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The Pingualuit Crater, located in the Ungava Peninsula (northern Québec, Canada) is a 1.4-Ma-old impact crater
hosting a ~245-m-deep lake. The lake has a great potential to preserve unique paleoclimatic and paleoecological
sedimentary records of the last glacial/interglacial cycles in the terrestrial Canadian Arctic. In order to investigate
the stratigraphy in the lake and the late Quaternary glacial history of the Pingualuit Crater, this study compiles
data from three expeditions carried out in May 2007 (~9-m-long sediment core), in August 2010 (~50 km of
seismic lines), and in September 2012 (high-resolution terrestrial LIDAR topography of the inner slopes). Despite
the weak penetration (~10 m) of the 3.5-kHz subbottom profiling caused by the presence of boulders in the
sedimentary column, seismic data coupled with the stratigraphy established from the sediment core enabled
the identification of two glaciolacustrine units deposited during the final stages of the Laurentide Ice Sheet
Sedimentological processes (LIS) retreat in the crater. Two episodes of postglacial mass wasting events were also identified on the slopes
UDAR and in the deep basin of the crater. The high-resolution topography of the internal slopes of the crater generated
Arctic from the LiDAR data permitted the confirmation of a paleolake level at 545 m and determination of the elevation
of drainage outlets. Together with the mapping of glacial and deglacial landforms from air photographs, the
LiDAR data allowed the development of a new deglaciation and drainage scenario for the Pingualuit Crater
Lake and surrounding area. The model proposes three main phases of lake drainage, based on the activation of
seven outlets following the retreat of the LIS front toward the southwest. Finally, as opposed to other high-
latitude crater lake basins such as Lake El'gygytgyn or Laguna Potrok Aike where high-resolution paleoclimatic
records were obtained owing to high sediment accumulation rates, the seismic data from the Pingualuit Crater
Lake suggest extremely low sedimentation rates after the retreat of the LIS owing to the absence of tributaries.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

High-latitude lakes contain excellent archives of past climatic and
environmental variations owing to the sediments they can preserve
(Pienitz et al., 2004, 2008). In recent years, the Pingualuit Crater Lake
(Nunavik; Fig. 1) has sparked a renewed interest in paleoclimatology re-
search in the Ungava Peninsula (Black et al., 2010, 2012; Girard-
Cloutier, 2011; Guyard et al., 2011, 2014; Luoto et al., 2013). Despite
the presence of the Laurentide Ice Sheet during the Last Glacial Maxi-
mum (~21,000 years ago; Clark et al., 2009), the morphology of the
crater likely favored the existence of a subglacial lake in the Pingualuit
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Crater, precluding glacial erosion of the bottom sediments (Bouchard,
1989b; Guyard et al., 2011). These characteristics give the Pingualuit
Crater Lake sediments the potential to record successions of glacial/in-
terglacial periods in the Ungava Peninsula since its formation 1.4 Ma
ago (Bouchard, 1989b). Furthermore, the Pingualuit Crater Lake has
similar characteristics to lakes recently studied in the context of Interna-
tional Continental scientific Drilling Program (ICDP) projects for their
potential in paleoclimatic research, such as the EI'gygytgyn Crater Lake
in 2008/09 (e.g., Melles et al., 2012) and Laguna Potrok Aike in 2008
(e.g., Zolitschka et al,, 2013, and papers in the special issue). El'gygytgyn
Crater Lake, also a meteoritic impact basin located in the Arctic (67.5°N.,
172°E.), escaped Northern Hemisphere glaciation because of its location
in the center of Beringia (Brigham-Grette et al., 2007). Laguna Potrok
Aike, located in southeastern Patagonia (Argentina), and the Pingualuit
Crater Lake share a similar morphology with a high depth-to-area ratio,
allowing the potential accumulation of a long sedimentary record
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Fig. 1. Location of the Pingualuit Crater Lake in the Ungava Peninsula. Black and white arrows show the main ice flow directions (Payne and Ungava) based on depositional and erosional
landforms (Bouchard and Marcotte, 1986; Daigneault and Bouchard, 2004). The dashed line illustrates the ice divide (Daigneault and Bouchard, 2004), and the white line marks the limit
between the Ungava Bay, and Hudson Bay watersheds. Realization: Département de Géographie, Université Laval, 2013.

(Bouchard, 1989a; Anselmetti et al., 2009). The long sediment records
obtained from such deep and old crater lake systems yield invaluable in-
sights into the linkages between climate forcing mechanisms and global
paleoenvironmental changes, thereby improving the output of regional
and global climate models and contributing to a better understanding of
past, present, and future climate change (Pienitz et al., 2008).

This study aims to investigate the late Quaternary glacial and
deglacial history of the Pingualuit Crater Lake basin and to better under-
stand the sedimentary infill of the lake based on recently acquired seis-
mic and LiDAR data. These new and high resolution data sets, together
with regional mapping of glacial and deglacial landforms based on aerial
photographs, will contextualize and update the paleoclimatic archives
recovered in the lake (Guyard et al., 2011, 2014; Black et al., 2012;
Luoto et al., 2013), and allow reconstructing precisely the successive
stages of crater deglaciation and the resulting rapid drainage events of
the lake, first suggested by Bouchard and Saarnisto (1989). Indeed, the
high-resolution topography of the inner crater, generated with the
LiDAR data, confirms the presence of paleoshorelines visually tracked
by Bouchard and Saarnisto (1989) and improves the resolution of eleva-
tion measurements from +5 to 1 m.

2. Study area

The Pingualuit Crater, located in the Ungava Peninsula (Nunavik,
Canada; Fig. 1) is a simple crater created by a meteoritic impact ~1.4
million years ago (Grieve et al., 1991). The crater is a ~410-m-deep
(rim-to-basin) and 3.4-km-wide (rim-to-rim) near circular depression
whose rim reaches a maximum elevation of 657 m above sea level
(asl), making it one of the highest peaks in Ungava. This summit rises

to 163 m above the surface (494 m asl) of an ultraoligotrophic ~245-
m-deep and 2.8-km-wide lake surrounded by the crater. Since the last
deglaciation the lake has been a closed sedimentary basin with no trib-
utaries as the lake is only fed by atmospheric precipitation (Guyard
et al., 2011). However, 6'80 measurements made by Ouellet et al.
(1989) in the Pingualuit Crater Lake and adjacent Lake Laflamme sug-
gest a potential underground (cryptorheic) drainage system across a
fault plane linking both lakes and allowing flows from the crater lake
to Lake Laflamme (Currie, 1965). The water flows of the Pingualuit Cra-
ter area are drained by the Vachon River across the Ungava Bay catch-
ment basin. The northernmost part of this area is adjacent to the
Puvirnituq River, one of the main rivers of the Hudson Bay catchment
basin (Fig. 1; Daigneault, 2008).

The crater is located in the Archean-age Superior Province of the
Canadian Shield. The lithology in the area south of the Cape-Smith
Belt, where the crater is situated, is dominated by tonalitic and granitic
gneiss (St-Onge and Lucas, 1990; Daigneault, 2008). Around the crater,
the bedrock geology also includes plutonic rocks, mostly granitoids,
crosscut by mafic dykes (Currie, 1965; Bouchard and Marsan, 1989).
The ground surface consists of blocks, gravels, and a 0-2 m-thick discon-
tinuous till. Furthermore, dozens of erratic boulders of dolostone from
the Proterozoic Cape-Smith Belt, located ~40 km north, have been
counted in the crater area (Bouchard et al., 1989). The rim and steep
inner slopes (26-35°) are also strewn with boulders and rocks mineral-
ized with epidote, hematite, and sericite, probably produced by alter-
ation (Currie, 1965). These slopes terminate on an asymmetric basin
consisting of a plateau in the southwest part of the lake and a deep
basin in the northeast part of the lake (Bouchard and Marsan, 1989).
Bouchard (1989a) explains this morphology by high sediment input
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from the southwest during the last deglaciation. Interpretation of seis-
mic data acquired during a survey in 1988 by Moussawi and Tessier
(1989) suggests thick deposits of till and/or gravels intersected by fine
clay layers (thickness between 1 and 2 m). The chaotic seismic signal
furthermore reveals the presence of blocks throughout the sediments
with the exception of the upper 25 m of the deep basin, where sedi-
ments are finer. Reflectors indicate a potential accumulation of at least
73 m of sediments on the plateau and 93 m in the deep basin
(Bouchard, 1989a; Moussawi and Tessier, 1989). Bouchard (1989a)
explained the presence of thick and coarse till deposits in the crater by
a rain-out and reworking of sediments from melting ice and/or by
dense flows originating from glacial retreat. The stratigraphy of a ~9-
m-long core retrieved in 2007 from the deep basin reveals subglacial
and proglacial lacustrine depositional conditions during the last deglaci-
ation and organic-rich intervals corresponding to ice-free conditions
during postglacial times (Guyard et al,, 2011, 2014; Luoto et al., 2013).
This stratigraphy will be integrated with the discussion of seismic sur-
veys hereinafter.

2.1. Regional glacial/deglacial history

During the last glaciation, northern Ungava remained glaciated from
the end of the Sangamonian (marine isotopic substage 5e; ~123,000 yr;
Lisiecki and Raymo, 2005) to the Holocene deglaciation (Daigneault,
2008). In the Pingualuit Crater Lake basin, two distinct glacial move-
ments have characterized the last glaciation: an older Ungava ice flow
phase and a younger Payne phase (Gray and Lauriol, 1985; Bouchard
and Marcotte, 1986). The older of the two originated from the Ungava
center in the central part of the Ungava Peninsula and was oriented
southeast (azimuth 110°) in the study area, whereas the younger orig-
inating from the Payne center was oriented northeast (azimuth 45°)
(Fig. 1; Currie, 1965; Bouchard et al., 1989; Daigneault and Bouchard,
2004). During this second glacial movement, the Payne flow covered
the main part of the Ungava Peninsula. This relative chronology is sup-
ported in the crater area by the greatest abundance of glacial landforms
being associated with younger Payne flow (Bouchard et al., 1989;
Daigneault and Bouchard, 2004).

Deglaciation of the Ungava Peninsula began on the southern coast of
the Hudson Strait in the northwestern and northern extremities of the
peninsula between 10.5 and 7 ky BP, and progressed toward the Ungava
plateau (Gray and Lauriol, 1985; Dyke and Prest, 1987; Lauriol and Gray,
1987; Bruneau and Gray, 1997; Gray, 2001; Daigneault and Bouchard,
2004; Saulnier-Talbot and Pienitz, 2010; Occhietti et al., 2011). The ori-
entation of glacial retreat was directed along a NW-SE axis located west
of the ice divide (Fig. 1; Prest, 1969; Daigneault, 2008). Furthermore,
Clark et al. (2000) suggested for the entire Québec-Labrador Sector of
the Laurentide Ice Sheet (LIS), including the Ungava Peninsula, a pro-
gressive fragmentation of the ice sheet into separate local ice masses
during its retreat inland. In the Pingualuit Crater, AMS '“C dating and
the multiproxy paleoenvironmental reconstruction performed by
Guyard et al. (2011) on the ~9-m sediment core collected in the deep
basin in 2007 suggest that the LIS retreated from the crater area
around 6840 + 100 cal y BP (6000 + 40 '“Cy BP).

The Pingualuit Crater Lake has sustained several rapid drainage
events during deglaciation as revealed by the three paleoshorelines
(574, 544, and 514 m) on the internal slopes of the crater and the out-
wash channels on the external slopes and grounds surrounding the cra-
ter (Bouchard and Saarnisto, 1989). According to these authors, the
drainages have occurred through several of the 10 channels in the crater
rim (i.e., outlets) during four main phases of glacial retreat in the area
(Fig. 2). During the first phase, the U-shaped and highest channels 6
and 7 (respectively about 608 and 596 m) were cleared of ice and
drained small volumes of the lake waters. As the glacial retreat
progressed to phase 2, the opening of outlets 5 and 8 reduced the lake
level by about 20 m (Fig. 2). Outflows through channels 5 and 8 were
torrential, with a strong erosive power causing the development of

outflow systems at the base of the crater. The highest paleoshoreline
(574 £ 5 m asl) observed by Bouchard and Saarnisto (1989) on the
northern half of the crater was formed during this second phase. The
paleoshorelines constitute discontinued lines formed by benches some-
times associated with gravel veneers (Bouchard and Saarnisto, 1989).
The glacial retreat to phase 3 caused the draining of outlets 5 and 8
and the freeing of western channels 4 and 3 and eastern channels 9
and 10 (Fig. 2). However, channels 9 and 10 do not appear to have
been affected by drainage events owing to their high elevation
(601 m) precluding contact with lake waters (between 574 and
544 4 5 m during phase 3). Bouchard and Saarnisto (1989) have ex-
plained the existence of an outflow system at the base of the crater
near channel 10 by a sub- and proglacial drainage system independent
of the crater lake during glacial retreat. During phase 4, the lake was to-
tally ice free but southern channels 2 and 1 were not affected by drain-
age, their elevation being higher than that of channel 3 (Fig. 2).
Torrential outflows through channel 3 persisted during and after
phase 4, allowing a connection with Lake Laflamme. Finally, the link
was interrupted when the lake level dropped beneath that of the second
paleoshoreline (544 + 5 m asl), abandoning the lowermost outlet
(channel 3 at 553 m). This paleoshoreline is the most pronounced
with a level of washed boulders tied to the cover lichen that differs
from the adjacent block, visible all around the crater. A ledge about
5 m wide also characterizes this paleolake level in the eastern part of
the crater. The third paleoshoreline (around 509-514 m asl) is poorly
developed and barely observable in some parts of the internal slopes
(Bouchard and Saarnisto, 1989).

During deglaciation, part of the territory around the crater was cov-
ered by proglacial lakes adjoining the ice margin (Daigneault, 2008).
These lakes were located especially upstream of the Vachon and
Puvirnituq Rivers (Prest, 1975; Daigneault, 1993, 2008). Nevertheless,
none of these lakes appear to have reached a sufficient elevation to
allow an overflow into the Pingualuit Crater Lake. Indeed, the maximal
levels of proglacial lakes Saint-Germain and Laflamme (respectively
520 and 515 m) (Fig. 2) bordering the crater were not high enough to
inundate the minimum elevation of the rim (channel 3 at 553 + 5 m)
(Bouchard and Saarnisto, 1989; Daigneault, 2008).

3. Methodology
3.1. Aerial photo and satellite imagery mapping of landforms

In order to identify glacial and deglacial landforms, three series of
medium scale aerial photographs (1:20,000 and 1:30,000) from the
GéoStat Center (U. Laval) and Géomathéque ® were selected and digi-
tized with a 350 dpi resolution. The 26 air photos used cover an area
of ~455 km?, mainly in the north, east, and west parts of the crater
area. Analysis of Landsat 7 satellite images and 2012 fieldwork observa-
tions (see below) were used to complete the aerial photography inter-
pretation. Landsat images (spectral band 1 and composite 7-4-3) from
the GeoBase database (http://www.geobase.ca; Natural Resources
Canada) round out the study of areas not covered by air photos but
only allow the mapping of large-scale landforms (Lajeunesse, 2008).
Furthermore, analysis and interpretation of landforms were based on
previous documentation and a surficial geology map of the eastern
part of the Ungava Peninsula (Daigneault, 1997). All landforms related
to glacial and deglacial processes were identified on a map of a DEM
of the Pingualuit crater area generated from elevation data of the
GeoBase database.

3.2. Terrestrial LiDAR mapping

In September 2012, a survey was conducted to record the high-
resolution topography of the internal slopes of the crater using a terres-
trial LiDAR. A total of 35 surveys were completed with the ILRIS-3D laser
scanning system from Optech Inc. These scans were recorded from 19
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Fig. 2. Conceptual model for deglaciation of the Pingualuit Crater Lake suggested by Bou-
chard and Saarnisto (1989). Black arrows show the crater rim channels hosting outflows,
whereas black crosses illustrate valleys not affected by drainage. The numbers indicate the
10 valleys in the crater rim and their elevations according to Bouchard and Saarnisto
(1989). Also illustrated is the proglacial Lake Laflamme at its maximal level (~515 m)
(Bouchard and Saarnisto, 1989). The four phases represent the main steps of glacial retreat
and were associated with drainage events of the lake (see text for details).

different sites around the crater rim on the top of the internal slopes; the
coordinates of each site were measured by GPS (Fig. 3). Spacing among
sites is at most 600 m to maximize overlap between scans for the merge
step. The scanning range of a survey covers up to 1500 m of the slope in
the highest reflectivity conditions (Optech Inc, 2008). The three-
dimensional point clouds acquired with the terrestrial LIDAR were
imported and merged with Polyworks CAD (computer-aided design)
software from Innovmetric Inc. To facilitate the merging process, a site
was selected to generate an absolute coordinate (i.e., 0; 0; 0) and all
other site coordinates were transformed accordingly. A scan recorded
from this selected site was used as a base for merging the other scans.
The point clouds were manually aligned and then merged using the
Best-Fit function from the IMAlign Polyworks software to achieve the
highest convergence. The large ASCII file generated during this process
was converted to LAS (LASer) file format to create a ground surface
(DEM) of 0.5-m vertical and horizontal resolution using LP360 from
the QCoherent software (Fig. 4). The resulting DEM was then exported
into ArcGIS® software to analyze the internal slopes of the crater and
to determine the elevation of various outlets.

3.3. Bathymetry and seismic acquisition-stratigraphy

About 50 km of subbottom profiles (Fig. 3) were collected in the
Pingualuit Crater Lake in August 2010 using a Knudsen Chirp 3212 sys-
tem with a frequency of 3.5 kHz (Ledoux et al., 2011). The subbottom
profiler data were integrated and analyzed using The Kingdom Suite®
software (IHS). Identified seismic horizons were exported into ArcGIS®
to generate isopach maps for each unit. The acoustic travel times were
converted into depth using p-wave velocities of 1420 m-s~ ' for water
depths and 1500 m-s~! for the determination of sedimentary unit
thickness, respectively (Moussawi and Tessier, 1989; Guyard et al.,
2011). Interpretation of the observed units was completed using the
correlation between seismic transects and stratigraphy of the ~9-m sed-
iment core described by Guyard et al. (2011). The ~300-m meshing
(Fig. 3) was used to produce a mid-resolution bathymetric map of the
lake.

4. Results
4.1. Glacial geomorphology

4.1.1. Streamlined forms

Several streamlined forms compose the landscape in the Pingualuit
Crater area. They are mainly gathered in the eastern sector of Lake St-
Germain and Vachon River and to a lesser extent NE of Pingualuit Crater
(Fig. 4). According to Daigneault (2008), the streamlined forms are
principally drumlins and drumlinoids in the study area. Their size varies
between 350 and 1000 m long and 100 and 400 m wide, with a maxi-
mum height of 10 m (Fig. 5B; Daigneault, 2008). The overall orientation
of the streamlined forms matches with the main axis of the Payne ice
flow, i.e., toward the NE (Fig. 1).

4.1.2. Hummocky moraines

Hummocky moraines are gathered in a sector located 1 km NE of
the Pingualuit Crater (Fig. 5A). Hummocky moraines form irregular
mounds or small ridges of till interrupted by depressions, which
are occasionally occupied by ponds. The mounds never exceed
250 m in width and 5 m in height (Daigneault, 2008). This morphol-
ogy extends over less than 25 km? with a maximum length of ~9 km
and a maximum width of ~3 km (Fig. 4). In the central part of the
hummocky moraines sector, the hummocks are poorly developed
and less abundant, whereas in the eastern and western part of the
area, the boundary between the moraine and the neighboring
ground is clearly defined.

4.1.3. Esker

One short esker can be mapped about 3 km northeast of the crater
(Fig. 5E). While esker segments of the eastern coast of Hudson Bay
can reach lengths of 40 km (Lajeunesse, 2008), the segment observed
in the area is <700-m-long. The esker appears to have a northeast direc-
tion, i.e., parallel to the direction of the Payne glaciation flow (Bouchard
et al., 1989).

4.14. Proglacial lake paleoshorelines

Numerous paleoshorelines have been identified on the aerial photos
in a small stretch located between the southern part of Lake St-Germain
and the northernmost part of the Vachon River (Fig. 4). Paleoshorelines
are also noticeable to a lesser extent at the foot and on the external slopes
of the northern part of the Pingualuit Crater, near Lake Laflamme
(Daigneault, 2008). Paleoshorelines appear as linear sections, parallel to
contour lines, marking a break in slope (Fig. 5B). The linear section can oc-
casionally be observed on aerial photos by change in tones caused by the
scarp created by the erosive action of swash and/or seasonal ice on the
shore. In the Lake St-Germain area, paleoshoreline elevation varies from
490 to 520 m. However, the characterization of the elevations of the
paleoshorelines could be affected by glacioisostatic rebound following
the deglaciation of the Ungava Peninsula (Matthews, 1967; Gray et al.,
1993). The morphology of these paleolake levels consists of many gravelly
beach deposits on both slopes of the southern part of Lake St-Germain
(Daigneault, 2008). In the Lake Laflamme area, two major paleoshorelines
are observed on aerial photos and measurements of the DEM. The first
group of paleoshorelines, located in close proximity to the modern
shores of Lake Laflamme, have an elevation of ~505 m. The second
group, located on the external slopes of the Pingualuit Crater, have
the highest paleoshorelines located at 545 m (Fig. 5C). These
paleoshorelines are similar in configuration to those described
above, with linear sections essentially perpendicular to the slope.
They are characterized by a break in slope, appearing in the photos
as darker colors because of the shade they cast. The depression pro-
duced by the break in slope can in some cases contain snow banks
persisting late into the summer (Fig. 5C).
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Fig. 3. Location on an aerial photograph (1:20, 000; 13 August 1972) of seismic-reflection
profiles collected in August 2010 (Ledoux et al., 2011), the sediment core collected in May
2007 (gray star), and LiDAR survey sites accomplished in September 2012.

4.2. Morphology and deglacial hydrology of Pingualuit Crater Lake

4.2.1. Topography-bathymetry model of the Pingualuit Crater

The entire inner part of the Pingualuit Crater was mapped for the
first time using bathymetry coupled with the high-resolution topogra-
phy of the internal slopes from LiDAR data (Fig. 6). The model confirmed
the asymmetry of the crater with a shallower plateau in the south-
southwestern part and a deeper basin in the northern part (Bouchard
and Marsan, 1989). Furthermore, the morphology of the crater presents
steep slopes flattened close to the floor and indicates no discrepancy
between the emerged and the submerged slopes.

4.2.2. Pingualuit Crater Lake paleoshorelines

The paleoshorelines are ascertained from the LiDAR data based on
three parameters: the identification of a break in slope or depressions,
the continuity of a notch over several dozen meters, and the presence
of equal elevation depressions at different sectors of the crater (prefer-
entially opposite). The LiDAR data indicate several paleoshorelines
along the internal slopes of the crater. Among the four paleoshoreline
segments identified, three of them are located in the northeastern sec-
tor of the crater, while a fourth is located in the western sector
(Fig. 7). The slope break and notches typical of paleoshorelines can be
distinctly observed on the DEM processed from the LiDAR data
(Fig. 8). The longest identifiable segment (Fig. 8B) measures ~150 m
and the shortest is < 50 m. All four paleoshorelines have the same eleva-
tion of 545 m within a margin of error of 1 m (twice the DEM resolu-
tion). Existence of several paleoshorelines with the same elevation at
different sites (northeast and west sectors) attests to a paleolake level
at 545 m as suggested by Bouchard and Saarnisto (544 + 5 m; 1989).

4.2.3. Characterization of the outlets

The outlets form U- or V-shaped channels cutting the rim of the
crater. Ten outlets are recognizable around the rim (Fig. 2). Only
seven are described in this study according to the criterion that
they were potentially active during the last glacial retreat (Fig. 7).
These outlets have the most pronounced channel profiles and are as-
sociated with traces of outflow on the external slopes of the crater
(Fig. 5D). The channels located in the western sector of the crater
are the lowest with values ranging from 546 to 575 m asl, whereas

elevation of the outlets in the eastern sector are the highest with
values ranging from 575 to 599 m (Fig. 7). Owing to the very steep
form of the lowest channel 3 (546 m asl) preventing an optimum
coverage by the LiDAR, it is conceivable that the threshold of this
channel is slightly underestimated by a few meters (Bouchard and
Saarnisto (1989) mentioned the elevation of this channel at 553 m
using geodetic surveys conducted in the early 1960s).

4.2.4. Pingualuit Crater Lake-deglaciation outflow marks

Three outflow systems formed by channels linked with outlets
from the crater can be clearly observed on aerial photographs
(Fig. 4). The first channel system, located in the western sector of
the crater, connects western outlets with Lake Laflamme (Fig. 5D).
Closer to the crater, the system is made up by two paleotributaries
linked to outlets. The first is poorly demarcated and wide; it is linked
with outlet 3 at 546 m asl and partially linked to outlet 4 at 556 m asl.
Outlet 4 also flows into the second tributary with the western outlets
5at575 masl. Indeed, in the downstream section of outlet 4, the out-
flow divides into two parts. The second tributary, more discernible,
incises alongside the external slope of the crater and then diverges
at the level of the southern outlet 5. The two paleotributaries
merge to form a ~2-km-long narrow channel. At just <1 km from
the present shoreline of Lake Laflamme, this channel disperses and
divides into several small channels joining the lake. The surface
affected by these outflow channels has a delta form with a low
difference in elevation.

The second channel system, located in the norheastern sector of the
crater area, connects eastern outlets at 597 and 575 m asl (respectively
outlets 7 and 8) with the upstream part of the Vachon River (Fig. 4). An
easily traced channel starts at each outlet. A few hundred meters from
the external slopes, traces of outflow become more difficult to identify.
The connection between outlet 8 and the channel is marked on the ex-
ternal slopes by a noticeable depression covered by washed boulders.
Then the channel disperses and the flow paths appear to move north-
ward to reach the second channel, connected to outlet 7, and the
Vachon River.

The last channel is located in the southeastern sector of the crater at
the mouth of outlet 10 at 599 m asl. At the end of the outlet, the outflows
facing toward the northeast are characterized by a channel over 1 km
long, segmented by several breaks in the slope, and covered by washed
boulders (Fig. 9). The presence of washed boulders is quite recurrent at
the end of outlets, in the channels on the external slopes, and at the base
of the slopes. The washed appearance of boulders, likely created as a re-
sult of strong outflows, is amplified by the preservation of snow banks
in the depressions, which probably precludes or modifies the develop-
ment of lichen on the blocks (Bouchard and Saarnisto, 1989). At the
base of the crater, this channel widens and divides into numerous dis-
tinct channels. The channel network enlarges with distance from the
crater to reach a maximum width of ~700 m. Here the bedrock clearly
appears as a white elongated and irregular grooves area on aerial
photos. Flows have washed-out the till-covered bedrock and eroded it
to form furrows on its surface. About 4 km east of the crater, traces
made by flows converge over 2 km to reach the Vachon River with a
width of ~200 m. In this area, the boundaries between the parts affected
and unaffected by flows are clearly visible owing to extremely straight
breaks in slope between them. In the downstream section of this chan-
nel system, the outflow marks are in contact with the esker (Fig. 5E). In-
deed, the esker borders the northern limit of the channel system in this
area and has a similar orientation (northeast direction) to these flow
tracks. Furthermore, the irregular morphology of the short esker
seems to coincide with winding marks of the channels.

5. Seismostratigraphy

Seismic reflection data allowed the identification of three seismic
units and two types of mass movements (Fig. 10C). Nonetheless, the
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Fig. 4. Geomorphological map of the Pingualuit Crater Lake basin illustrating the identified glacial, deglacial, and hydrological landforms (see text for details).

seismic data do not represent the entire sedimentary sequence because of
the weak penetration of the signal in very coarse deposits (Fig. 10A and
B). Furthermore, the strict environmental regulations for this highly
protected area of the Pingualuit National Park constrain the use of a
higher energy seismic source (Guyard et al., 2011). The three seismic
units have been observed only in the deep basin of the crater (Fig. 11A
and B). The surface of slopes and the plateau is characterized by very
low acoustic penetration with mid-amplitude reflection on top followed
by a rapid deterioration of the signal. The very low penetration indicates
the presence of many cobbles and/or boulders (Moussawi and Tessier,
1989) derived from rockfalls along the crater walls. Blocks and boulders
present on the slopes of the crater also cover the submerged slopes and
the plateau in the lake. The three units and two mass movement
deposits described below are labeled from oldest to most recent
(Fig. 10C). The generic mass movement terminology used indicates
deposits or traces related to mass wasting according to their acoustic sig-
nature (e.g., Schnellmann et al., 2005, and references therein; Guyard
et al.,, 2007). The interpretation of the seismic units follows the deep
basin core description and discussion of Guyard et al. (2011, 2014).

5.1. Units 1 and 2 — glaciolacustrine deposits

Unit 1 is the lowest unit in the Lake Pingualuit sedimentary se-
quence. It is characterized by low acoustic penetration and the absence
of reflections. Irregular high-amplitude small reflections are locally
identifiable thereby contributing to the chaotic aspect of this unit. The
base of unit 1 is not defined because of the weak penetration of the sig-
nal. This unit is observed only in the deepest part of the deep basin and

is located mainly where other units are visible. The maximal depth of
the top of this unit attained ~5.75 m below the lake floor (Fig. 10C).

Unit 2 is characterized by high amplitude parallel reflections with
poorly defined lateral limits. This unit is also observed only in the
deeper part of the deep basin (Fig. 11A). The thickness of unit 2 varies
from <1 to 4 m. In the sector where the 2007 core was recovered, the
thickness of this unit reaches ~1 m and is present from ~3 m below
the lake floor (Fig. 10).

Based on previous interpretation of similar acoustic facies and de-
tailed sedimentology analyses, units 1 and 2 suggest a glaciolacustrine
sedimentation phase associated with a decrease in discharge linked
with the retreat of the LIS (Eyles and Mullins, 1997; Van Rensbergen
etal,, 1999; Guyard et al., 2011, 2014). At the coring site, these units cor-
respond to finely laminated silts with dropstones interstratified with
several massive sand layer intervals from 270 to 710 cm (Guyard
et al,, 2014). This facies and its glacigenic sediments are interpreted as
high meltwater and sediment discharge with a lower influence of LIS
detritic inputs at the top corresponding to unit 2. Units 1 and 2 probably
correspond to the last stages of the retreat of the LIS margin, during
which a semipermanent ice cover on the lake was still supplied by resid-
ual ice from the disintegrating and retreating glacier (Black et al., 2010;
Guyard et al., 2011, 2014).

5.2. Unit 3 and mass movement deposits
Unit 3 is characterized by a low amplitude reflection and appears as

a thick semitransparent and chaotic acoustic facies. Sediments of unit 3
cover about 25% of the basin and reach a maximum thickness of 3-4 m
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Fig. 5. Aerial photographs of glacial/deglacial and hydrological landforms in the Pingualuit Crater Lake basin. (A) Hummocky moraines in the sector of Lake Laflamme; (B) streamlined
forms (black lines) and paleoshorelines (dashed lines) in the southern part of Lake St-Germain; (C) paleoshorelines (~545 m; dashed lines) on the external slopes of the Pingualuit Crater
and snow banks persisting during summer (white arrow); (D) northwest outlets (black arrow) of the Pingualuit Crater Lake and associated outflow channels; (E) esker (multiple black

chevrons) and terminal part of outflow channel linked to outlet 10.

in its deepest part (Fig. 11B). At the coring site, the thickness of this unit
is about 2.5 m.

Mass movement deposits 1 (MM1) constitute the most chaotic and
scarcely describable acoustic facies. These mass movement deposits
are characterized by high amplitude chaotic and discontinuous reflec-
tions (overlapping hyperbolae) laterally disrupted by low amplitude
and semitransparent lenses. A few meters below the top, these deposits
are no longer observable owing to the chaotic configuration of the sed-
iments, potentially coupled with the presence of coarse sediments and/
or boulders, causing a weakening of the acoustic signal (Fig. 10).

According to this description, these deposits have acoustic characteris-
tics typical of debris flows (Prior et al., 1984), but the limited correlation
between acoustic profiles and the weak penetration of the signal limits
this interpretation. Mass movement deposits 1 are present mainly in the
northern and eastern parts of the crater at the base of the slopes and in
the deep basin. Owing to the characteristics of this deposit, it is impos-
sible to observe other units under MM1 with the seismic source used in
this study. However, the contact between MM1 and underlying units 1
and 2 indicate that they were disturbed and probably eroded by this
mass movement (Fig. 10C).



Fig. 6. A coupled topography-bathymetry model of the southern part of the Pingualuit Crater (dashed red frame) with an east-west seismic-reflection profile illustrated in Fig. 3. Mid-resolution bathymetry obtained by interpolation between seismic

transects and high-resolution topography generated from LiDAR data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. DEM of the Pingualuit Crater using high-resolution topography of the internal slopes and mid-resolution bathymetry. Elevation of the crater rim channels are indicated in meters
(asl) (black brackets) and paleoshorelines at 545 m asl are highlighted with white and yellow ellipses. The paleoshorelines highlighted with yellow ellipses are also illustrated in Fig. 8A
and B. The yellow eyes represent the field of view illustrated in Fig. 8A and B. The black dot indicates the position of the coring site in the deep basin of the lake. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Mass movement 2 deposits (MM2) consist of a chaotic to transpar-
ent seismic facies (Fig. 10C). The surface of MM2 is fairly smooth with
occasional small hummocks where profiles cross the mass movement
deposit. Its surface is also more irregular than the top of the underlying
layer. Furthermore, MM2 does not overlay the other units but relies only
on the surface of slopes and the plateau. Mass movement deposits 2 are
observed in three types of bathymetric configurations (Fig. 11C): (i) at
the base of steep slopes at the level of the plateau and in the deep
basin mainly in the eastern part of the crater; (ii) on the shallower
slopes between the plateau and the deep basin, in the south-central
part of the crater; (iii) on the steep slopes in the western sector of the
crater. In this area, MM2 reaches a maximum thickness of ~20 m, but
elsewhere it ranges between 1 and 15 m in thickness. Mass movement
deposits 2 were not observed in contact with the other identified units
(Fig. 10).

The description of MM1 and MM2 indicates two distinct mass move-
ment events in the Pingualuit Crater Lake. The first one, at the root of
MMT1 deposits, preceded MM2 and occurred after the deposition of seis-
mic units 1 and 2, as indicated by the remobilization of these units by
this first event. Unit 3 is probably the most recent deposit in the lake,
though it could be concomitant with MMZ2. Indeed, unit 3 coincides
with a mass movement deposit composed of folded and reworked
glacigenic material and characterized by an erosive contact at its base
(Guyard et al., 2011). Furthermore, both units have seismic characteris-
tics with important similarities: low amplitude and transparent seismic
facies. Finally, MM2 and unit 3 could be linked to a single depositional

event that occurred about 4200 cal BP (Guyard et al., 2014). Guyard
et al. (2014) recently suggested a rotational slide based on the
microsedimentological observation such as contorted sandy layers and
internal deformations.

6. Discussion
6.1. Deglaciation in the Pingualuit Crater Lake area

Aerial photography focused on the Pingualuit Crater Lake basin re-
veals glacial streamlined forms and hummocky moraines, which re-
spectively reflect the orientation and deglacial conditions of the last
glaciation in the study area. The overall northeastern direction of all
the observed streamlined forms attests to a main glacial Payne flow (az-
imuth 45°) following the Ungava flow (azimuth 110°) in the crater area
during the last glaciation (Bouchard, 1989b; Daigneault and Bouchard,
2004). Glacial lineaments with close orientations (NNE-SSW) were
also mapped by Clark et al. (2000) in this sector north of Ungava.

Hummocky moraines are generally deposited at the margins of the
LIS and have been mainly observed in the Great Plains of North
America (Gravenor and Kupsch, 1959; Parizek, 1969; Clark et al.,
1996; Mollard, 2000; Boone and Eyles, 2001; Evans et al., 2014). In the
Ungava Peninsula, the majority of hummocky moraines are located
and gathered in the western part of the peninsula around the presumed
position of the ice divide line. According to Daigneault (2008), these
moraines would correspond to the locations of the last remnants of
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Fig. 8. Paleoshorelines at 545 m asl (yellow circles). The location of the two sites is illustrated in Fig. 7. (For interpretation of the references to color in this figure legend, the reader is re-

ferred to the web version of this article.)

ice. Furthermore, hummocky moraines are evidence of supraglacial or
subglacial depositional processes tied to the stagnation of ice during
ice sheet retreat (Gravenor and Kupsch, 1959; Stalker, 1960; Parizek,
1969; Johnson et al., 1995; Boone and Eyles, 2001; Daigneault, 2008).
In the Pingualuit Crater area, hummocky moraines are relatively isolat-
ed, faintly extended and located farther away from the presumed posi-
tion of the ice divide line (Figs. 1 and 4; Daigneault, 1997). This
organization of moraines suggests the development of a stagnation
zone during a rapid overall deglaciation of the Ungava Peninsula caused
by the presence of glacial meltwaters (e.g., Evans, 2003; Daigneault,
2008). This scenario favors a glacial retreat model with fragmentation
of the ice sheet into residual local ice masses during the last stage of de-
glaciation in this sector of Ungava, as also suggested by Clark et al.
(2000). However, given that hummocky terrain is limited to the north-
east sector of the study area (Fig. 4), it is likely that the stagnation zone
did not occur on and immediately around Pingualuit Crater.

The paleoshorelines observed in the southern sectors of Lake St-
Germain and Lake Laflamme are the remnants of the presence of a
proglacial lake in the study area during deglaciation. Paleoshorelines
identified at different elevations between 490 and 520 m asl (Fig. 4)
provide further evidence for several periods of relative stable water
level during the development and the regressing of the proglacial lake.

At that time, the ice front prevented drainage of glacial meltwaters to
the south via the Vachon River, allowing the development of proglacial
lakes (Daigneault, 2008). In the Lake Saint-Germain area, the elevation
of the highest paleoshoreline indicates a proglacial lake with a maxi-
mum level of 520 m. The elevation of the paleodelta generated by out-
flows from Pingualuit Crater Lake that spread in the southern part of
the Lake Laflamme area indicates a proglacial lake with a maximum
level of 515 m (Fig. 12; Bouchard and Saarnisto, 1989). Nevertheless,
the paleoshorelines observed on the external slopes of Pingualuit Crater
at 545 m asl (Fig. 4) — corroborated by the paleoshorelines at ~540 m
asl identified by Daigneault (1997) 2 km north of Cournoyer Lake and
located at a distance of ~25 km east-northeast of the paleoshorelines
at 545 m asl — may indicate the presence of a higher elevation proglacial
lake. According to the measured elevation, the proglacial lake in the
northern part of the Pingualuit area could have reached 545 m asl,
~45 m above the current level of Lake Laflamme (Fig. 12).

6.2. Deglacial history of Pingualuit Crater
Identifications of outflow marks, characterization of outlets, and

identification of the paleoshorelines on the internal slopes of the crater
allowed the establishment of a new deglaciation model for the
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Fig. 9. Photograph presenting the mouth of outlet 10 with boulders washed and grouped by outflows. The black arrow indicates the Pingualuit Crater Lake in the background. The block
underlined in red indicates the scale with a height of ~1.5 m. Photo credit: Alexandre Normandeau. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Pingualuit Crater (Fig. 13). Two paleolake levels (574 and 514 4+ 5 m)
observed and described by Bouchard and Saarnisto (1989) are also
used to support the model. However, the presence of paleoshorelines
corresponding to these paleolake levels could not be confirmed by in-
terpretation of LiDAR data. This model, presented in three main phases,
is also based on the estimated NE direction of the noticeable esker
(Fig. 5E) and the regional pattern of deglaciation as suggested by
Daigneault (2008). The rapid glacial retreat occurred toward the SW
with the main axis of the ice front oriented northwest to southeast
(Bouchard and Saarnisto, 1989; Daigneault, 2008). The three phases
discussed below do not correspond to periods of stagnation in the re-
treat of the ice front, but provide characteristic snapshots for each
main phase of the Pingualuit Crater deglaciation.

During the first phase (phase [; Fig. 13) of deglaciation, glacial retreat
affected the eastern sector of the crater, freeing a narrow band of the
lake along the east coast. The eastern crater rim channels 7, 8, and 10 be-
came ice-free and active as shown by outflow marks at their bases. Out-
lets 7 and 10 were probably fed for a reduced period of time on account
of their high elevations at 597 and 599 m, respectively. Despite this
short-lived activity, outlets 7 and 10 appear to have drained a significant
amount of water into the proglacial Lake Laflamme and/or the Vachon
River, as revealed by well-defined outflow channels at the base of
each outlet. Furthermore, the esker observed in the downstream section
of the channel system linked to outlet 10 indicates a subglacial drainage
system independent of and prior to the drainage of the Pingualuit Crater
Lake during the glacial retreat. The subglacial flows could result from
outburst floods when the crater lake drained through outlet 10 below
the ice sheet. As suggested by Guyard et al. (2011), the subglacial lake
could have been supplied by meltwater inflows from the surrounding
glacier under warm basal conditions and may thus have drained
through highest outlets during an outburst floods. In this way, the
flows generated by outburst flood of the subglacial crater lake could
be an additional cause of well-defined channels linked to outlets 7 and
10 and the construction of the esker associated with channels located
downstream of outlet 10. Outlet 8 received continuous overflow
throughout phase I owing to its lower elevation (575 m). Lake levels
were close but higher than the elevation of channel 10 (599 m) at the
beginning of phase I and remained higher than the elevation of channel
8 (575 m) until its end, maintaining continuous drainage of the lake.

The LIS margin retreated toward the southwest until reaching the
position shown in phase II, leading to the opening of crater rim channels
5 (Fig. 13). During phase II, equal-elevation outlets 8 and 5 (575 m)
drained both simultaneously supercritical highly erosive flows, as re-
vealed by distinctively marked outflow channels linked to outlets on
the external slopes of the crater (Bouchard and Saarnisto, 1989). Out-
flows toward outlets 5 allowed, for the first time, drainage of the lake
by the western part of the crater, resulting in the formation of the con-
nection with proglacial Lake Laflamme. Furthermore, the less pro-
nounced channels linked to outlet 8 could indicate a precocious
abandonment of this channel and a concentration of the drainage to-
ward outlets 5 in the northwest sector of the crater (Bouchard and
Saarnisto, 1989). Finally, the end of phase II coincides with the end of
drainage by these outlets and the stagnation of lake level, leading to
the development of the highest and poorly developed paleoshoreline
(574 £ 5 m) observed by Bouchard and Saarnisto (1989) in the north-
ern part of the crater (Fig. 12).

During phase III, the glacial retreat maintained its progression to-
ward the southwest thereby successively releasing channels 4 and 3
(Fig. 13). Low-elevation channels 4 and 3 (respectively 556 and 546 m
asl) allowed the drainage of the lake waters from their elevation at
the beginning of phase III to ~574 m. Runoff from these outlets was
transported from the base of the external slopes to the northwest and
flows into proglacial Lake Laflamme. Lowering of the lake level below
the threshold of channel 4 caused desertion of this outlet, with the
lower channel 3 becoming the last active crater outlet. Phase Il finished
with the disappearance of the last remnants of the LIS in the crater pe-
rimeter, implying the cessation of glacial inputs to the lake. Guyard
et al. (2011) dated the change from proglacial to postglacial conditions
in the Pingualuit Crater Lake basin at ~6850 cal BP.

Bouchard and Saarnisto (1989) suggested the maintenance of a tem-
porary surface hydrological connection between the Pingualuit Crater
Lake and Lake Laflamme at the transition between proglacial and post-
glacial conditions to explain the presence of the single fish population in
the crater lake, Arctic Char (Salvelinus alpinus; Delisle and Roy, 1989).
This connection requires a constant outflow through outlet 3 after
phase III, requiring in turn the upkeep of lake waters at the level of the
channel 3 threshold (Fig. 12; 546 m asl). Prolonged maintenance of
the lake level around 546 m is confirmed by the paleoshoreline at
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Fig. 10. Seismic lines (location in Fig. 3) from an east-west (A) and a north-south (B) profile illustrating in (A) and (B) typical profiles of the seismic reflection of the crater with the very
low acoustic penetration; and in (C) the two mass movement deposits (mass movements 1 and 2) and the three seismic units (U1, U2, and U3) identified in the deep basin of the Pingualuit

Crater. The cross indicates the coring site.

545 m asl distinctly observed with LiDAR data south of channel 3 and in
the northern part of the crater (Fig. 8). The postglacial hydrological con-
nection between the two lakes and the fish migration into the crater
could have been facilitated by proglacial Lake Laflamme reaching
545 m asl as mentioned above (Fig. 12). Finally, the postglacial exorheic
phase of Pingualuit Crater Lake ends when the lake level descends
below the threshold of channel 3, potentially giving way to a
cryptorheic drainage phase and the current hydrologic configuration
(Bouchard and Saarnisto, 1989).

Since the end of the exorheic phase, the lake waters continually de-
clined to reach their current level (494 m asl), as revealed by the ab-
sence of distinct intermediate paleoshorelines. The poorly developed
paleoshoreline observed by Bouchard and Saarnisto (1989) around
514 m constitutes nonetheless an exception to this progressive lower-
ing (Fig. 12). The decline of the lake level within the cryptorheic regime
could be explained by the intensification of groundwater flows caused
by climate change in the eastern Canadian Arctic and/or the drainage

of the neighboring proglacial lake. Indeed, the glacial retreat in the
southern part of the study area opens up the release of the Vachon
River, which had been obstructed and thus was responsible for the de-
velopment of the proglacial lake north of the crater. The release directs
the drainage of the proglacial lake to the Ungava Bay through the
Vachon River and causes the lowering of lakes Laflamme and St-
Germain to present levels (~500 m asl) (Daigneault, 2008). As the
Pingualuit Crater Lake and Lake Laflamme were linked by a north-
south oriented fault plane allowing cryptorheic drainage between
both lakes (Currie, 1965), the lowering of proglacial Lake Laflamme
would have modified the hydrostatic equilibrium (Ouellet et al.,
1989). This destabilization has led to increased outflow through the
fault plane from the crater lake to Lake Laflamme, consequently lower-
ing the Pingualuit Crater lake level. The modern shoreline of the lake
forms a 10-m-wide bench of washed boulders (Bouchard and
Saarnisto, 1989). This well-defined configuration seems to indicate a
current period of lake level stability. Regardless of the exact mechanism
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Fig. 11. Isopach maps from the Pingualuit Crater Lake. Maps (A) and (B) illustrate the
thickness of units 2 and 3 in the deep basin, respectively. Map (C) is showing the estimated
orientation and maximum thickness of multiple mass movement deposits linked to mass
movement 2.

of lake lowering, the lake level dropped by 51 m since the end of the
exorheic phase.

6.3. Deglacial and postglacial stratigraphy of the Pingualuit Crater Lake

Seismic units 1 and 2 (Fig. 10C) were probably deposited during
phase Il before the onset of postglacial conditions. Indeed, the
glacigenic sediments of these units clearly show a depositional environ-
ment with a semipermanent ice-covered lake still impacted by glacially
derived detritic inputs from the last remnant ice blocks originating from
the disintegration of the LIS (Fig. 13). The diminished glacial influence at
the top of these units reflects the impending postglacial conditions
(Guyard et al.,, 2014).

The two mass movement events that led to the deposition of MM1,
MM2, and unit 3 (Fig. 10C) were probably triggered during or following
the deglacial phase of the crater. According to the description of stratig-
raphy of unit 3 from Guyard et al. (2011), these deposits are composed
of folded and reworked glacigenic material probably accumulated on
the slopes during the movement (advance/retreat) of the ice sheet.
The chronology of these events indicates that deposition of MM1, pre-
ceding the depositional event linked to MM2 and unit 3 and dated
around 4200 cal BP by Guyard et al. (2011), occurred after the deposi-
tion of sedimentary units 1 and 2 during phase III. The two mass move-
ment events could have been triggered by a similar mechanism. The
steep basin walls (26-35°) contribute greatly to the instability of the
slopes, causing sediment redistribution through sliding and slumping
(Dearing, 1997). Indeed, several models and studies, notably in small
lakes, use and/or show instability or very low accumulation on the
slopes beyond about 15% (~9°) (e.g., Hakanson, 1977; Hilton, 1985;
Bennett, 1986). In the context of deglaciation, the retreat and disappear-
ance of the thick ice sheet above the subglacial lake caused the reduc-
tion of water pressure in the lake and increased the exposure to
weathering of the crater inner surface. These conditions, coupled with
a rapid drop of lake levels and the activation of outlets through the cra-
ter rim, could have favored instabilities of aerial and subaqueous slopes
(Guyard et al., 2011). The combination of these mechanisms and the in-
crease of glaciolacustrine deposits associated with deglaciation of the
lake likely explain the presence of MM1 limited to the northern and
eastern part of the crater. Earthquakes are also a possible trigger mech-
anism for mass movements in lakes (e.g., Schnellmann et al., 2002;
Monecke et al.,, 2004; Guyard et al,, 2007; Normandeau et al., 2013). Ob-
servation of multiple MM2 deposits at the level or at the foot of slopes at
many sites (Fig. 11C) could indicate a simultaneous triggering generat-
ed by an earthquake. Indeed, the area is seismically active and an M =
6.3 earthquake was recorded around 120 km SW of the crater (60.12°
N.; 73.60° W.) in 1989 (Adams et al., 1991). Furthermore, the seismic ac-
tivity could have been increased by glacioisostatic rebound following
the deglaciation in Ungava (Guyard et al.,, 2011). Inferring from the
still very steep submerged slopes and the apparently low filling of the
crater since its formation 1.4 Ma ago (potential accumulation of 93 m,
according to Moussawi and Tessier, 1989, corresponding to an average
and approximate sedimentation rate of 6.5 cm ka™ '), the occurrence
of mass movement deposition appears to have been relatively low and
associated with exceptional events (e.g., earthquakes). This low occur-
rence is mainly caused by the very low supply of material to the slopes
of the lake, except during phases of glacial advance and retreat. Com-
pared to Laguna Potrok Aike (southern Patagonia), which has similar
characteristics to the Pingualuit Crater Lake (e.g., morphology and
high latitude location), the units, defined by laterally continuous reflec-
tions, in the first 20 m of the sedimentary sequence of the deep lake
basin are also associated with episodes of mass movements and higher
sedimentation rates (Anselmetti et al., 2009) than the Pingualuit Crater
Lake. According to these authors, six mass-flow events have taken place
during the last ~9000 years. Furthermore, Kliem et al. (2013) and Lisé-
Pronovost et al. (2014) showed the presence of mass movement de-
posits covering half of a 100-m composite sediment sequence from
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the Laguna Potrok Aike Lake representing the last 51,200 cal BP. The
different occurrence of mass movement events between both lakes is
primarily explained by the periodic influx of sediments to the slopes
of Laguna Potrok Aike Lake from a ~200-km? watershed connected to
this crater lake (Anselmetti et al., 2009) compared to a quasi-absent wa-
tershed for the Pingualuit Crater Lake.

Similarly, in Lake El'gygytgyn (Siberia) more than 400 mass move-
ment deposits constitute ~33% of the Quaternary-Pliocene composite
sediment record and the sedimentation rates discussed for this lake re-
veal values commonly higher compared to the Pingualuit Crater Lake,
with sedimentation rates as high as 50 cm ka~! (Nowaczyk et al.,
2013; Sauerbrey et al., 2013). As suggested for Laguna Potrok Aike
Lake, the difference in sedimentary dynamics between Lake El'gygytgyn
and the Pingualuit Crater Lake is mainly caused by the much larger
~183-km? watershed of Lake El'gygytgyn. In addition, well-stratified
acoustic units were identified in the deepest part of Lake El'gygytgyn
over the first 135 m of the seismic sequence and correspond to the sed-
iment record covering the entire Quaternary (2.8 My; Niessen et al.,
2007; Melles et al., 2012). On the other hand, the interpretation of the
seismostratigraphy of the Pingualuit Crater Lake did not allow the iden-
tification of acoustically stratified units corresponding to postglacial
lacustrine deposits on the slopes and at the base of the crater. This
lack of well-stratified units and the weak signal penetration constitutes
a major difference between the seismic data from the Pingualuit Crater
Lake and the previously mentioned high-latitude lakes also studied for
their paleoclimatic archives.

7. Conclusions

Seismic reflection data of Pingualuit Crater Lake allowed the identi-
fication of two units interpreted as glaciolacustrine units deposited dur-
ing the final stages of deglaciation, as well as two postglacial mass
movement deposits. Only a thin unit of high-amplitude parallel reflec-
tions is observed on the seismic data of Lake Pingualuit, indicating a
low temporal resolution of sediment archives because of the low
hemipelagic sedimentation rates. Indeed, all the deposits identified in
this study derive from sedimentation during deglaciation and sediment
reworking linked to postglacial sublacustrine mass movement events.
In the Pingualuit Crater Lake, contrary to Lake El'gygytgyn and the
Laguna Potrok Aike that are fed by small streams and periodic inflow,
the absence of tributaries has greatly limited the accumulation of a
high-resolution paleoenvironmental record since the retreat of the
Laurentide Ice Sheet. Furthermore, a large number of cobbles and/or
boulders are present on the submerged slopes and in the sedimentary
deposits observed. The lack of seismic information beneath these units
could indicate the presence of boulders below the glaciolacustrine
units that prevents deeper signal penetration. The presence of these
blocks could be explained by slope movements, which may have result-
ed from the balancing of slopes following impact cratering and/or by
subglacial sedimentation during the last deglaciation in a complexly
evolving subglacial lake.

The high-resolution topography of the internal slopes of the crater
generated from LiDAR data permitted the identification of four
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Fig. 13. Conceptual model for the deglaciation of the Pingualuit Crater Lake. The lake level
indicated is the lowest lake level to maintain the exoreic drainage during each phase.

paleoshorelines with the same elevation of 545 m, confirming the pres-
ence of a paleolake level at 545 m. The elevation of various channels cut-
ting the rim of the crater and serving as outlets for the drainage of lake
waters have also been precisely identified on the LiDAR data. These ob-
servations coupled with the interpretation of aerial photographs pro-
vided the necessary information to present a new deglaciation model
for the Pingualuit Crater and surroundings areas. The model proposes
three main phases of lake drainage as channels opened following the re-
treat of the LIS front toward the southwest. The progressive activation of
the seven outlets during the deglaciation led to a decrease of lake levels
from elevations higher than 599 m (elevation of the highest outlet) to
545 m (elevation beneath the lowest outlet). The lowering of the lake
to its present level (about 494 m asl) can be explained by an intensifica-
tion of groundwater flow in a cryptorheic connection between the
Pingualuit Crater Lake and the neighboring Lake Laflamme. This intensi-
fication possibly caused the modification of hydrostatic equilibrium be-
tween the two lakes following the drainage of the proglacial lake north
of the crater.
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