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Abstract

The western Laurentide Ice Sh@elS) is known to have experiencedmpkex iceflow shifts during
the last glaciatiomlue toice divide migratiorand increasing topographic influence during
deglaciation. Severalarial lakesalso developed at different elevatiahging icemarginretreat

over theregion However, die tolimited field-based studies and surficial mappitige evolution of

the westeriLIS is still poorly constrainedmproving reconstructins ofthewestern LISevolution

and understandinigs net effect on landscapes and surficial sedimesatgprovide impotant insights
into longterm glacial processes, as well as useful knowledge for mineral exploration in glaciated
terrains. Furthermore, detailing retreat over thisaregan help refine continentatale ice sheet
models andhelp test suggestedeltwaterdrainage pathways to the northwest down the Mackenzie
River Valley, which have important implications in paleoclimatolo@izis researcldetailsrelative
ice-flow chronology and associated till stratigramd provides reconstruction of ice margin
retreat and glacial lake positiorgdong a portion of the western LIS situated west of Great Slave Lake,
in the Northwest Territories

Relative iceflow chronology is establisheding glacial landforms, outcregcale iceflow indicators,
as well as till stragiraphic ad provenance analyses. Outcisaleindicators show a shift in ieflow
direction from an oldest southwestern (230°) flow, to a western (250°) flow, to a final northwestern
(305°) flow. This sequence counters the simple westward @ibather stidiesand suggests a
younger rather than older northwestwardflosv. Lodged boulders and till clast fabrics from till
stratigraphic sections across the study area are broawistent with the clockwise ieftow shift up
the stratigraphic column. Inditors of northeast provenance include Canadian Sfiggldous and
metamorphicklaststhat are in higher proportions thdtesozoicmudocks andPaleozoic carbonate
rocks thatunderliethe study areaviajor oxides, from till matrixgeochemistryare enricled in metals
(SIO-Al,03-Fe03-K,0O-TiO-Cr,05) interpreted to indicate a northeast Canadian Shpigldenance,
however, there is overlap with the geochemical signature of the Mesozoic mudkbleest one till
unit is associated to the oldest southviesflow phasenitially recognized in the striation and
landform recorddased on its compositional signature as well as till fabrioanger tills were
deposited during the clockwise ice flow shift. These tills are loctedrface in lower topogragghi
regionsthroughouthe study area and their composition has an increzbdnatesignaturdrom the

underlying Paleozoic sedimentary rockBhese tills show someompositional inheritance from the
i



older till unit(s). Within theseauppertills is a unitsourced from hypesaline beds to theortheast.

Ultimately, the clockwise rotation of ice flow is preserved in both theienal (landform and
outcropscale iceflow indicators) and depositional (till fabrics and composition) records. The ice

flow chrondogy shows compelling evidence for major shifts in ice sheet configuration and flow
dynamics, as well as related subglacial conditions (e.g. changes in subglacial sediment entrainment)
during the last glaciation.

A retreat sequence showing ice margins piraeglacial lake positions is established using sediment
landform assemblages from surficial maps sbgrphic basins and drainage otglfeom the 2m
resolution ArcticDEM. Seven optical ages, two from a 228.srbeach ridges and five from eolian
dunes, andadiocarbon agefsom woodandpeat were obtained and provide additional chronological
constraints within the region. A stepwise pattern of eastward retreat is reconstructed, which shows
impounded drainage along the ice margin creating a serjge-gfacial lakes at different elevations
along the margin and through time. During this eastward retreat the Snake Creek Moraine was
deposited into a shallow piglacial lake. The optical age of the beach ridgeently at223m
a.s.lindicates depositivat 12.0+ 0.7 ka BP. This is the most limiting age and suggests the
previously publisheéte margin positionsised for the region amder as the deposition of the Snake
Creek Moraine is estimated at 12.5 cal. ka Bife eolian optical ages show continual eolian
reworking indicating the landscape was exposed after#10.8 ka BP. Theadiocarbon ages &.71

2.1 cal. ka BRal. ka BP from wood and peat is much younger and thus not related to deglaciation
The updited ice margin retreat sequencenizre detailed than thoserrentlybeing used currently
continentalscale ice sheet models, and also pravitav evidencéo constrain the evolutioof

proglacial lakes, which were open to northwestward drainage dadbokenzie River Valley.

This study provides new insights into the-ftmv and deglacial history of the western LIS, which are
constrained by field data and observations. Thdlave history and till stratigraphy detailed in this
research providenewconstraints for establighg the locations ogpastice divides. Updates to the ice
margins and lake limits during deglaciation show complex eastward retreat and geochronology ages
indicate the area was deglaciated at an earlier time than previously tkeulghst 500 years).

Finally, all results from this study provide important riefermation thatsshould inform mineral



exploration in the area, especially for techniques that utilize surficial sediments to trace, characterize,
and locate buried target$iaterest in bedrock.
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Chapter 1

| naducti on

1.1 Research Problem

North American Ice Sheets waxed and wadexdng the Late Pleistocene (12911.7 cal.
ka), before disappearing completelyrohg the midHolocene (~6 cal. & BP;Dyke and Prest, 1987;
Dyke, 2004; Stokes et al., 201Balton et al., 220; Head et al., 202Fig. 1.1). The most recent ice
sheet, named the Laurentide Ice Sheet (LIS), covered most of central and eastern Canada and had the
largest impact on the landscape leaving behind a complex sequence of erosion and deposition (e.g.
Gauthier et al., 2019; Riat al., 2019)Deciphering the erosional and depositional record can give
insights into the evolution of the LIS and its proglacial environments. We can address questions about
LIS configuraton and iceflow dynamics that shift over time (elargold et al., 2018)possibly
relating shifts to changes in subglacial conditions. In addition, we can constrain the shape and timing
of ice margin positions to refine the retreat history of the LIS [&yle, 2004 Dalton et al., 2020)
ard how the retreating ice margin controlled the evolution of proglacial environmentsdmgen
et al., 1994; Evans et al., 2009; Huntley et al., 2017; Utting and Atkinson, .2D&&phering ice
flow dynamics and refining ice margins help better understand thedomgbehavior of past ice
sheets, their response to external and internal forndsh@w ice sheets modified the landscape
throughout glaciation. Furthermore, creating pateosheet reconstructions from this increased
understanding of the glacial landscape helps understand how current ice sheets may react to climate
forcing or help déerminethe influence of meltwatasn ocean circulation patter(iEvans et al. 1999,
Calov et al. 2002, Dyke 2004, Sfter et al. 2006, Stokes et al. 2015, Shepherd et al. 2018)

Processes acting at the-oed interface (the subglaciahvironment) causing erosion,
sediment transport, and deposition are key to the development of ice sheet reconstructions
(Trommelen et al., 2012; Margold et al., 30Gauthier et al., 2019; Riet al., 2019)These
processes are controlled in large part by the thermal regime attheddeterface. If the interface is
below the pressurmelting point, mosprocesses related to basaHtmv are suppressed; this is
referred tbhamsaes dthlkee ncadl o e gi +heddnterfacelisraboeedhet r a st |,
pressuremelting point, water may be present and sevaratesses related to basaktmv can be
activated; t his ilaged etrh erBoddo 198&s Glarkh@0MD50 wa r m

1



Menzies et al. 2018)hepastthermal regimeas an important factor ithe subglacial sediment

landform assemblages observed at surface today across gléeiedéts(Benn and Evans 2010, Ely

et al. 2016, Menzies et al. 2018yeas that experienced sustained dmded conditions may contain
relict landforms and sedimentisat were preserved due to reduced erosion, because ice was frozen to
the bedMcMartin and Henderson, 2004; Refsnider and Miller, 2010; Rice, et al., 200&)ntrast,

areas that were affected by wab@sed conditions may exhibit a variety of more recent subglacial
bedforms and sediments that formed as a result of actively flowingibasand wate(Evans et al.

2009, Stokes et al. 2009, Margold et al. 201t5¥ also important to note that suéghl conditions
changeover timeleading tocomplex glacial records. Changes to ice sheet configuration may lead to a
shift in local/regional thermal regime, as well as shifts in ice flow direction, which together can
overprintor remold older landform® varying degreefTrommelen et al. 2012)

* Study Area
Current Ice
[ ] Ice Extent (6.0 ka BP)
Ice Extent (8.0 ka BP)
Ice Extent (10.0 ka BP)
[ ] Ice Extent (11.0 ka BP)
Ice Extent (12.0 ka BP)
[ ice Extent (18.0 ka BP)

Lake

0 250 500 1,000 1,500 2,000
I R S— T

Figure 1.1: Laurentide Ice Sheet extents from the last glacial maximum (18.0 ka BPBlack line) to current ice
extents (grey) showing intermediate timestepsiéta from Dalton et al., 2020). The reléive location of the Keewatin
Ice dome is indicated and the red star indicates the general location for this thesis.



During ice sheet retreat, significambdifications to théandscapealso occur Moraines, with
a diverse sedimentology, can be depositledg ice margins during ice stillstands and provide a
depositional record of former ice margin positigBsown et al. 2011, Atkinson et al. 20149e
sheets also generate significant amounts of meltwater during deglaciation. As the meltwater flows to
the ice margin, channels are eroded down into preexisting subsegte-{channels) oup into ice
(e.g.,R-channels) and glaciofluvial sediments are depogBeennand 2000)Meltwater exiting at
the ice margin can be impounded and form glacial lakes due te¢kntly deglaciated foreland
being depressed by the weight of the glacier (glacioisostasy) and ice or moraine blocking natural
drainage pathways.ake processeaseposit glaciolacustine sediments and can rework preexisting
sediments creating lags and wowed surfaces. Beach ridges are also credted) glacial lake
shoresand often record a stepwise pattermedhtivelake levelloweringthrough glacioisostatic
adjustmentaind incision of outlet_emmen et al. 1994, Drzyzga et al. 2012, Utting and Atkinson
2019)

After glacial lake drainage, poegtacial processes affect the landscape. Eolian dunes are
deposited apreexisting sediments are exposed to windiaditate thgpalecwind direction at the
time of depositiofMunyikwa et al. 201). Additionally, thick layers of organic sediment may
accumulate over previously deposited sediments, specifically in areas with low topograplopand
drainaggValiranta et al. 207). Alluvial processes also modify the pagacial landscapes eroding
into the exposed landscape and depositing sediments in a variety of alluvial environments (i.e., river
channel, floodplain, fan). Finally, permafrost processes influence thglaoitl environment
creating thermokarst lakes through permafrost melt and peat plateaus through fro§Eaeagkand
Kuhry 2011)

Reconstructing the above sequence of successive processes, events, and environments is key
for LIS and posfglacial reconstructions. Some regions of the LIS haaentextensively studied to
interpret their glacial history. In contrast, other regions have been subject to much less research
leavingimportantknowledgegaps. One such understudied area is the western margin of the LIS
(Dyke 2004, Stokes et al. 2015, Gowan et al. 204BNng the western margin of the LIS, the region
around the southwestern shore of Great Slave Lake is tifudar interest (Fig. 1.2) and is hereafter
referred t o a sflodantiemadnypaiyionarepeocdyiconstrhimedvith limited
surficial mapping in the study areanly largescale landform interpretation from remotely sensed

data(Prest et al. 1968, Dyke and Prest 1987, Fulton 1995, Brown et al. 2011, Margold et al. 2015)
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The region also has limited deglacial ages to refine timing of iceateind glacial lakormation

that aramportant for reconstructing glacial Lake McConnell (GLM) and its drainage into the Arctic
Ocean which has important paletimate implicationgTarasov and Peltier 2006, Bednarski 2008,
Couch and Eyles 2008, Murton et al. 2010, Tarasov et al. 2012, Munyikwa et al. 2017)
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Figure 1.2: Landsat 8 panchromatic image (courtesy of the USGS) the study area for the thesis (outlined in red).
Note NTS sheet numbers are labeled and include NTS 85C and 839Bwns are shown as yellow d&, with the past
producing Pine Point mine indicated. Major highways areincluded and labeledwith associatedMackenzie Highway
number. The inset map shows thetudy area in a Canadian context.

Continentalscale ice sheet reconstructions estimate positions of ice domes and divides which

relate to icelow directions and subglacial thermal regimes across Caihéalgold et al. 2018)ce
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domes and divide locations ad#ficult to determine because they moved throughout the last
glaciation andletailed work is typically needed to decipher the resultant chronology dbies énd
sediments in these regiofidargold et al., 2018; Ricet al., 2019)This thesis willbetter understand
ice sheetbehavior and deglaciatiaver the study argaroviding evidence for the location and
movement of the Plains Ice Divigatendingout d the Keewatin Ice Domé@yke and Prest 1987,
Bednarski 2008, Brown 2012, Gowan et al. 2016, Roy and Peltier 2017, Margold et al. 2018)

Improved understanding of idew directionsand glacial sediment provenaralso bolster
mineral explorationThe coarse fraction of till (> 2.0 mm) originates at the source by two different
initial mechanisms: 1) subglacial quarrying of bedrock outcrops by slidingvierson 1991a,

Ugelvig et al. 2016, Hall et al. 2028hd, 2) subglacial entrainment of preisting coarse sediment
through regelation intrusion and englacial transflegrson 1993, Iverson and Souchez 1996)
subglacial deformatio(Boulton, 1996; Menzies et al., 201Jhe lithology of the coarse fraction of

till can thus help establish its general provenance, as well as to determine the celattiiloution of

local versus distal bedrock sources. This is useful to further constrdlovcdirection at time of till
entrainment and deposition. However, because of the seceant{einment) mechanism explained
above, pebbles can partly reflégheritance from older deposits, including older tills. In this case,
clast lithology would represent the net effect of more than one sedimentary cycle from different ice
flow directions(Trommelen et al. 2013, Hodder et al. 201B¢spite these possible complications, till

clast lithologies are useful for provenaraelysis and are thus commonly used.

The finegrained fraction of till via geochemistry is also used as a provenance indicator
(Klassen and Thompson 1993, Grunsky 2010, Wang 2@8ervation of the major oxide and trace
element geochemistry from the clay size fraction can suggest major bedrock sources that may not be
indicated in the coarser fractiolie to crushing and comminution of larger clasts. This is the case
with weak sediments like shales (Paulen et al., 2007). Furthermore, direct abrasion of clasts
contained within the till provide material to the till matrix and can be compared to theatise
made in the more coarse fraction of the(Rlice et al. 2013, 2019b, Trommelen et al. 2013)

Together, the coarse and figeained fractions of till canugigest major bedrock sources indicating

ice flow directions.

Tracking iceentrained material ujze to a mineralized source can lead to buried mineralized

deposityMcClenaghan and Paulen 201R)e-flow history is particularly important as sediment and
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mineral indicator dispersion can record multiple flow trajectories dueeatrainment processes,
resulting in complex net dispersion patterns at the su(Raent et al. 1996, McClenaghan et al.
2018) The study area has been identified as having high mineral potenfidisgissippiValley
Type deposit¢Hannigan 2006a)ith indicator minerals already fourf@datson, 2011PDay et al.,
2018; Paulen et al., 2018, 2019p adequately followap these findings, understanding the study

areas glacial history is required.

This research aldeelps others identifgreas of permafrost activity, important for its climate
change sensitivityDredge et al. 1999, Wolfe et al. 201Degradation of permafrost terrain can
expel greenhouse gag&chuur et al. 2019nd also provide difficulsettings for infrastructure
developmen{Couture et al. 2003)nfrastructure development is further aided through an
understanding of the glacial history by delineating different sediments at surface helping determine
appropriate locations foroastruction of roads and buildingBrowse et al. 2009T he delineation of

surficial materials also indicates areas of aggregate resources, a valuable local commodity.

1.2 Previous Regional Deglacial Reconstructions

Largescale ice sheet reconstructions of the area first begarCwaip (1965 who suggests
multiple phases djlaciation, as different tills are deposited on top of one another and striations show
two iceflow directions(230° and31(C). The southwest flow is interpreted as later due to its greater
impact on the landscape than the northwesterly flow. Craig (96&khows an icBow map with
the southwestward flow splitting when the ice reaches the Cordilleran Ice Sheet. As the reconstruction
of the ice margin retreats back to Great Slave Lake (dSk)hypothesized that the western arm of
GSL would have aunneling effect on the ice sheet, possibly causing the northwesterly flow. Finally,
Craig (1965) hypothesized that the ice margin along GSL would be characterized by significant

calving and consequently the last phases of retreat would be parallel ta&8indoundary.

Craig (1965 named glacial Lake McConnell after R. G. McConnell, the first researcher to
identify GLM6s i npoaghstramlimeandidetagMeConheall £88Q)Tde
maximum extent of GLM was estimated by drawing the uppermost strandlines and extrapolating
along elevation contours between the strandlines. This maximum extent is thought to be when the ice
margin lay along the edge of the Canadiield.An isostatic rebound of about 2 feet (0.6 metre)

was estimated by comparing maximum strandline elevations across the lak@lgasir3.
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Figure 1.3: The maximum extent ofglacial Lake McConnellover the western portion of the LIS.Black lines indicate
confident GLM extents along uppermost strandlines The study area is highlighted in red. The eastern margin of the
lake is thought to be in contact with the ice sheet at this lake levelifaig, 1965 Lemmen et al., 1994

Building on the work ofCraig (1965, two studies were released in 1994 advancing the
glacial history over the westeportionof the LIS. First, Lemmeet al. (994 studied the proglacial
meltwater ponding and drainage along a large portion of the western margin using surficial mapping,
landform analysis, and radiocarbon dating. The importantgiines to the evolution of icand

glacial lakedrom their reconstrctionare presented in Fig. 1.4
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12.9 - 12.8 cal. ka BP 12.5-12.4 cal. ka BP

Figure 1.4: LIS flow lines, margins and, glacial lake extents for its western margin at important time steps. The study
area for this thesis is outlined in redSamples used in the reconstretion are highlighted in green(Modified from
Lemmen et al., 1994).

In theLemmen et al(1994) reconstruction, before 12.9 cal. ka BP th& moved broadly
southwestward to westwaoyer the study areaith topography as a controlling factor. As the ice
sheet retreated stavard, ice had a major influence proglacialmeltwater routing because it blocked
natural northeast drainage. With continued retreat east, new outlets for meltwater were developed and
the landscape isostatically rebounded. At 18.82.8 cal. ka BP, bbbate ice sheet occurred around
topographic highs with smaller im&amned proglacial lakes against these ice lobes, including glacial
Lake Hay in the Hay River valley (Fig. 1.9)hey did not identifyany major moraines being

constructed, the Cameron Rilare icefreg and all ice is thought to be retreating at this time.

From 12.%012.8 cal. ka BP to 121 12.4 cal. ka BRhe Lemmen et al. (1994)
reconstruction showsignificant changes to the configuration of the ice sheet and meltwater drainage
pathways.These changes were due to a shift from a terrestrial to subaquatic margin along glacial
Lake Mackenzie andiacial Lake Peacprior to GLM (Fig. 1.5). TheSnake Creek Moraingas
shown to have beeateposited subamsly along the ice margiasglacial LakeMcConnell formed
overthis time periodAt 12.512.4cal. ka BP the three basins that will eventually coalese into GLM
(Great Bear, Gredlave, Athabasca) are still septed by ice.
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At 11.611.3cal. ka BPthe ice sheet deposited the Cree Lake Moraine to the, sitthe
northern margin location aroundé&at Bear Lake is uncertaiRurthermore the Lemmen et al. (1994)
reconstructiorsuggests that ice retreated from the Snake Creek Moraine quickly due to an absence of
glaciofluvial or icecontact deposits and the presence of many iceberg scours. The quick recession is
further supported by the Great Slave Lake basin that deepens to the east, which would increase
calving along the ice margin in contact with GLM (estimated at 600 to 800 km in length). Lemmen et
al. (1994) call this the Mackenzie phase of GLM when GLM was diigest extent connecting the
Great Bear, Great Slave and Athabda&a basinsDuring the Mackenzie phase, GLM had a
maximum elevation of approximately 290ans.land used the Mackenzie river as the main outlet
(Fig. 1.4). There was no evidence preedrfor an outburst flood linking GLM to glacial Lake

Agassizto the southeast (Lemmen et al., 1994).

Lemmen et al. (1994) final time step9.5 cal. ka BP, shows full deglaciation of the study
area; although they suggest this happened around 10.2 &P ftom radiocarboages fronfossil
wood from both the Slave Delta and the Peace Delta. GLM meltwater input from-8teite
diminished and through glacioisostatic uplift and incision of outlets GLM drainage into the Arctic
Ocean. All three basins weseparated by approximately 9.1 ka BP at 2B4smand continual

retreat of GSL levels to the modern day extent occurred.

The second reconstruction of the western margin of the LIS was publisiSaditty(1994).
He aimed to impove Craig (1965) reconstruction bgeating a degkal chronology of GLM,
identifying different outlets of GLM over this chromgly, discussing the major deltas associated with
GLM, andreviewing influences of lake area and depth. $hdth (1994 reconstruction is similar to
that of Lemmen et al. (1994), but has comparable lake lappioximately 80§ears older and

invokes an outburst flood linking glacial Lake Agassiz to glacial Lake McConnell.

Smith (1994 definad three phases of GLM based on outlets. The first is the Hare Indian
Phase from 11-81.5 cal. ka BP where GLM was located solely in the northwest portion of the Great
Bear Lake basin using the Hare Indian River as an outlet. fitter ice retreatfrom 11.511.0 cal.
ka BP the Great Bear Phase of GLM occurred and occupied most of the Great Bear Lake basin using
the Great Bear River as the primary outlet. The final phase of GLM, the Maekehase, was the
longest (118.3 cal. ka BP) ahlargest ontaining all thre€Great Bear, Great Slave, Athabasca) lakes



basins at 10.5 cal. ka BP. Glacioisostatic uplift and outlet incision was responsible for the drainage of
the Mackenzie phase down the Mackenzie River.

Smith (1994) alsadescribeghe deltas deposited into GLM. This includes the Liard delta
dated at 11.5 cal. ka BP sourced from meltwater of the Maekéce Lobe, the Peace Dettated at
10.8- 8.8 cal. ka BP anthe largest of théhree, and the Athabasca delta dateti0e8-8.8 cal. ka BP
thought to record the outburst flood from glacial Lake Agassiz at 9.9 cal. KEhBfe {acial Lake
Agassiz waters were directed northwest down the Clearwater River valley, and north down the
Athabasca River valley, and flowed into GLM. At thime GLM6 sutlet was down the Mackenzie
River where significant outlet incision at the Liard Moramebserved. An attempt was made to
estimate the flow volume and speed of the outburst flood using the amount of incision that occurred at
the Liard Morane outlet. Smith (1994) further uses the Peace and Athabasca delta shapes and
shoreline development to suggest that the lake underwent steady slow drainage until 8.8 cal. ka BP.
At 8.8 cal. ka BP, the drainage rate shifted as a result of outlet incfdioa llackenzie River
becoming the primary method for drainagéter 7.1 cal. ka BP, glacioistaic rebound was

responsible for the drainage rates of GLM and then g&&b.

The mosttommonlyreferenced largecale ice margin reconstruction is thaDyke (2004
which built upon previous worfDyke and Prest 19819 create a new map of deglaciation across
centraland northern Canada. Using a compiled radiocarbon database and updated mapping
throughout Canada a more precise (500 year time step) deglaciation reconstruction was created. Dyke
(2004) reconstructed ice margins within the study area mirror the oldesteattions over the
southwestern shore of GSL showing deglaciation betweénlDlka BP (Fig. 1.1). The similarity to
older reconstructions is a result of limited new data from the work done in 1994. The work of Dyke
(2004) has recently been updated altbn et al. (2020), and through similar methods describes the

LIS retreat across Canada. The data presented by Dalton et al. (2020) will be used in this thesis.

Gowan et al(2016 also used published agescreate an updated recontruction for the
western magin of the LIS but with a focus on ice thickness. They incorporated a variety séits
including glacial isostatic adjustment observations (relative sea rise indicators, permanent GPS uplift
records, present day lake level change, postglacial tilt of glacial lake level indicators) and used simple
ice physics to match the observeddihl isostatic adjustmeritheir model suggests an ice dome east
of GSL with an ice thickness of 3500 m fromi2@7 cal. ka BP {ie Plains Ice Divide). Icéhinned
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quickly from 17 - 14 cal. ka BP and then slowedtil 11 cal. ka BP when the ice dereast of GSL

starts to move into Nunavut. In this model the study area was deglaciated by 12.5 cal. ka BP when the
ice margin crosscut the Great Slave Lake basin. Gowan et al. (2016) show the ice sheet was thinner
than previously thought and that the veeatmargin of the LIS could be the source for Meltwater

Pulse 1A, an influx in glacial meltwater observed in the marine isotopic record.

The highlighted studies demonstrate the broad state of knowledge over the surrounding
regions and the study area. Urtaaties with regards to the glacial history within the study area are
still present and often raised throughout these studies; the largest issue being limited field constraints
(i.e., bedrock erosive indicators, landform analysis, dated material). M&thackground
information, sitespecific geoscience data will be presented to further detail the glacial and deglacial

history of the region.

1.3 Previous Local Work

Previously researched areas surround the thesis study area. Both the Geological Survey of
Canada (GSC) and the Alberta Geological Survey (AGS) have mapped the surficial geology of the
surrounding area (Fig. 1.3). These maps date back from 1970 by researchers to the southeast
(Bayrock, 1970) to as recent as 2019 using remote predictive mappivgriorthwes{Geolayical
Survey of Canada, 2019)hese remote predictive mapping ¢eigns are indicated on Fig. Jahd
are considered a first pass at deterngrsurficial materials over the landscape. Geologically, these
maps span a variety of different environments and use different unit labels dependent on the year the
mapping took place and which Survey conducted the work. Even with these mapping diffarences
surrounding surficial maps provide a basic geologic background for what was observed in the study

area.

Further geoscience research in the surrounding area include thgsenafrski2008 to the
west, Sharpe et al. (2017) to the east;sitecific GSC research projects at Pine Point to the east
(Oviatt et al. 2013b, 2013a, 2014, 2015, Rice et al. 2013, McClenaghan et a).222t8§¢
GSC/AGS project to the soufhcCurdy et al. 2007, Paulen et al. 2007, 20atidtional work on
eolian dunes in northern Alber@/olfe et al., 2004, 207; Munyikwa et al., 2011, 20)and, a GSC
projecttothe nortlf Wol f e et al .lleRal2019) 2018, OO Ni e
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Figure 1.5: Surficial geology maps in the surrounding area. Areas shaded in red are included in the larger Geological
Survey of Canada Geomapping for Energy and Minerals 2 Project of which this thesis is a part. Greyed areas are
completed maps with map number and reference given. References with a * indicate maps created using remote
predictive methods.

To the westBednarsk(2008) reconstructed the LIS over northeas British Columbialce
margin positions were estimated and the evolution of glacial lakes in the area using glacial landform
associations, detailed surficial mapping, and various other remote sensing datesets.

reconstruction shows regional southwestward flow from the Keewatin Ice Divide to the Cordillera
12



where ice deflected north and south when converging with the Cordilleran Ice Sheet (CIS). As the

LIS retreated eastward, an open corridor between the ld$hanCIS routed drainage to the north

with occasional glacial lake formation. Glacial lake formation was influenced by the LIS blocking
natural drainage pathways to the northeast. Ice thickness was identified as an important control on
advance and retreaiith ice lobes in lowlands between topographic hidgh®e reteat rate of the LIS

from northeastern BC was rapid, but moraines and minor readvances did occur. Based on limited age
constraints Bednarski (2008) show that the majority of the landscape was ice free by 11 cal. ka BP.
After 11 cal. ka BP, glacial Lake Mackenzie and GLM were major inputs for northward meltwater
drainage.

Sharpe et al. (2017) studied glacial dispersal and ice flow higtohe east arm of Great
Slave Lake. They determined uniform westward flow from bedrocKaeeindicators and sediment
landforms (i.e. striations;f®rms, drumlins, eskers) as well dast and mineral dispersal (i.e. buff
coloured sandstone, carbonates, kimberlite indicator minerals). Westward flow is presented as part of
the Great Slave Lake flow tract extending from the Keewatin Ice Divide to the western shore of GSL.
They claim thatomplex ice flow histories are likely isolated over Canada and not present-itomid
distal- ranges from an ice dividaiggesting thatse of onlystriation measurement can be misleading

andthat striationseed to be constrained with compositional transimdicators.

Closer to the east, studies were completed to decipher the ice flow history at Pine Point (Fig.
1.2). Results led to a reconstruction that differs markedly from Sharpe et al. (2017), with compelling
evidence indicating major shifts in iflew direction occurred in the area during the last glaciation.
Bedrock erosive features were used to decipher ice flows and observed stratigrapbrrelaied
those ice flows through till macro and micro fabrics. The sequence of flows presehtedsa
youngest southwest (230 an intermediate northwest (possibly nemttrthwest) (306B3C°) and a
final southwesterflow (250°) ( Rice et al., 201,3Fig. 1.6. This history aligns with landforms
observed in the region, having the latest southwest phase dtimgsmtermediate northwest trending
landforms(Oviatt et al., 2014Rice et al., 201%ig. 1.6.

The till stratigraphy at Pine Point$plit into four units (Fig. 1.6 Unit A is a very dark
greyishbrown till, has a silty sand matrix, and 13% clast content with multiple well rounded quartzite
pebbles. Unit A is suspected to havdilled karst features in the region with steep plunges from a

clast fabric. Unit B is a pale brown till, has a sasdiymatrix andcontains 13% clasts. Unit B was
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found to have higher concentrations of sphalerite grains, likely sourced from lissagdppiValley
Typehosting bedrock strata. Unit C is a light olive brown wilith a sandy silt matrix1 3% clasts
many of which arepolished and faceted. Uniti€ the thickest and contaifess sphalerite, pyrite, and
kyanitethan Unit B Unit D is the uppermost till unit and is brown, sassily matrix, 17% clasts and
is compositionally similar to Unit C. GLM sediments and organigstbe stratigraphic section.
Further research at another Pine Point pit indicated similar flow diredtmmsstriations and

surficial dispersion of elements associated with the bedrock mineralif&uwaait et al. 2015,
McClenaghan et al. 2018Ylost recently, these three ice flow directions were further corroborated
with a till micromorphology stud{Rice et al. 2019)
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Figure 1.6: Simplified stratigraphic log and landform record synthesized fromRice et al., 2013nd Rice et al., 2019
work at Pine Point. The stratigraphic column shows the four till units (Unit A-D) and interpreted iceflow direction
from clast fabrics. Stratigraphy shows a rotation in ice flowfrom southwest (botom of Unit C) to northwest (bottom
of Unit D) then again southwest (top of Unit D) The landform record showslarge landforms from the intermediate
northwestward flow (red dashed arrows, 30€) crosscut by smaller southwest oriented flutes (black arrows 52°).
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To the south in Alberta, work to find possible mineralization was completed by a joint GSC
and AGS projec(Plouffe et al. 2006, 2008YVith a significant mapping focus (Fig. 1)5this research
interpreted ice flow throughout Alberta and slightly north into southern Northwest Terr{f@eaken
et al., 2007, 2011Fig. 1.7. Ice lobes were controlled by topography during both advance and retreat
phases, and thus diverged around uplands like the Cameron Hills, similar to that suggested by
Bednarski2008 Fig. 1.7. At the LGM, ice was thicker than these uplands and flowed southwest
across the landscape deflecting north and south at the@IiS convergencéPaulen et al., 2007
Bednarksi, 2008

61°

114°

Figure 1.7: Summary of Late Pleistoceneaegional iceflow patterns for northwestern Alberta and southwestern
Northwest Territories depicted on SRTM generatechillshade model; the southern portion of the study aredor this
thesisis shown in red. The largearrows indicate ice flow during the LGM and are broadly west to southwest with ice
overtop of the regional uplands. Small arrows indicate younger deglacitdbate ice-flow trajectories that are often
channeled between regional uplands. Striation measuremts are shown; numbers refer to the relative age of ice flow
(1 = oldest)(from Paulen et al. 2007)



Opticalagesfrom eolian dunes to the south were compiled/lanyikwa et al. (2017) to
futher understand LIS retreat in Alberta. They colleeted analyzed new samplesmples and
incorporatedreviously published ag€®Volfe et al. 2004, 2007, Munyikwa et al. 201d)create a
chronology of the LIS margin, contrasting it to other ice sheet reconstructions. Results indicate that
ice sheetetreat began prior to 15.7 ckh BP, and most of central Alberta was open to aeolian
activity by 15.0 calka BP. Continued retreat moved the ice margin from northeastern Alberta around
12 cal. ka BP and the whole provineas deglaciated by 10.4 cah BP. They further add that
optical dating seems to systematically provide earlier ages of deglaciation tharrablapa
radiocarbon ages (Fig. 3.8 he early deglacial timing has implications for meltwater routing into the

Arctic Ocean, as a northward drainage pathway would bfeee
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Figure 1.8: Comparison between radiocarbon and optical retreat chronologies of the LIS margin along a 1000 km
transect trending SWANE in central and northern Alberta (A-A 6 The border to the thesis studyarea is highlighted
in red. The calibrated radiocarbon ages are consistently younger than optical dates (modified froliunyikwa et al.,
2017)

Ages were also obtained to the north®$ N e i | 2019eatound the shotd G&SL. Their
aim was to understand how the landscape developed since LIS retreat and GLM inundation. Using
surficial mapping and optical ages their reconstruction shows that before 9.5 cal. ka GLM extent
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reached between 28D0 ma.s.| By 9.5 cal. ka GLMevels had dropped to 216 ars.| During

GLM inundation the landscape underwent significant modification through winnowing of previously
deposited sediments and development of beach ridges. Their oldest optical Efeti&30

(SAW12-22) from littoral sand providing a minimum age for GLM at 170 mlaOo6 Nei | | et al
(2019 show thatwith continual GLM retreat sediments were exposed for eolian dune formation and

the accumulation of organics.
1.4 Geologic Setting

1.4.1 Project Locality

The study area is located ~ 80 km west of the town of Hay River2®@ km southwest of
Yellowknife andencompasses the southwestern shore of Great Slave Lake, specifically National
Topographic Series (NTS) sheets 85C (Tathliake) and 85F (Falaise Lakég. 1.2). Towns within
the study area include Enterprise, Kakisa Fort Providence, which are connectedWackenzie
Highways 1, 2, and Bignificant water features include the west arm of GSL, Kakisa and Tathlina

Lakes, the upper reaches of the Mackenzie River, and a portion of the Hay River.

A combination 6bedtock characteristics (i.€ithology), glacial history, and glacial lake
events affected the physiography of the region. Topography ranges from 45 tca®l6vith an
average kevation of 320 na.s.I(Fig. 1.9. Overall the region shows little topograpkariation;
significant relief is observed on the slopes of the Cameron Hills in the southwest corner of the study
area, a bedrock escarpment following Mackenzie Highway 1 crosscutting soutbethgtest over
the study area, bedrock uplands south ofigakakeand in river channels (Fig. 3.9.ow
permeability sediments and the regionally flat terrain leads to significant ponding of water and a weak
drainage pattern expressed as large expanses of spruce bog and fen containing peat with low lying
vegetdion and mossed.emmen 199Q)Raised areas above organics are characterized by dense
mixed forest containing jack pine, large aspen, and white spruce trees. The study area lies in the
discontinuous permafrost zone causing medits and organics to be locally fro{éteginbottom et
al. 1995) Thermokarst lakes and peat plateaus are also found on the landscape and are dynamically
shifting due to climate changBurn and Smith 1990)
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Figure 1.9: Digital Elevation Model from the 2 m resolution ArcticDEM over the study area (Porter et al. 2018)The
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1.4.2 Bedrock Geology

Bedrock geology is important fone glacial history because it camovide insight into
former iceflow directionsby tracingclast provenance. Provenance studies have been widespread
across Canada using traceable bedrock lithologies and broad bedptmrkyggasts percentages in
the till to help decipher ice flow directide.g.,Hicock, 1987; Klassen and ®mpson, 1993;
Trommelen et al., 2013; Hodder et al., 20R&e, 2020. Furthermore, as a glacier overrides
sedimentaryocks significant amount of siétnd clayds producedas sedimentary strata have low
competency. In contrast, a larger sand compbisecreated over crystalline bedrock due to the
increasedardnes®f the mineral§Dreimanis and Vagners 1974ubglacial grain size differences
lead to different subglacial conditions (i.e., pore water pressure) that cause shifts in ice sheet
configuration. Some trends between the two type of bedrock stagath ice sheets include: faster
flow over sedimentary bedro¢Boulton1996) a changed mangiretreat rate at the Canadiameid
boundary(Dyke 2004, Margold et al. 2018xand an increased number of eskers on the Canadian
Shield(Brennand 2000)

Archean and Proterozoic crystalline basement rocks outcrop 150 Kmeasttof the study
area (Fig. 1.10 The Great Slave Lake Shear Zarendsnorth-east/soutiwest through these
basement rocks an represents the boundary between the Archean Slave Microcraton and the Churchill

Province formed via a Proterozoic orogengslisffman 1987, Majorowicz and Hannigan 2006)

Above the crystitine basement, Western Canagladimentary Basin (WCSB) rocks were
deposited. The lower part of the WCSB in the study area is a thick carbonate sequein@0(B&()
and dips 1.9 m/ km west, deposited duringRhéeozoiqRhodes et al. 1984parts of the carbonate
sequence, referred to as the Presqubéile Barrier
show significant evidnce of dolomitization ankartstification(Rhodes et al., 1984; Hannigan,
2006a; Okulitch, 2006-ig. 1.10. Kartstificationcreated extensiveavities that allowedhineralizing
fluids to migratefrom beneath the Coithran orogeny along the GSLSZ amekcipitate in the open
spaceslocally dolomitizingthe host rock. The world class Pine Point Mississiabiey Type lead
zinc deposit is hosted in these karst and replacement features with mainly galena and sphalerite

mineralization(Hannigan 2006b)

Finally, flat-lying Mesozoicshales, siltstones, and sandstones of the upper WCSB are located
in the southwestern portion of the study gi@&ulitch, 2006 Fig. 1.10Q. Isolated outliers of
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Mesozoic sedimentatyedrock could possibly be preserved elsewhere where erosion did not

completely remowéthem. Erodible sedimentary bedrock at surface was exposed to extensive

preglacial weathering processes and glaciation that createld of the unconsolidated sediment

observed today
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Figure 1.10: A) The study area in a broad context to surrounding bedrock domains; The Canadian Shield is at
surface 150 km to the east and the Cordillerais at surface 500 km to the wesB) Bedrock Geology of the study
area. Pine Point MississippiValley Type formations are highlighted and the Pine Point mine is indicated by a star
(Okulitch 2006) Major basement structures are dashed lines and are labeled. These structures are thought to be
pathways for mineralizing fluids (Rhodes et al. 1984, Hannigan 2006a)
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1.4.3 Surficial Geology

Thick unconsolidated sediments cover bedrock within the re@obglacial till comprises
the most of this cover witmaximumthicknesses greater than 25lbemmen, 1990; Smith and Lesk
Winfield, 201Q Smith et al., 2020 A variety of till units are observed in the area, differentiated
based on colour, grain size, clast lithologies, and consolidgiaig, 1965; Lemmen, 199Rice et
al., 2013) These till units have also been shown todizaen deposited hyifferent iceflow events
with directionsmeasuredhrough clast fabrics and till micromghologyat Pine PoinfRice et al.,
2013;Menzies et al., 201Riceet al., 2013 Till exposed at surface has locally been reworked
througherosion (vashing and winnowirjdeaving a cap ofeworkedsediments.

Glaciofluvial sediments are sparse over the study area, with meltwater corridors being mainly
erosive and limited esker deptish. Where glaciofluvial deposits are found, their compaosition is
mainly boulders and cobblé€raig 1965) The limited esker formation was impacted by swtef in
the study area and if deposited were likely reworked by GCMig 1965, Brennah2000)

Glaciolacustrine sediments are also found at surface in the study area. They consist mostly of
coarse and sublittoral facies including sorted sand and gravel, cobble lags over winnowed tills, and
boulder and cobble beach ridges. Thicknessetaafolacustine sediments vary, but where present
tend to be less than 2 (bemmen 199Q)Prominent beach ridges associated with glaciolacustrine

nearshore environments are observed and show a stepwise pattern back to GSL.

Holoceng eolian and alluvial sediments along with orgamiepositsare the youngest
sedimentst surfacen the region. Eolian dunes are composed of sorted fine sands, originally derived
from glaciolacustine and glaciofluvial depodi@raig 1965, Lemmen 1990, Oviatt et al. 201BQth
parabolic and transverse dunes are found andatelacasterly and westerlyalecwind directiors
(Wolfe et al. 2007, Oviatt et al. 2014, Munyikwa et alLZD The dunes are now vegetated and thus
mostly inactive, although some blowouts occur. Alluvial sediments are found associated with the Hay
River, which has incised into bedrock restricting its floodplain. The Kakisa River also has alluvial

depositiorbut is not topographically constrained allowing its channel to migrate more freely.

Organic deposithog and fencover a significant portion of the study area. Peat has formed
in stagnant areas of water where organics build up. As the organic lagendsethicker, fens shifts
to sphagnum dominated bogs, although both are present within the stu@@aareaet al. 2003,

Véliranta etal. 2017) Or gani ¢ t hicknesses esti mat2e0d fr om
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Smith and LesiVinfield, 2010)average 2.76 m, which could be slightly overestimated because peat
less than onenetre thick was often not recorded.

1.5 Thesis Objectives

This research objective wasresolve several poorly constrained aspectt@é t udy ar eads
glacial hstory. Firstly, an updated iedow chronology is needed to compared integratevith those
of the surrounding regions. Surroungistudies show complex idlew directions, and yet a gap
remains over thetsdy area (Section 1.2; Fig. }-£onfirming iceflow directions in the region can
help continentatcale reconstructions more acaiely define ice movement over the study aned

the location of icedlomes and divides

Furthermore, detailed work at Pine Point has shown thick succession of till of differing
composition and depositional if®w directions(Rice et al., 2013VicClenaghan et al., 2018; Riee
al., 2019) It is unknown ifstratigraphy and sediment provenance is sintldine study area. Till
stratigraphy and composition are important aspects for mineral exploration anelgdurther

explain iceflow chronology.

Finally, there is still uncertainty about the ice margin positions along the western LIS margin.
This is due to a lack of chronological control and limitiett research in the remote Canadian north
(Dyke 2004, Stokes et al. 2015, Gowan et al. 20LB¢se gaps are important for climate modeling,

due to glacial Lake McConnell and itertherndrainage into the Arctic Ocean

The knowledge gaps and outstanding issues described are the main rationale and motivation
behind the Geological Survey of Canada (GSC)-Mapping for Energy and Mineral 2 (GER)
Program for which this thesis reseh is par{Paulen et al. 2017, 2019ahis M.Sc. research
addresses specific issues and questions about the glacial history south@eat Slave Lake.

Specifically the objectives are

1) Improve iceflow chronologyand establish their relative age relationships based on outcrop
scale iceflow indicators and glacial landforms;

2) Establish relationships between glacial stratigraphy, glacial sediment characteristics (e.qg.
fabric, composition), and icow phases as detmined by erosional and landform indicators;

3) Update ice margin positions and further constrain local retrgt@iryr and glacial lake

extents.



1.6 Methodology Overview

To address the thesis objectives a combination of remote, field, and tapor@thods werased
(Fig. 1.11. The overall strategyasto develop a holistic interpretation of i#lew chronology,
glacial sediment stratigraphy and composition, as well as deglaciation events. In this section, basic

concepts and methods are summarized.

Objective 3: Update ice margin postions ] _ OpticaDIa;;?rgulated
and further contstrainlocal retreat » N ncenee

history and glacial lake extents - Radiocarbon

Figure 1.11 Methodology overview flowchart for techniques used in the thesis.

1.6.1 Glacial Landsystems

Objectives described above require detailed maps of surficial geology including surficial
sediment compositions, integiation of depositional environments, and landforms. Mapping and
interpreting these characteristics are essential for understanding ice sheet dynamics, for linking the
surficial record with the neasurface stratigraphy, refining and updating ice margsitns,and
determiningglacial lake extentsSurficial mapping of two map sheets (Figh) was completed

specifically for thispurpose while other surrounding maps (other GEM 2 maps in production and
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legacy maps) were also usedput these aspectsabroader context. The two maps for this thesis

were made using 1:60 000 scale stereo pair air photos with linework being drawn directly on the air
photos and then digitized at the GSC. Mapping was aided significantly by other remote sensing data,
specifcally the 2m resolution ArcticDENPorter et al. 2018 nd Landsa8 imagery (courtesy of the

United States Geological Suryeyrhese remote sensed datasets allowed for observation of the land
surface where it may have been obscured by vegetahd accentuated features on the landscape via

a hillshadeSurficial units were grounttuthed throughout the two field seasons (2017, 2018) with

169 stationwisitedto improve accurey of mapped polygons (Fig. 11X he surficial maps were

created 81:100000 scale andrepublishedHagedorn et al., 2021a, Hagedorn et al., 202id»)g

with several other surrounding maf@mith etal., 20213 s part of -2Pragrar@seeCds GEM

Fig. 1.5.

1.6.2 Establishing Ice-flow Phases from Surface Records

Bedrak can be abraded and polished by debris protruding from the basal ice leaving
indicators of ice flow direction such as linear striations and grogvesson 1991b, Rea et al. 2000,
McMartin and Paulen 2009However, due to extensive sediment cover and the soft nature of the
exposed bedrock, observation and preservation of bedrock erosive features at surface is limited in the
study area. Nonetheless, a total of 66 measurements of estalspice flow erosinal features were
collected during fieldwork at 43 different sites (Fig. 1.12). Ice flow direction was determined by
measuring the azimuths of the striae and grooves after analyzing the shape of the outcrop to
determine the abraded @ige) side and pluad (downice) side (Rea et al., 2000). It is also possible
at certain sites to determine the relative chronology of indicators of contrastingtiasedson
establishedechniques (e.gMcMartin and Paulen, 2009This is possible when 1) striations and
grooves are crosscutting each other at a certain oblique angle on the same surface, but the erosional
characteristics allow to determine which set formed first; 2) ice flow indicators occur on different
surfaces at different elevation on an outcrop allgwilative chronology to be established based on
the concept of lee side preservation. The relative chronology established from -@gtdemdicator
analysis was then compared with the subglacial streamlined landforms identified through mapping
(see seion 1.6.1) to integrate all observed nmidtiale iceflow indicators for the final interpretation

and reconstruction of regional ice flow phases.
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B Bedrock Erosive Features
A Clast Fabric
‘ Stratigraphic Log
{7  Optical Date
O Radiocarbon Date
© Till Sample
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:] Study Area

Figure 1.12: Station locations throughout the study aregn=169) A station is any location where a field observation
was recorded.Note some locations had several types of samples takétor example, a location can be both a location
for a stratigraphic log and also have a till sample collectecStriations along the Mackenzie River are from boulder
top striations.



1.6.3 Establishing Till Stratigraphy and Provenance of Till Units

1.6.3.1 Stratigraphic Logging

Stratigraphic logging provides information on the temporal changes in ice sheet erosional and
depositional conditionfMenzies et al. 2018Y ertical exposures in the study area are focused to the
Mackenzie Rver but alsavere found irborrow pits and quarrgethroughout the study area (n+3g.

1.12). At sites where stratigraphy was exposed, description of major units and their sedimentological
characteristics (grain size, sorting, colour, compaction) wegded along with the thicknesses of
the units (Evans and Benn, 2008amples and clast fabrics were taken from each different till unit

observed when possible. These sections were also extensively photographed.

1.6.3.2 Determining ice flow from till clast fabrics

Elongated clasts in subglacial traction tills tend to align parallel to the main direction of shear
with a slight upice dip, and can thus provide useful insights into ice flow direction during till
entrainment and depositigBenn 2004) To measure the direction sifiear, clast long axis dipend
andplungewere recorded for six pits at four different sites in the study area. For each pit, a minimum
of 50 clasts were recorded with minimum 2:&xas (longest) to {axis (perpendicular to-axis) ratio.
Normalized ajenvalues (§ S, $) and the related eigenvectors, (V,, V3) were calculated frorthe
three by three matrix of the sums of cross products ditketion cosines from theend and plunge
direction measuremen{sark 1973) For till fabrics, the eigenvectors dieigenvalues provide
information about the principal orientations of clasts and the overall strength of the spatial alignment
(strength of the fabric), respectivelyeveral computer programs allow rapid calculation of these
parameters, in addition to plimg data on a choice of diagram including rose diagrams and-acpel
stereonets. The latter are particularly useful to interpret the ogbegdkof the fabric. For this thesis,
the OSXstereonet was us@dimendinger et al., 2013; Cardozo and Allmergkr, 2013)

It is important to note that not all till faled are useful indicators of idw direction. Some
fabrics are too isotropic to determine, with sufficient confidence, an ice flow direction. It appears that
most researchers use ayvalueof 0.54 as minimum threshold to infer idew direction from till
fabric data; this is thus what was used in this thesis agMiethck et al. 1996, Paulen and
McClenaghan 2014, Hodder et al. 2016)
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1.6.3.3 Till Sampling Strategy

Till samples (= 97 Fig. 1.13 weretakento detail the composition of the till at surface or
throughout stratigraphic sect®with two contrasting tills. Sample spacing was approximatel$2.0
km apart as an attempt meeasurehe regional composition of the till. Sampling was aided by road
and helicopter access, but due todeasebrush and boggy terrain sampling at regular distance
intervals was not possibl8urface pits were hand dug (average sample depth of approxitehy
to obtain unoxidized @orizon till following procedures outlined McClenaghan et a{(2013 and
quality control guidelines outlined flouffe et al. 2013. A five gallon pail was filled with till for
heavy mineral identification and clast lithology counts and & ¥g bag of til was collected for
matrix geochemistry and other analyses. Heavy minerals were not used in this thesis but were
extracted for other studies as part of the larger GSC GEM 2 project. Care was taken to minimize
contamination at and between sites and cawti@d to prevent outside sediments and vegetation

from entering the sample. Between sites, shovels and other equipment were thoroughly cleaned.

1.6.3.4 Till Provenance from Clast Lithology Counts

The heavy mineral bulk till samples were sent to Overburden Driiagagement in Ottawa
and processed to obtain the coarse fraction of the & €@ clast lithology count§.he bulk till
samples werdisaggregatednd underwent a 2.0 mm wet sieve. The <2.0 mm size fraction was used
for heavy mineral identification.Ae >2.0 mm size fraction was wet sieved again at 5.6 mm, with the
2.07 5.6 mm fraction stored and the >5.6 mm fraction washed with oxalic acid to remove staining
(Plakholm efal. 2020) The acidwashed clasts were split into four equal volumes and one split (n
~300) was classified into four broad categories with fifteen subcategories (Table 1). The categories
were basednthe local bedrock geology and bedrock lithologiethimsurrounding area that could
possibly be found in the study area (Fig. 1.11). Pebble counts usisgitie classification scheme
havebeen published and can thus be compéPékholm et al. 2020Pebble count percentages are
then used to infer the relative proportion of different bedrock sources incorporated within a till

sample.



Table 1.1: Pebble count classificatiorscheme based on provenance domains in the region.

Canadian Shield Paleozoic Cordilleran Mesozoic Other
(gneous ang | Sedmertar
Metamorphic)
Felsic Intrusive Limestone/ Quartzite Sandstone Vein
Dolostone Quartz
Mafic Intrusive Sandstone Chert Black Shale
Metavolcanic Siltstone/ Coal
Mudstone/
Shale
Metasedimentary Ironstone
(Siderite)
Arkosic Quartzite

1.6.3.5 Till Provenance from Till Matrix Geochemistry

Similar to clast lithology, till matrix (€.063 mm) composition can provide useful insights
into till provenancéMcClenaglan et al. 2013b)Part of a till matrix is generated by abrasion and
comminution rather than quarrying, reducing mineral grains to their terminalBizisanis and
Vagners 1974)However, it is important to note that frictional stress during transport can reduce the
grain size of large clasts originally prozkd by quarrying or rentrainmen{Boulton 1978, 192,

Clarke 2005) Till matrix is thus a more complex blend of bedrock sources including components
derived from abrasion, comminution of larger clasts of various origin, as welestragnment of
pre-existing fine sediment. In addition, it is pronepstglacial geochemical changes due to
weathering andoil forming processeslthough this is less effective in carbonate {MeClenaghan

et al. 2018)Interpretation of till matrix must thus be carried out with caution. Nonetheless, it is often
useful for provenance analysis because thedirste of abrasion on bedrock sources tend to
dominate ovethe others.

A portion of the geochemistry sample was sent to Bureau Veritas laboratories. Digestions and
analyses were completed on a 30 g sample of the < 0.63 mm material. Each sample underwent a
lithium borate fusion followed by inductively couplethpma emission spectrometry and mass
spectrometry was also applied for total till matrix geochemistry assessment, which are the main

results used in this thesis. In addition, a modified aqua regia digestion (1:1:3: HI®O: H,O) for
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ultratrace element determination by inductively coupled plasma mass spectrometry was completed
but not used in this thesis. Eleven silica blanks, six field duplicate samples and ten standards were
inserted within the geochemistry samples sent for analysatjo of 1:20. Five different standard

materials and two different types of blanks were included. Quality control and quality assurance
statistics were completed using standard methods ensuring the validity of geochemical interpretations
(Piercey, 2014Appendix D).

Geochemical results presented in this thesis are for till provenance purposes only and relies
on elemental compositiorifterences between bedrock lithologigis is discussed further in
Chapter 2Detailed work on the mineral exploration application of this data set is being completed by
other researchers as part of the GSC préRatilen et al. 201&nd will not be further discussed in

this thesis.

1.6.4 Constraining the Local Timing of Deglaciation

As explained in section 1.2 and 1.3, the study area lacked age constraints related to ice
retreat. Different strategies exist to constrain deglaciation in an area. Techniques that provide timing
of deposition in prolgcial environments proximal to the ice margin, such as radiocarbon and
luminescence dating, have been used extensively to provide minimum ages of deglaciation. As a
result, radiocarbobased chronologies have been developed over the last several dachales a
currently still the only ice sheet scale dataset availdy&e 2004, Dalton et al. 202 owever,
other techniques, such amssitu cosmogenic nuclides dating, have been used locally and regionally
and have provided excellent age constraints for deglaci@ulno et al., 2009; Margold et al., 2019;
Kelley et al., 20R). Future ice sheet chronologies will most likely integrate datasets from several
methods. In this thesis, due to the nature of the surficial materials available and composition of the
bedrock, optical dating of eolian and beach sands in additionlitmceatbon dating of organic
macrofossils was applied to constrain the timing of deglaciation and glacial lake history within the

study area.

Seven optical age samples were collected over the two field seasons (Fig. 1.13). Only one
raised sandy beach ridgvas identified in the study area; all others observed consisted of coarser
cobblegravel material. For that one beach ridge the optical age samples were collected by clearing
the vertical face into what was identified as horizontally bedded sand, etei@s upper plane beds

deposited on the beach foreshore. The sediment facies was identified and the depositional
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environment was interpreted prior to sampling. €aran dune samplingnassive fine sand was

sampled at depth in a dug pit from the créghe dune. At all sites a 30 cm long, 5 cm diameter

black ABS tube was hammered horizontally into wedirted sand, within the freshly excavated area
averaging 1.5 m deep. When full of sand, the tube was excavated and both ends capped to prevent
light exposure.

The samples were sent to the University of Fraser Valley where optical ages were determined
using the methods dfeudorf et & (2015) andNolfe et al.(2018. K-feldspar grains were mounted
and analyzed usingBEL/OSL DA-20 reader withaal i br at ed 90Sr / 90Y i® sour c¢
Gy/minof b p a r(BgttecJensen et al. 2010) singlealiquot regenerative dose (SAR) approach
was used to determine the equivalent dose rate for the samples. Fading rates were also obtained for
the samples and used for correctibluntley and Lamothe 2001\ges were calculated using a
Central Age Method (CAM) on the weighted mean equivalent dose \ahgethe environmental
dose ratéGalbraith et al. 1999J-urther Details can be found in Appendix H.

One basal peat sample was collected at a site where a thick deposit of pegtalieeizty
till, and was exposed due to undercutting of the
macrofossil content and species composition was assessed at PALEOTEC Services in Ottawa.
Suitable fragments of organic material were selectedfd® radiocarbon dating at the Andre E.

Lalonde AMS Laboratory in Ottaw&urther details can be found in Appendix I.

Ages obtained for this thesis were incorporated into a GIS with ages of the surrounding
researcHor interpretation idagedorn et al2022. All the optical ages were used teate a
cumulative probability density function in OxQ@ronk Ramsey 2009, 202@) help determine the

timing of events and account for uncertainty within the staraa.

1.7 Thesis Structure

This thesis contains four parts: An introduction chapter (Ch. 1), two chapters designed as two
part publishable manuscript (Ch. 2 and 3) and a conclusion chapter (Ch. 4). TheeHezgish was
undertaken as part aefjoint projet with GSCand the University of Waterloo witRoger Paulen
(GSC Ottawa) anbr. Rod Smith (GSC Calgargndsupervision byDr. Martin Ross. Several other
M.Sc. projects comprise the overarching GSC GEM2 project including those undertaken by Robert

King (Memarial University) and Jamie Sapera (Brock University).
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The introduction provides the scientific rationale for the thesis, a summary of the geological
settings, as well as the main research objectives, and an overview of the research methods. The
rationde is explained by identifying knowledge gaps and issues through a synthesis of the geoscience
literature for the surrounding region and over the study area.

Chapter two is c@uthored by Roger Paulen, Rod Smith and Martin Ross and outlines the
LIS ice flow history over the study area relating it to the stratigraphy observed. | am the lead author
and conducted the bulk of the work. Some samples tagemwithout myself present, including two
till fabrics along the Mackenzie River completed by Roger Paledrock erosive features and
landforms are used to create tbeflow histary over the landscape. This iflew history is then
correlated to the stratigraphy observed using clast fabrics and boulder top striations and further

supported by till compasonal data €last lithology counts and matrix geochemistry).

Chapter three outlines the deglaciation of the study area and is coauthored by Rod Smith,
Roger Paulen, and Martin Ross. The surficial geology maps are used to help define the retreating ice
margin over the study area using sediment landform associations. Optical and radiagasaoe
presented and integrated into surrounding ages from previous research to help outline deglaciation
and glacial lake levels. The reconstruction presented éosttidy area is then compared and

contrasted to the currentbroposedylacial history.

Chapter fouincludes a discussion of the major findings of my resedrghovides an
integrated analysis of the research and outlines the major contributionsaafrthand implication of
the research to a variety of fields. Future work is also suggesppendicesare attached containing

references to GSC publications completed during the partnership and data used in the thesis.
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2.1 Introduction

Studies of past and pres@tciershave demonstrated that, at the- gteeet scale, ice flows
radially from inner regions of thicker ice (ice domes or ice divide/dispersal centers) toward regions of
thinner ice (ice margins) at variable velocities, mostly through a series of discretedrass(e.g.

Rignot et al. 2011; Rignot and Mouginot 2012; Clark et al. 2012; Stroeven et al. 2014; Margold et al.
2015). The Laurentide Ice Sheet (LIS), the largest ice sheet in North America dutiaig the
Pleistocende.g. Dyke et al. 2003; Dalton et 2020), had an additional characteristic that may not
apply to all ice sheets; its ice domes and divides migrated over time across considerable distances
(e.g. McMartin and Henderson 2004, Veillette et al. 1999; Clark et al. 2000; Rice et al. 2019).
Furthermore, during deglaciation ice flow becesrincreasingly controlled lgpography due to ice

sheet thinning (e.g. Stroeven et al. 2014). This temporal shift in glacial dynamics and ice sheet
topography can lead to importangienal and local changes iceflow phases anah turnthe
characteristics of subglacial sediment produced during those different phases. Many glaciated regions
of Canada thus show evidenfor multiple crosscutting ieffow phases in the form @& complex

erosional and depositionadcord(Prest et al., 1968; Dyke and Prest, 19Ba@ulton and Clark 1990;
Veillette et al. 1999; Clark et al. 2008tumpf et al., 200(yke, 2004; Trommelen et al., 2012;

Hodder et al. 2016ylargold et al., 2018; Rice et al., 20 Bauthier et al. 2090Deciphering the

erosional and depositional record helps understand theéomgevolution of past ice sheets,

important to understanding ice sheet behavior.

The LIS history has remained poorly constrained in several regions. One such region is
around southwstern Great Slave Lake where ice flow history and stratigraphy are still generalized
and incomplete. The region was influenced by the Keewatin Ice Dome to tl{Eiga&t1),but the
location and timing of the Plains I€8vide (Fig. 2.1)which split iceflow southwest through Alberta
and northwest through to the Yukon, is uncer{g@iyke and Prest 1987, Bednarski 2008, Brown
2012, Gowan et al. 2016, Roy and Peltier 2017, Margold et al. ZDA8) aurentidéCordilleran Ice

Sheetconvergence is also thought to have influenced ice flow into the Great Slave Lake region
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adding further complexitfPaulen et al. 2007, Bednarski 2008ppographic uplandsinneledice

flow to lowlands between them creating the Great Slave Lake and Hay River Ice Streams, but these
effects in relation to icBlow chronology are still speculatiy®aulen et al. 2011, Brown 2012,

Margold et al. 2018)Additionally, surrounding areas have been charaei@ byregional and site

specific iceflow reconstructionshowing varying degrees of ifl®@w complexity and contrasting iee

flow chronologiegBednarski, 2008; Paulen et al., 2011; Brown, 2012; Rice et al., 2013; Oviatt et al.,
2015; Sharpe et al., 201Paulen et al., 2019¢hat have yet to be put into a consistent regional
reconsgruction Therefore, deciphering the ice flow chronology for the southwestern Great Slave Lake
region will help address uncertainties in ice sheet evoluiibng an important knowledge gap in

our understanding of the LIS.

The objective of this chaptés to reconstruct the glacial dynamics of southwestern Great
Slave Lake area by documenting and interpreting outscafe ice flow erosional indicators and
subglacial landforms, as well as till clast fabrics and till composition (for provenance arialyises)
southwestern Great Slave Lake Area. Based on these observations and previous studies, we discuss

the potential controlling factors amegionalimplicationsof identified iceflow phases.

2.2 Regional Setting

The study area is located in southern Northwest Territories and includes the towns of Fort
Providence, Kakisa and Enterprise with Hay River 15 km to the east. Highways connect the
communities. Major water features include Kakisa aathliiha lakes, the Hay and Kakisa rivers, the

upper reaches of the Mackenzie River and a portion of southwestern Great Slave Lake (Fig. 2.1A).
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Figure 2.1 A) The maximum extent of the LIS in a Canadian contgt. The study area is indicated by a red dot, the
Keewatin Ice Dome is shown along with the location of the Plains Ice Divide (Blue dome and orange line
respectively) Migration of these features throughout glaciation is shown, as dashed arrows while thegulting ice
flow are grey arrows. The blue dashed line indicates the approximate location of the L4SIS convergence (locations
estimated from Dyke and Prest, 1988 and Margold et al., 2018). B) Location of the study area, main geographic
features, and rehted map sheets (NTS 85C and)with a GeoEye satellite images background C) Bedrock geology
of the study area and surrounding regiongOkulitch 2006). Contacts ketween different formations within the WCSB
Paleozoic(mainly carbonates) and Mesozoic (mainly shalesire shown and hypersaline beds of the Paleozoic strata
are highlighted due to their compositional difference. Thenine symbolindicates the Pine Point mning district.
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2.2.1 Bedrock Geology

The region is underlain by Precambrian (Archean and Proterozoic) crystalline basement
rocks, which outcrop at surface to the east (Fig. 2.1B). The Western Canadian Sedimentary Basin
(WCSB), a thick (350 600 m) gently dippig (1.9 m/km west) carbonate sequence, is atop the
basement rocks and was deposited during the PhanerBimidés et al., 1984; Okulitch, 2008 he
bedrock surface in the study area consists mosfBat#fozoiacarbonate strata from the WCSB and
vary incomposition due to depositional environment, most notably are hypersaline beds east of the
study aregRhodes et al., 1984; Okulitch, 2Q@8g. 2.1B). Differential erosion of the WCSB strata
created escarpments and bedrock uplands. fRalsb features occur locally within dolomitized
WCSB carbonates andrsed as conduits for mineralizing fluids, which created the world class Pine
Point Mississippi Valley Type Depogitlannigan, 2006 Finally, low dip angle WCSB Mesozoic
shales, siltstones, and sandstone occur in the southwest portion of thestualyrmugh other nen
eroded caps of Mesozoic sediments are preserved elseii@kedigch, 2006 Fig. 2.1B). Weak
sedimentary strata were easily eroded by subglacial processes, which supplied large sediment

volumes to the daglacial environment, and controls the topography observed in the area today.

Average compositions for the main bedrock domains were obtained through global averages
and used to compare to the till geochemistry results. These broad domains include,
limestone/dolostone, shalesnd Canadiahield lithologies. The compositions are presented in
Table 2.1.

Table 2.1: Averagewhole rock geochemistry of different lithologies presented in Parker and Fleischer, 1967.

Element Limestone Igneous Shale
(Paleozoic Lithologies) (Canadian Shield Lithologies) (Mesozoic Lithologies)
Granite | Felsic Granite| Intermediate| Basalt

SiO, 2.4 33.05 32.3 26 23 7.3
Al,O3 0.42 7.7 7.7 8.85 7.8 8
Fe0; 0.38 2.19 2.7 8.56 8.65 4.72
MgO 4.70 0.545 0.56 2.18 4.6 15
CaO 30.23 1.515 1.58 4.05 7.6 2.21
Na,O 0.4 2.71 2.77 3 1.8 0.96
K20 0.27 3.36 3.34 2.3 0.83 2.66
MnO 0.11 0.0515 0.06 0.12 0.15 0.085
Cr,03 0.0001 0.0013 0.0025 0.005 0.017 0.0099
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2.2.2 Physiography

Regionally, the arew low-relief with topographic features related to bedrock geology. Relief
features include bedrock knobs south of Kakisa Lake and the prominent bedrock escarpment south of
Great Slave Lake. The Cameron Hills has tlghést elevation at 946 m a.s.|. witie average
elevation of 320 na.s.land the lowest elevation of 45 m a.gHig 2.2). The flat relief and sediment
compositions have created large expanses of organics due to weak drainage. These organics are
typically less than 2 m thick and manifestsgsuce bogs and fens with low lying vegetation and
mosses. Areas with slightly higher elevation are characterized by better drained substrates allowing
dense mix forest of jack pine, aspen, and white spruce to((gewmen 199Q)The study area lies
within the discontinuous permafrost zone, causing sediments and organics to be locally frozen along
with the presence of thermokarst lakes and peat plafei@gsntottom et al. 1995)

2.2.3 Surficial Geology and Stratigraphy

Bedrock outcrops are at surface mainly on uplands and around the escarpment but is
otherwise largely covered by glacial sediments. Glaciolacustrine sediments are common in lower
lying areas and ewist of coarse shoreline and sublittoral facies including sorted sand and gravel,
cobble lags, winnowed tills and cobble beach ridgesnmen 199Q)Glaciolacustrine sediments vary
in thickness but are typically < 0.5 m. Maezent sediment remobilization includes eolian deposition
by winds, alluvial deposition associated with major rivers, and organic accumulation due to weak
drainage over the landscape (Hagedorn et al., 2021a; Hagedorn et al., 2021b). These sediments

composdandforms that include sybarallel beach ridges, iceberg scours, and eolian dunes.

Total sediment thicknesses range from 1 to > 25mith and LesiVinfield, 2010 with till
found at surface over and having thicknesses of > 20m (at Pine Point). Till ven2arg are
associated with bedrock highs and the thickest tills are found below the escarpment. Glacial
landforms including streamlined ridges and moraine szdgminantlycomposedf till. Previous
research defined several till units in the region, differentiated based on colour, grain size, pebble

lithology, and other sedimentological characterisfesaig, 1965; lemmen, 1990

The first obseration of different tills at surfade the region was that of Craig (1965) who
noted large variations in grain size distribution across 25 till samples. They suggest that till

composition varied with landform sampled,hrat than the underlying bedrock. Specifically, Craig
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(1965) observed a silty to clayey grey brown till and a stoney yddtmwn till although no further
detail into the composition or location of the tills is presented.

Further work by Lemmen (1990) systed that the till compositional differences were
related to changes in the underlying bedrock. Although they do not specifically define different till
units; their observations of the tills include a slightly stony to stony till, a calcareous dtly tdesi
matrix till, total carbonate content of all tills ranging from 12% to 81%, and the presence of shield
clasts in all tills. A more detailed till study was completed at Pine Point (Rice et al. 2013), east of the
study area. Four stacked till sheetsre documented at Pine Point and correlated to ice flow phases.
One till unit was directly related to the underlying bedrock (e.g., containing relatively high
proportions of galena and sphalerite from the local MVT deposits) but other units contained more

distal traveled clasts.

2.2.4 Quaternary History

During the LGM, ice is thought to have flowed across the study area either to the southwest
(e.g.Paulen et al., 2007; Bedrski, 2008; Paulest al.,2019)or to the northwest (e.@dyke and
Prest, 1987; Brown, 2012; Gowan et al., 2016; Margold et al., 20h&) depends on the position
and timing of formation of the Plains Ice Divide, which separated ice flow going south into Alberta
from ice flow going north and northwest into the Mackenzie Trough ice stiegn2f; Fisher et al.,
1985;Dyke and Prest, 198Temmen et al., 1994; Paulet al., 2007Bednarski, 2008; Brown,
2012; Gowan et al., 2016; Roy and Peltier, 2017; Margold et al.) 28ft8r separation of the
Laurentide and Cordilleran ice sheets, ice flowed southwestward to westward towards the western
LIS margin(Bedrarski 2008, Sharpe et al. 2017)

As the ice sheet continued to retreat and thin it became more topographically controlled, with
the uplands eventually becoming-itee. During this late stage phase of ice, a lobe flowed
northwestwardly down the Mackeie River Valley between the Cameron Hills and the Horn Plateau
to the north(Lemmen et al., 1994;aRlen et al., 2007; Bednarski, 20®8fer to Fig. 1.h The
current estimate of ice margin retreat in the study area is betweeh2.8.6al. ka BP, based on two
radiocarbon ages from organic lake sediment and fh@ssmen et al1994, Dyke 2004, Dalton et
al. 2020) During deglaciation of the study area, glacial lakes formed along the ice margin due to
glacioisostatic depressed basins andabes blocking natural northeast drainage, the largest of these

being glacial Lake M€onnell (GLM;Lemmen et al. 1994, Smith 1994, Bednarski 2008, Couch and
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Eyles 2008, Utting and Atkinson 20193LM then drained via isostatic adjustment and incision of

outlets.
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Figure 2.2: Digital Elevation Model from the 2m resolution ArcticDEM over the study area(Porter et al. 2018)
Important topographic features in the study area are labeled. Locations of sites used in the research are indicated
and stratigraphic locations have the station number labeled.
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2.3 Methods

2.3.1 Ice-Flow Indicators

2.3.1.1 Outcrop-scale Ice-Flow Indicators

Outcropscale ice flow indicators are commonly used to decipher ice flow phases in areas of
discontinuous drift cover, especially on the Canadian ShigjdEeulton et al., 1985; Iverson, 1991;
Parent et al1995 Batterson and Liverman, 200cMartin andPaulen, 200P However,
preservation of these features on sedimentary rocks is typically lower due to weathering. Nonetheless,
66 measurements were taken from 43 bedrock surfaces in the study area (Fig. 2.2). Quarries and
borrow pits were targeted aspmsed bedrock was more easily accessible. At other locations,
particularly along the bedrock escarpment, thin sediment cover over bedrock was carefully removed
to not damage the bedrock surface and cleaned with water. Sediovenéd areas had an incrahse
preservation potential due to protection from surface weathering processes. Most bedrock erosive

features were recorded from this bedrock escarpment area.

Striations, grooves andfprms were observed, measured, and photographed. At multiple
locationsthese features crosscut one another allowing establishment of a relative age relationship
(Parent et al., 1995; Veillette et al., 1999; Paulen et al., 20k&jirectionaltrendof linear bedrock
erosive features was determined using criteria like ddphge of the feature, form of the feature
(i.e. nailhead), and sculpting of the outcrop via polished and plucked suiffezest al. 2000,

McMartin and Paulen 2009, Benn and Evans 2010, Menzies et al. 20%8Jne cases, however, it

was not possible to establish ice flow direction and measurements are thus reported as bidirectional.
The frequency and distribution of each ice flow direction provided insight into the relative strength
and coverage of an idlew phase. All measurements were compiled into a GIS to facilitate
visualization and spatial analysis and interpretation. The sites shown in this chapter are the important
sites for the interpretation (i.e. multiple flow sets) but all sites were usesridamdne ice flow

groupings and age. The complete list of outesopled ice flow indicator measurements can be found

in AppendixB.

2.3.1.2 Subglacial Landforms

Detailed surficial mapping was completed to identify subglacial streamlined landforms as

indicators dice flow direction. Elongated subglacial landforms, such as drumlins andtHgils,
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were mapped as linear features along their crest using 1:60 000 stereo pair aerial photographs, aided
by the 2 m resolution ArcticDENEvans 2012, Chandler et al. 2018, Porter et al. 201®) stosdee
relationship of subglaal landforms allowed for the determination of ice flow direction, but some
landforms had symmetrical or complex shapes and were thus mapped as bidirgetianglet al.,

1999; Menzies et al., 2018 the study area, landforms rarely crosscutamather to give relative

age relationships betwa flows(Clark, 1993; McClenagin et al., 2018; Reet al., 2019)Previous
largescale landform compilations from remotely sensed data were also integrated into a database
with the mapped landforms of this reseafiehest et al. 1968, Fulton 1995, Brown et al. 2011,

Margold et al. 2015)The complete database of landforms mappecdcantpiledfrom the older

compilations was used to determine ice flow directions over the study area.

Furthermore, the spal extent, location, and dimensions of landforms also provided useful
information for interpreting the coverage and relative strength of the different ice flow phases. Once
combined, the landform and outcrepale ice flow data were used to create afidwe chronology

and to interpret glacial dynamics evolution over the study area.

2.3.1.3 Till Clast Fabrics

Clasts in subglacial tifEvans et al. 2006gnd to align parallel to the main direction of shear
(Hicock et al., 1996Benn, 2004; Paulen and McClenaghan, 20dbich often correspond to ice
flow direction.Therefore, the overall orientation of clasts in a till can provide useful information
about ice flow direction at time of till deposition. When clast fabrics are completed on different till
units at the samersttigraphic site, shifts in ieBow direction can be diserned and a relative age of
ice-flow phases can be established and compared to the relative chronology based on the landform an
outcropscale featurefPaulen et al. 2007, Rice et al. 2013, Hodder et al. 2016, McClenaghan et al.
2018)

A total of six fabrics were compled; thredrom a single site (18 TA-041),with the
remaining three fabrics completed at three different sites (Fig. 2.2). For fabric measurements, a till
surface was cleaned both vertically and horizontally to reduce bias in the selection of meadsred clas
A total of 50 clasts with a minimum 2:%axis (longest) to {axis (perpendicular to-axis) ratio were
excavated and an aluminum knitting needle emplaced parallel teatkis.d his knitting needle

represented the clasendandplungewhich were reorded and used for analygienn 2004)
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For each fabric, theend and plungef the aaxis were plotted on a lower hemisphere
stereonetusing h & efr eonet 0 software (All mendinger et
2013). Normalized eigenvalues (&, S3) andeigenvectors (Y Va, Vi) were also calculatetiere
we used $> 0.54 as a threshold for inferring ice flow direction at time of till deposition
(Benediktsson et al. 2016)he shape of the fabrand the eigenvalugegetherhelp determine
whether a fabric is useful for ice flow direction determination. Furthermore, the fabric modality was
classified(Hicock et al. 1996)These classifications are somewhat subjective but when used with the
eigenvalues they give a better measure of whether a fabriccassed in intengtation of iceflow.

Fabrics with girdldike, spread bimodal and bimodal clusters classification that plot in the lower
fields of the girdle cluster isotropic ternary diagram are thought to be fit for ice flow direction
determinatior{Hicock et al., 196; Paulen and McClenaghan, 2D1Ror suitable clast fabrics the ice
flow direction was determined fromyMNeaker fabrics are still useful for other purposes of this

research but were not used to constrain ice flonctioe.

2.3.1.4 Lodged Boulders

Lodged elongated boulders and their striated upper surfaces are also useful for constraining

ice flow direction within till stratigraphyHicock and Dreimanis 1989Tare was taken in the
selection of boulders. To deteine that ice flowed by sliding atop an elongated and lodged
(immobile) boulder, the boulder-B plane surface has to be relatively flat éadeled and the flat
upper surface must be polished with multiple parallel striations aligned withatkis af he boulder.
Ideally, thebouldersshape also shows a weléveloped stoskee form. These characteristics are
important as boulders can be remobilized and abraded during transport within the subglacial
environment, overprinting prexisting striations. Téamajority of these measurements were obtained
from a discontinuous boulder lag separating two till units along the Mackenzie River with some

measurements from isolated boulders lodged within a single till unit.

2.3.2 Till Stratigraphy

Stratigraphic informatiogan help understand temporal changes in ice sheet
erosive/depositional conditions over time through superposition of different(Biatsowski et al.
2004, Menzies et al. 2018 tratigraphic exposures in the study area were concentrated along the
Mackenzie River with rare vertical exposures of sediments found in borrow pits and giragries

2.2). At stratigraphic sections description of major units and their sedimentological characteristics
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such as grain size, sorting, colour, compaction and thickness was refevdad and Benn 2004)

Sites were documented photographically and digital stratigraphic logsgechdbtratigraphic sites

include 18PTA-041, 18PTA-038, 17SUV-035, and 1/5UV-033 (Fig. 2.2). The first two sites are

in close proximity to one another and along the Mackenzie River, the latter two are located in the
southern portion of the study areaadiorrow pit and quarry, respectively. Clast fabrics were

completed at stratigraphic sites where possible and till samples were collected from different till units
observed at stratigraphic sites.

2.3.3 Till Composition/Provenance

A total of 97 till samples we collected throughout the study area for analysis (Fig. 2.2).
Most of these samples were collected at dug surface pits along with targeted samples at till sections
where stratigraphy was apparent. Sampling sites were limited due to extensive bogcaeditien a

spacing of samples ~ 10 km apart from one another.

At surface sites, samples were collected in the unoxidizedri2on and care was taken to
minimize contamination from sediments and soil above thei@zon(Spinto et al. 2011,
McClenaghan et al. 2013a) 37 5 kg sample bag of till was filled for matrix geochemistry and a 5
gallon pail was filled for heavy mineral identification and clast separation for provenance analysis.
Between sites shovels and otheaipgent were thoroughly cleaned. Quality assurance and quality
control guidelines were followed including blanks, field duplicates and reference material at a ratio of
about 1:2QPlouffe et al., 2013 No issues with the data were found (See Appebdior QA/QC

details).

2.3.3.1 Till Matrix Geochemistry

The 35 kg bag of till wassent to the GSC Sediment Laboratory where it was processed
including sieving of the samples to produce a <0.63 um fra@Board et al. 2004)This < 0.63 um
fraction was then sent to Bureau Veritas for till matrix geochemical assessment. A full suite of
elements was analyzed a 30 g sample of the <0.681umaterial using two dests; a modified aqua
regia digestion (1:1:1 HNEHCI:H,0) using inductively coupled plasma mass spectrometry for ultra
trace element determination and lithium borate fusion using inductively coupled plasma emission

spectrometry and mass spectrometrytéoal till matrix geochemistry.



The major oxides from the total digest were used for provenance analysisAB,
Fe0O;, MgO, CaO, NgD, K0, TiO,, P,Os, MNO, CrQOs). The total digest is better suited for
provenance analysis because it fully breddan the till matrix components ensuring that even the
most resistant minerals are dissolved. This is important for tills iretfien,as weaker digestions do

not dissolve many minerals of Canadian Shield provenance.

A principal component analysis (PE#Was applied using the major oxides. PCA has been
used to understand compositional data, such as till matrix composition, because it reduces the
dimensionality of a multivariate dataset, which helps understand and interpret till compositional
variability (Grunfeld, 2007 Grunsky 2010Refsnider and Miller, 2013; Mdartin et al., 2016)The
purpose of the PCA is to help extract meaningful information from till geochemical dataset by
analyzing its compositional variability. The maximum number of variables is, however, limited by the
dimensionality (degree of freenh) of the dataset. In addition, not all variables may be of interest due
to low variance or if results are close to or below detection limit. Based on the number of samples and
variance of the different variables, ten major oxides were selected for theSRGAAI O3, FeOs,
MgO, CaO, NgO, K0, TiO,, MnO, andCr,0s. P,Oswas the only major oxide not included in this
analysis, mainly due to a low variance and limited use as a provenance indicator in the region. In
addition, because compositional data is usually parts of a whole reported as parts per unit (in this case
weight percent), the variables (e.g. major oxides) sum to a constant. This type of compositional data
is referred to as closed data. Before applying PCA on this type of data it is important to transform the
data to address this problem of closure (Grunsky 2MH€Ye, a centered lagtio (clr) transformation
(Aitchison 1986) was applied to the selected subcomposition. The data is then normalized to

varianceto minimize the number of possible solutions

The PCA then takes the abovetknsformed and norafized data and reduce it to fewer
components (principal components) that explain most of the data variability. It creates a new set of
dimensions, which is a linear combination of the original variables. Eigenvalues and eigenvectors are
obtained from theovariance matrix of the subset and the data points are projected onto the
eigenvectors with the largest eigenvalues. Data preparation was completed in Excel and then brought
into loGAS where the CLR transformation and standardization were applied?CAwas also

carried out in loGAS.



The first principal component of the PCA explains the greatest variability within the dataset.
The subsequent principle components explain further variation in the dataset. Geological
interpretation of these principle compamts is done by looking at results in the form of PC scores and
elemental loadings in tables and biplots such as PC1 vs. PC2 and relating these to geological and
geochemical processéSrunsky 2010)

K-means clustering is another method to understand structure within a d@eussky
2010, Wang 2018)it aims to group samples thisimilar compositions together, which in a till
geochemistry context would suggest similar provenances. Spdygifite clustering method group
samples to minimize the distance of that point to the closest clusters centroid. To determine these
centroics, K-mean clustering assigns a random number of centroids that must be lower than the
number of total samples within the dataset. Then every sample is assigmedltsest centroid.
Finally, kmeans are calculated based on the distance between trsevpithim each cluster. The last
two steps are repeated until the squared distance is minimized for each data point; this is when the
best centroids to explain the data clustering are found. A scree plot is used to determine how many
clusters are needed égplain a significant portion of the squared error. This is usually assigned at the
first major inflection point on the scree plot line. For this dataset it was detsttairbe four clusters

(Fig. 2.3. K-means clustering was completed on the clr dataGAS.
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Figure 2.3: Scree plot of the SunSquare Error for the data against the number of k clusters. The first inflection
point can be observed at K=4 meaning four clusteraasbest suited to explain the data.
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The geochemistry data was also subjectively split into different classes in an attempt to
explain trends geographically and geologically. The first classification was geographic based on
topographic features and landforaxross different regions of the study amghich wasa suggested
control on till composition by Craig (1965). The four geographic classes were: 1. Within 5 km of the
escarpment, 2. The middle areas between other classes, characterized as flat dpohip\8efl he
northern portion of the study area, characterized by southwest trending landforms with the
classification ending at the southernmost extent of these landforms and, 4. The Cameron Hills, the
largest topographic feature in the study area andacteized by southwest trending landforms. The
geographic classes also relate to interpreted subglacial conditions. Classes 3 and 4 contain
streamlined features indicative of fast ice flow, and thus possibly more distal till provenance, while
the escarpnme would act as a potential source of local material due to plucking of jointed rocks by
ice (Krabbendam and Glasser, 2011; Menziesl.e2018; Riceet al., 2019) The differences ithin
Class 1 to 3 and 4 could result in differing till compositions at surface due to these subglacial
conditions. The remaining portion of the study area was not characterized by any subglacial

landforms and was thus classified together.

Underlying bedock was also used to classify the till samples because local bedrock is
another potentially important source or the overlying till composition; this was the suggested control
on till composition by Lemmen et al. (1994). Four bedrock geology classes werangsinclude: 1.
Mesozoic Sediments. 2. Paleozoic formations of primarily limestone. 3. Paleozoic formations split
between limestone and shale. 4. Paleozoic formations of primarily shale. These bedrock classes were
divided based on sedimentological difaces between formations as, due to the large number of
different formations within the WCSB, including each formation would not succinctly show trends in
the geochemical data (Okulitch, 2006).

2.3.3.2 Clast Lithology Counts

The 5gallon pails collected weresieto Overburden Drilling Management in Ottawa for
heavy mineral identification along with clast separation. These clasts were sieved and acid washed to
clean them for classification. The-32 mm clast (pebble) fraction of the samples were coned and
guatered to get a representative portion of the total fraction and then class#g@Dj. The
classification scheme had four broad categories representative of the surrounding bedrock geology

that would be indicative of provenance and are the same asysigvpublished work. They include
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Canadian Shield?aleozoic sedimentary rocks (mainly carbonatdgsozoic sedimentary rocks

(mainly shales)and Cordilleran clasts (Plakholm et al., 2020). These four classes were split into 15
subclasses to further défentiate witin the four categories (Fig. 2.%able 21). Clast lithology

count percentages were used for broad provenance analysis of the tills indicating ice flow directions
responsible for depositio (ommelen et al., 2013)

Different types of clasts are present atatifnt sieving fractions due to competency within
the subglacial environment. The most extreme case of this would be jointed and brittle rocks, like
laminated shales, not being present at all within the clast size fraction of (Réotilife et al., 2006;
Paulen et al., 20QPaulen, 2000 A bias within specific size fractions towards clasts of certain
provenance is possible as a result and thus extra care niakeben the interpretation of clast

lithology counts in this study.
2.4 Results
2.4.1 Ice-Flow Indicators

2.4.1.1 Outcrop-scale Ice-Flow Indicators

Outcropscale ice flow indicators show ice flow directions ranging from southwest (230°) to
northwest (305°; Fig. 2.5). At most sites, only the southwediagedirection is preserved.
However, at 11 sites, cross cutting relationships of striationgraades allowed relative ieffow
chronology to be determined (Fig. 2.5A). Notably, the most southwestward flow is the oldest at alll

the sites with evidence of multiple ice flow directions.

Most bedrock erosive features found in this study occur alanggbarpment because
bedrock iswell exposedhere and a resistant limestone cap provides a more competent surface for
preservation of abraded surfaces. As a result, the ice flow indicator data has a limited spatial extent
and certain, more topographicatigntrolled ice flows may not have overtopped the escarpment and

therefore are not recorded.
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Figure 2.4: Sample photos of the different lithology classes used in the clast counts from slimples. Canadian Shield: A) Felsic Intrusive, B) Mafic Intrusive, ¢
Metasedimentary, D) Metavolcanic, E) Quartzite. Paleozoic sedimentary rocksF) Limestone/Dolostone, G) Sandstone, H) Shalklesozoic sedimentary rocksl)
Coal, J) Sandstone, K) Ironsbne, L) Shale. Cordilleran: M) Quartzite, N) Chert.
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Figure 2.5: A) Outcrop-scale ice flow indicatorghroughout the study area on the 2m resolution ArcticDEM (Porter
et al., 2018)B) Inset map showing more deta# and the relative age relationships (1 = oldestMeasurements indicate
ice flows to the southwest (250°), the west (280°) and northwest (30%>).Evidence of coss-cutting striae indicating

a shift from 254° to 264: D) Pair of grooves oriented 251°.

2.4.1.2 Landforms

The landform record over the study area shows streamlined features in a variety of westward
directions ranging from southwest (3 to northwest (305°; Fig. 2.6The compilation of mapped
landforms inclués megascak glacial lineatios (MSGL), drumlins streamlined bedrock, and other
minor sculpted terrain featuréBrest et al. 1968, Brown et al. 201These landforms show limited
evidence of crosscutting within the study at®sat crosscutting relations were observed to the east
with a southwest flow overprinting a westward fl@wiatt and Paulen 2013, Riet al. 2013,
McClenaghan et al. 2018)
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Southwest (230°) trending landforms were observed in the northern portions of NTS 85F,
between the escarpment and Great Slave Lake, on the Cameron Hills, and on the bedrock knobs south
of Kakisa Lake (Fig. 2.7A)The southwest landforms in northern N8~ span a large area (Fig.
2.6A and B). Landforms in northern NTS 85F terminate aeries omoraines and do not extend
down to the Mackenzie RivéBrownet al., 2011)Landforms atop the Cameron Hills have been
previously identified as part of the Great Slave Lake Ice St(béargold et al. 2015, 2018)

Southwest trending landforms between the escarpment and GSL are assotliatiedistiblocks and

do not extend above the escarpment. They show slight variation in orientation to the previously
mentioned southwestward flows and are typically shorter than other landforms in the area (Hagedorn
et al., 2021b)Below Kakisa Lake, scutpd bedrock features indicate a southwest flow direction on

the upice side of bedrock knobs with faint crosscutting by a northwest flow direction (Hagedorn et
al., 2021a).

Westward (280°) landforms are observed along the western border of the stuBrenea
et al., 2011Fig. 2.7A. Two small westward bedrock features are also observed on the knobs below
Kakisa Lake and show similar characteristics to the southwest sculpted biegrtocks described
above (Hagedorn et al, 2021a). Although westward flows are limited at surface in the study area,

westward landforms are more prevalent west of the study(Begmarski 2008, Brown et al. 2011)

Northwest (305°) landforms were found on the flatdging area between the escarpment
and the Cameron Hills (Fi@.6A). These northwest landforms are subdued on the landscape, likely
reworked by GLM, and are found in isolated patches with the largest cluster south of Enterprise
(Brown et al., 2011)Youngernorthwestwaresculptedoedrock features crosscut younger
southwestward features on bedrock knobs below Kakisa Lake. Northgmgheast trending flutes
are observeth the northern Cameron Hills and are interpreted as indicating southefisiice
direction based on morphology and association with other landforms (Smith2€2d)., This
southeast flow set is local (Fig. 246 and likely related to latstage ice wertop the Cameronihs

flowing down into the Cameron River Valley.
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Figure 2.6: A) Landforms in the study area. Background image is 2m resolution ArcticDEM (Porter et al., 2018).
Large arrows represent iee-flow directions for the landforms in the surrounding area including B) the southwest
(230°) streamlined ridgesin the north of the study area, C) between the escarpment and Great Slave Lake and D) on
the Cameron Hills. Southwestward flow indicators als@ccur on the bedrock knobs south of Kakisa Lake. Westward
(280°) flow indicators are observed just within the study area west of Tathlina Lake. Northwest (305°) flow indicators
occur between the Cameron Hills and the escarpment.

2.4.2 Till stratigraphy and sedimentology

Stratigraphic sections along the Mackenzie River (Fig. 2.2) show two till sheets with a clear
stratigraphic contact, distinguishable in the field by their color and degree of compaction or
consolidation. The lower till is grey brown with a loammatrix. It contains 10% clasts and has well

developed fissility. The upper till at the Mackenzie River sections is bb@ige with red brown
5C



mottles and has a claysyit matrix with 15% clasts. A massive clastpported gravel cap is found at
surface andonsists of mainly local limestone lithologies (Fig. 2.8, 2.9). This unit is interpreted to be

fluvial in origin.

The two tills are separated by a sheared contact locally defined by discontinuous deformed
and weltsorted, massive, coarse sand lensediséontinuous boulder pavement also occurs along the
contact. Parallel striations on the top surfaces of lodged boulders together with theestoss
indicate a westward (~B8) iceflow direction (Fig. 2.7, 2.8

The lowest fabric at section #8TA-041 reveals a weak clast fabrig£8.46) and was
classified as polymodal girdle (Fig 2.8). This fabric also plots with loivapy and elongation (Fig.
2.9). The fabric does suggest a possible southwestern ice flow, but it remains uncertain due to the
classification and weak;SAnother fabric was completed at site R8A-035, which is located about
10 km to the west of BTA-041. Only one till was observed at this other site, but it has similar
sedimentological characteristics as thwer till of 18PTA-041. Thestrong fabric ($=0.71)from
that till is classified as spread-tviodal, and plots with low isotropy and high elongation (Eid,

2.9). The fabric indicates a southwest ice flow direction.

The middle fabric at 2®TA-041 was completed juabove the contact between the two tills.
The strength of the fabric is moderate«(&59), and it is classified as spreadrmdal with low
isotropy and intermediate elongation (Fig,2.9. The ice flow direction responsible for depositing
this fabricis uncertain, but could indicate southwestward ice flow. The uppermost fabric is somewhat
stronger ($=0.61), shows a clear spreadrbodality, and has a low isotropy and high elongation

suggesting ice flow towards the northwest (Fi@, 2.9).

Another gratigraphic site, where two tills are observed, tated in southern NTS 85C (Site
17-SUV-035; Fig. 2.2). The lower till at this location is light grey, gravelly with <5%suwmnded to
subangular clasts of a variety of lithologies, avak a high figfity (Fig. 2.10, 2.1). It is continuous
over the exposed area with an observable thickness of 2.5 m, although it pindoebheutorth. The
clast fabric m thelower till unit is relatively strong (S= 0.65), is classified as spreadrbodal, and
haslow isotropy and high elongation (Fig.922.10. This clast fabric indicates ice flow towards the
southwest. The upper till unit at this location is a dark grey brown clsiftajll with abundant small
platy shale clasts and gravel.-3UV-035 is cappd by an approximately 0.4 m thick silty sand layer
that was observed at several other sites in the flat lye@saof the study area (Fig. 2.10, 3.11
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Figure 2.7: Stratigraphic logs from two sections along the Mackenzie River. See Fig. 2.2 for locations. Till
samples were collected where sample numbers are labeled and clast lithology counts indicated, see below for
geochemistry. Two tills are observed, separated by a sheared contact, andiscontinuous well sorted, massive,
coarse sand lens. A discontinuous boulder pavement also defines the contact at the bottom of the upper till unit
and records a westward (280°direction from boulder top striations. The lower till is grey brown, with aloamy
matrix, 10% clasts and well developed fissility. Although the lower grey till is characterized by a weak clast
fabric at 18-PTA-041 a strong southwest clast fabrics was observed from this till unit 10km to the west {P§A-
035), and just above the ti contact. The upper till unit is brown-beige with red brown mottles and has a clayey
silt matrix with 15% clasts. A clast fabric at the top of this till records a northwest iceflow direction. A massive
clastsupported gravel cap of fluvial origin is found at surface and mainly consists of localkgerived limestone.
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Figure 2.8: Photos asociated with stratigraphy at 18PTA-041 and 18PTA038.
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Figure 2.9: Clast fabrics plotted on a isotropyi elongation ternary diagram after Hicock et al., 1996 Most
samples plot towards cluster with high elongation and low isotropyexcept the ones fromi8PTA-041section
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Figure 2.10: Stratigraphic log from a borrow pit in the south of the study area (Fig. 2.2dr location). Till

samples were collected where samples numbers are labeled and clast lithology counts indicated, see below for
geochemistry. The lower till is characterized by a light grey color and a gravelly texture with <5% sutounded

to sub-angular clasts, has a high fissility, A clast fabric on this lower till unit gave a southwestward ice flow
direction. The upper till unit is a dark grey brown clayey-silt till with ~2% limestone and shield clasts, although
the till contains abundant small platy shde clasts and gravel. No boulder lag was found at this site but the
contact between till units is undulating.Silty sand caps this siteapproximately 0.4 m in thickness.
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Figure 2.11: A) Lateral extent of till units at the 17-SUV-035 site (see Fig. 2.2 for location). An (B) upper till, (C) till contact, and (D) lower till were observed at the site.
The tills are continuous across the borrow pit. The lower till is about 2.5m in thickness,hereas the upper till unit is discontinuous over the site. Its maximum thickness
reaches 2m and is pinching out to the north.
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