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ABSTRACT: The Laurentide Ice Sheet was characterized by a dynamic polythermal base. However, important data and
knowledge gaps have led to contrasting reconstructions in areas such as the Labrador Ice Divide. In this study, detailed
fieldwork was conducted at the southeastern edge of a major landform boundary to resolve the relative ice flow chronology
and constrain the evolution of the subglacial dynamics, including the migration and collapse of the Labrador Ice Divide.
Surficial mapping and analysis of 94 outcrop-scale ice flow indicators were used to develop a relative ice flow chronology.
'9Be exposure ages were used with optical ages to confine the timing of deglaciation within the study area. Four phases of
ice flow were identified. Flow 1 was a northeasterly ice flow preserved under non-erosive subglacial conditions associated
with the development of an ice divide. Flow 2 was a northwest ice flow, which we correlate to the Ungava Bay Ice Stream
and led to a westward migration of the ice divide, preserving Flow 2 features and resulting in Flow 3’s eastward-trending
indicators. Flow 4 is limited to sparse fine striations within and around the regional uplands. The new optical ages and '°Be
exposure ages add to the regional geochronology dataset, which further constrains the timing of ice margin retreat in the area
to around 8.0 ka. Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction

Reconstructing past ice sheets, including their thickness, the extent
of land they covered at different times, and the dynamic evolution
of their dispersal centres is critical to understanding how ice sheets
evolve and how they shape glacial landscapes. Both empirical and
numerical reconstructions can help predict how current ice sheet
melting may influence global temperatures, how global tempera-
tures might affect melting rates, and their influence on global sea
levels (Napieralski et al., 2007; Lofverstrom et al., 2014). However,
large uncertainties remain concerning the configuration, subglacial
regimes, and ice flow chronology of large portions of the
Laurentide Ice Sheet (LIS), especially in remote regions of northern
Canada (e.g. Margold et al., 2018).

The Quebec-Labrador Dome (QLD), a major ice dispersal
centre in the eastern sector of the Laurentide Ice Sheet, persisted
throughout the last glacial cycle (Dyke, 2004) and covered an area
of about 3 000 000 km?. At the last glacial maximum (LGM), the
QLD was up to 2.5km thick (Fig. 1A) and likely had several
dynamic saddles or secondary ice divides extending across north-
central Quebec and northwest Labrador (Dyke and Prest, 1987;
Vincent, 1989; Veillette et al., 1999; Dyke, 2004; Parent et al.,
2004) including the Labrador Divide. Reconstructing such a large
feature of the LIS has been a challenging task, especially due to the
complexity of ice flow directional indicators across the region. As
a result, the location, migration, and subglacial regime of the QLD
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have long been debated and are still uncertain (Hughes, 1964;
Klassen and Thompson, 1993; Clark et al., 2000; Jansson et al.,
2002). The retreat of the ice margin has been constrained by
glacial lake reconstructions (Clark et al., 2000), 10g¢ cosmogenic
ages (Carlson et al, 2007; Ullman et al., 2016; Dubé-Loubert
et al., 2018), and widely spaced radiocarbon minimum-limiting
ages which are largely restricted to coastal regions (compiled by
Dyke et al, 2004). The ice margin retreat is known to have
occurred rapidly (Ullman et al., 2016); however, the configuration
of ice margin retreat is poorly confined within the interior Quebec
region (Fig. 1B). Our understanding of the style, timing, and rate of
ice margin retreat for this core region would improve with an
increased density of chronological constraints.

The goals of this study are to characterize the surficial geology,
determine the local ice flow chronology, gain insights into
subglacial dynamics, and constrain the timing of deglaciation for
the region north of the Quebec—Newfoundland and Labrador
provincial border, an area that experienced a complex, yet
unresolved ice flow history (Fig. 2). This investigation included
surficial mapping based on aerial photographs coupled with
ground truthing and outcrop-scale ice flow measurements to
determine local ice flow chronologies, which were then integrated
into the broader regional context. To constrain the timing of
deglaciation within the region, '°Be exposure age dating was
applied to bedrock and perched erratics and optical dating
methods were applied to glaciolacustrine beach sediments and
proglacial outwash sands to constrain the local timing of ice
margin retreat.

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.
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The patterns of glacial sediment distribution, in con-
junction with ice flow indicators, and deglacial ages, have
allowed for a robust local reconstruction that contributes to
an understanding of how the LIS operated in one of its core
regions. The constraints on ice flow chronology will also be
useful for future ice sheet reconstructions.

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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55° Figure 1. (A) Location of the study area within the

context of the Laurentide Ice Sheet with ice thickness as
modelled by ICE-6G (VM5a) dataset (Argus et al., 2014;
Peltier et al., 2015) with major ice dome (QLD) and
regional ice divides Mistassini (MI) Ancestral Labrador
Ice divide (a.k.a. Labrador Divide) (AL) annotated on
top (Dyke and Prest, 1987). (B) Study area with major
geographical locations identified and previously
reported deglacial ages ('*C ages are reported in cal a
sp and '°Be ages have been calculated using the Baffin
Bay production rate of Young et al. (2013)). RDP is the
Riviere De Pas and GR is the George River. [Color
figure can be viewed at wileyonlinelibrary.com]

52°

Previous work

Striation measurements that suggested a dispersal centre
shifted from east of James Bay to northwest of the modern-
day Caniapiscau Reservoir were first reported by Low (1896).
One of the first regional ice flow chronologies was created
through aerial photo landform mapping and ice flow

J Quaternary Sci., 1-17 (2019)
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Figure 2. (A) Regional distribution and orientation of eskers
and glacial landforms across Quebec and Labrador. The dotted

line represents the horseshoe divide marking the transition from
landforms converging toward Ungava Bay to landforms
radiating away from Ungava Bay. Landforms have been
redrawn from Fulton (1995). (B) Regional ice flow
reconstruction by Klassen and Thompson (1993) and Veillette
et al. (1999) showing five phases of ice flow. Our study area is
outlined in black, and Inset location is also outlined in red.
(Inset) Contrasting ice flow reconstruction by Clarhdll and
Jansson (2003) indicating that the oldest flow of Klassen and
Thompson (1993) and Veillette et al. (1999) (Fig. 2B, ice phase
1, red arrow) was a late-Wisconsin ice flow phase (Fig. 2C, LGM
flow, orange arrow). Consequently, their ice flow three (Fig. 2B,
purple arrow) was actually a deglacial divergent flow away from
Ungava Bay (Fig. 2C, white arrow). (C) Regional ice flow of
Clarhill and Jansson (2003) and Jansson et al. (2002). [Color
figure can be viewed at wileyonlinelibrary.com]
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measurements by Henderson (1959), indicating an old flow to
the south-southwest followed by a northeasterly flow, followed
by topographically controlled flows to the northwest, north
and southeast. This complex ice flow history was used as
evidence by Ives (1960a) to suggest that the region had been
the location of an ice dispersal centre. Hughes (1964)
conducted systematic mapping of landforms and striations
around the Labrador Trough and indicated that the ice divide
was located somewhere on the Labrador Trough as erratics

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

from the trough were observed more than 100 km west of their
source. Hughes (1964) also recognized a boundary between
glaciofluvial landforms and glacial landforms converging
northward into Ungava Bay and radially oriented landforms
southward away from Ungava Bay (Fig. 2A), subsequently
referred to as the horseshoe unconformity (Clark et al., 2000;
Jansson et al., 2002; Jansson et al., 2003; Dubé-Loubert and
Roy, 2017). More extensive landform mapping, striation
measurements, and erratic dispersal train analysis in western

J Quaternary Sci., 1-17 (2019)



4 JOURNAL OF QUATERNARY SCIENCE

Labrador have brought additional evidence largely consistent
with Hughes’ (1964) ice flow chronology (Fig. 2B; Klassen and
Thompson, 1987, 1993; Klassen and Paradis, 1990).

Chronological striation-based reconstruction by Veillette
etal. (1999) around the Caniapiscau Reservoir aligned with
the earlier work by Hughes (1964) and Klassen and
Thompson (1993) with the oldest northeastward-trending
flow having a large geographical extent and having
originated somewhere in the highlands north of the St
Lawrence River (Fig. 2B). Veillette et al. (1999) also
concluded that the Ungava Bay swarm was the youngest
subglacial bed in the region, having formed during the
onset of deglaciation around 10 ka.

Clark et al. (2000) identified multiple ice streams within the
Ungava Bay ‘landform swarm’, indicating a much more
complex glacial history associated with the converging land-
forms. Through this work, Clark et al. (2000) were unable to
establish an age relationship between Klassen and Thompson
(1993) and Veillette et al. (1999)'s Flow Il and Flow Il
Nonetheless, they were able to conclude that the ice margin
retreat was rapid along the southern margin but slower along
the northern margin. In addition, they interpreted a shift in ice
sheet thermal regime from cold-centred to entirely cold-based
associated with ice sheet thinning before it fragmented into
smaller ice caps. The complex landforms identified by Clark
et al. (2000) were further analyzed by Jansson et al. (2003)
who interpreted the ‘Ungava Bay Landform Swarm’ (UBLS) as
the imprint of the dynamic Ungava Bay Ice Streams (UBIS) that
formed during deglaciation.

Southeast of the Ungava swarm in the Lac aux Goélands
(Whitegull Lake) region (Fig. 2 inset), Clarhall and Jansson (2003)
documented eastward-trending ice flow indicators within a zone
they interpreted as having been preserved under cold-based
conditions. In their reconstruction, the ice divide migrated
north and occupied the region south of the UBLS, preserving
relict glacial landscapes in that area (Fig. 2C). They also attributed
the landforms in the region to brief events within otherwise
long periods of cold-based conditions until final deglaciation
(Fig. 2, inset). In summary, they attribute the landforms in the
Lac aux Goélands area to brief events interspersed between
long periods of cold-based conditions until final deglaciation.

Deglaciation has been constrained by proglacial lake features
(Clark et al., 2000; Dubé-Loubert and Roy, 2017). The timing of
deglaciation in the region is based on several ages (Fig. 1B) from
the Torngat Mountains to the George River (Clark et al., 2003;
Marquette et al., 2004; Staiger et al., 2005; Carlson et al., 2008;
Ullman et al., 2016; Dubé-Loubert et al., 2018). Work by Clark
et al. (2003), Carlson et al. (2008) and Ullman et al. (2015, 2016)
showed evidence that the region west of the Caniapiscau
Reservoir was ice free by 8.2+0.5 ka and the region to the
south of the Smallwood Reservoir deglaciated later at 6.7 +0.4
ka. This led to the conclusion that the ice margin in that sector of
the LIS retreated rapidly. North of 56° N, within the George River
Basin Dubé-Loubert et al. (2018) analyzed and dated shorelines
and outburst-flood related landforms and concluded that glacial
Lake Naskaupi drained catastrophically at 8.3 + 0.3 ka. Glacial
Lake Naskaupi and glacial Lake McLean were two proglacial
lakes that formed during the ice margin retreat within our study
area (lves, 1960a, 1960b; Dubé-Loubert and Roy, 2017). The
pathway and timing of the drainage of Lake Naskaupi have been
well-defined (Dubé-Loubert and Roy, 2017; Dubé-Loubert et al.,
2018); however, its southern extent has not been verified through
field investigation. There are also no age constraints on Lake
McLean and its extent has been defined only through aerial photo
investigation (lves, 1960b). Finally, there is a large spatial gap
between the geochronological transects in the regions, including
this study area (Fig. 1B).

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Methodology
Surficial mapping

For this work, two 1:100 000 scale surficial geology maps
(Rice et al., 2017a, 2017b) were composed using black and
white aerial photographs (1:60 000 scale). The photographs
provide a stereoscopic three-dimensional visualization of the
landscape which enhances the accuracy of surficial unit
separation based on vegetation, topography, reflectivity and
texture of the surface (Mollard and James, 1984). Field
verification of mapped surficial units was completed during
three summer field seasons. A total of 142 sites were
investigated to validate mapped surficial units.

Relative ice flow chronology

Ice flow directions were first determined using oriented glacial
landforms (e.g. crag-and-tail forms, drumlins, and large-scale
glacial lineations) identified through both aerial photo and
satellite imagery interpretation. Landsat 8 satellite image
mosaics were coupled with digital elevation models (DEM)
from Canadian Digital Elevation Data (www.geobase.ca 30 m
vertical and horizontal resolution) following procedures out-
lined by Clark et al. (2000) and Stokes and Clark (2001). These
landform features often form flowsets that cross-cut each other
allowing for the development of relative age chronology at the
landscape scale (e.g. Kleman and Stroeven, 1997; Clark et al.,
2000). However, flowsets do not always clearly overlap and
some ice flow phases are not always preserved at the
landscape scale. Remote sensing analysis was supplemented
with a total of 94 outcrop-scale ice flow indicator measure-
ments, including striations, grooves, rat tails, and mini-roches
moutonnées (cf. McMartin and Paulen, 2009). Following the
methodology of Klassen and Bolduc (1984), Parent et al.
(1995), Veillette and Roy (1995), Veillette et al. (1999) and
Paulen et al. (2013) the ice flow chronology was determined
through lee-side preservation, where ice flow indicators on the
lee-side position are assumed to indicate earlier (older) ice
flow events. The azimuths of the striae and grooves were
determined from outcrop shape and lee-side plucking features
(Rea et al., 2000). The relative chronology established from
outcrop-scale indicator analysis is then compared with the
surrounding landform record to establish a more relative age
chronology of all observed multiscale ice flow indicators. We
thus follow several other researchers (e.g. Parent et al., 1995;
Veillette et al.,, 1999; McMartin and Henderson, 2004;
Trommelen et al., 2012; Gauthier et al., 2019) in adopting
an approach whereby the pattern and orientation of subglacial
streamlined landforms are correlated to the different ice flow
directions identified in outcrop striation measurements.
Furthermore, because glacial land systems are typically
fragmented near core regions of ice sheets (cf. Gauthier
et al., 2019), patterns of ice flow indicators (both landform
flowsets and outcrop-scale records) are also analyzed across
the study area to determine whether disjointed zones with
internally coherent records can be identified. This is an
important step in the identification and characterization of
different palimpsest glacial beds (e.g. Kleman and Glasser,
2007). In this conceptual model, unmodified older subglacial
land systems are preserved due to a shift from warm-based
active ice to cold-based, non-erosive ice. Typically, these relict
unmodified terrains are identified next to an area where they
are variably overprinted by younger ice flow events.

The evolution of ice sheet dynamics can thus be deciphered,
to an extent, in a large study area based on all the above
concepts and methods. There are inherent uncertainties
associated with these types of landscape analyses and an ice

) Quaternary Sci., 1-17 (2019)
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sheet reconstruction is always incomplete and fragmentary
due to the erosion of older flows by younger flows and the
resultant incomplete preservation of the full record at any
location. Nonetheless, it provides useful insights into the long-
term behaviour of ice sheets and is critical to understanding
glacial landscapes and their evolution.

Geochronological constraints

Previously reported deglacial ages from the surrounding region
(Carlson et al., 2007, 2008; Ullman et al., 2016; Dubé-Loubert
etal., 2018) are used in conjunction with deglacial chronology
developed as part of this study.

Cosmogenic '’Be exposure dating

Glacially eroded, well-polished, bedrock and perched glacial
erratics have proven to be good targets for determining
cosmogenic '°Be exposure ages, hereafter simply ‘'°Be ages’
(see Appendix S1 for detailed methodology). For our study,
eight locations were selected from which to collect bedrock
samples for '°Be chronology. At each site, a single bedrock
sample was collected from the highest windswept bedrock
outcrops with high quartz content. At two of the bedrock sites
(15-PTA-081E and 15-PTA-077E), erratic boulders were also
sampled. Boulders were selected based on quartz content
(quartz > 35%), size (>1 m?), stability (no evidence of post-
depositional movement), and absence of topographic shield-
ing. Samples were collected along an east-west transect,
perpendicular to the regional ice margin retreat direction of
Dyke and Prest (1987) to capture the timing of deglaciation
across the study area. Ages were calculated using the online
exposure age calculator v.3 (http://hess.ess.Washington.edu)
using the Baffin Bay/Arctic '°production rate (Young et al.,
2013) and the nuclide- and time-dependent scaling scheme
(Lifton et al., 2014). We treat all '°Be results as ‘apparent ages’
due to the potentially added uncertainty caused by cosmo-
genic nuclide inheritance (see Appendix S1). A detailed
description of cosmogenic '°Be exposure sample sites are
shown in the Supplementary Material (Fig. S1) and detailed
dating methods can also be found in the Supplementary
Material (Appendix S1; Table S1). Field and laboratory
chemistry data are presented in Table 1.

Optical dating

Optically stimulated luminescence (OSL), hereafter referred to
as ‘optical dating’ has been used successfully to date the
formation of glaciolacustrine beaches (e.g. Lepper et al., 2013;
Hickin et al.,, 2015). The utility of this method depends on
sampling littoral facies with depositional settings that exposed
feldspar grains to sufficient sunlight prior to final burial.
Therefore, to further constrain the timing of deglaciation,
coarse-to-fine-grained sandy-beach sediments associated with
the two identified glacial lakes were targeted for optical dating
as they contain sand-sized particles that were more likely to
have experienced complete resetting prior to burial (Fuchs and
Owen, 2008). Samples were collected by digging vertically
into the sediments, taking note of the stratigraphy, to access
sediment suitable for optical dating. Elevation data for each
site. were collected with a hand-held GPS. Samples were
collected following the procedures outlined by Aitken (1998)
and Lian (2013). A total of four samples were collected for
optical dating. Three ages were determined from the analysis
of coarse-to-fine-grained littoral sediments and a third age was
calculated from fine-grained subaqueous outwash sediments.
Samples 15-PTA-035 (elev: 464 +5m) and 15-PTA-149 (elev:

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

486 +5m) (Figs. 3,4) are from the littoral sediments of Lake
Naskaupi in the northeastern section of the study area. Sample
16-PTA-052 (elev: 426 + 5 m) was collected from a coarse-to-
medium-grained sand facies associated with littoral sediments
of Lake McLean on an upland peninsula in the northwest
region of the study area (Fig. 3). Sample 15-PTA-074 (elev:
314 +5m) was collected from a fine-grained, subaqueous,
outwash fan deposited into Lake Naskaupi likely near its
lowest level in the region, providing an age for the late stages
of Lake Naskaupi. Glaciofluvial outwash sediments have a
lower bleaching probability (Fuchs and Owen, 2008); how-
ever, they have been used successfully in other studies (cf.
Klasen et al., 2006; Alexanderson and Murray, 2007; Bge
et al., 2007). Samples were submitted to the Luminescence
Dating Laboratory at the University of the Fraser Valley,
Abbotsford, British Columbia, where optical dating analysis
was conducted on sand-sized K-feldspar grains, as the optical
signal from quartz was found to be unsuitable because it
lacked the desired so-called ‘fast component’ (Bailey et al.,
1997). Experimental procedures specific to this study can be
found in the Supplementary Material (Appendix S2). Detailed
sample site figures are shown in the Supplementary Material
(Fig. S2). Field and laboratory data are described in Table 2.

Results
Bedrock and till landscapes

The highlands are characterized by bedrock outcrops draped
by a discontinuous thin till veneer (Fig. 5A), often with large
perched erratics and thicker deposits of till in the lower relief
areas which mask the underlying bedrock topography. Bed-
rock outcrops are also observed where glaciofluvial outwash
or proglacial lake wave erosion has removed the glacial
sediments (Fig. 6). Streamlined landforms occur in the east of
the study area (Fig. 7), with steep stoss and gradual lee-side
slopes characteristic of drumlins (a-axes up to 3 km long) and
more elongated smaller glacial lineations with less steep stoss
edges (a-axes 1.5km long) oriented to the northeast. Large
drumlins (a-axes 4 km long) oriented to the northwest are also
observed, but in lower quantities in the most northwestern
portion of the study area. Till of varying thickness is the most
abundant surficial sediment across the study area (Fig. 6).
There were no exposures showing glacial stratigraphy within
the study area.

Meltwater features

Glaciofluvial deposits are common within the central portions of
the map sheet, where subglacial drainage channels are abundant
(Fig. 5B). These channels are typically incised into the glacial
sediments but are also found as V-shaped channels eroded into
bedrock up to 8 m deep. The smaller channels usually lead to
larger meltwater systems that eventually drain to the east and
west of the central upland. In the eastern portion of the study
area, these meltwater channels transition into depositional
systems, forming large sinusoidal eskers fanning eastward toward
the Labrador coast. The generally parallel (~10-12 km between
eskers) eastward organization of the eskers indicates a local
drainage pattern oriented east-southeast associated with melt-
water drainage during deglaciation. These eskers are associated
with the large radial pattern of eskers in the region correlated with
the retreat of the QLD ice margin toward central Quebec
(Occhietti et al., 2004, 2011). These large esker systems are
oblique to subglacial lineations in the region, which is a key
observation indicating that the northeasterly ice flow indicators in

) Quaternary Sci., 1-17 (2019)
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Figure 3. Sample location of '°Be cosmogenic exposure samples (red) and OSL samples (yellow) with calculated ages. Ages are reported in
thousands of years before present (ka). (A) Sample site 15-PTA-021 from the western portion of the map sheet. The sample was collected from
exposed bedrock on an upland clearing. (B) Sample site 15-PTA-077 (foreground) and 15-PTA-077E (background) collected from an exposed
bedrock outcrop and perched erratic on a windswept upland near the Riviere De Pas. (C) Sample 15-PTA-078 collected from bedrock outcrop (top
image) located on the knob of a large crag-and-tail (bottom image). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4. Optical dating sample 15-PTA-149 collected from littoral sediments below the washing limit of glacial Lake Naskaupi (elev. 486 +£5m

a.s.l.). [Color figure can be viewed at wileyonlinelibrary.com]

the study area (see below) predate the establishment of the
channelized draining system that deposited the eskers.

Glaciolacustrine features

The two glacial lakes that inundated the study area, Naskaupi and

McLean, occupied the general basins of present-day Lac Mistinibi

in the east and Lac Champdoré/Lac Tudor in the west, respectively
(Fig. 6 purple). Although no fine-grained, ice-distal, glacial-lake
deposits were identified within the study area, well-developed
beach ridges associated with each lake were mapped (Fig. 5C).
Our fieldwork confirms that Lake McLean extended south of 56° N
and the highest elevation inundated at 426 m a.s.l. (£5 m) with a
second level of well-developed beaches approximately 15m
lower in elevation. In the eastern portion of the study area,
multiple beach ridges associated with Lake Naskaupi were

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

identified. The maximum elevation of Lake Naskaupi within the
study area was 486+5m as.l., with well-developed lower
shorelines at 462 +5m a.s.l.

Ice flow indicators and relative chronology

A total of 306 glacial streamlined landforms have been mapped
in the study area (Fig. 7). They consist of rock and till drumlins,
roches moutonées and small streamlined till ridges. They
are concentrated in three zones across the study area: (1)
northeastward-trending landforms in the northeast (n=165,
average azimuth=70°); (2) northwestward-trending landforms
in the northwest (n=60, average azimuth=288°); and (3)
eastward-trending landforms on the eastern flank of the central
highlands (n=81, average azimuth=287°). Only a few (n=3)
cross-cutting landforms were identified within the study area,

J Quaternary Sci., 1-17 (2019)
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with large Flow 1 landforms cross-cut by small Flow 3 landforms.

T - Striations were also observed and analyzed at 94 sites across the
< %’o% H study area (Supplementary data Table S2). At 41 of these sites,
57 f S multiple ice flow phases were identified (Fig. 7). The striation sites
:o;: g RN with multiple phases of ice flow were critical in developing a
£3% | 9 TR relative ice flow chronology, which was used to establish which
g Y|« L2 singular striations sites were associated with which ice flow
Re<2 phase. Most striations and grooves preserved in the lee side of
numerous outcrops sculpted by later flows indicate ice flow
3 . toward the northeast (Fig. 8). Notably, the majority of these
e S| 22ro observations were made at sites located in the eastern portion of
g c “ ?l 2T the study area where a number of streamlined landforms trending
503 E| @amoo in the same general direction were also mapped (Fig. 7). Based
% O *5 NN on this, sites with northeastward-trending indicators across the
£ study area were correlated to Flow 1 (Fig. 8). A total of 76 sites
with striations and grooves were associated with the oldest ice
flow to the northeast. The orientation of these outcrop-scale ice
-3 > o flow indicators range in direction from 20 to 90° with a mean
LZL| NSO © ; o (1 o
Co| waSm azimuth of 55° (6" =12.5°).
Ew HHAH The second phase of ice flow (Flow 2) was identified from
Eg SZ2z outcrop-scale microforms measured at 19 sites across the
=0 study area (Fig. 8). These ice flow measurements were

constrained to the western portion of the study area (Fig. 8).
Microforms measured in the study area indicated a west-
northwesterly ice flow ranging in direction between 286 and
332° with a mean azimuth of 305° (' =10.4°). Three sites
were critical in establishing this flow as being younger than
Flow 1 (Figs. 7,8).

At 12 key sites, features associated with older flows

1.0

D. (CAM) (Gy)
23.0+4.0
7.0+

33.0+5.0
120.8 +£10.8

*Fading corrections were applied using the method of Huntley and Lamothe (2001). Because the natural signal (Ln/Tn) falls in the non-linear part of the dose—response curves of samples (Fig. 8), this correction

= 88 =~ (Flows 1 and 2) are cross-cut by younger eastward-trending
s 23329 ice flow indicators (Fig. 7) and three landforms associated
S| +HoH A 8
Sl gogn. with Flow 3 have slightly reworked older, larger landforms
SENE from Flow 1. Additionally, the eskers mapped in the study
area also trend eastward. Based on these relationships, all
£ NI the eastward-trending ice flow features are correlated to the
& YT third phase of ice flow (Flow 3, Fig. 8). Outcrop-scale ice
< SRR “O’. flow measurements associated with Flow 3 indicate a
Mo A southeast-to-eastward flow ranging in direction between
= 52 and 140° with a mean azimuth of 83° (¢' =16.1°).
£ N3 g Finally, ice flow features indicating flow to the west-
S| DR £ southwest, ranging between 229 and 270° with a mean
sl 028 2S5 azimuth of 248° (¢' = 14.1°) have also been observed at 13
©woo S sites. These ice flow indicators were the youngest flow at
- X5 each site where they were identified (Fig. 8). These ice flow
_ _ | ZSSs £ g@ measurements were restricted to the central and western
£ S| HHAHAH i g 2 portions of the study area. They are correlated to our
° ¥ | 38]T E5:3 oungest ice flow phase (Flow 4, Fig. 8)
< SX T £ >3 % y g p , F18. 0).
= ~ = 3
ks %) C =
] 8 <
= | szse 3232 :
S 18888 23389 Deglacial chronology
o oo oo &= o
2 < <5} X
S R S e ages
3 2 X ®AN = 5
g T| 8 S 3 S z Ez ; 0Be ages are summarized in Fig. 3, with detailed site
g °° Te&g information in the supplementary data (Fig. S3). Samples were
2 e E %—2 grouped according to their spatial proximity (eastern group,
E SE| 8RKX% g v 2 central group, and western group, Fig. 3). Summed probabil-
= o= | 77 T ¥3gE;g ities were created for each group using '’Be ages to evaluate
g E £73 the approximate timing of deglaciation for each group (Fig. 9).
£ Z TTeX The '°Be ages in the eastern group (n = 4) range from 6.2 + 2.1
£ 3E| 3ILS s9Ey to 9.8+0.2 ka. The central group (n=3) had the largest
2 WYYy e 28 variance in '°Be ages, ranging from 7.1 +2.9 to 24.0 + 0.5 ka
= ] . . .
i - ; -qé = (Fig. 9). The western group (n = 3) reveals the tightest clustering
5 neoa 892E of ages ranging from 7.9 +1.8 to 9.5+0.2 ka (Fig. 9). We
© 2| 8338 5§ £ g consider two '°Be ages of 24.0+0.5 ka (16-PTA-070) and
o . . el
~ L EEEE 5 8; 16.7 +3.8 ka (15-PTA-077E), which are significantly older
= El 5bb o § £< than the others, to be outliers. These two samples, one
e hARL R R £2 from bedrock (16-PTA-070) and the other from an erratic
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Figure 5. Location of features are indicated on Figure 3. (A) An example
of bedrock uplands with a thin till veneer and thicker till blanket in the
valley in the background. (B) An example of a deep meltwater channel (~
8m). (C) An example of a large streamlined landform winnowed by glacial
Lake Naskaupi, leaving a cobble beach near the top of the landform.
[Color figure can be viewed at wileyonlinelibrary.com]

56.0°

(15-PTA-077E), likely experienced insignificant glacial erosion
and thus contain inherited '°Be (Briner et al., 2005). Because
of this, samples 16-PTA-070 and 15-PTA-077E have been
removed from our deglacial age discussion and figures.

Optical dating

Two samples, 15-PTA-149 (elev. 486 + 5 m) and 15-PTA-035
(450 + 5 m) were collected for optical dating from proglacial
littoral sediments associated with Lake Naskaupi. They yielded
ages of 7.93 +£0.72 and 61.9 ka = 5.02 ka sp, respectively (Fig.
10; Table 2). A third sample, 15-PTA-074 (314 +£5m), was
collected from an outwash fan deposit associated with Lake
Naskaupi. These outwash sediments formed during the late
stages of the proglacial lake and yielded an age of 7.65 + 0.99
ka Bp (Fig. 10; Table 2). Data from the only sample collected
from Lake McLean (16-PTA-052) indicate a minimum age of
35.5+4.0 ka. Given what is known about the regional
deglacial history, this result, and that from sample 15-PTA-
035 are clearly anomalous. It is likely that these age values
result from poor bleaching prior to deposition, which can be
common in advanced-phase glacial outwash environments
that are typically turbid (Fuchs and Owen, 2008), or that were
deposited as an outwash delta into the lake (see Supplemen-
tary Material for more details). Because of this, we have
omitted these two samples from the discussion of our deglacial
ages. Laboratory results from the optical dating experiments
are reported in the Supplementary Material (Appendix S2, Fig.
S3 and Tables S3, S4 and S5).

Interpretation and discussion
Ice-flow reconstruction

Flow 1: The earliest ice flow indicators identified in the study
area provide evidence of ice flow to the northeast. Evidence for
this oldest northeastern ice flow event is found across the
central and eastern portions of the study area (Fig. 8). This ice
flow event was also reported in recent surficial maps to the
south (Paulen et al., 2017; Campbell et al., 2018), indicating
that the ice sheet flowed in a generally uniform northeasterly
pattern across the study area with only slight deviations, as

20 km ’ » o 7 -64°
[ |

MAP UNITS
[ Alluvial sediments Undifferentiated

O Glaciolacustrine sediments- Undifferentiated

[ Organic deposits- Undifferentiated
Glaciofluvial sediments- Undifferentiated [E Bedrock- Undifferentiated

[ Glacial sediments- Blanket
Glacial sediments- Veneer
[ Lakes

Figure 6. A simplified surficial map compiled from two 1:100 000 surficial geology maps (Rice et al. 2017a, 2017b). The large north-to-south
trending bedrock outcrop (red) in the centre of the map is the De Pas Batholith. Surficial deposits have been draped over a 30 m resolution Shuttle
Radar Topography Mission imagery derived hillshade (www.earthexplorer.usgs.gov). [Color figure can be viewed at wileyonlinelibrary.com|]

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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recorded in striae azimuths (Fig. 8). Our investigation extends
Klassen and Thompson’s (1993) E1 ice flow phase (Fig. 2B, red
arrow) further northwest than previously reported. However, it
is lacking in the northwestern part of the study area and it is not
known whether this is due to local cold-based conditions
during Flow 1, or if the records of this flow were eroded during
subsequent ice flow phases (e.g. Flow 2).

An abundance of large glacially scoured landforms was also
identified in the northeastern portion of the study area, parallel
to striation measurements associated with Flow 1 and are
presumed to have been created during the same ice flow event
(Fig. 8). Altogether, these observations suggest that Flow 1 was
an erosive flow that was sustained for a considerable period
(Clark, 1993). In addition, the degree of preservation of old
northeastward-trending features in the eastern portion of the
study area and lack of overprinting by younger features,
suggest a shift from warm-based to cold-based subglacial
conditions in the eastern portion of the study area (Figs. 7,8).
Only the eskers seem to cross-cut the features associated with
Flow 1 in that area. Notably, orientations of the eskers to the
east-southeast differ from the landforms and striations asso-
ciated with Flow 1 by~50°, which indicates that Flow 1 must
have occurred prior to the formation of the eskers, at a time
when the ice sheet had a different configuration. These
northeastward-trending landforms were not included in Clark
et al's. (2000) reconstruction of the QLD, but are presumed to
predate their flowsets (or group of similarly oriented landforms)
19 to 23, as landforms within our study area with similar
orientation to Clark et al. (2000)’s flowset 19 formed during a
later ice flow event (see below).

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Flow 1 represents a large-scale glacial flow from an ice mass
somewhere to the south-southwest likely centred in the
Quebec Highlands (Klassen and Thompson, 1993; Veillette
et al., 1999; Parent et al., 2004). The timing of this ice flow
event, how long this flow was sustained, its possible duration,
or if there were any earlier glacial events, is currently unclear.
Veillette et al. (1999) reported outcrops striated by a north-
easterly flow with a ferromanganese varnish, which was
considered to be evidence of long exposure to weathering
from an interglacial period (striated bedrock surfaces do not
typically show this kind of weathering in northern Canada).
Additionally, Klassen et al. (1988) reported inter-till stratified
units at a single site in the Labrador Trough, indicating an ice
flow event followed by an ice-free period. However, no
evidence of ferromanganese staining or inter-till (non-glacial)
units was observed in this study area. In addition, three
bedrock outcrops in the eastern portion of the study area,
where the northeast-trending flowset is dominant, yielded
apparent '°Be ages that are considered close to the deglacial
age (Fig. 3) suggesting that the amount of inheritance (little to
no inheritance) over this landscape is not indicative of a relict
glacial landscape from pre-Wisconsin glaciation (Briner et al.,
2006). Nonetheless, a more detailed investigation would be
required in order to more completely test the pre-Wisconsin
interpretation of that flowset, including an analysis of weath-
ering across the flowset area. Therefore, it is likely that Flow 1
is the oldest preserved flow phase in the study area, and it
likely occurred at a time of extensive and thick ice due to the
overall record of a uniform regional flow. Our findings related
to Flow 1 corroborate Klassen and Thompson’s (1993) and

J Quaternary Sci., 1-17 (2019)
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Figure 8. Ice flow diagrams with supporting striae and landforms. Where
multiple ice flow phases were recorded at one site, the ice flow indicators
from previous flow were left on younger ice flow figures to aid in
interpreting the relative ages for each flow: (Flow 1) the oldest ice flow
phase in the study area to the northeast as identified by landforms and
striations. (Flow 2) The second phase of ice flow to the northwest as
identified by striations and landforms. (Flow 3) The third phase of ice flow,
following a westward migration of the ice divide, characterized by flow to
the east as evident from striations and landforms. Eskers (») have been
included on this diagram to indicate that the ice margin retreated from the
east-southeast to the north-northwest at least until the Riviére De Pas. (Flow
4) The final phase of ice flow is associated with a late-deglaciation flow of
an independent ice cap, with local ice flow largely resulting from the local
topography. Evidence of this flow is only observed in the striation record.
Meltwater channels (red) have also been overlain. [Color figure can be
viewed at wileyonlinelibrary.com]

Veillette et al.’s (1999) earliest flow phase (Fig. 2B, red arrow)
and add new evidence which now extends this flow’s
influence further north into the study area.

Flow 2: Following Flow 1, an ice flow switch is recorded in
the western half of the study area. Flow 2 represents flow
toward the northwest that was initiated somewhere over the
highlands in the central portion of the study area (Fig. 8). The
age relationship between these two flows was established
from outcrop-scale ice flow indicators from Flow 1 that are
cross-cut or preserved in the lee side of outcrop sculpted by
Flow 2 at three locations (Fig. 8). The landforms in the

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

OSL °Be exposure ages
Ages Individual Relative
0.0 - 9 Analysis Probability Range
—~ 5.0 4
g Naskaupi
o o
m h $ ¢
) ¢ |e7
2 10.04
©
(@]
15.0+
LEGEND
B West Samples
20.04 [l Centre Samples
[l East Samples
[l OSL Samples

+ # *
Numbers are 95% levels

Figure 9. Plot showing the individual calculation of each '°Be exposure
age and optical age sample, the relative probability of the age for each
group of samples, and the range of ages for each group (east (black), centre
(blue), west (red), and glacial lakes (green)). The ages included on the
matchstick figures (Range) indicate the 5" percentile, the peak probability
of the sample, and the 95" percentiles of the samples. Note: '°Be exposure
samples 16-PTA-070 and 15-PTA-077E and optical ages 15-PTA-035 and
16-PTA-052 not included in this figure (see Results). [Color figure can be
viewed at wileyonlinelibrary.com]

northwestern portion of the study area also trend to the
northwest (Fig. 8). The abundance of streamlined bedrock
landforms in the western region suggests a highly erosive
flow. This may explain the lack of older features within that
flowset.

Klassen and Thompson (1993) reported ice flow indicators
of similar orientation to Flow 2, which they associated with the
swarm of landforms toward Ungava Bay, but associated them
with their third flow phase (Fig. 2B, purple arrow). We also
correlate our Flow 2 to the Clark et al. (2000) Flowset 19 and
Jansson et al. (2003) Fan D. These flowsets were suggested to
have formed during deglaciation. In their reconstruction of the
Ungava Ice Stream, Jansson et al. (2003) suggested that Fan D
was a relatively early phase in the evolution of the ice stream
catchment. Our findings suggest Flow 2 features also formed at
a relatively early stage of deglaciation as they are locally
overprinted by younger phases. We can therefore constrain
this flow as having occurred at some time before the formation
of Flow 3 features and associated eastward-trending eskers.
Based on the reconstruction of the Ungava Ice Stream by
Jansson et al. (2003), Flow 2 would have shut down and the
catchment would have moved further west. One possible
scenario is that this evolution led to a progressive shift of the
ice divide toward the west over the Flow 2 flowset. This shift
would have preserved Flow 2 under the ice divide and started
forming Flow 3 features to the east.

Flow 3: Outcrop-scale ice flow indicators from Flow 2 are
cross-cut or preserved in the lee side of outcrop sculpted by
Flow 3 at seven key locations (Fig. 8). As indicated above, this
shift suggests the dispersal centre migrated westward, across
the study area, likely influenced by the UBIS (Clark et al.,
2000; Jansson et al., 2003). This change in dynamics caused
ice to flow eastward (Flow 3), possibly pulled by ice streams to
the east (ice stream #187, Margold et al., 2018) although Flow
3 appears to be restricted to the central portion of the study
area and could thus have developed later; coeval to the eskers.

) Quaternary Sci., 1-17 (2019)
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(inset) for optical samples 15-PTA-0174 (C) and 15-PTA-149 (D). See Supplementary data for graphs from all collected samples. [Color figure can be viewed
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As these landforms could not have formed directly under the
ice divide, it is unlikely that the landforms of Flow 2 and Flow
3 formed isochronously and therefore likely formed time-
transgressively, as the ice divide migrated westward across the
study area. However, it is possible that Flow 2 and Flow 3
operated coevally for some time during ice divide migration.
These two flows were likely separated by the eastern arm of the
horseshoe divide that was being influenced by the changing
dynamics of surrounding ice streams; however, more detailed
work would be required to confirm this. The preservation of
ice flow indicators from Flow 1 and Flow 2 in the western

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

portion of the study area (Fig. 7) suggest that subglacial
conditions in that part of the study area shifted to a cold-based
thermal regime during Flow 3, preserving the older ice flow
indicators. Furthermore, the erosive intensity of the ice sheet
was minimal within the central highlands of the study area, as
evident from the lack of glacially sculpted landforms in this
region, and from cross-cutting, opposing, striations associated

with numerous double stoss-and-lee outcrops (Fig.

11).

Additionally, the landforms associated with Flow 3 have the
same general orientation of elongate eskers in the eastern part
of the study area (Fig. 8) and were likely formed at the late

) Quaternary Sci., 1-17 (2019)
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stages of Flow 3 when the ice bed conditions switched to
warm-based as eskers typically form during late-stage melt-
water flow (Shilts et al., 1987; Boulton et al., 2009).

Klassen and Thompson’s (1993) deglacial ice flow (Fig. 2A,
phase 2, orange arrows) and Clarhall and Jansson’s (2003)
deglacial phase (Fig. 2, white arrow) all have a similar
orientation to our deglacial Flow 3. Landforms from this flow
were not identified by Clark et al. (2000). Dubé-Loubert and
Roy (2017) reported a similar pattern of eskers that shows a
general retreat from east to west which stops at the George
River valley area, ~135km north of our study area. These
eskers transition to frost-shattered bedrock and oxidized
glacial deposits with multiple instances of lateral meltwater
channels east of the George River associated with sustained
cold-based conditions. Dubé-Loubert and Roy (2017) indi-
cated the ice retreat was irregular and fragmented caused by
changes in the basal thermal regime of the melting ice sheet.
Our findings lend additional support to this reconstruction,
although evidence of sustained cold-based conditions, such as
felsenmeer or other types of weathered in situ regolith is
lacking in the study area. It is possible that the ice divide in our
study area was more sensitive and responded more to changes
taking place in Ungava Bay than the area located to the north
where Dubé-Loubert and Roy (2017) completed their work.

Flow 4: Following Flow 3 there was late-deglacial flow
(Flow 4) to the east-southeast (Fig. 8). Flow 4 overprints
striations of all previous flows and was identified at 13
locations. There are no landforms associated with this ice flow
phase, suggesting it was likely short-lived and not highly
erosive (Stokes and Clark, 2001), most likely due to thinner ice.
This ice flow event was not identified by Clarhdll and Jansson
(2003) but was identified by Klassen and Thompson (1993)
and Veillette et al. (1999) and was associated with both
reconstructions’” divergent phase 2 (Fig. 2, orange arrow). Our
striation evidence firmly constrains Flow 4 to have occurred
after Flow 3 and the formation of elongated eskers. It is still
unclear as to how the ice margin and overall retreat of the LIS
evolved from Flow 3 to Flow 4.

Ives (1958) and Kirby (1961) reported multiple sets of lateral
meltwater channels and discordant striation measurements
that indicated small ice caps in the Schefferville and Kivivic
Lake regions. These findings support the scenario of multiple
retreating ice centres proposed by Clark et al. (2000), whereby
small ice caps formed during deglaciation, turned cold-based,
and retreated toward the central highlands. Therefore, either
the ice thinned to a point at which the bedrock topography
became the predominant control on ice flow direction (Flow
4), and/or similar to other observations in the region (lves,
1958; Clark et al., 2000), a small ice cap formed somewhere
on the De Pas upland before the final disappearance of the
ice mass.

Timing of deglaciation

Following a deglacial flow to the east (Flow 3), the ice sheet
began to significantly melt, and meltwater flowed to the
central upland cutting large meltwater channels. These
channels fed meltwater drainage systems toward the east
which deposited large eastward-trending eskers. At some point
following the formation of the eskers, proglacial Lake
Naskaupi formed in the upper George River valley (Dubé-
Loubert and Roy, 2017) and, presumably, Lake McLean
formed in the general basin of modern-day Lac Champdoré.
During deglaciation, a late stage, short-lived ice cap devel-
oped on the central upland (Flow 4), followed by final melting
under cold-based conditions which formed abundant lateral
meltwater channels (Fig. 8).

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

The '“Be results lack a clear separation in ages between the
eastern, central, and western groups. The large spread in ages
within the central spatial group (Fig. 9, blue) is indicative of
inheritance within the samples. This inheritance is presumably
the result of glacial erosion insufficient to remove all previous
accumulations of '°Be (Fabel et al., 2004; Briner et al., 2005).
This supports our ice flow reconstruction model where
sluggish, less erosive ice occupied the central portions of the
map sheet with limited subglacial erosion throughout ice
divide migration. A more detailed investigation of the
cosmogenic inheritance across the landscape and of related
glacial erosion would significantly improve a discussion on the
changing subglacial conditions across the region.

'9Be ages from perched erratics to the south and west of this
study by Carlson et al. (2007; 2008) indicated that the LIS
began retreating rapidly from the Hudson Bay coast at 8.2 ka
and the entire region was completely ice free by 6.8 +0.2 ka.
Additionally, Ullman et al. (2016) suggested that the dominant
loss of ice from the LIS occurred by 7.6 +0.6 ka following a
rapid retreat of ice margins. Our optical and '°Be results range
from 9.8 to 6.2 ka (Fig. 9; Table 1). This relatively broad range
is mostly due to the uncertainty of some of the '°Be ages. The
two OSL results that were considered reliable cluster within a
slightly narrower range of 7.7-7.9 ka. These results are
consistent with Ullman et al’s (2016) reconstruction, con-
sidering the distance between the two study areas and the
general deglaciation pattern. Our results also correlate reason-
ably well with the more local '°Be ages from the Lake
Naskaupi shoreline, which indicate that Lake Naskaupi must
have reached its largest extent before draining catastrophically
at 8.3 + 0.3 ka (Dubé-Loubert et al., 2018). This event is further
confined by the optical dating of Lake Naskaupi highest
(sample 15-PTA-149; 7.93 +1.0) and lowest (sample 15-PTA-
074; 7.65+1.0) levels in the study area (Fig. 3), which
matches Dubé-Loubert et al.’s (2018) findings well. Unfortu-
nately, samples from Lake McLean yielded no usable results,
therefore a discussion on its formation and drainage is not
possible without further investigation.

Palaeoglaciological implications

Records indicating ice flow reversals have been documented
elsewhere and interpreted as evidence of ice divide migration;
most notably, within the Keewatin ice divide region (McMartin
and Henderson, 2004) and in the Canadian Arctic (Dyke et al.,
1992) but also just west of our study area (Parent et al., 2004).
In this study, the ice flow shift between Flow 1 and Flow 2 may
not necessarily require ice divide migration, as it may have
been caused by the development of the UBIS. However, the
degree of preservation of Flow 1 features to the east suggest
that an ice divide developed over that zone separating the
UBIS from the ice flow dynamics further to the east toward the
Labrador coast. Furthermore, an ice divide migration appears
to best explain both the preservation of Flow 2 in the northwest
and the development of Flow 3 features to the east. This type of
ice divide migration is not of the same magnitude as the one
documented in the Keewatin (~500km: McMartin and
Henderson, 2004) and does not require a large ice sheet
reorganization. Nonetheless, it influenced the study area’s
landscape evolution and it shows the impact that an ice stream
catchment zone can have on the glacial dynamics far inland
(e.g. Ross et al., 2009; Rignot et al., 2011).

It appears that subglacial conditions also evolved from
regionally widespread warm-based conditions during Flow 1
to a polythermal base, which led to the preservation of Flow 1
features in the eastern portion, partial overprinting in the
central portion by subsequent flows, and more intense
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Figure 11. Hillshaded and elevation classed regional DEM with striations from ice flow phase 2 (black) and phase 3 (red). The region of substrate
protection is highlighted with dashed lines. The De Pas Batholith is evident as the elevated ridge (white colour on the DEM) bisecting the map sheet
just west of the Riviére De Pas. (A) Outcrop from sample site 15-PTA-024 with evidence of ice flow reversal. (B) Bevelled outcrop at sample site 15-
PTA-058 formed by two near opposing ice flow directions. (C) Double stoss-and-lee outcrop at sample site 16-PTA-069 again created by two near
opposing ice flow phases. [Color figure can be viewed at wileyonlinelibrary.com]

overprinting during Flow 2 in the northwest. The net effect of
this evolution is a mosaic terrain at the landscape scale
somewhat similar to the fragmented landscape described in
the outer zone of the Keewatin (Trommelen et al., 2012;
Gauthier et al., 2019). This is best shown in the landform
record, where Flow 1, Flow 2 and Flow 3 are limited to their
own spatial zones, with only minor cross-cutting of the flows
evident in the striation record (Fig. 8). Long intervals in which
the base of the ice is near or below the pressure melting point
(limited net erosion) are needed to generate the landscape
fragments or zones containing multiple ice flow indicators of
highly variable directions.

These two ice domes (Keewatin and Labrador) were the
largest and probably thickest mid-latitude ice sheet domes
of the last glaciation (e.g. Dyke and Prest, 1987; Tarasov
etal., 2012). These ice domes have left a unique record that
contrasts with other ice divide areas. For example, smaller
and thinner ice domes over Baffin Island (Davis et al., 2006),
the Boothia and Melville peninsulas (De Angelis and
Kleman, 2005), and in central Sweden (Kleman and
Stroeven, 1997), have widespread evidence of sustained
cold-based conditions and lack evidence for major ice
divide translocation. These other smaller ice divides at
higher latitudes appear to have remained relatively sta-
tionary throughout glaciation. The LIS thus had polythermal
ice divide regions that migrated throughout glaciation,
preserving ice flow mosaics from different ice flow direc-
tions. This complex mosaic is recognizable at multiple

Copyright © 2019 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

scales, not just at the large landform-scale (cf. Boulton and
Clark, 1990), such as within the regional striation record and
by small-scale landforms. Here we argue that this approach,
where landform mapping is supplemented with outcrop-
scale observations, is key in the reconstruction of ice flow
dynamics and resolution of existing and conflicting ice flow
reconstructions. The multiple sites where different ice flow
events are recorded in the striation record were critical in
resolving the ice flow history of the study area, for which
conflicting ice flow reconstructions existed. Additional
research on glacial erosion and till transport, and further
investigation into cosmogenic radionuclide inheritance in
both bedrock and till (e.g. Staiger et al., 2006), should help
further test and improve these reconstructions and add to
our overall understanding of ice sheet and landscape
evolution in ice divide regions.

Conclusions

The purpose of this research was to constrain the relative ice
flow chronology in a debated region that had insufficient field
observations and to establish the local timing of deglaciation.
This work builds on regional glacial reconstructions conducted
nearby which were intended to elucidate the complex ice flow
chronology through extensive field-based investigations. We
have resolved the conflicting ice flow chronologies (cf.
Veillette et al., 1999; Jansson et al., 2002) within the study
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area, with four ice flow phases identified from striae
measurements and landform analysis. The first ice flow phase
was uniform to the northeast across most of the study area,
which was followed by the propagation of the UBIS within the
western portion of the study area, which dispersed ice to the
northwest and formed large oriented landforms. A change in
subglacial thermal regime took place in the eastern portion
which favoured the preservation of Flow 1 features. Flow 3
marks an important shift toward the deglaciation of the region,
as the UBIS influence became weaker in the study area. Ice
then stagnated or was sluggish in most areas, eskers devel-
oped, and the ice margin retreated from the east to the west
toward the George River. A short-lived late-deglacial phase
from the central highlands to the west-southwest occurred
during deglaciation as recorded by weak and discontinuous
late-stage ice flow indicators (Flow 4). The exact timing of
these ice flow events remains unknown. Optical ages from
Lake Naskaupi indicate that beach ridges associated with the
lake were formed around 7.9 £ 0.7 ka and this is consistent
with the detailed deglacial work conducted by Dubé-Loubert
et al. (2018) north of our study area, which provides additional
constraints south of their study area to constrain the timing of
local deglaciation.

Future work on confining the subglacial conditions across the
region should help to further elucidate the complex evolution of
the QLD throughout glaciation, providing important constraining
parameters for future ice sheet scale reconstructions (e.g. Clark
et al., 2000; Dyke et al., 2004; Margold et al., 2018).
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