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Abstract:

The Laurentide Ice Sheet (LIS) was the largest ephemeral ice sheet in the Northern Hemisphere,
reaching its all-time maximum during the last glacial cycle (~115 ka to ~11.7 ka) as it coalesced with
the Cordilleran and Innuitian ice sheets over northern North America and the Canadian Arctic
Archipelago. At its maximum extent it was comparable in size to the modern-day Antarctic Ice Sheet
and may provide a useful analogue for understanding the long-term dynamics of ice sheets. There are
considerable regional variations in our understanding of the deglaciation of the LIS. In particular, the
northwestern LIS remains one of the most poorly understood sectors, as the latest reconstruction of this
sector dates to the early 1990s and empirical constraints on the timing of deglaciation are sparse.

In this thesis, I reconstruct the deglaciation of the northwestern LIS from its local Last Glacial
Maximum (LGM) position using numerical dating methods and glacial geomorphological mapping. 1
use a combination of high-resolution digital elevation models (DEMs) and satellite imagery to map the
glacial geomorphology of much of the Northwest Territories, Canada, and reconstruct the ice margin
retreat patterns, ice flow dynamics, and interaction of the northwestern LIS with other ice masses. This
new information is published in four papers, of which I am leading three and co-authoring one. The
glacial geomorphological map of the Mackenzie Mountains (paper 1) maps the landforms produced by
the LIS, the Cordilleran Ice Sheet, and the local montane ice masses into six categories: glacial
lineations, lateral meltwater channels, undifferentiated meltwater channels, lateral meltwater spillways,
eskers, and moraines. These landforms constrain the maximum extent and interactions between these
ice masses in the Mackenzie Mountains. In paper 11, the glacial geomorphological map focuses solely
on the imprint of the northwestern LIS across the Northern Interior Plains and the Canadian Shield and
records the changing ice flow and margin retreat patterns. There are twelve landform categories on this
map: glacial lineations, subglacial ribs, crevasse fill ridges, major and minor moraine, hummocky
terrain and ridges, marginal meltwater channels, major and minor meltwater channels, shear margin
moraines, eskers ridges, glaciofluvial complexes, perched deltas, raised shorelines and aeolian dunes.

Using new terrestrial cosmogenic nuclide exposure ages from the central Mackenzie Valley, we
reconstruct the timing of northwestern LIS deglaciation (paper III). Samples for cosmogenic nuclide
dating were taken from erratics at six sites spanning a range of latitudes, longitudes and elevations to
gain an insight into the pattern of ice margin retreat and to constrain the rate of ice sheet retreat and
thinning. We combine these new constraints in a Bayesian framework with the pre-existing dates and
find that deglaciation occurred ~1,000 years earlier than in previous reconstructions. Between ~14.9
and 13.6 ka, we identify a period of rapid ice sheet thinning associated with warming during the Bolling-
Allered. The large uncertainties in terrestrial cosmogenic nuclide exposure dating mean that we are
unable to quantify a precise rate of ice sheet thinning. Our constraints necessitate a revision of the ice
margin retreat pattern, with ice retreat from the central Mackenzie Valley (~63 - 65°N) occurring in an
casterly direction, rather than the previously suggested southerly retreat pattern. Using numerical
modelling simulations, we calculate a contribution of ~13.4 m to global mean sea level rise from the
ice saddle region, with 11.2 m occurring between 16 ka and 13 ka. Finally, our constraints indicate that
the Mackenzie Valley became ice-free after 13.6 ka (14.1 — 13.2 ka) with implications for the migration
of flora and fauna between Beringia and North America and glacial lake drainage routes.

The dynamics of the ice drainage network during deglaciation have not previously been reconstructed.
We use the flowset mapping approach to reconstruct the changes in ice flow dynamics using the glacial
geomorphological map from paper I1. Our reconstruction provides evidence of the changing ice source
areas related to rapid thinning of the ice saddle during the Bglling—Allered and the increasing
dominance of the Keewatin Ice Dome. The ice stream network underwent rapid changes during
deglaciation that are associated with climate-driven changes in the ice sheet surface slope and facilitated
by the subglacial bed conditions and the presence/absence of a calving margin. The glacial landform
record indicates that dynamic ice margin retreat dominated during deglaciation, with a clear zonation
that reflects the changing thermal regime.

Keywords: Laurentide Ice Sheet, glacial geomorphology, flowset reconstruction, cosmogenic nuclide
exposure dating, sea level rise, ice streams
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Abstrakt:

Laurentinsky ledovcovy stit byl nejvétsim z efemérnich ledovcovych §titli severni polokoule. Svého
maximalniho rozsahu doséhl béhem posledniho glacidlniho cyklu (~115 ka az ~11,7 ka), kdy se spojil
s Kordillerskym a Inuitskym ledovcovym Stitem na severu Severni Ameriky a v Kanadském
arktickém souostrovi, a svou velikosti byl srovnatelny s dnesnim Antarktickym ledovcovym Stitem.
Porozuméni dynamice odlednéni Laurentinského ledovcového §titu je cenné pro pochopeni
dlouhodobé dynamiky dnesnich ledovcovych §titd, ale v informacich o odlednéni Laurentinského
ledového stitu existuji znacné regionalni rozdily. Zejména severozapadni sektor Laurentinského
ledovcového stitu zlistava jednim z nejhiife prostudovanych, protoze posledni rekonstrukce tohoto
sektoru pochazi z pocatku 90. let 20. stoleti a mnoZzstvi empirickych informaci o chronologii
odlednéni v tomto sektoru je nedostatecné.

Tato prace rekonstruuje odlednéni severozapadniho sektoru Laurentinského ledovcového §titu z jeho
posledniho glacialniho maxima pomoci numerickych datovacich metod a geomorfologického
mapovani. Glacialni geomorfologie velké ¢asti Severozapadnich teritorii Kanady je mapovana z
digitalnich modelil terénu s vysokym rozliSenim a ze satelitnich snimkt a nésledné interpretovdna za
ucelem rekonstrukce dynamiky ustupu ledovcového stitu a interakce severozapadniho sektoru
Laurentinského ledovcového stitu s jinymi ledovcovymi masami. Tyto nové informace jsou
publikovéany ve étyfech ¢lancich, z nichZ jsem hlavnim autorem tif a spoluautorem jednoho. Clanek
,»(Glacial geomorphological map of the Mackenzie Mountains* (¢lanek I) mapuje tvary reliéfu
vytvorené Laurentinskym ledovcovym Stitem, Kordillerskym ledovcovym S§titem a lokalnim horskym
zalednénim. Tyto tvary reliéfu vymezuji maximalni rozsahy a interakci mezi témito ledovcovymi
masami v Mackenzie Mountains béhem posledniho zalednéni. Druhy ¢lanek mapuje glacialni
geomorfologii severozapadniho sektoru Laurentinského ledovcového Stitu v severni ¢asti Vnitinich
rovin a na Kanadského §titu.

Clanek ¢. 3 vyuziva kosmogenni Be-10 k datovéani ustupu Laurentinského ledovcového §titu z udoli
feky Mackenzie na jejim stfednim toku. Vzorky na datovani byly odebrany z eratickych balvanii na
Sesti lokalitach v rozpéti riznych zemépisnych sitek a nadmoiskych vysek, aby data obsahla jak ustup
okraje ledovce, tak snizovani jeho mocnosti béhem odlednéni. Nova data jsou kombinovana

s existujicimi chronologickymi informacemi v bayesovském schématu a vysledky indikuji, ze

k odlednéni doslo pfiblizné o tisic let diive nez uvadély dosavadni rekonstrukce. V obdobi ~14,9 a
13,6 tisic let pfed soucasnosti doslo k obdobi rychlého poklesu povrchu ledovcového stitu

v souvislosti s interglacidlem Bolling-Allerad. Pomérné velkd nejistota spojena s datovanim
kosmogennim Be-10 ale zplisobuje, Ze nejsme schopni urcit pfesnou miru poklesu povrchu
ledovcového stitu v ¢ase béhem tohoto obdobi. Nase vysledky nicméné vyzaduji revizi dosavadnich
rekonstrukei Gstupu okraje ledovcového $titu v ramei studijni oblasti, pficemz okraj ledovcového Stitu
ustupuje z centralniho udoli feky Mackenzie (~63-65° s. $.) spiSe vychodnim smérem nez diive
predpokladanym jiznim smérem. Pomoci numerického modelovani pocitame piispévek ~13,4 m ke
zvyseni globalni hladiny mote z $irsi oblasti ledovcového sedla mezi Laurentinskym a Kordillerskym
ledovcovym Stitem, pficemz 11,2 m pripada na obdobi mezi 16 a 13 tisici lety pfed soucasnosti. Nase
data nasledn¢ indikuji, ze udoli feky Mackenzie bylo odlednéno 13,6 tisic let pied soucasnosti (14,1 -
13,2), coz je udaj dalezity pro studie migrace flory a fauny mezi Beringii a Severni Amerikou a pro
studie sméri odtoku velkych, ledovcovym §titem hrazenych jezer.

Dynamika ledovcového §titu béhem odlednéni (tzn. primarné konfigurace ledovcovych proudd, tzv.
»ice streams®) nebyla dosud rekonstruovana. Tato prace pouziva tzv. inverznich glacialng
geomorfologickych metod k rekonstrukci dynamiky ledovcového §titu z mapovanych a
interpretovanych glacialnich tvart reliéfu (mapovanych v ¢lanku 2). Nase rekonstrukce noveé doklada
migraci akumulacni oblasti ledovcového §titu v disledku zaniku ledovcového sedla mezi
Laurentinskym a Kordillerskym ledovcovym §titem. Zmény v siti ledovcovych prouda by dale
ovlivnény ménicim se podélnym profilem ledovcového stitu, ktery reagoval na klimatické vykyvy na
konci pleistocénu. V disledku méniciho se podélného profilu ledovcového Stitu se meénil téz teplotni
rezim na bazi ledovce, coz mélo vliv na ledovcové proudy, a ty byly dale ovlivnény pfitomnosti nebo
absenci procesu teleni do oceanu nebo hlubsich ledovcovych jezer. Podle nasi intepretace
mapovanych glacialnich tvart reliéfu ptevazoval ve studijni oblasti béhem odlednéni dynamicky

Vi
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ustup okraje ledovcového stitu (oproti stagnaci a odtavani ,,mrtvého ledu®). Jasna zonace mapovanych
glacialnich tvari reliéfu reflektuje ménici se teplotni rezim na bazi ledovce.

Kli¢ova slova: Laurentinsky ledovcovy stit, glacialni geomorfologie, datovani kosmogennimi izotopy
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Dynamics of the north-western Laurentide Ice Sheet margin

1.0 Introduction:

Anthropogenically-influenced changes in climate since the industrial era have had widespread impacts
on the Earth system, including the near universal recession of glaciers and ice sheets (Rignot et al.,
2014; IPCC, 2019; Field et al., 2014; Randle and Eckersley, 2015). This recession has led to a 0.2 (0.15
—0.25) mrise (IPCC, 2019) in global mean sea level (GMSL) between 1901 and 2018 with the average
rate of sea level rise increasing from 1.3 [0.6 to 2.1] mm yr! between 1901 and 1971 to 3.7 [3.2 to 4.2]
mm yr'! between 2018 and 2018 (IPCC, 2023). The Greenland and Antarctic ice sheets hold the potential
to cause a further 65.66m of GMSL (IPCC, 2013). The future of these ice sheets also has consequences
for the regional climate, for example, the input of freshwater from the melting Greenland Ice Sheet to
the Atlantic Ocean may weaken the North Atlantic thermohaline circulation and cause cooling (Fichefet
et al., 2003). An understanding of the drivers of deglaciation is key to accurately forecasting future rates
of ice sheet retreat and the contribution to GMSL rise. Studies of modern observational glaciology have
allowed us to understand the magnitude and drivers of current changes but are limited to the last century.

The gradual cooling trend throughout the Cenozoic period culminated in the development of
continental-scale ice sheets in the Northern Hemisphere that grew and shrank to the pace of orbital
cycles during the Quaternary period (the last ~2.58 Myr; Le Treut and Ghil, 1983; de Boer and Smith,
1994). These cyclical variations in ice volume are a key characteristic of the Quaternary and were the
dominant contributor to past sea level changes, resulting in a sea level lowering of up to 130m during
the Last Glacial Maximum (LGM; ~27 — 20 ka; Lambeck and Chappell, 2001). While climate
oscillations drove ice sheet changes, ice sheet changes also caused feedback effects that influenced the
ocean circulation patterns and global climate (Lambeck and Chappell, 2001; Rasmussen et al., 2014).
The reconstruction of these Quaternary ice sheets can provide empirical data to validate numerical ice
sheet models and gain a deeper understanding of the long-term drivers of ice sheet retreat (Clark et al.,
2018; Ely et al., 2021).

During the LGM, the Laurentide Ice Sheet (LIS) was located over eastern and central northern North
America and coalesced with both the Cordilleran and Innuitian ice sheets farther west and north to form
the North American Ice Sheet Complex (NAISC), which was the largest Northern Hemispheric ice mass
with a GMSL equivalent volume of ~80 m (Dalton et al., 2023; Figure 1). During its maximum extent
it blocked the migration of early humans and animals into North America (Froese et al., 2019), disrupted
ocean circulation through cyclical events of high ice flux (Heinrich Events; Hemming, 2004; Broecker
et al., 1993) and the ice sheet topography directly modulated the atmospheric circulation patterns
(Lofverstrom et al, 2014). Furthermore, climatic oscillations following the LGM provide an
opportunity to understand the response of ice sheets to millennial-scale changes in climate.

The advance and retreat of the NAISC significantly modified the landscape through the erosion,
transportation and deposition of material leading to an abundance of glacial landforms and sediments
across much of northern North America (Fulton, 1989; Dyke, 2004). The landforms and sediments left
behind following deglaciation provide an opportunity to reconstruct the past extent, advance and retreat
patterns, and dynamics of former ice masses (Smith et al., 2006). Traditional studies employed field-
based surveys to map the glacial geomorphology, but this process was revolutionised over the last
decades by the availability of increasingly high-resolution datasets which provides a cost and time
efficient method to map large areas of formerly glaciated terrain (Punkari, 1980; Clark, 1997; Kleman
et al., 1997; Smith and Pain, 2011; Chandler et al., 2018). These maps can also be used to identify
locations to target for geochronological methods to reconstruct the rates of ice sheet retreat (Chandler
et al., 2018).

Within the LIS, the northwestern margin has received relatively little attention compared to the better
studied southern and eastern margins. Recent numerical modelling simulations have suggested that this
ice sheet sector underwent a period of rapid thinning during the Bolling—Allered warm period and likely
contributed to rapid sea level rise during this time (Gregoire et al., 2016). But sparse empirical
constraints on the timing and pattern of retreat make it difficult to verify whether this rapid retreat
occurred. As such, this ice sheet sector presents a clear opportunity to investigate the dynamics of ice
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sheet retreat during climatic oscillations following the end of the LGM and test the validity of ice sheet
modelling results.

1.1 Glacial history of the Laurentide Ice Sheet:

In this section, I will provide a brief overview of the glacial history of the LIS throughout the
Quaternary, with a focus on the northwestern sector.

1.1.1 Pre-LGM understanding:

A multi-dome LIS first occurred at the start of the Quaternary, during the Matuyama chron (~2.6 — 1.8
Ma; Balco and Rovey, 2010; Barendregt and Duk-Rodkin, 2011; Batchelor et al., 2019; Evans et al.,
2021). Before this time, continental ice in Northern America likely consisted of two independent ice
domes of limited extent over Labrador and Keewatin (Barendregt and Duk-Rodkin, 2011; Batchelor et
al., 2019). Early reconstructions suggested the ice dome situated over Labrador extended as far south
as 39°N but was unconnected to ice in the Keewatin region (Barendregt and Duk-Rodkin, 2011). In the
Keewatin region, local ice caps were suggested as the dominant glaciation style (Barendregt and Duk-
Rodkin, 2011). However, a recent re-examination of the glacial stratigraphy has suggested that the local
ice cap hypothesis is unfounded and constrains the first advance of a Keewatin Ice Dome over
northwestern Canada to 2.9+0.3Ma using cosmogenic nuclide burial dating (Evans et al., 2021) at
broadly the same time as Labrador ice reached 39°N (2.4+0.14 Ma; Balco and Rovey, 2010). Together,
these constraints support the idea of an early large LIS which may have been facilitated by a deformable
regolith of preglacial material (Clark and Pollard, 1998; Balco and Rovey, 2010; Batchelor et al., 2019;
Evans et al., 2021).

The LIS did not reach a similar size to this first advance until the Late Matuyama (Balco and Rovey,
2010). The next appearance of the LIS in the US at 39°N occurred as late as 1.3+0.09Ma, according to
cosmogenic nuclide burial ages, with three more advances occurring between 0.79+0.1Ma and
0.22+0.16Ma (Balco and Rovey, 2010). This represents a change to more extensive LIS glaciations
following the mid-Pleistocene transition. However, there are no comparable records of glaciation for
the northwestern sector of the Laurentide Ice Sheet and the uncertainty bounds in the reconstruction of
Batchelor et al. (2019) are large. In fact, there is currently no evidence that the LIS extended west of
the modern-day Mackenzie River at any time prior to the LGM (Duk-Rodkin et al., 1996; Duk-Rodkin
and Barendregt, 2011).

The last glacial cycle (~115 ka to ~10 ka) is comparatively better constrained than the oldest Quaternary
glaciations of North America, but significant uncertainties remain in the MIS 3 (57 — 29 ka) ice sheet
extent. A recent review of this period by Dalton et al. (2022) highlighted multiple cycles of build-up
and decay during this time. The Keewatin Ice Dome first reappeared at ~75 ka and contributed to the
peak in ice extent at ~60 ka, which almost matched the all-time maximum extent (Dalton et al., 2022).
This was followed by a significant reduction in ice at ~45 ka, although key uncertainties remain
regarding whether Hudson Bay was ice-free between 50 and 40 ka. Arguments for an ice-free Hudson
Bay are supported by luminescence and radiocarbon ages (Dalton et al., 2016; Pico et al., 2017; Dalton
et al., 2019), while arguments for glaciation often question the reliability of these ages and the necessity
of a glaciated Hudson Bay to produce Heinrich Events 4 and 5 (Miller and Andrews, 2019; Hodder et
al., 2023). Regardless of whether Hudson Bay remained glaciated between 50 and 40 ka, the LIS began
a gradual growth to its maximum extent following this period.

1.1.2 The LGM ice sheet configuration:

The LIS reached its all-time maximum extent during the last glaciation with a global mean sea level
equivalent volume of between 49.4 — 55.8 m (Licciardi et al., 1998; Clark and Mix, 2002; Dyke et al.,
2002). The spatial extent has been well-constrained by numerous surficial geological mapping
campaigns from the Geological Survey of Canada for the onshore record (Dyke and Prest, 1987; Fulton,
1995). The offshore ice limits on the continental shelf are much less certain, but at the marine-
terminating eastern and northern margins it likely extended to the continental shelf break and the
southern margin extended as far as 38°N in the US (Dalton et al., 2023). In the north, it was coalesced
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with the Innuitian Ice Sheet and the western margin was located along the range front of the Canadian
Cordillera and coalesced with the Cordilleran ice sheet between ~65°N to ~48°N (Dalton et al., 2023;
Figure 1).

The maximum extent of the LIS was asynchronous, with as much as 10,000 years difference between
the local LGM of different ice sheet sectors (Dalton et al., 2020; Dalton et al., 2023). The southern
margin may have reached its maximum position as early 27 ka (Curry et al., 2018). An early maximum
extent has also been proposed for the marine-terminating eastern margin, although this has yet to be
confirmed by numerical dating methods (Dalton et al., 2023). The early advance to the maximum extent
in these sectors is likely due to the close proximity of the ice source area to the continental shelf break,
which provided a limit on the extent on the eastern margin.

Elevation (m)
/" 6710

Figure 1A: Topographic map of North America of the key physiographic regions studied in this thesis.
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Figure 1B: The extent of the North American Ice Sheet Complex during the Last Glacial Maximum at 18.0 ka *C
/21.1 ka cal. BP (Dalton et al., 2020). The approximate location of ice domes (dark blue ovals) and ice divides
(dark blue lines) are reproduced from Margold et al. (2018). The study area of each paper and the figure locations
in this thesis are indicated by the coloured boxes.

During the advance to its local LGM, the Keewatin dome of the LIS advanced west over the Interior
Plains towards the Canadian Cordillera (Kleman et al., 2010; Margold et al., 2018). As the LIS reached
the Cordillera it coalesced with the Cordilleran Ice Sheet for the first time in the Quaternary (Batchelor
et al., 2019). The coalescence of the ice sheets led to the formation of the Cordilleran-Laurentide ice
saddle which caused the northwards deflection of ice flow north of ~60°N and the southwards deflection
of ice flow to the south of ~60°N (Margold et al., 2018). Northerly deflected ice flowed down the
Mackenzie Valley towards the maximum extent position. Early reconstructions placed the ice limits at
the Sitidgi Stade moraines, suggesting that the LIS did not extend significantly offshore (Rampton,
1988). However, marine geophysical surveys have confirmed that the ice sheet extended to the
continental shelf break during the last glaciation (Batchelor et al., 2013, 2014). Combined with surficial
geological mapping from the Geological Survey of Canada, the glacial limits of the northwestern LIS
are well constrained, although considerable uncertainties remain in the timing of the local LGM (Duk-
Rodkin, 1999, 2022).

During the 1980s and 1990s, the glacial lake records from the unglaciated regions of the Yukon, beyond
the Richardson Mountains, were used to constrain the maximum extent of the northwestern LIS (Catto,
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1986; Morlan et al., 1990; Lemmen et al., 1994; Duk-Rodkin and Hughes, 1995). As the LIS advanced
to the front of the Richardson Mountains, it dammed the eastwards drainage from the Yukon and led to
the development of glacial lake Old Crow (Kennedy et al., 2010). Radiocarbon ages were used to
suggest an early local LGM of the LIS at ~30 ka, followed by a readvance at ~22 ka (Duk-Rodkin and
Hughes, 1991; Duk-Rodkin et al., 1996; Zazula et al., 2004). A series of early **C] cosmogenic nuclide
exposure ages were also used to support this interpretation but were never published in full and include
large uncertainties (Duk-Rodkin et al., 1996). The cross-cutting of montane glacier moraines by LIS
meltwater channels was thought to require a readvance of the LIS that would support this chronology,
but this interpretation does not account for the possibility of non-erosive, cold-based ice (Duk-Rodkin
and Hughes, 1991).

An alternate chronology has been proposed whereby the local LGM of the northwestern LIS occurred
much later and was relatively short-lived (Kennedy et al., 2010; Murton et al., 2015). A realisation of
the high preservation potential of woody material and pine needles in Arctic settings necessitated a re-
evaluation of the radiocarbon ages constraining the deglacial sequence (Kennedy et al., 2010). Many of
the pre-existing ages represent non-finite, reworked material that does not relate to the LGM and should
be disregarded (Kennedy et al., 2010). Radiocarbon dating of low preservation potential material
suggests that the maximum extent occurred sometime after ~19.1 ka cal BP (18.9-19.4 ka cal BP)
(Kennedy et al., 2010) and is supported by luminescence ages on pre- and post-glacial dune sands from
the Mackenzie Delta suggesting a short-lived maximum sometime between 17.5 ka and 15 ka (Murton
et al., 2015). A late local LGM for the northwestern LIS is logical as the large geographical distance
from the Keewatin Ice Dome to the continental shelf in the Beaufort Sea would require a long build-up
phase. The advance to the maximum extent also likely only occurred following the formation of the ice
saddle which occurred sometime after ~25 ka (Heintzman et al., 2016). However, pre- and post-glacial
luminescence ages are often overlapping meaning that many uncertainties remain around the precise
timing and duration of the local LGM.

1.1.3 The last deglaciation:

The last glacial termination was characterised by millennial-scale climate oscillations that drove
changes in global ice volume (Broecker et al., 1989; Yu and Wright Jr., 2001; Clark et al., 2002). The
Bolling—Allered interstadial (14.7 — 12.9 ka) was a period of rapid warming in the Northern Hemisphere
associated with enhanced rates of deglaciation and rapid sea level rise (Deschamps et al., 2012; Buizert
et al., 2014). In North America, the Cordilleran Ice Sheet lost up to half of its mass over 500 years
during the Belling—Allerad (Menounos et al., 2017) with similar trends of accelerated ice mass loss
observed for the LIS (Wickert et al., 2013; Barth et al., 2019). The overall trend of deglaciation was
interrupted by a climatic reversal during the Younger Dryas stadial (12.9 — 11.7 ka) when falling
temperatures led to the stabilisation or readvance of ice masses (Buizert et al., 2014). The regional
strength of these millennial-scale climate changes across the Northern Hemisphere and the response of
ice sheets to these climate events is varied (Alley, 2000; Fastovich et al., 2020; Fastovich et al., 2022).

In the ice margin chronology of Dalton et al. (2020; Figure 2A), which is simply a recalibration of the
Dyke et al. (2003) reconstruction for this ice sheet sector, the northwestern LIS retreat does not appear
to be driven by these climatic events. During the Belling—Allered, ice margin retreat rates were low at
~66 m/year, as the ice margin remained near the modern-day coastline (Dalton et al., 2020). The ice
margin retreat rates rapidly increased to ~333 m/year as the ice margin retreated across the Northern
Interior Plains throughout the Younger Dryas (Dalton et al., 2020) and remained high (466 m/year) for
the following 1,500 years as the ice margin retreated to the Canadian Shield by 10 ka. Ice margin retreat
rates only decreased after 10 ka, when the LIS margin stabilised on the Canadian Shield (Dalton et al.,
2020). This ice margin retreat sequence conflicts with the expected ice sheet response to the Bolling—
Allerad and Younger Dryas climate oscillations. In contrast to the northwestern sector, the southwestern
LIS underwent a period of rapid retreat during the Bolling—Allerad followed by ice margin stabilisation
during the Younger Dryas cooling (Norris et al., 2022).

Recent numerical modelling studies have suggested that the northwestern LIS might have experienced
a period of rapid thinning during the Belling—Allered and contributed to rapid sea level rise events
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(Gregoire et al., 2012, 2016; Gomez et al., 2015; Ivanovic et al., 2017). Rising temperatures during the
Bolling—Allered are hypothesised to have caused a negative surface mass balance in the ice saddle
region leading to ice sheet surface lowering (Gregoire et al., 2012, 2016). As the ice saddle thinned, the
ice sheet surface reached progressively lower elevations and was exposed to warmer temperatures
which enhanced melt rates and caused an elevation-melt feedback and the rapid collapse of the ice
saddle (Gregoire et al., 2012). However, the paucity of constraints on deglaciation in this region make
it difficult to verify these modelling results.

1.2 Motivation:

Providing new empirical constraints on the timing, extent and retreat dynamics of the northwestern LIS
is the key motivation of this thesis. These empirical constraints will be used to develop a reconstruction
of the chronology and dynamics of ice sheet retreat that can be used to validate numerical modelling
simulations and gain an insight into the drivers of ice sheet retreat. The high-resolution digital elevation
model ArcticDEM (2 m resolution) provides an opportunity to map large areas of the former ice sheet
bed in a time-efficient manner for large, remote regions. We use the ArcticDEM to create detailed maps
of the glacial geomorphology of the majority of the Northwest Territories (paper I and II).

Prior to this thesis, the chronology of the northwestern LIS was only loosely anchored by a small
number of radiocarbon dates that only provided a minimum age constraint on the timing of deglaciation.
This limited our ability to understand the drivers of ice sheet retreat and calculate the contribution to
past sea level rise. In paper I, we provided new cosmogenic nuclide exposure age constraints on
deglaciation to revise the ice margin chronology for the region and identify a period of rapid
deglaciation during the Belling—Allerad. Finally, we combine our reconstruction with numerical
modelling simulations to quantify the contribution to GMSL during the last deglaciation from this ice
sheet sector.

There is no previously published ice flow reconstruction for the northwestern LIS, which limits our
ability to understand the drivers of periods of rapid ice margin retreat or stabilisation. Within paper IV,
we sought to leverage the geomorphological record (mapped in paper II) and a newly published ice
margin chronology (Dalton et al., 2023; that was largely based on the interpretations presented in paper
III) to investigate the dynamics of the ice drainage network and the nature of the ice margin retreat
processes. The retreat of the northwestern LIS spans the Belling—Allered and Younger Dryas climate
oscillations that followed the LGM and allows us to investigate the response of ice flow dynamics to
millennial-scale climatic changes.

1.3 Objectives:

The aim of this thesis is to build an empirical reconstruction of the deglaciation of the northwestern LIS
to investigate the response of ice sheets to climate change, the drivers of ice sheet change and the
implications for past changes in sea level. To accomplish these aims we followed these objectives:

1. To create a map of the glacial geomorphology of the northwestern LIS (paper I and II).

2. To provide age constraints on the rate of ice sheet retreat and thinning by combining new
cosmogenic nuclide exposure age constraints and pre-existing chronological constraints (paper
I10).

3. To apply the glacial inversion method and flowset mapping approach to reconstruct the ice flow
dynamics and margin retreat processes of the northwestern LIS (paper 1V).
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Figure 2: The development of the ice margin chronology and retreat pattern for the northwestern LIS. (A)
The radiocarbon-based ice margin chronology of Dalton et al. (2020), which is largely a recalibration of the
Dyke et al. (2003) ice margins for this ice sheet sector. (B) The ice margin chronology of Dalton et al. (2023),
which is anchored by the exposure ages presented in paper III. The youngest ice margins, in the east, are
largely unchanged from the previous ice margin chronology due to the absence of any new constraints. (C)
The ice margin retreat pattern from paper IV that has not been constrained by any temporal framework. Note
how our ice margin retreat pattern indicates more lobate ice margins and provides much greater detail than
the broad-scale isochrones.
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2.0 Study area:

This doctoral dissertation is focused on the northwestern sector of the LIS. During the last glaciation,
the northwestern sector of the LIS extended along the range front of the northern Canadian Cordillera
and subsumed the foothills of the Mackenzie Mountains in the Northwest Territories (Figure 1A and B;
Dalton et al., 2023). It extended up the valleys of the Mackenzie Mountains, where it coalesced with
local montane glaciers. Over the southern Mackenzie Mountains, it merged with the Cordilleran Ice
Sheet to form the Cordilleran-Laurentide ice saddle. In the north, the margin was marine-terminating
and extended to the continental shelf edge and was merged with the Innuitian Ice Sheet over the
Canadian Arctic Archipelago.

While the thesis is concerned with the broader northwestern LIS, the study area extent for each chapter
is different. Paper I covers the Mackenzie Mountains region and paper II covers the Northern Interior
Plains and Canadian Shield to 110°W, meaning that these two glacial geomorphological maps provide
near-complete coverage of the former bed of the northwestern LIS. Paper III is much narrower in
geographical scope and is focused on the central Mackenzie Valley region, and paper IV covers the
Northern Interior Plains and western Canadian Shield region. The locations mentioned in this thesis are
indicated on Figure 1A and the extent of each study is indicated in Figure 1B.

2.1 Topographic setting:

The study area spans three distinct physiographic regions: the Mackenzie Mountains in the west, the
Northern Interior Plains in the centre, and the Canadian Shield in the east. It extends from 60°N to the
present-day coastline.

The Mackenzie Mountains and their foothills form part of the northern Canadian Cordillera, extending
over 500 km in length and over 150 km wide. To the west of the Mackenzie River, the Canadian
Cordillera can be separated into two northerly-trending mountain ranges, including the Backbone
Ranges on the west and the Canyon Ranges on the east. The Backbone Ranges form the interior of the
Mackenzie Mountains and are characterised by high peaks up to 2,400 m in elevation and a topography
which has been significantly modified through multiple glacial cycles (Duk-Rodkin and Hughes, 1992),
with the highest peaks still holding small cirque glaciers (Hawkins et al., 2023). To the east of the
Mackenzie River, the Franklin Mountains is a small range of low peaks (<1,600 m) that delineate the
eastern boundary of the Cordillera.

The Northern Interior Plains extend from the eastern flank of the Mackenzie Mountains to the western
edge of the Canadian Shield and can be separated into seven separate subdivisions: the Horton Plain,
Anderson Plain, Colville Hills, Peel Plain, Mackenzie Plain, Great Bear Plain, and Great Slave Plain.
These plains can occupy both lowland (e.g. Mackenzie Plain at ~200 m elevation) or upland positions
(e.g. the Horton Plain at ~500 m elevation) but are typically low relief areas. The Northern Interior
Plains are characterised by soft bedrock and a thick drift cover of glacial till that was deposited during
the last glaciation (Fulton, 1995; Smith et al., 2023).

The Canadian Shield is the easternmost physiographic region covered in this thesis and comprises a
broad region of low relief, exposed Precambrian igneous rock with widespread surface exposures
(Figure 1A). In contrast to the Northern Interior Plains, surficial drift cover is limited and where present
is often only a thin veneer of till cover as repeated glaciations eroded any surficial cover (Fulton et al.,
1995). The Canadian Shield extends from the Great Lakes at ~46°N in the south to the contemporary
coastline with the Arctic Ocean in the north. While the Canadian Shield spans as far east as 56°W, our
study area only extends to 110°W and north of 60°N.

2.2 Climate:

The former bed of the northwestern LIS covers >1,000,000 km? and exhibits spatial and temporal
climatic variability, but can be broadly characterised as subarctic with cold, dry winters and short, mild
summers (Phillips 1990; Peel et al., 2007). Based on climate normals for Norman Wells, the average
winter daily minimum temperature is -30°C with extreme minimum temperatures as low as -52°C in
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January. In the summer, temperatures of up to 35°C have been recorded but average summer daily
temperatures of between ~11°C and ~22°C are more common (Government of Canada, 2023). Annual
precipitation is typically low, with an annual average of <300 mm/year. Around half of all precipitation
occurs as rainfall between May and September, and the other half as snowfall between September and
May (Government of Canada, 2023). Surface snow cover is common from October to April with
maximum depths of up to 30 cm (Government of Canada, 2023). Precipitation values are highest in the
Cordillera region and decrease to the east due to the rain shadow effect, with a further trend of
decreasing precipitation to the north (Phillips, 1990; Bailey et al., 1997; Persaud, 2023). These climatic
conditions have contributed to the development of large thicknesses of permafrost and ground ice (Burn,
1994). Ground ice was predominantly formed in the Late Wisconsinan and includes buried glacial ice
from the last glaciation (Burn, 1994; Murton et al., 2004; 2005).

2.3 Permafrost distribution:

Our study area spans a high latitudinal range and crosses multiple different permafrost zones. The
southernmost portion of the study area, around the Great Slave Lake at ~60°N — 62°N, is situated in the
sporadic discontinuous permafrost zone (Hegginbottom et al., 1995). Between ~62°N — 65°N can be
characterised as extensive discontinuous permafrost and north of ~65°N is the continuous permafrost
zone. There is also a south to north gradient in the ground ice conditions, with the highest ground ice
content observed around the Mackenzie Delta region (~70°N) and decreases to the south. Compared to
similar latitudes, ground ice content in the Northern Interior Plains is generally higher than in the
adjacent Mackenzie Mountains or on the Canadian Shield (Hegginbottom et al., 1995). Contemporary
climate change and rising temperatures mean that these landscapes are currently undergoing dramatic
changes due to the widespread thaw of permafrost (Kokel;j et al., 2017).



Benjamin James Stoker

3.0 Data and methods
3.1 Geomorphological mapping

Papers I and II present maps of the glacial geomorphology of the bed of the former northwestern LIS.
In paper I, the study area was focused on the broader Mackenzie Mountains region and intended to
cover the area glaciated by the LIS, Cordilleran Ice Sheet and the local montane glaciations so that the
interactions between these ice masses could be investigated. In paper II, the map extent was bounded
by the 60" parallel in the south due to the availability of the high-resolution ArcticDEM data and in the
north was bounded by the present-day coastline. The northern Canadian Cordillera marked the western
boundary and 110°W is the eastern boundary.

The glacial geomorphological mapping was undertaken using a repeat-pass method with a hillshaded
elevation model (ArcticDEM, 2 m resolution; Porter et al., 2018) and landform identification was based
on their morphology, spatial distribution, and relationship with surrounding landforms (Chandler et al.,
2018). The Image Mosaic of Canada vl with a 30 m resolution (Government of Canada, 2013) and
PlanetLabs imagery with a 2 m resolution were used to supplement the ArcticDEM in places of lower
data quality or blank spots.

3.2 Terrestrial Cosmogenic Nuclide (TCN) exposure dating
3.2.1 The fundamentals of TCN accumulation at the Earth’s surface

High energy cosmic particles generated by supernova explosions collide with atoms in the upper
atmosphere, leading to a cascade of reactions that produces secondary particles that can collide with
target atoms and produce cosmogenic nuclides in the atmosphere or on the Earth’s surface (Dunai and
Lifton, 2014; Ivy-Ochs and Briner, 2014). These cosmogenic nuclides (*He, '°Be, *C, *'Ne, 2°Al, *Cl)
are rarely, naturally produced at the Earth’s surface, with 98% of cosmogenic nuclides production
occurring due to these secondary cosmic ray particles in the upper few metres of rock (Dunai and Lifton,
2014). The rate of cosmogenic nuclide production is heavily dependent on the intensity of the cosmic
ray flux which varies across the globe (Ivy-Ochs and Briner, 2014; Schaefer et al., 2022). At high
latitudes, the pathway of cosmic rays is roughly subparallel to the magnetic field lines and few particles
are blocked from reaching the surface. At lower latitudes, the perpendicular pathway of cosmic rays
relative to the magnetic field lines means that large proportions of the flux may be blocked. In addition
to this, elevation is a strong control on the cosmic ray flux reaching the surface as cosmic rays travelling
to higher elevation surfaces travel through a smaller distance of the atmosphere and less cosmic rays
are blocked compared to lower elevation surfaces (Desilets and Zreda, 2001).

TCN exposure dating is principally concerned with the in-situ production of these rare nuclides in rocks
at the Earth’s surface and leverages their accumulation to quantify the amount of time that a surface has
been exposed to cosmic rays. In paper III, we apply the method of TCN exposure dating using ’Be to
constrain the timing of deglaciation for the northwestern LIS.

3.2.2 Sample site and boulder selection

Since the early 1990s, TCN exposure dating has been applied to constrain the timing of deglaciation
across the world (Phillips et al., 1994; Jackson et al., 1997; Balco, 2011; Ivy-Ochs and Briner, 2014).
Various sampling site selection strategies exist and can include the targeting of glacial landforms,
including moraines to constrain ice margin standstills (Applegate et al., 2010; Ivy-Ochs and Briner,
2014). Alternatively, erratics from formerly glaciated areas that are not associated with a particular
landform can be sampled to simply constrain the timing of ice-free conditions (von Blanckenburg and
Willenbring, 2014). Sampling may also occur along transects to constrain the rate of deglaciation.
Studies which seek to constrain the rate of ice margin retreat can sample along a horizontal transect
(Jones et al., 2019). Alternatively, in mountainous regions, the ice sheet thinning rate can be constrained
through sampling surfaces along an elevation transect (Small et al., 2019; Halsted et al., 2023). In paper
III, we selected our sample locations across a range of different elevations, latitudes and longitudes to
constrain both the thinning rate and ice margin retreat pattern. Regardless of the sampling strategy, all
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sampling for TCN exposure dating should be well-contextualised by detailed mapping of the
geomorphological context of a site.

The practice of TCN exposure dating relies upon two assumptions that guide the field sampling
procedure: 1) the sampled surface is fresh and has not previously been exposed to cosmic rays prior to
its exposure during deglaciation and 2) following deglaciation, the sampled surface has experienced
continuous exposure with no shielding from cosmic rays (Heyman et al., 2011; Ivy-Ochs and Briner,
2014). Anomalously old exposure ages might occur when the first assumption is not valid and this
occurs when a sampled surface has not experienced enough erosion to ‘reset’ the cosmogenic signal
that was developed prior to deposition, with a couple of metres of erosion typically required for this
(Balco, 2011). As such, we attempted to sample from erratics which were subrounded in shape, as this
may suggest that the boulder has had a longer transport history than more angular boulders. In contrast,
if a sample has experienced an incomplete exposure due to post-depositional shielding from cosmic
rays, then the exposure age would be anomalously young (Balco, 2011). A range of factors can lead to
incomplete exposure of a surface and sampling strategies should select boulders to mitigate these risks.
For example, a boulder deposited on an unstable slope may have slumped or rolled following deposition
and so it is preferable to sample boulders situated on a stable surface (e.g on bedrock) and not near the
base of steep slopes. Surfaces may also be partially shielded from cosmic rays by the surrounding
topography, snow cover and/or vegetation and corrections can be applied to account for this (Gosse and
Phillips, 2001).

3.2.3 The extraction of cosmogenic nuclides from rock samples

The target mineral must be separated from the collected samples to allow the concentration of the target
cosmogenic nuclide to be measured. In paper III, we extracted quartz from granitoid samples to allow
the amount of °Be to be quantified. This involves the crushing and grinding rock samples to attain a
grain size of 125-500um and a series of steps to isolate the pure quartz which can involve a range of
steps including: magnetic separation, froth floatation to remove feldspars, and leaching in hot
hydrofluoric acid (Schaefer et al., 2022). The pure quartz sample must then be spiked with a carrier of
Be before being digested in a HF-HNO; mixture and treated with anion and cation column chemistry
to isolate Be2+ which can eventually be packed into stainless steel cathodes for analysis at the AMS to
determine the quantity of '°Be.

3.2.4 Exposure age calculation approach

The calculation of exposure ages from the measured °Be concentrations then requires: a production
rate, a scaling model, and any necessary corrections. There are currently no established best practice
guidelines, and each study must consider the characteristics of their sampled sites to make the most
appropriate choices.

The production rate is the rate at which cosmogenic nuclides are produced in a mineral at a specific site.
There are many production rate calibration datasets and the most popular for studies of North American
glaciations are: the global production rate (based on the primary calibration data set; Borchers et al.,
2016), Arctic production rate (based on the Baffin Bay calibration dataset; Young et al., 2013), and the
Northeast North America (NENA) calibration data set (Balco et al., 2009). Each calibration data set
spans a specific range of elevations, latitudes, times and settings which make them most appropriate in
separate regions. A previous study of the northwestern LIS used the Arctic production rate when
calculating the exposure age of samples on the Canadian Shield (Reyes et al., 2022). While this choice
was appropriate for their sites, our sites are located above the recommended elevation range for the use
of the Arctic production rate (1,000 m; Young et al., 2013). Therefore, in paper III, we calculate our
exposure ages using the global production rate (Borchers et al., 2016).

As previously described, the flux of cosmic rays varies spatially so a scaling model must be applied to
the known production rate to adjust for the changes in elevation and latitude between the production
rate site and the sampled sites. The selection of different scaling methods has a minimal (~2%) effect
on the calculated exposure age. We opt to use the time-dependent LSDn scaling model in paper 111
(Lifton et al., 2014).
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In paper 111, we discuss the implications of different corrections for TCN exposure age calculation. The
subarctic, low precipitation conditions of our sampling sites mean that shielding by snow and vegetation
cover was likely negligible for the sampled boulders (Schildgen et al., 2005; Plug et al., 2007). The
granitoid lithology of sampled boulders, dry continental climate and lack of vegetation on the surfaces
means that we assume surface weathering was limited. We therefore apply no correction for these
processes. However, we do apply a correction for the change in elevation of the sample sites due to
glacial isostatic adjustment (GIA) of the landscape, which makes our ages between 0.1% and 3.5%
older, depending on the site. The effect of changes in the atmospheric conditions following deglaciation
has been suggested to offset the influence of GIA on exposure age calculations (Staiger et al., 2007),
however, multiple studies have suggested that the influence of atmospheric changes is an order of
magnitude lower than the influence of GIA changes (Cuzzone et al., 2016; Dulfer et al., 2021), so we
opt not to apply a correction for atmospheric changes.

To ensure comparability between our sites and those in the surrounding regions, in paper III, we
recalculate pre-existing exposure ages to create an internally consistent dataset. In the discussion section
of this thesis we provide a more detailed discussion of the implications and importance of exposure age
calculation approaches.

3.3 Glacial inversion method and flowset mapping

In paper IV, we follow the established glacial inversion methodology to use the spatial distribution of
glacial landforms (presented in paper II) to reconstruct the ice margin retreat pattern of the northwestern
LIS (Kleman and Borgstrom, 1996; Clark, 1997; Greenwood et al., 2007). Across the Northern Interior
Plains, moraines are widespread and provide relatively detailed information on the ice margin
configuration. On the Canadian Shield, moraines are largely absent and the ice margin retreat pattern is
predominantly derived by extrapolation between eskers based on the assumption that they formed
perpendicular to the ice margin. The morphology of these landforms is investigated to provide an insight
into the ice margin retreat processes (Evans et al., 1999; Dyke and Evans, 2014).

The mapped glacial lineations are grouped into flowsets, which are coherent patterns of lineations that
share a similar morphology and orientation. The cross-cutting relationships and overprinting of these
flowsets is then used to reconstruct the relative sequence of ice flow events (Greenwood and Clark,
2009). These flow events are then constrained in time by the ice margin chronology of Dalton et al.
(2023) to create an ice flow reconstruction at 500-year timesteps throughout the last deglaciation.

Flowsets are placed into four separate categories based on: lineation morphology, the association with
deglacial landforms, and the degree of topographic influence on the lineation orientation. Ice stream
flowsets are identified by the highly elongated lineations that comprise them and indicate tracts of fast
ice flow. The remaining flowsets are all interpreted to have formed during a slower ice flow regime.
Event flowsets formed towards the interior of the ice mass and are identified by the high parallel
conformity of lineations, lack of association with deglacial features, and the fact that they are commonly
fragmented in appearance. Deglacial and deglacial inferred flowsets formed near to the ice sheet margin.
Deglacial flowsets are identified by the association with deglacial landforms (e.g. moraines and eskers),
while deglacial inferred flowsets are identified based on the strong influence of topography on lineation
pattern or diverging lobate lineation patterns that suggest formation near the ice sheet margin (Hughes
et al., 2014).
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4.0 Overview of publications
4.1 Paper 1

Stoker, B.J., Margold, M. and Froese, D., 2023. The glacial geomorphology of the Mackenzie Mountains region,
Canada. Journal of Maps, pp.1-12

In this paper, I present a map of the glacial geomorphology of the broader Mackenzie Mountains region,
Canada. The map stretches from 61°N to 66°N and covers the Canyon and Backbone ranges of the
Mackenzie Mountains. In the east, it includes part of the Mackenzie Mountain foothills and in the west,
it includes part of the Selwyn Mountains. A total of 21 1:250,000 National Topographic System (NTS)
map sheet areas were covered, of which 8 were previously unmapped. The glacial geomorphology was
primarily classified using the ArcticDEM elevation dataset (2 m resolution; Porter et al., 2018), with
PlanetLabs satellite imagery used to cover the blank spots in the ArcticDEM.

Glacial lineations are the largest landform category, with 11,795 mapped. There are clear spatial trends
in the distribution and morphology of glacial lineations. The majority of glacial lineations are observed
at low elevations along valley floors and almost half of the mapped glacial lineations are located in the
Mackenzie Valley. The lineations in the Mackenzie Valley also displayed a more elongate morphology
than those in the Mackenzie Mountains.

Meltwater channels are classified into three separate categories: lateral meltwater channels (=9766),
undifferentiated meltwater channels (n=985), and lateral meltwater spillways (n=72). Lateral meltwater
channels are further divided into three subcategories relating to the ice source they are formed by:
montane, Cordilleran, or Laurentide. The majority of lateral meltwater channels were formed by the
retreat of ice lobes from the Cordilleran Ice Sheet in the western Mackenzie Mountains, although some
examples relating to the LIS along the eastern Mackenzie Mountains are observed. In contrast, lateral
meltwater spillways are located exclusively along the eastern range front of the Mackenzie Mountains
with a south-north orientation and were likely formed during the drainage of glacial lakes that were
impounded between the LIS margin and the mountains (Bednarski, 2008; Huntley et al., 2017).

Moraines are widespread across the Mackenzie Mountains and mark the extent and retreat patterns of
the Cordilleran and Laurentide ice sheets and montane ice masses. Similar to lateral meltwater channels,
we include three subcategories of moraine related to the ice mass it was formed by: montane,
Cordilleran or Laurentide. Across the Mackenzie Mountains, we observe multiple instances of cross-
cutting relationships whereby montane moraines have been cross-cut by meltwater channels from either
the Cordilleran or Laurentide ice sheet and this provides an insight into the relative timing of ice
advances.

Eskers are the final landform category and provide an indication of the former ice retreat patterns.
Eskers trend along the valley floor and appear to record the retreat of ice lobes along the valleys of the
Mackenzie Mountains. Examples of eskers on upland plateaus are much less common.

The glacial geomorphological record across the Mackenzie Mountains is highly varied, with each ice
source exhibiting its own distinct signature. The geomorphological map holds key information to allow
the reconstruction of the maximum extent and retreat patterns of the montane, Cordilleran and
Laurentide ice masses, while the cross-cutting relationships record the relative dynamics and
interactions between these ice masses.
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4.2 Paper 11

Dulfer, H.E., Stoker, B.J., Margold, M. and Stokes, C.R., 2023. Glacial geomorphology of the northwest Laurentide Ice Sheet
on the northern Interior Plains and western Canadian Shield, Canada. Journal of Maps, pp.1-18

In this paper, we present a map of the glacial geomorphology of the former bed of the northwestern
LIS. The southern extent of the map is set to 60°N and is defined by the limit of ArcticDEM data
availability and the northern mapping limit of other studies (Norris et al., 2017, 2023) and extends to
the modern-day coastline in the north. The western extent is set along the eastern edge of the Canadian
Cordillera and extends to 110°W to capture the ice flow dynamics of the LIS from its LGM position to
the Younger Dryas ice margin position. The ArcticDEM was the main dataset used for landform
mapping (Porter et al., 2018), with the Landsat Image Mosaic of Canada (Government of Canada, 2013)
being used as a supplement to identify artefacts or map in blank spots of the ArcticDEM. Much of the
area covered has previously been mapped, but the advances in freely-available, high-resolution
elevation datasets allow us to map the entire study area with a consistent approach and quality.

Subglacial bedforms (ice flow parallel lineations, #n=76,630 and subglacial ribs, n=2,396) are the most
common landforms within the map. Subglacial ribs are typically located in swarms with a similar size
and morphology and are located at a range of elevations, from valley floors to high elevation plateaus.
They are often superimposed by ice flow parallel lineations. Similarly, ice flow parallel lineations are
commonly found in swarms of lineations with a consistent spacing, size and orientation. Cross-cutting
relationships are common between different swarms of lineations and record the changing ice flow
trajectories over time.

Eskers, moraines, and hummocky terrain are the main record of the ice margin retreat patterns and
processes. The map contains a total of 9,833 eskers with a wide range of orientations, although over
half of the mapped eskers are located on the Canadian Shield with an east-west orientation due to their
deposition at an ice margin retreating to the east. There are 1,022 moraines in the map with a wide range
of orientations and morphologies relating to the ice marginal processes and thermal regime. The
majority of the hummocky terrain is located in the northwest of the map area, around the Mackenzie
Delta and Horton Plain region. While hummocky terrain largely appears chaotic, some areas display a
strong linearity and may include sharp-crested ridges.

The map includes 4,308 meltwater channels and 1,338 marginal meltwater channels with a wide range
of morphologies. We do not attempt to distinguish between subglacial and proglacial meltwater
channels in the ‘meltwater channel’ category due to the low relief of the investigated region. The low
relief of the region means the marginal meltwater channels are relatively rare and where present are
restricted to uplands and plateaus where they record the thinning of the ice sheet (e.g. on the Melville
Hills).

Other mapped landforms include: perched deltas (n=57), raised shorelines (n=16,401), and
glaciofluvial complexes (n=218) that record the extent of glacial lakes that formed during the retreat of
the northwestern LIS margin. The map also includes: crevasse fill ridges (n=2,110), shear margin
moraines (n=7), and aeolian dunes (n=496). While aeolian dunes are not a glacial feature, they typically
are formed from glacial lake sediments immediately following the drainage of these lakes and may be
misinterpreted as ice flow parallel lineations, and so are included for completeness.
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4.3 Paper III

Stoker, B.J., Margold, M., Gosse, J.C., Hidy, A.J., Monteath, A.J., Young, J.M., Gandy, N., Gregoire, L.J., Norris, S.L. and
Froese, D., 2022. The collapse of the Cordilleran—Laurentide ice saddle and early opening of the Mackenzie Valley, Northwest
Territories, Canada, constrained by '°Be exposure dating. The Cryosphere, 16(12), pp.4865-4886

In this paper, we use terrestrial cosmogenic nuclide exposure dating with in-situ produced '’Be from
glacial erratics at six sites in the central Mackenzie Valley, Northwest Territories, to provide the first
direct constraints on the timing of deglaciation for this region. We combine the exposure ages with the
pre-existing radiocarbon constraints in a Bayesian framework to determine the rate of ice sheet thinning,
ice margin retreat rates and the retreat pattern of the northwestern LIS. Using this new chronology, we
investigate the implications for the regional ice margin timing and pattern, the opening of the Mackenzie
Valley and the contribution to past global mean sea level rise.

We use the online exposure age calculator CRONUS-Earth of Balco et al. (2008; version 3.0) and apply
a GIA correction. We sampled two sites that are at the LGM limit of the LIS. The samples from Dark
Rock Creek were taken from quartzite boulders that matched the local lithology and the exposure ages
were poorly clustered, ranging from 24.1+2.0 ka to 254.9+20.3 ka. We attribute the poor clustering to
inherited signal due to the short transport history of the boulders that meant there was not significant
enough erosion to reset the cosmogenic signal. The remaining presented site deglaciation ages are
calculated from our Bayesian model. At our second LGM site, Katherine Creek, our three exposure ages
were well-clustered and resulted in a deglacial site age of 15.8 ka (17.1 — 14.6 ka) for a ridgeline west
of the Mackenzie Valley at an elevation of ~1,200 m and latitude of ~65°N. East of the Mackenzie River
at ~65°N, two samples at the Norman Range site (elevation ~900 m) provide a deglaciation age of 14.2
ka (15.0 — 13.6 ka) and four samples from the adjacent Mackenzie Valley floor (~200 m elevation)
provide a deglaciation age of 13.6 ka (14.1 — 13.2 ka), with one sample rejected as an outlier. Together
these sites constrain the rate of ice sheet thinning. Two sites were sampled in the Franklin Mountains at
~63°N to further constrain the rate of ice sheet thinning. The first site, near the summit of Cap Mountain
(~1450 m elevation) provided a deglaciation age of 14.9 ka (15.6 — 14.2 ka), with two samples rejected
as outliers. The second site in the lower Franklin Mountains (~800 m elevation) included no outliers
and provided a deglaciation age of 14.3 ka (15.1 — 13.6 ka).

Our new chronological model is in broad agreement with the existing age constraints from the
northwestern LIS but conflicts with the existing deglacial isochrones for the northwestern LIS and
necessitate a revision of the ice margin retreat pattern. The deglaciation of the Norman Range (~900 m,
~65°N) occurred at ~14.2 ka, roughly coincident with the lower Franklin Mountains deglaciation (~800
m, ~62°N) at ~14.3 ka. The previous ice margin chronology suggested the deglaciation of the Norman
Range should have occurred before the lower Franklin Mountains, with the ice margin retreating to the
south. Instead, our constraints suggest the ice margin retreat was to the east. Additionally, these
constraints indicate that the retreat of this ice sheet sector occurred around 1,000 years earlier than in
previous radiocarbon-based reconstructions (Dyke et al., 2003; Dalton et al., 2020; Figure 2).

The large uncertainties associated with terrestrial cosmogenic nuclide exposure dating mean that it is
not possible to calculate exact rates of ice sheet thinning. However, ice sheet thinning of ~800 m over
our vertical sampling transects occurs within the ~1,000 year resolution of exposure dating, so must
have been relatively rapid. These constraints, along with the broad chronological sequence of
deglaciation, provide support for the hypothesised ice saddle collapse proposed by Gregoire et al.
(2015). As such, we matched these model simulations to our chronology and identified 15 compatible
numerical modelling simulations. The contribution to sea level rise of this ice sheet sector was then
calculated for each model simulation. Using an average of all 15 model simulations, we found that
during deglaciation the ice saddle region likely contributed 13.4 m to global mean sea level rise, with
the majority of this sea level rise (11.2 m) occurring between 16 ka and 13 ka.

The advance of the LIS into the Mackenzie Valley blocked the migration of fauna and early humans
between Beringia and North America and dammed glacial lakes. The timing of ice-free conditions
provides an important constraint on these events. Our exposure ages indicate that ice remained in the
Mackenzie Valley until ~13.6 ka (14.1 — 13.2 ka) and obstructed glacial lake drainage and the migration
of flora and fauna until after this time.

15



Benjamin James Stoker

4.4 Paper IV

Stoker, B.J., Dulfer, H.E., Stokes, C.R., Brown, V.H., Clark, C.D., O Cofaigh, C., Evans, D.J.A., Froese, D., Norris, S.L. and
Margold, M. in review. The ice flow dynamics of the northwestern Laurentide Ice Sheet during the last deglaciation. Submitted
to The Cryosphere, Special Issue: Icy landscapes of the past.

In this paper, we reconstruct the ice flow dynamics and ice margin retreat processes of the northwestern
LIS through the last deglaciation using the glacial geomorphological map produced in paper II. We
classify distinct swarms of glacial lineations into 326 flowsets based on their morphology and
association with other landforms and divide them into four categories that are defined by the ice flow
regime and the position of formation within the ice sheet. Ice stream flowsets are composed of highly
elongate lineations and are indicative of fast ice flow. Deglacial and inferred deglacial flowsets are
interpreted to have formed near to the ice sheet margin due to their association with deglacial landforms
or lineation morphology. Event flowsets were formed towards the interior of the ice sheet and are often
fragmented and are not associated with deglacial landforms. Cross-cutting relationships are then used
to identify the relative sequence of ice flow which is constrained in time with the ice margin chronology
of Dalton et al. (2023).

The ice flow drainage network evolved through time in response to changing ice source areas during
deglaciation. At the LGM, ice flow was predominantly directed to the north or northwest from the
Cordilleran-Laurentide ice saddle in the south or the Keewatin Ice Dome in the east. The ice flow
drainage network underwent a rapid reorganisation during the Belling—Allered as the northerly ice flow
was replaced by westerly ice flow. The change in ice flow orientation is indicative of the relatively rapid
loss of the Cordilleran-Laurentide ice saddle compared to the Keewatin Ice Dome.

We reconstruct significant changes in ice stream activity during the deglaciation. Ice stream activity
peaked early during the Bolling—Allered and subsequently declined. We associate the peak in ice stream
activity with a climatically-driven steepening of the ice sheet surface profile which increased the driving
stresses in the ice sheet interior. High rates of ice streaming were facilitated by a deformable, subglacial
soft-bed and high calving rates at lacustrine margins. Rapid ice drawdown during increased ice
streaming led to a thinner ice sheet profile and a reduction in ice stream activity. As the margin retreated
on to the Canadian Shield at the start of the Younger Dryas, the hard-bed conditions and absence of
glacial lakes contributed to the complete cessation of ice streaming in the thin ice sheet.

Dynamic ice margin retreat processes dominated during deglaciation, although the regional
geomorphological signatures are complex and display a clear zonation of retreat processes and ice
marginal thermal regime. The initial deglaciation was characterised by the pulsed retreat of a
polythermal margin with controlled moraines recording the readvances of surging ice lobes. As
deglaciation continued, pulsed ice margin retreat continued but the thermal regime became dominated
by warm-based conditions. Localised areas of recessional moraines around the Norman Range record
the active retreat of a warm-based ice lobe. Widespread ice stagnation is not observed for the
northwestern LIS. Instead, evidence of stagnation is generally limited to small, upland plateaus.
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5.0 Discussion

5.1 Cosmogenic nuclide exposure age calculation

Terrestrial cosmogenic nuclide exposure dating includes considerable uncertainties relating to the
calculation approach chosen by users. In the previous three years there have been four new exposure
age datasets published for the western LIS (Clark et al., 2022; Norris et al., 2022; Reyes et al., 2022;
Stoker et al., 2023). These publications follow different approaches for calculating exposure ages,
including different production rates, scaling models, and methods of GIA correction. This results in
chronological constraints on the western LIS deglaciation that are not internally consistent and site
deglaciation ages that conflict with each other and the established ice margin retreat patterns (see Figure
3). To allow comparability between each publication a standardised approach for calculating the
exposure ages should be followed. As there are no strict rules on the exposure age calculation approach
for each site and region, each study must carefully consider the site characteristics on a case-by-case
basis to identify the most appropriate steps for developing a robust chronology.

In paper III, we performed a sensitivity analysis to compare different exposure age calculation
approaches on the reconstructed timing of deglaciation. Our sites are located in the mid-latitudes at a
range of high and low elevations and are all pre-Holocene. As such, we opted to use the global
production rate (Borchers et al., 2015) which covers a range of latitudes (up to 57°N), elevations (130
— 4900 m), and exposure ages (~11 — 18 ka) that make it almost universally applicable. Additionally,
since these sites are not solely located in formerly glaciated regions, the production rate has not been
influenced by the effects of GIA and allows the user to apply their own GIA correction. Finally, we use
the time-dependent LSDn scaling model (Lifton et al., 2014). This is a similar approach to that applied
by Norris et al. (2022), with the only difference being that Norris et al. (2022) applied a more
sophisticated approach to correct for GIA.

Clark et al. (2022) and Reyes et al. (2022) both followed an exposure age calculation approach that used
the Arctic Production rate (Young et al., 2013), the Lal/Stone scaling model (St scaling scheme; Balco
et al., 2008), and the same correction approach for GIA used by Norris et al. (2022). We found that this
‘alternate’ exposure age calculation approach results in exposure ages that are ~10% older than the
approach applied in paper III. The scaling model choice is a relatively minor influence on the calculated
age, resulting in only ~2% difference, while the production rate has a major influence as ages calculated
with the Arctic production rate were ~8.5% older than exposure ages calculated using the global
production rate. The GIA correction approach employed by Reyes et al. (2022) and Clark et al. (2022)
also resulted in exposure ages that were ~3.5% older than exposure ages calculated following our
approach.

The reconstructed timing of deglaciation for each approach was compared to the pre-existing
independent constraints on the timing of deglaciation. We found that our approach using the global
production rate, LSDn scaling model and a GIA correction approach produced a deglacial chronology
that was more compatible with the existing empirical data. The alternate exposure age calculation
approach produced ages that were largely too old to be compatible with the existing age constraints.
This incompatibility is largely the result of the application of a GIA correction to exposure ages
calculated using the Arctic production rate. The sites in the Baffin Bay that comprise the Arctic
production rate have been influenced by the effects of GIA. This means that the calculated production
rate has an inherent element of GIA included and so it is inappropriate to add a correction for GIA to
ages calculated using the Arctic production rate. In fact, Young et al. (2013) provided an alternate
production rate for their sites with the influence of GIA removed to address this issue and allow users
to apply their own GIA correction. The issue of compounding GIA corrections on exposure age
calculation has previously been highlighted (Young et al., 2013; Young et al., 2020) and results in
exposure ages that are likely too old. The application of a uniform approach to calculating exposure
ages also creates an internally consistent dataset and removes any conflicting deglaciation ages. This
highlights the large uncertainties involved in cosmogenic nuclide exposure dating and the importance
of communicating these uncertainties and justifying the choices made so that it is comprehensible to
non-experts.
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Figure 3: A comparison of how the published cosmogenic nuclide exposure ages for the western LIS compare to
exposure ages calculated using a different, uniform approach. The ice margin retreat pattern of Dyke et al. (2003)
is used to indicate the expected retreat pattern of the western LIS. The timing of ice margin location is left
intentionally absent as these ice margins are based on an outdated radiocarbon chronology. However, the margin
retreat pattern is principally based on geomorphology. The more recent ice margin retreat pattern of Dalton et al.
(2023) is based on the cosmogenic nuclide exposure age chronology in some locations. As such, using the retreat
pattern of Dalton et al. (2023) would effectively mean comparing the exposure ages against a retreat pattern based
on exposure ages. While the Dyke et al. (2003) retreat pattern provides an independent, geomorphology-based
retreat pattern for comparison. Note the conflicting deglaciation ages between sites that is largely resolved by
calculating exposure ages with a standardised approach. (A) The site deglaciation ages across the western LIS as
presented by the original authors. (B) The site deglaciation ages calculated using the ExPage calculator (Heyman,
2024). Sites are presented as a simple mean age with outliers described by the original authors excluded.

5.2 The response of the northwestern Laurentide Ice Sheet to changes in
climate during the last deglaciation

Prior to this thesis, the response of the northwestern LIS to climate oscillations during the last glacial
termination was poorly constrained. Previous radiocarbon-based chronologies suggested slow retreat
during the Bolling—Allered warm period followed by rapid retreat during the Younger Dryas (Dyke et
al., 2003; Dalton et al., 2020; Figure 2A). However, numerical modelling studies have suggested that
the northwestern LIS responded to warming during the Balling—Allerad by undergoing rapid ice sheet
thinning in the Cordilleran-Laurentide ice saddle region (Gregoire et al., 2016). In paper 111, we identify
a period of rapid ice sheet thinning during the Bglling—Allered using cosmogenic nuclide exposure
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dating along vertical elevation transects that provides support for these numerical modelling
simulations. Additionally, other studies have confirmed a reduction in the ice margin retreat rates on the
Canadian Shield during the Younger Dryas (Reyes et al., 2022; Figure 2B). However, the response of
the ice sheet to these climatic events is unknown in regard to the evolution of the ice drainage network,
the drivers of ice streaming, and the dominant ice margin retreat processes. In paper 1V, we reconstruct
the dynamics of the northwestern LIS during deglaciation. However, many uncertainties remain in this
reconstruction that are discussed below.

5.3 Ice drainage network evolution

The previous reconstruction of the ice flow dynamics of the northwestern LIS was limited by the low-
resolution of the remote sensing data available at the time (Brown, 2012). In paper IV, we take advantage
of newly-available high-resolution data to provide the first detailed reconstruction of the evolution of
the ice flow network during the last deglaciation. The Keewatin Ice Dome, located in the east, and the
Cordilleran-Laurentide ice saddle, located in the south, were the two ice source areas that fed the ice
drainage network of the northwestern LIS (Figure 1B). During the LGM, ice flow was predominantly
directed to the north or north-west, indicating a significant contribution to ice flow by the ice saddle
region. During the Bolling—Allerad, the ice drainage network underwent a rapid reorganisation to
westerly ice flow from the Keewatin Ice Dome. The change in ice flow direction supports the hypothesis
of rapid ice sheet thinning in the ice saddle region as the Keewatin Ice Dome remained stable enough
to maintain westerly ice flow into the Mackenzie Mountains range front while the ice saddle had
completely disappeared.

5.4 Ice stream switching

Margold et al. (2018) highlighted that the Mackenzie Trough Ice Stream represented a key uncertainty
in our understanding of the ice stream network of the northwestern LIS. Whether the Mackenzie Trough
Ice Stream was an extensive ice stream system that migrated laterally into the Anderson Plain during
deglaciation or operated as a series of small, time-transgressive ice streams near the ice sheet margin
was an unresolved issue.

In paper 1V, the morphology of glacial lineations records the alternating activity of the Mackenzie
Trough and Anderson ice streams. Highly-elongate glacial lineations in the offshore record indicate that
the Mackenzie Trough Ice Stream was active during the LGM (Batchelor et al., 2013). Following ice
margin retreat to around 68°N, lineations are less elongate and indicative of a slower ice flow regime
in the Mackenzie Delta region, while highly elongate lineations over the Anderson Plain record
Anderson Ice Stream switch-on. By the time the ice margin had retreated to ~67°N in the Mackenzie
Valley, highly elongate glacial lineations record the return to a fast ice flow regime indicative of ice
streaming as the large Bear Lake Ice Stream flowed into both the Mackenzie Valley and the Anderson
Plain.

The evolution of the ice streaming network is relatively well-constrained, but the reasons for ice stream
migration are less clear. One possible explanation could relate to the proximity of the Amundsen Gulf
Ice Stream and the buttressing force it provides. During the build-up to the LGM, the Amundsen Gulf
Ice Stream advanced across the northern side of the Anderson Plain and buttressed ice flow through the
region. The more distal position of the Mackenzie Trough from the Amundsen Gulf Ice Stream may
have allowed the establishment of the Mackenzie Trough Ice Stream. During deglaciation, the retreat
of the Amundsen Gulf Ice Stream removed the buttressing force from the Anderson Plain ice and may
have triggered the Anderson Ice Stream. Alternatively, as the Mackenzie Trough Ice Stream retreated
back onshore during the early deglaciation, ice flow may have reduced due to reduced calving at the
terrestrial margin and caused the stagnation of an ice lobe in the Mackenzie Delta region. This stagnant
ice may have obstructed ice flow through the Mackenzie Trough Ice Stream and forced ice drainage
through the newly established Anderson Ice Stream.
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5.5 Ice streaming and ice sheet mass balance

The delivery of ice from the ice sheet interior to the ice sheet margin through fast-flowing ice streams
can contribute to a negative ice sheet mass balance by increasing calving at the margin and through the
drawdown of ice to lower elevations where it experiences higher rates of surface melting (Robel and
Tziperman, 2016). The ice stream network of the northwestern LIS is one of the most poorly understood
(Margold et al., 2018). In paper IV, we reconstruct how ice stream activity varied through time to
investigate the drivers of ice stream activity and the implications for ice sheet mass balance.

The changing ice stream activity can be largely explained by climate-driven variations in the ice sheet
surface slope. Warming during the Belling—Allergd caused an expansion of the ablation area as the ELA
lowered (Figure 4). This resulted in a steepening of the ice sheet surface slope and increased driving
stresses in the ice sheet interior which led to the peak in ice stream activity. Enhanced ice streaming
was facilitated by reduced basal drag due to the soft subglacial bed and high calving rates at widespread
lacustrine margins across the Northern Interior Plains. High rates of ice streaming led to the rapid
drawdown of ice from the ice sheet interior to the margin and contributed to a negative mass balance.
Ice drawdown thinned the ice sheet profile and caused a reduction in ice stream activity.

All ice stream activity stopped by the start of the Younger Dryas, as the thin ice sheet profile was further
stabilised by the retreat of the ice sheet margin on to the hard-bed of the Canadian Shield which
increased frictional drag (Figure 4). Calving rates were also reduced as the ice sheet margin became
terrestrially terminating. The reduced ice stream activity combined with cooling during the Younger
Dryas should have caused a more positive ice sheet mass balance and led to the stabilisation of the ice
sheet margin. However, ice margin retreat continued during the Younger Dryas, albeit at a slower rate
than during the Bolling—Allered.

While our reconstruction does not extend far enough to provide a detailed reconstruction of the ice
dynamics changes during the Younger Dryas and into the Holocene, it is interesting to speculate about
how the rapid ice sheet thinning and ice drawdown during the Belling—Allered may have influenced
the later ice sheet retreat. For example, the thin ice sheet profile created by rapid ice drawdown may
have been inherently unstable and vulnerable to continued retreat despite Younger Dryas cooling. This
continued retreat of the ice sheet margin between 110°W and ~103°W would have slowly steepened the
ice sheet surface slope and increased driving stresses. The fact that ice streaming did not resume until
the ice sheet margin retreated to ~103°W might suggest that the ice sheet profile remained too thin to
generate the high driving stresses required for ice streaming, with the frictional drag of the hard-bed
providing a further stabilising influence on ice flow. The development of the Dubawnt Lake may have
provided a trigger to initiate the Dubawnt Lake Ice Stream after the ice sheet profile had steepened
enough (Stokes and Clark, 2003). It is also possible that the positive mass balance effect of reduced
ablation due to Younger Dryas cooling may have been offset if accumulation was also reduced due to
lower precipitation values, contributing to the continued ice margin retreat. However, a poor
understanding of the palaeoclimatic changes in the region since the LGM mean that this is difficult to
prove.
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Figure 4: A schematic illustration of how changing climate can influence the ice sheet surface slope and ice stream
activity. Note, ice sheet separation is depicted as occurring in the ‘Early Bolling-Allered’ based on the timing of
separation in Dalton et al. (2023) and retreat onto the Canadian Shield at the start of the Younger Dryas is also
based on this temporal framework.

5.6 The ice margin retreat processes

Dyke and Evans (2014) identified a clear zonation in the ice margin retreat processes during the retreat
of the northwestern LIS. In paper IV, we reconstruct the ice margin retreat processes and find a similar
zonation that is largely similar to the classification of Dyke and Evans (2014). In the north, the initial
retreat of the northwestern LIS was dominated by the pulsed retreat of a debris-rich, polythermal
margin. There is limited evidence of ice margin stagnation, and the identified areas of stagnation are
often limited in spatial extent. During deglaciation, ice margin retreat processes remained dynamic, but
the thermal regime became more warm-based with local areas of active ice margin recession. During
this time, stagnation was localised to the uplands between ice streams. The retreat of the ice margin
across the Canadian Shield to 110°W was also dominated by dynamic ice margin retreat as recorded by
ice-marginal indicators (e.g. flat-topped eskers) and the changing ice flow patterns. In our
reconstruction, the northwestern LIS responded to the rapid change in the ice sheet geometry during
Bolling-Allerad by continued, dynamic ice margin retreat.
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The southwestern LIS underwent a similar period of rapid retreat during the Beolling-Allered. Despite
being fed by the same two ice sources, the Keewatin Ice Dome and the Cordilleran-Laurentide ice
saddle, the southwestern LIS margin responded to this change in ice sheet geometry by relatively
extensive ice sheet stagnation punctuated by surging ice lobes (Norris et al., 2023). The exact causes
for the different ice margin retreat processes are unclear. Here we suggest two possible, speculative
explanations:

The relatively warmer climate of the southwestern LIS means that the ELA is relatively higher
than for the northwestern LIS. Larger areas of the southwestern margin were likely located
below the ELA, which could have contributed to more widespread surface melting and ice sheet
thinning. The relatively colder temperatures of the northwestern margin likely meant that larger
areas of the northwestern sector were located above the ELA and surface melting was less
common.

The southwestern ice sheet margin was more dependent on the Cordilleran-Laurentide ice
saddle as an ice source area as it was located in a more distal location from the Keewatin Ice
Dome. The rapid loss of the ice saddle as a source region may have left large areas of the
southwestern margin ‘stranded’ and vulnerable to in-situ stagnation. Margold et al. (2018)
reconstruct a northerly migration of the Keewatin Ice Dome during deglaciation that places it
in a more proximal location to the northwestern margin and might have allowed the Keewatin
Ice Dome to continue to sustain dynamic ice margin retreat while the southwestern margin was
left isolated and vulnerable to stagnation.
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6.0 Future work
6.1 The pre-LGM history of the Laurentide Ice Sheet

The inaccessible nature of much of northwestern Canada means that our understanding of the
configuration and extent of glaciations prior to the LGM is poor and there are many contradictions in
the existing reconstructions. Initially, the glacial stratigraphy in northwestern Canada was interpreted
as representing multiple cycles of localised montane or plateau ice caps prior to the LGM (Duk-Rodkin
and Barendregt, 2011). A recent re-interpretation of the stratigraphy in the Horton Plain identified at
least one advance of the LIS at ~2.9 ma and re-interpreted multiple till sequence as a complex sequence
of thrust stacking during glacitectonism from the LIS (Evans et al., 2021). This evidence of an extensive
Keewatin Ice Dome in northwestern Canada is roughly coincident with the first appearance of Labrador
sourced ice at 39°N in USA and suggests an early extensive LIS.

The maximum extent of this early ice sheet is unknown and the sparse evidence of pre-LGM glaciations
is poorly constrained in time. In the Mackenzie Delta region, borehole core records also indicate an
early Matuyama glaciation and no other glaciation until the LGM (Barendregt and Duk-Rodkin, 2004).
This early glaciation was originally assumed to relate to a local ice mass (Barendregt and Duk-Rodkin,
2004). But, with the new evidence of an early LIS advance over the adjacent Horton Plain, it is possible
to envisage how the LIS might have also extended into the Mackenzie Delta. The offshore record
similarly indicates only two glacial advances through the Mackenzie Trough (Batchelor et al., 2013).
The initial advance that carved the Mackenzie Trough is suggested to have occurred in the Illinoian or
Early Wisconsinan glaciations but is not constrained by any dating methods (Batchelor et al., 2013). It
is unclear which age is correct, or whether these two deposits represent two separate, distinct
glaciations. In the Amundsen Gulf, there is a long history of multiple ice sheet advances that are
suggested to have occurred throughout the Quaternary period (Batchelor et al., 2014). Despite building
evidence for pre-LGM LIS glaciations in northwestern Canada, there is currently no evidence that the
LIS extended west of the modern-day Mackenzie River prior to the LGM.

There is a clear need to improve our understanding of the timing, extent and number of glaciations that
occurred in northwestern Canada throughout the Quaternary. Here we briefly outline some possible
avenues of research:

- The reinterpretation of the stratigraphy in the Horton Plain highlights the possibility of
revisiting previously documented stratigraphic sections and applying modern advances in
glacial sedimentological knowledge to better understand the origin of these sediments. Across
the range front of the Mackenzie Mountains there are multiple, well documented sediment
sections that may possibly record evidence of an early Laurentide advance to the west of the
Mackenzie River.

- The development of cosmogenic nuclide burial dating (e.g. Balco and Rovey, 2010) provides
an opportunity to directly date these early glacial advances. This would allow us to not only
reconstruct the past extent of these glaciations but also to provide a numerical age for some of
these sediments.

- The use of paired cosmogenic nuclides can also provide a greater insight into the glacial history
than a single cosmogenic nuclide (e.g. Young et al., 2021). While this approach has been
previously applied to bedrock, we identify significant inheritance in some of our newly dated
glacial erratics from west of the Mackenzie River (unpublished). The use of a paired isotope
approach might allow us to understand the long-term history of these boulders and provide
evidence for a pre-LGM glaciation.

6.2 The interaction between the ice masses of the Mackenzie Mountains

In paper I, the glacial geomorphological map documents the extent, retreat patterns and relationships
between montane ice masses and the Laurentide and Cordilleran ice sheets in the Mackenzie Mountains.
However, paper I does not attempt to leverage this map to reconstruct the glacial history of the region.
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Across the eastern side of the Mackenzie Mountains, a series of moraines from local montane ice masses
are cross-cut by meltwater channels from the LIS (Figure 5A). Shield erratics up to 1 km beyond the
LIS meltwater channels were used to suggest an early LIS advance to it’s all-time maximum at ~30 ka
(Duk-Rodkin and Hughes, 1991; Figure 5C). The retreat of the LIS allowed the growth of montane ice
masses and the formation of the montane moraines. The LIS readvanced at ~22 ka and reached a
maximum extent marked by the meltwater channels (Figure 5C). However, the hypothesis of a
significant readvance is fitted to an outdated chronological model which has since been disproven
(Kennedy et al., 2010; paper III). An alternative, simpler model involves the montane ice masses
responding rapidly to climate and reaching an early local LGM due to their small size. The large size
of the LIS meant that its advance to the maximum was slow and so it only reached its maximum late.
As it reached the maximum, the LIS margin was cold-based and non-erosive, so it did not destroy the
montane moraines and deposited Shield clasts near the maximum limit. During retreat, the meltwater
channels were cut into the montane moraines.

The early advance of montane ice masses to their LGM extent is also supported by cross-cutting
relationships in the northern Mackenzie Mountains. A series of montane moraines record the early
advance of these montane ice masses to their local LGM position (Figure 5B). Meltwater channels cut
into these moraines indicate how a cold-based lobe of the Cordilleran Ice Sheet must have subsequently
advanced over these areas, as it reached a later maximum extent.

A similar landform association is observed in the southern Mackenzie Mountains, indicating the rapid
response of montane ice masses to climatic oscillations while ice sheets experienced a delayed response
time. Montane moraines dated to ~14 ka (Menounos et al., 2017) may indicate a readvance roughly
correlated with the Older Dryas climatic cooling event and the meltwater channels incised into these
moraines record the later advance of the Cordilleran Ice Sheet (Figure 5D). This readvance may have
occurred late during the Older Dryas or even later during the Younger Dryas. This is consistent with the
sequence observed in the central Cordilleran Ice Sheet and documented by Dulfer et al. (2022). The
extension of this interpretation would allow us to further refine the ice margin chronology and better
understand the ice sheet response to the millennial-scale climate events.
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Figure 5: The landform associations in the Mackenzie Mountains. Note how montane landforms are always cross-
cut by the landforms from either the Laurentide or Cordilleran ice sheets and the reverse association is not
observed. This indicates the relatively rapid response time of the local montane glaciers to climate compared to
the ice sheets which lagged behind. (A) The distribution of cross-cutting landform relationships.
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Figure 5: (B) Moraines from a montane ice mass near the LGM limit of the Cordilleran Ice Sheet. Note the
meltwater channels cut into the moraines. Event 1 — The early advance of montane ice masses to their maximum
extent, forming moraines. Event 2 — The late advance of the Cordilleran Ice Sheet to its maximum extent,
overriding montane ice masses and cutting meltwater channels into the moraines. Event 3 — A localised readvance
or standstill of the Cordilleran Ice Sheet during retreat forming a moraine. (C) Montane moraines near the Little
Bear River cross-cut by meltwater channels from the LIS near it’s LGM limit. Event 1 — The early advance of
montane glaciers to their maximum extent and moraine formation. Event 2 — The late advance of the cold-based
LIS to its maximum extent, overriding the montane glacier and depositing Shield erratics. Event 3 — The retreat
position of the LIS, cutting meltwater channels into the montane glacier moraine. (D) Montane moraines that have
been dated to before the Younger Dryas period cross-cut by meltwater channels during a readvance of the
Cordilleran Ice Sheet. Event 1 — The re-advance of montane glaciers during the Older Dryas. Event 2 — The late
response of the Cordilleran Ice Sheet to the Older Dryas or Younger Dryas cooling and readvance over the montane
glaciers, cutting meltwater channels into the moraines.
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While there are no clear cross-cutting relationships between landforms from the Cordilleran Ice Sheet
and LIS, surficial geological maps combined with paper I can be used to identify the relative advance
and retreat dynamics of these ice sheets. Smith (2002) identify Shield erratics atop Mount Merrill
(~1,400 m) and along the valley floors ~80 km west of Mount Merrill. These erratics record the early
advance of the LIS into the southern Mackenzie Mountains that entirely subsumed the topography.
Subsequently, the Cordilleran Ice Sheet advanced into the region and must have merged with the LIS.
However, no deglacial landforms are identified to the west of Mount Merrill (Figure 5A). This suggests
that while the LIS advanced into the region first it also retreated first. Deglacial landforms from the
Cordilleran Ice Sheet indicate that it was pressed against the western side of Mount Merrill during
deglaciation, further than it had advanced prior to the deglaciation phase. Meltwater channels from both
ice sheets well document the suture zone of the ice sheets in this region (Figure 5A, dashed line).

6.3 Meltwater drainage and glacial lake history of the northwestern
Laurentide Ice Sheet

In this thesis, we reconstruct a period of rapid thinning of the ice saddle region triggered by warming
during the Bolling—Allered (paper I1I). The collapse of the ice saddle resulted in a rapid reorganisation
of the ice drainage network (Paper IV). During this period, the melting of the ice sheet must have
produced considerable amounts of meltwater. In paper I, we map a series of large, lateral meltwater
spillways that likely record the drainage of meltwater from the northwestern LIS during the Belling—
Allerad (Figure 6). Attempts to understand meltwater drainage through these lateral meltwater spillways
are limited to the Southern Mackenzie Mountains (59-60°N; Huntley et al., 2017). However, these
channels extend along the range front of the mountains up to 65°N and record the evolution of the
meltwater drainage network throughout deglaciation. Future research could use hydraulic modelling to
understand how meltwater drainage discharge varied through deglaciation and could reconstruct in
detail the drainage pathways of meltwater from the ice sheet and glacial lakes.

Figure 6: A photograph of a lateral meltwater spillway in the eastern Mackenzie Mountains. The channel is ~300
m deep and ~1 km wide.
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7.0 Conclusions

In this thesis, I have produced a new, high-resolution reconstruction of the northwestern LIS, with a
focus on the last deglaciation. The reconstruction has been compared to numerical ice sheet model
simulations to understand the response of the northwestern LIS to millennial-scale climate oscillations
during the last glacial termination. The glacial geomorphology of much of the Northwest Territories has
been mapped (paper I and II). New cosmogenic nuclide exposure ages were used to constrain the rate
ofice sheet retreat and thinning (paper 1I). While the previous ice margin chronology suggested that ice
margin retreat was slow during the Bolling—Allered, our new constraints allowed us to identify a period
of rapid ice sheet thinning that was likely triggered by warming during the Belling—Allerad. Our
updated ice margin chronology was used to validate numerical ice sheet modelling simulations and
quantify the GMSL rise contribution of the region during deglaciation (paper II). The glacial landform
record was then leveraged to investigate how the ice flow dynamics responded to the Bolling—Allered
and Younger Dryas climate events (paper IV). The ice drainage network underwent a rapid
reorganisation from predominantly northerly oriented ice flow to westerly oriented ice flow over less
than 2,000 years and this supports the idea of relatively rapid thinning in the ice saddle region while the
Keewatin Ice Dome remained relatively stable. Ice streaming increased in response to the steepening of
the ice sheet surface profile during ice sheet thinning triggered by the Belling—Allerad warming. This
highlights the importance of climate-driven changes in the ice sheet surface slope in controlling ice
stream activity. Rapid ice drawdown led to a thin ice sheet profile and the cessation of ice streaming
activity. The subglacial bed conditions and presence of glacial lakes played a role in facilitating these
ice streaming changes, but further work is needed to determine the relative importance of each factor.
Dynamic ice margin retreat processes dominated throughout deglaciation, in contrast with the
southwestern margin where the loss of the ice saddle is associated with relatively widespread punctuated
stagnation. However, the exact cause of this difference is unclear and should be the subject of future
research. This research has managed to resolve some of the uncertainties in previous reconstructions
but has also highlighted many avenues for future research. For example, the interactions between
different ice masses in the Mackenzie Mountains, the meltwater drainage network during the Bolling—
Allered, and the configuration of pre-LGM glaciations all remain poorly understood.
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