associated with a broad valley that extends
from fjords along the @rth coast and indicates more focused ntnghding ice flow that
crosscuts flowset la in 14 locations. This younger flow clearly shows linear erosion
which is largely represented by Ptarmigan Fjord.
Flowset 3(northwest): A number of topographicaitpntrolled ice flow indicatorshow
ice flow towards the northwest flowing into Ptarmigan fjord. This flowset could be
associated with the same phase as flowset 2 forming a converging pattern. However, the
exact relationship with flowset 2 is not clear atamlvset 3 could be linked to a time
transgressive shift within flowset 2ZTwo relative age relationshipsFigure 2-12)
supporting a flowset 3 as rehaily younger than flowset 2 were documented.
Flowset 4(east) The east flows are confined to valleys, and are found near the modern
ice cap. The eastern fjords directed these flows. The timing of these flows is not known,
but are deglacial flows topographically controlled as the LIS drained through the eastern
fjordsinto Cumberland Sound.
Flowset 5(wes): Thewest flows are alsoonfined to valleysFlowset 4 and Hwo flows
may have been concurrent, flowing on opposite sides of a smaller ice divide. West flows
can be found close to the modern day ice cap, andrabably the youngest streamlined
landforms in the study area.
Flowset 6 (southeast) The southeast flowsencludes the flows that are spatially

associated with the Frobisher Bay Moraine and the Hall Moraine. They reflect late
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deglacial lobate flows whit could have formed during shéited readvances during

general ice margin retreat

By mapping these flowsets, it is clear that segments of the landscape have distinct characteristics,

and, therefore, subglacial dynamics and histories.
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Legend
Geomorphologic Interpreted

Glacial Striae,

i Glacial Striae,
direction
/ Frobisher Bay,
Moraine (Miller, 1980)
/ Hall Moraine,
/ (Miller, 1980)
7

Streamlined Hills,
Subglacial Origin

Ice Cap
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Figure 3-5. Interpreted flowsets based on fill and remote observations Johnson et al. 2013). The southwest flowset (1b) is thought to be
contemporaneous with the northeast flowset (1a), with the intervengharea betwea the two flowsets representing the Hall Ice DivideThe fjord directed
flowsets are found locally around Ptarmigan Fjord, with striae azimuths going north (yelloa2) and northwest (red3). To the east near the ice cap,
northeast flows arefound on the tops of ridges (bluela), but east fjord-directed flows (purple-4) and the inferred ice cap westward flows (pini5) are
found locally within the valleys. The southeast flows (browa®) are based on outcrogscale ice flow indicators and morains.
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3.4.4 Subglacial dynamics proxy results

3.4.4a Coupling bedrock controlled lake and streamlined hill proxy results

The density of bedrock controlled lakes and elongation ratios of streamlined bedrock hills
highlight areas of higétr and lower areal scour in the study area. The resulting index values
(Table3-1) were used to produce maps highlighting the differences of scougtioot the study

area.

Table 3-1: Subglacial Dynamics Indexed Values and Streamlined Hills Density Classes. The total
number of cells in the study area was 348 The lake density and elongation ratio indexesvere
combined to produce a final index which went into the Subglacial Dynamics Index, creating a
comprehensive view of subglacial dynamics. For example, if a pixel had 12 lakes giving it a value of
1, and an elongation ratio of 1.75 giving it a value of 2he Subglacial Dynamics Value would be 3
(Modified from Hodder 2012).

Lake Density Streamlined Hill Elongation Streamlined Hill
Ratio Density
Class Number | Indexed Class Number | Indexed Class Number
of Cells Value of Cells Value of Cells
0-13 176 1 No Hills | 192 -- 0 192
14-30 92 2 1.37- 25 1 1-3 70
1.69
31-47 39 3 1.70- 52 2 4-9 51
1.88
48-66 25 4 1.89- 58 3 10- 15 22
2.10
67-91 16 5 2.11- 18 4 16-21 6
2.50
2.51 3 5 22-30 7
3.20

A higher densityof elongated streamlined hills characterizes the northwest portion of the study
area along with morebedrock controlled lakesThe central areaby comparisons relatively
featurelessKigure 3-6; Figure 3-7). Though this method highlights areas of high areal scour in
the northwest, areas of high linear erosion around Ptarmigan Fjord found in the north are not

accentuated
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Figure 3-6: These two maps and the two maps shown on the following padédure 3-7) show some of the proxies of subglacial dynamics
over the study area: A) Elongation ratios of streamlined hills; B) Streamlined hill density. Figure modified from Hodder (2@).
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Figure 3-7: These maps, and the maps shown on the previous pagégure 3-6) show some proxies of subglacial dymaics over the study
area: C) Bedrock controlled lake density and D) Subglacial dynamics index made by combining lake density (B) and streandirell
elongation ratio (A) following Hodder (2012) methodology. Figure modified from Hodder (2012).
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3.4.5 Glacial Terrain Zone Mapping

Five distinctGTZs were delineated based on the multifaceted results presented &loguwe (
3-8). The degree of landscape inheritance and overprint varies across the GTZs, each recording
a portion of the glacial dynamics history over the study area. Some zones are better defined than
others because of the extent of fieldwork done throughout the prog&ytpiecing together the
records in each of the zones, a more complete paleoglaciologic reconstruction is achieved. The

five GTZs are briefly summarized as:

GTZ 1: Preserved northeastftew system and moderate to high areal scouring
GTZ 2:Channelized flow system (linear erosion)

GTZ 3: Local ice cap and valley flows (linear erosion in valleys;-balsked on hill tops)
GTZ 4: Relatively featureless with more continuous till cover

GTZ 5: Southeast trending features, perpendicular morainaraad of felsenmeer/regolith
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Figure 3-8: Delineation of GTZs wasbased primarily on the subglacial feature map (Johnson et al. 2013), and fitened with the subglacial
dynamicsindex and available indicator mineral train data (not shown). These proxies overlay the subglacial feature map showing a unique
set of subglacial landscape characteristics in each zone.
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Paleaflow indicators and their azimuths largely distinguish the GTRZgse diagrams were
made with the azimuths of palkflow indicators for each GTZ zone to visually assess the
differences between the GTZs (

Figure3-9).

d) GTZ 4 e) GTZ 5

Figure 3-9: Rose diagrams for GTZs 1 to 5: a) GTZ 1 has a resultant vector of 3Znorth-
northeast), and the data range from 348° to 108°The total number of points is89. b) GTZ 2 hasa
resultant vector of 20 (north-northeast), and that data range from 0° to 346°. There aré80data
points. C) GTZ 3 has a resultant vectorof 54° (northeast), and the data range from 10° to 355°.
There are 144 data points, d) GTZ 4 has a resultant vector of 189 (south), and the data range from
3° to 210°. There are27 data points, €) GTZ 5 has a resultant vector of 152 (south-southeast) and
the data range from 95° to 330°. There are 17 data points.

3.45aGTZ1

The GTZs are differentiated based on a varaétgharacteristics, including geomorphology and

the subglacial erosion intensity proxies described. GTZ 1 is characterized by a broad flowset of
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northeast trending streamlined hill§igure 3-10) and parallel paleflow indicators, with

dominant azimuth of 3XFigure3-9).

Sl

C ;:Har‘ris Corp, Ea’rthstar Geggra\p‘hlc‘s L_L'C'State of Mi‘c(hig"an

- 5 gL s
NG A

Figure 3-10: GTZ 1 is characterized by strong northeast pattern of streamlined hills (red lines).
The streamlined hills crosscut the bedrock structures striking north/south.

GTZ 1 also has the highest streamlined hill density longest elongation ratios and the highest lake
density of the study area. Therefore, the highest subglacial dynamicsvaldes occur in GTZ

1 (Figure 3-8). The spatial zoning of subglacial dynamics index values could lead to further
partitioning of GTZ 1. In an area suas GTZ 1, dispersal patterns of mineral indicators are
predicted to be oriented to the northeast, and be relatively parallel to the landforms in that GTZ
(Figure 3-10). Two such dispersal trains from known kimberlite sources are indeed oriented to
the northeast, with lengths of 6.5 and 18.0 km, respectivVafyile 3-11). The dispersal trains

are shown through garnet pie diagrams which display garnet composition for selected kimberlites
(Figure3-12) (Neilson et al. 2012).
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Figure 3-11: Northeast indicator mineral trains in part characterize GTZ 1. The short mineral
train to the north is approximately 6.55 km long, and the train to the south is approximately 18.0
km. The green stars represent the kimberlites, and the arrows show the direction of the trains, as
demonstratedby the garnet pies (se€igure 3-12for legend) (modified from Neilson et al. 2012).

. Deep Diamond-Facies D Graphite-Facies

. Shallow Diamond-Facies . High Titanium

Figure 3-122 The garnet pies in Figure 311 represent the mantle tenor of selected kimberlites
(figure modified from Neilson et al. 2012)

74



3.45b GTZ 2

The northeast flowset within GTZ 1 is clearly crosscut locally byflme indicators that
converge into troughshat form a series of fjords. The orientation of ice flow indicators
overprinting the northeastending indicatorss shown inFigure3-9. Theresultant vector, which

is 20, indicates the dominant ice flow direction

The troughs and associated ice flow indicators forming GTZ 2 clearly crosscut the regular
landscape of GTZ 1ma are thus younger. Landforms and ice flow indicators of this younger
GTZ can be traced inland suggesting propagation of a channelized flow system towards the

central portion of Hall Peninsul&igure3-13a).
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Figure 3-13 GTZ 2 is defined by the channelized flow system directed by Ptarmigan Fjord. Flows
are found far inland going north into Ptarmigan Fjord, crosscutting the older northeast flow set.
Flows are also going northwest into the fjord from its eastern side. T& zone was delineated by a)
the paleaflow indicators (black arrows) and streamlined hills (red lines) funnelling into the fjord as
well as by b) indicator mineral trains funnelling into the fjord. The legend for the garnet pie

diagrams is shown inFigure 3-12.
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The trough that now forms Ptarmigan FjoFkigure3-2) had a strong influence over the ice once

the ice sheet thinned, with north flows propagating far inland, with evidence of the northern pull
found 40 km south of the fjordbés head.e The
fjord propagate towards iF{gure3-13). There are also more northern striations to the east of

the longer extension of Ptarmigan Fjord, propagating north to the shorter extefigiore (

3-13a). The pull of Ptarmigan Fjord is found in the indicator mineral trains as well, with trains
funnelling into Ptarmigan Fjord developing converging dispersal tratigre 3-13b). The

trains in GTZ 2 are more complicated than in GTZ 1, with this zone having a higher degree of

overprinting.

3.45c GTZ3

The most complicated landscape asgguably GTZ 3. GTZ 3 potentially has the youngest
landscape features shaped by the modern icecap and its past extensions, but also has significant
inheritance as well as overprinting in the valleys. GTZ 3 is similar Td &, as it shows
inheritance of the older northeast flow set in areas of higher elevation, and overprinting in the
valleys where ice was directed into the eastern fjords, or linear erosion. Eastern flows were not
found propagating far inland like the tloern flows were. Wedtrending ice flow indicators

were also found in GTZ 3, but only in valleys proximal to the modern ice Figpré 2-19),

indicaing that small valley lobes once extended into these valleys from the ice cap. The paleo
flow directions are summarized with a rose diagrangyre 3-9), showing a dominant northeast

flow (54°), but with directions ranging mainly from northeast to southeast, with minor indicators

in the southwest and northwest quadrants.

This area was riancluded in thébedrockcontrolledlake and streamlined hill density study as it
is partly covered by the modern ice caphich would have led to erroneous GIS results.
Generally, this area reflects the influence of the local icecap and how it @\atleethe retreat
of the LIS.

3.45e GTZ24

Central to the property is GTZ 4; a zahatis defined by its relative lack of glacial streamlined

landforms. This central area of the peninsula contains relatively thick till and rolling topography
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(Figure 2-5). Low densities of streamlined hills characterize this Gihd bedrock controlled

lakes. Subglacial erosional features are scarce in this central part of the study area, and the
kimberlite indicator minerals in this study area occur in high densities reflecting the many
kimberlites found in this area. The KIMseafound in more of a smear or cloud and have not
been defined into trains by the exploration company, and cannot be shown for confidentiality

purposes.

Figure 3-14: KIMs shown in garnet pie graphs (see tatd 3.2 for legend) showing smear over GTZ 4.

A total of 27 paledce flow indicators, mainly outcrepcale indicators, were measured in the
south of the GTZ, showing a south to southwest fl&igure 3-9). However, there are a few
northeastrending ice flow indicators in the GTZ. Altogether, these characteristics suggest that
GTZ 4 could have been under the Hall Ice Divide for some time, whaoh shev evidence of

migration.

3.4.5e GTZ5

Further south, another distinct landscape is found, which has been denoted GTZ 5. This area has
the highest elevation, and lowest subglacial dynamics index. Few striations indicating ice flow
towards the southeadfigure 3-9) were found on a limited number of outcrops. This area also
contains frontal moraing$igure 2-6) that are consistent with a southeast ice flow dynamics, as
well as paleeshorelines of proglacial lakes, mapped by Miller (1980). The bedrock structures
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