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High-resolution swath bathymetry imagery allowed mapping in great detail the sublacustrine geo^ te, Walker and Pasteur, three deep adjacent fjord-lakes of the Que
bec North
morphology of lakes Penteco
Shore (eastern Canada). These sedimentary basins have been glacio-isostatically uplifted to form deep
steep-sided elongated lakes. Their key geographical position and limnogeological characteristics typical
of fjords suggest exceptional potential for long-term high-resolution paleoenvironmental reconstitutions. Acoustic subbottom proﬁles acquired using a bi-frequency Chirp echosounder (3.5 &
12 kHz), together with cm- and m-long sediment core data, reveal the presence of four acoustic stratigraphic units. The acoustic basement (Unit 1) represents the structural bedrock and/or the ice-contact
sediments of the Laurentide Ice Sheet and reveals V-shaped bedrock valleys at the bottom of the lakes
occupied by ice-loaded sediments in a basin-ﬁll geometry (Unit 2). Moraines observed at the bottom of
lakes and in their structural valleys indicate a deglaciation punctuated by short-term ice margin stabilizations. Following ice retreat and their isolation, the fjord-lakes were ﬁlled by a thick draping sequence
of rhythmically laminated silts and clays (Unit 3) deposited during glaciomarine and/or glaciolacustrine
settings. These sediments were episodically disturbed by mass-movements during deglaciation due to
glacial-isostatic rebound. AMS 14C dating reveal that the transition between deglaciation of the lakes
^ te and Walker watersheds and the development of para- and post-glacial conditions occurred
Penteco
around 8000 cal BP. The development of the lake-head river delta plain during the Holocene provided a
constant source of ﬂuvial sediment supply to the lakes and the formation of turbidity current bedforms
on the sublacustrine delta slopes. The upper sediment succession (i.e., ~4e~6.5 m) consists of a
continuous para-to post-glacial sediment drape (Unit 4) that contains laminated and massive sediment
and series of Rapidly Deposited Layers. These results allow establishing a conceptual model of how a
glaciated coastal fjord evolves during and after deglaciation in a context of rapid glacio-isostatically
induced forced regression.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
During Quaternary glaciations, fjords acted as preferential
pathways for the ﬂow of glacial ice originating from continental ice
sheets, leading to the transfer of large volumes of ice and sediments
to the marine environment (Syvitski and Praeg, 1987, 1989;
Hambrey, 1994; Syvitski and Shaw, 1995; Howe et al., 2010).
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Fjords can provide a long-term sedimentary record to reconstruct
past ice sheet dynamics such as ice-ﬂow and rates of ice retreat or
advance (Evans et al., 2002; Howe et al., 2010; Schumann et al.,
squez, 2013; Dowdeswell et al., 2014).
2012; Dowdeswell and Va
Thick sedimentary in ﬁlls in fjords and bedforms preserved at their
bottom provide a record of marine and terrestrial glacial processes
and depositional environment successions that occurred during
glacial, deglacial, paraglacial and postglacial times (Boyd et al.,
2008; Baeten et al., 2010; Cowan et al., 2010; Forwick and Vorren,
2010; Bertrand et al., 2012; St-Onge et al., 2012; Breuer et al.,
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2013; Dowdeswell and V
asquez, 2013; Hjelstuen et al., 2013; Kempf
et al., 2013; Hodgson et al., 2014; Flink et al., 2015). Fjords have
generally been described in coastal and estuarine environments,
but they also occur in lacustrine settings when freshwaters are
enclosed in preglacial and glacial overdeepened valleys (Nasmith,
1962).
Following deglaciation of coastal regions, some fjord basins
were isolated from the sea to form fjord-lakes due to glacioisostatic rebound (Batterson et al., 1993; Batterson and Catto,
2001; Lajeunesse, 2014; Dietrich et al., 2017b). Sharing similar
limnogeological characteristics with coastal fjords, fjord-lakes have
shown their potential for reconstructing past ice sheet dynamics,
deglaciation, paleoenvironmental changes and natural hazards in
studies using marine hydroacoustic, geophysical and sediment
sampling analysis techniques, as demonstrated in Europe (Van
Rensbergen et al., 1999; Beck et al., 2001; Fanetti et al., 2008;
Hilbe et al., 2011; Heirman et al., 2012; Turner et al., 2012; Pinson
et al., 2013; Vogel et al., 2013), British Columbia (Eyles et al.,
1990, 1991; Desloges and Gilbert, 1995, 1998; Gilbert and Butler,
2004; Gilbert and Desloges, 2005, 2012; Gilbert et al., 2006a;
Gilbert et al., 2006b; Tunnicliffe et al., 2012), New York State
(Mullins and Hinchey, 1989; Mullins and Eyles, 1996; Mullins, 1998;
Mullins and Halfman, 2001), Montana (Mullins et al., 1991), eastern
Canada (Lajeunesse, 2016) and Patagonia (Kastner et al., 2010;
Waldmann et al., 2010; Van Daele et al., 2016).
In eastern Canada, deep fjord-lakes occur in many locations
bec North Shore and the east coast
along the formerly glaciated Que
of Newfoundland and Labrador. However, their morphology and
stratigraphy as well as their sedimentary processes associated with
the transitions from glacial to postglacial environmental conditions
during glacial-isostatic rebound remain undocumented. Here we
describe the geomorphology, stratigraphy and sedimentology of
^ te, Walker and
three fjord-lakes of eastern Canada: lakes Penteco
Pasteur in order to 1) reconstruct their Late Quaternary morphological and sedimentary evolution in response to deglaciation and
glacio-isostatic rebound and 2) establish a deglaciation and sedimentation conceptual model for fjord-lakes under glacio-isotatic
rebound. This paper provides the geomorphological context and
history for a continuous sedimentary record of paleoenvironmental
bec North Shore watersheds, from deglaciachanges in three Que
tion to the establishment of modern (i.e., postglacial) conditions.
The proposed conceptual model serves as an example of how a
glaciated coastal fjord develops upon deglaciation, at the interplay
of marine and terrestrial settings inﬂuenced by a rapid glacioisostatically induced forced regression.

on different geological suites and complexes composed principally
of anorthosite, granite and paragneiss separated by faults
(Moukhsil et al., 2011) that probably control structurally the
bifurcation of the lake in its center. These fjord-lakes are mainly fed
by their head deltas formed by large rivers that discharge into their
northern extremities (Normandeau et al., 2016a). The lakes ﬂow
^ te, aux-Rochers and Pasteur Rivers, respectively, at
into the Penteco
their southern end towards the Gulf of St. Lawrence (Fig. 1C).
During deglaciation, the marine-based Laurentide Ice Sheet (LIS)
bec North Shore to
margin stabilized slightly offshore along the Que
deposit apron-shaped grounding-zone wedges (GZW) (Fig. 1C)
(Lajeunesse, 2016). The youngest GZW is probably correlated to the
eastward extent of the early Younger Dryas Saint-Narcisse Morainic
System deposited between 12.8 and 12.2 ka cal BP in southern
bec (Occhietti, 2007). As ice retreated ~30e50 km farther north
Que
onto the Laurentian Highlands, the LIS margin re-stabilized and
bec North Shore Moraine (Dubois and Dionne,
deposited the Que
1985), a major morainic system correlated with the late Younger
Dryas Mars-Batiscan Moraine deposited between 12.2 and 11.5 ka
cal BP (Occhietti et al., 2011). Between 11.5 and 10.8 ka cal BP, the
^ te, Walker and
LIS margin stabilized near the outlet of lakes Penteco
Pasteur valleys and deposited thick glaciomarine ice-contact
outwash fans. The glacio-isostatically ﬂexured lowlands and valleys were submerged by the Goldthwait Sea transgression at a
maximum elevation of 130 m asl (i.e., marine limit) (Dredge, 1983;
Hein et al., 1993), reaching the studied lakes between ~11.1 and 10.6
ka cal BP (9.5 14C ka BP; Dubois and Dionne, 1985; King, 1985).
Under rapid glacio-isostatic rebound prevailing during the early
stage of deglaciation (i.e., ~3.2 cm a1 during the ﬁrst millennia;
Dionne, 2001), coastal structural valleys were isolated from the sea
allowing the formation of fjord-lakes (Lajeunesse, 2014, Dietrich
et al., 2017b). Between 8.2 and 7.5 ka cal BP, the LIS margin had
retreated over the Canadian Shield until it stabilized north of the
Manicouagan Reservoir, ~100 km north of the study area (Occhietti
et al., 2011; Ullman et al., 2016). During this period, most major
bec North Shore were undergoing their ﬁnal
watersheds of the Que
stage of deglaciation (Dietrich et al., 2017b).
The investigated lakes are located north of the Lower St. Lawrence Seismic Zone (LSLSZ), where low magnitude (M¼<5.1) historical earthquakes have been recorded (Lamontagne et al., 2003;
Lamontagne, 1987). Acoustic stratigraphy surveys previously un^te, Walker and Pasteur
dertaken by Ouellet (1997) in lakes Penteco
led to the observation of only a limited number of subaqueous
mass-movements deposits near the upper boundary of deglacial
sediments; they have not been observed in Holocene sediments.

2. Regional setting

3. Methods

^ te, Walker and Pasteur are located in the central
Lakes Penteco
bec North Shore (northwestern Gulf of St. Lawsector of the Que
rence, eastern Canada), at elevations of 84 m, 115 m and 86 m,
respectively (Fig. 1). They are situated at the downstream end of
long (>60 km) north-south-oriented glacial valleys that are deeply
incised into the Precambrian Grenville geological province of the
Canadian Shield. The lakes are located in the transition zone between the coastal lowlands and the highlands of the Canadian
Shield (i.e., Laurentian Highlands) that reach >300 m above sea
level (asl) in the study area. The lakes generally form elongated
basins with steep sidewalls with morphologies typical of fjords
(e.g., potholes and p-forms on their sidewalls; Holtedahl, 1967). The
^ te, Walker and Pasteur reach ~15, ~30 and
length of lakes Penteco
~18 km, respectively. Lake Walker has the largest watershed
covering an area of 1896 km2 compared to 1227 km2 for Lake
^te and 739 km2 for Lake Pasteur. Lakes Walker and Pasteur
Penteco
^te lies
lie on homogeneous granitic gneiss complexes. Lake Penteco

3.1. Hydroacoustic and geophysical data
High-resolution bathymetric data were collected in 2011 in Lake
^te, on the 8 m-long R/V LouisWalker and 2014 in Lake Penteco
Edmond-Hamelin using a Reson Seabat 8101 multibeam
echosounder (240 kHz), the Hypack® software, an Ixsea Octans III
gyrocompass motion sensor and a Geneq Sx Blue II DGPS (~60 cm
precision). A survey was carried out in 2014 in Lake Pasteur on a
4.5 m inﬂatable boat using a GeoAcoustics GeoSwath Plus compact
(250 kHz) bathymetric interferometric sonar, the GS þ software, a
SMC motion sensor and a Hemisphere V101 111 DGPS (~60 cm
precision). A repeated survey of the Lake Walker Gravel River delta
was carried out in 2016 using a Kongsberg EM 2040C multibeam
echosounder (200e400 kHz) coupled with positioning sensor
Kongsberg Seapath 330 with GNSS antennas. Sound velocity proﬁles were obtained with an Odom DigiBAR Pro probe to correct for
sound velocity changes in the water column. These mapping
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^te, Walker and Pasteur and their watersheds (black lines in B and black dashed lines in C), along the north shore of the Gulf of St-Lawrence in
Fig. 1. Location of Lakes Penteco
bec (Canada). The chronological pattern of the retreat of the Laurentide Ice Sheet margin on the Que
bec North Shore from Occhietti et al. (2011) is shown by the thick
eastern Que
black lines. Major terrestrial morainic ridges (Occhietti et al., 2011) are represented by red lines and grounding zone wedges (GZWs) complexes (Lajeunesse, 2016; Lajeunesse et al.,
; R-P: Rivie
re-Penteco
^ te; P-C: Port-Cartier. Yellow transects are
2007) between Pointe-des-Monts (P-D-M) and Sept-^Iles (S-^I) are represented by thin black lines. B-T: Baie-Trinite
represented in Figs. 13 and 14. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

techniques allowed a full-bottom coverage below depths of 5 m of
the lakes, except for the southern sector of Lake Pasteur that was
not mapped. Raw bathymetric data were processed with the Caris
Hips and Sips® 8.0 software. The multibeam bathymetric data were
^ te) and 3-m (lakes
processed to generate a 1-m (Lake Penteco
Walker and Pasteur) resolution grid digital terrain model (DTM)
that was interpreted using the ArcGIS® 10.1 and QPS Fledermaus®
softwares. Subbottom data were collected in the three lakes using a
Knudsen 3212 Chirp at frequencies of 3.5 and 12 kHz. These data
were processed and visualized using the KingdomSuite®, SonarWiz® and QPS Fledermaus® softwares.
3.2. Coring and sedimentology
Sediment cores (~30 cme~8 m long) were collected using a
gravity corer in the three lakes (summer 2014), a percussion corer
^te and a UWITEC piston coring platform in Lake
in Lake Penteco
Walker (winter 2015). The cores were passed through a CT-Scanner

at the multidisciplinary laboratory of CT-scan for non-medical use
at the Institut National de la Recherche Scientiﬁque - Eau Terre
Environnement (INRS-ETE). The resulting high-resolution images
allowed the identiﬁcation of sedimentary structures and facies. XRay attenuation, expressed as CT-numbers, is function of density,
mineralogy, grain-size and sediment porosity (St-Onge et al., 2007),
and was extracted using the ImageJ software. The cores were then
opened, described and photographed. Wood fragments as well as a
bulk sediment samples were sent to the Radiochronology Laboratudes nordiques (Universite
 Laval) for pretory of the Centre d’e
treatment and preparation of the sample. The dating itself was
performed by accelerator mass spectrometry (AMS) at the Earth
System Science Department Keck Carbon Cycle AMS Facility at the
University of California at Irvine. The dates obtained were calibrated with Calib 7.0 (Stuiver and Reimer, 1993) using the IntCal13
database (Reimer et al., 2013) and are provided with 2 s (Table 1).
Sedimentation rates were estimated by counting individual lamina
couplets in Unit 3 (Fig. 11A), which were inferred to be annually
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Table 1
Description and interpretation of acoustic units, from oldest (U1) to youngest (U4) with lithofacies description of U3 and U4.

laminated (i.e., varved) due to their appearance and stratigraphic
position.

4. Results
4.1. Lake geomorphology
^te
4.1.1. Lake Penteco
^te is divided into three bathymetric zones: the
Lake Penteco
northern sector, the deep central basin and the southern sector
(Fig. 2). The northern sector consists of a 50 to 60 m-deep longitudinal central channel surrounded by shallow undisturbed plateaus (Fig. 2A). The undisturbed plateaus are in many cases
delimited by long headwall scarps and cut by amphitheater-like
mass-movement scarps that are conformably draped with sediments. Most of the large slide scarps have ﬂat bottom planar tabular
gliding planes. The presence of locally chaotic surfaces related to
depositional lobes, compression ridges and blocky debris on an
otherwise relatively ﬂat bottom in the central channel indicates
that it is largely ﬁlled by mass-movement deposits (MMDs). The
lake slopes are eroded by gullies. A few circular cavities are
observed on the surface of the northwestern plateaus. Swath ba^ te River delta,
thymetry imagery on the frontal slope of the Penteco
at the northern extremity of the lake, shows well-deﬁned crescentic and creeping bedforms (Normandeau et al., 2016a) ending
up in a ~49-m-deep circular cavity.
The deep circular basins located in the south-central part of the

lake reach depths of 130 m and are bordered by relatively steep
slopes <60 (Fig. 2B). These steep slopes are highly affected by
slumps and amphitheater-like scarps. Undisturbed plateaus are
located in relatively large lake bays. Wide circular cavities of
~200 m in diameter are observed on the lake-bed of the deep basin.
The southern sector of the lake has a generally chaotic surface
morphology with a central narrow trough surrounded by hummocky mounds. A few mass-movement scarps (Fig. 2C) and a thin
sediment inﬁll indicated by the lack of acoustic subbottom signal
penetration are observed in this sector. The southern sector is
separated from the deeper lake basin to the north by a hummocky
sill incised by gullies and circular cavities (Fig. 2C; box 1).

4.1.2. Lake Walker
The bathymetry of Lake Walker is characterized by a steep-sided
and deep chaotic southern basin and a smoother northern basin
separated by a central hummocky sill (Fig. 3). The lake has a typical
U-shape morphology where the deepest section is often V-shaped.
The lake side slopes are 30 reaching local angles of ~85 where
the lake shore consists of abrupt rocky cliffs. Fan-deltas are present
along the high outer bank where the termini of subaerial valleys
and tributaries are connected to the lake. Crescentic and creeping
bedforms are observed on the frontal slopes of the Gravel and
Schmon River deltas (Normandeau et al., 2016a). These bedforms
migrated upslope between 2011 and 2016 (Fig. 4). Wellchannelized and moving crescentic bedforms are observed on the
Gravel River delta (Figs. 3A and 4) whereas the smaller Schmon
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^ te: (A) northern sector; (B) deep basin and (C) southern sector.
Fig. 2. Multibeam bathymetry images (1 m-resolution) showing the sublacustrine geomorphology of Lake Penteco
Major mass-movement scarps are represented by the dashed white lines. CB: crescentic bedforms; UP: undisturbed plateaus; BD: blocky debris; SL: slump; DL: depositional lobe;
CR: compression ridges; HM: hummocky mound; CC: circular-cavity; GU: gully.

River delta is characterized by large regressive mass-movement
scarps.
The northern basin of Lake Walker has a smooth morphology
and is separated into two sectors by a ~190-m-deep narrow zone of
the lake valley (Fig. 3B; box 2). The northern sector reaches a
maximum depth of 260 m in the circular cavity located upstream of
the narrowing zone of the valley. The sidewalls of the northern
sector have different levels of well-deﬁned rock benches
conformably draped with sediments. The edges of the benches and
associated steep slopes are cut by gullies and mass-movement
scarps. Gullies and mass-movements are present especially on
the slopes of the large narrow western bay (Fig. 3A; box 1). Rare
isolated accumulations of large clasts, which appear to be related to
subaerial rockfall processes, are present in the northern sector. The

southern part of this northern basin is marked by an irregular
bench to its western side and attenuated mass-movement morphologies. A minor hummocky bathymetric high is present in the
southern part of this basin (Fig. 3B; box 3).
A sill divides the central sector of Lake Walker into two basins
(Fig. 3C; box 4). This sector has a chaotic hummocky surface
morphology consisting of irregular semi-continuous ridges and
multiple mass-movements and depressions. The southern basin of
Lake Walker reaches a maximum depth of 271 m (i.e., 156 m below
sea level), making it one of the deepest lakes reported so far in
eastern Canada. The basin shows on its south central section a welldeﬁned arc-shaped ridge (Fig. 3D; box 5; MB). The basin has a
highly chaotic lake ﬂoor mainly consisting of a hummocky
morphology, creeping slopes, gullies and mass-movements. (Fig. 3C
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Fig. 3. Multibeam bathymetry images (3 m-resolution) showing the sublacustrine geomorphology of Lake Walker: (A, B) northern basin and (C, D) southern basin. CB: crescentic
bedforms; B: bench; MMS: mass-movement scarp; GU: gully; RF: rock fall; DL: depositional lobe; FD: fan-delta; HM: hummocky morphology; MB and thick black dashed line:
morainal bank.

Fig. 4. (A) Elevation difference between the bathymetric data of the Lake Walker Gravel River delta between 2011 and 2016; Location indicated in Fig. 3A. (B) Bathymetric proﬁles of
the crescentic bedforms illustrating the cyclic steps migration in an upslope direction due to supercritical sediment density ﬂows from the Gravel River. (C) Bathymetric change
(erosion/deposition) along the proﬁle.

and D). The southern extremity of the basin is characterized by a
hummocky bathymetric high and the narrowing of the lake valley
(Fig. 3D; box 6).
4.1.3. Lake Pasteur
The northern sector of Lake Pasteur has two deep semi-circular
basins with steep sidewalls (<60 ) separated by a 45-m-deep
bathymetric high (Fig. 5). Crescentic bedforms are observed at the

northern extremity of the lake on the sublacustrine delta of the
Pasteur River (Normandeau et al., 2016a). The deepest basin is
located in the central part of the mapped area and reaches 71 m in
depth, whereas a 60-m-deep basin is observed at the northern
extremity of the lake (Fig. 5A). The slopes bordering the lake are
incised by gullies and show a few fan-deltas that extend along the
basin slope, where slide scars, depositional lobes and debris ﬂows
are also observed on the swath bathymetry imagery (Figs. 5 and
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Fig. 5. Swath bathymetry image (2 m-resolution) of the northern area of Lake Pasteur showing its sublacustrine geomorphology: (A) northern deep basins (B) southern sector.
Major mass-movement scarps are represented by the dashed white lines. CB: crescentic bedforms; IM: isolated mound; DL: depositional lobe; blocky debris; FD: fan-delta; GU:
gully. DF: debris ﬂow.

6C). The southern sector of the mapped area is characterized by
gentle slopes and shallow depths reaching 36 m, forming a relatively smooth lake ﬂoor with draping sedimentation (Fig. 5B).
South of this mapped sector, the only available data are subbottom
proﬁles that show a relatively ﬂat bottom and mass-movement
morphology. Aerial photographs (Fig. 5; box 1, 2) show the presence of bathymetric highs.
4.2. Acoustic stratigraphy and associated lithofacies
The acoustic subbottom data allowed the identiﬁcation of four
^ te, Walker and Pasteur.
acoustic stratigraphic units in lakes Penteco
These units have been interpreted on the basis of their acoustic
facies properties and geometries as well as on previous acoustic
bec (Shilts and Clague, 1992; Shilts et al.,
stratigraphy studies in Que
1992; Ouellet, 1997; Turgeon et al., 2003; Normandeau et al., 2013,
2016a; Nutz et al., 2014; Lajeunesse et al., 2017; Normandeau et al.,

2017). These units are reported following this classiﬁcation: Unit 1
(U1), acoustic basement; Unit 2 (U2), ice-loaded sediments; Unit 3
(U3), glacimarine and/or glaciolacustrine sediments; Unit 4 (U4),
para- and post-glacial sediments (Table 1). The acoustic stratigraphy data allow an inter-lake correlation of acoustic stratigraphy
units. However, these units are not synchronous, as ice retreat in
the three lakes did not occur at the same time. Acoustic units 3 and
4 have been cored, allowing them to be associated with their
sedimentary facies.
4.2.1. Unit 1 (U1): acoustic basement
U1 is the lowermost unit observed on the subbottom proﬁles. It
is observed where steep slopes prevent the accumulation of a thick
sediment drape and near the lake shores, on the underlying pla^te (Fig. 6A), the benches of Lake Walker (Fig. 7)
teaus of Lake Penteco
and the isolated mounds of Lake Pasteur (Fig. 8C). U1 has a hummocky morphology clearly visible in the southern sector of Lake
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^ te showing the disturbed morphostratigraphy in: (A) the northern section and (B) the
Fig. 6. 3D view of swath bathymetry on acoustic subbottom proﬁle (3.5 kHz) in Lake Penteco
deep basin sector of the lake. See Fig. 2 for location of the proﬁles. (C) 3D view of swath bathymetry on acoustic subbottom proﬁles (12 kHz) showing the morphostratigraphy of the
northern section of the Lake Pasteur. See Fig. 5 for location of the proﬁles. Slump and mass-movement scarps are represented by the black dashed line.

^te (Fig. 9C) and in the southern basin of Lake Walker
Penteco
(Fig. 10D). This hummocky to chaotic morphology is interpreted as
either bedrock or ice-contact deposits (till) covered by a thin drape
of Late-Quaternary sediments (U3-U4). The acoustic signal did not
allow reaching U1 in the deeper and northern areas of the lakes
where sandy deltaic sediments are present, and where sediments
exceed 40 m in thickness. The subbottom data of the three lakes
allowed the observation of sediment drapes over incised deep
lower V-shaped bedrock valleys (Fig. 6A and B, 7, 9C, 10C), previously interpreted by Lajeunesse (2014) as preglacial ﬂuvial bedrock
valleys and channels. These V-shaped valleys follow the longitudinal axis of the lakes and contain >40 m of sediments in some
^te.
sectors and up to 60 m in Lake Penteco
4.2.2. Unit 2 (U2): ice-loaded sediments
U2 has a basin-ﬁll geometry and is observed only in deeper
^te (Fig. 9C) and
portions of the southern basin of the lakes Penteco
Walker (Fig. 10C). In all cases, it is conformably draped with U3
sediments. U2 has a sharp upper contact that could be of erosive
origin and has been interpreted as ice-loaded pre-Late-Wisconsinan sediment preserved from the last glacial episode (e.g.,
Syvitski and Praeg, 1989; Shilts and Clague, 1992; Shilts et al., 1992;
Normandeau et al., 2013, 2017). This unit is not observed on
acoustic subbottom proﬁles in the northern sectors of the lake,
probably due to the lack of acoustic penetration in the overlying
units in these sectors (U3 and U4). It is possible that the last
glaciation did not erode the deep V-shaped inner basin of the lakes,
allowing the preservation of older (pre-Late-Wisconsinan?) sediments. However, its origin and age of this unit still need to be
conﬁrmed.

4.2.3. Unit 3 (U3): glaciomarine and/or glaciolacustrine sediments
U3 has a smooth surface and can reach a thickness of 50 m in
many undisturbed sectors of the lakes (e.g. Fig. 8; 9A; 10C), but can
^te. U3 shows typical acoustic
reach >80-thick in Lake Penteco
characteristics of high amplitude parallel reﬂections observed in
other formerly glaciated lake basins (Mullins and Hinchey, 1989;
Eyles et al., 1990, 1991; Shilts and Clague, 1992; Ouellet, 1997;
Turgeon et al., 2003; Lajeunesse et al., 2008, 2017; Doughty et al.,
2013; Evans, 2013; Doughty et al., 2014). The base of U3 is interpreted as glaciomarine sediments deposited during the Goldthwait
Sea transgression, changing into glaciolacustrine sediments due to
lake isolation induced by glacio-isostatic rebound. U3 deposits are
^te (~2e4 m)
much thinner in the southern sector of Lake Penteco
(Fig. 9C) and the southern basin of Lake Walker (~5 m) (Fig. 10D). In
these areas, the acoustic facies of U3 is in some cases characterized
by a series of chaotic and diffuse reﬂectors (e.g. Fig. 9C; left side).
U3 has been sampled in the cores collected on a 14-m-deep
plateau (PC15-04B-P; Figs. 9C and 11A), on the ﬂank of a massmovement scarp (PC15-02C-P; Figs. 6B and 11B) in Lake
^te, and on a bench in the northern sector of Lake Walker
Penteco
(WA15-08D-U; Figs. 7B and 11C). Its lithology consists of rhythmically laminated silt and clay. Mean CT-number values are
>2000 ± 107 HU, reﬂecting the high-density nature of this unit;
however, the central part of the density proﬁle shows a clear
rhythmic alternation. The upper section of U3 consists of laminated
silty-clay (possibly varved?). Assuming the laminations are varves,
a total of 99 couplets were counted in an undisturbed slightly
bounded section of the core (PC15-04B-P; Fig. 11A) measuring
63 cm, suggesting relatively high sedimentation rates, with 6.3 mm
a1. A lower section of U3 visible in core PC15-02C-P (Fig. 11C)
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Fig. 7. Perpendicular to lake-axis acoustic subbottom proﬁles in the deep northern section of Lake Walker showing: the sediments drape over the lower V-shaped valley proﬁle; the
sediment inﬁll of the northern deep basins containing mass-movement deposits; different levels of bedrock benches conformably draped by sediments (U3 and U4); and the
approximate location of core WA15-08. Acoustic units are delineated by color lines (Table 1) and mass-movement deposits (MMDs) are represented by the yellow dashed line. See
Fig. 3 for location of the proﬁles. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

shows that some laminae reach 2 cm in thickness, suggesting a
higher sedimentation rate. The presence of deformation is probably
due to disturbance during the percussion coring process.
U3 as a whole depicts acoustic signature of mass-movement
scarps, slumps, gravitational faults (Fig. 6A and B, 9A) and MMDs
(Figs. 6e10). Glide planes of the MMDs often appear on the subbottom proﬁles as thick transparent or incoherent layers within U3
(Fig. 6B). Based on the stratigraphic position, MMDs are buried
under 4e8 m of sediments of units 3 and 4. The acoustic properties
are similar to those of acoustic units interpreted as MMDs in other

lakes of eastern Canada (Doughty et al., 2013, 2014; Normandeau
et al., 2013; Lajeunesse et al., 2017; Normandeau et al., 2016b, 2017).
4.2.4. Unit 4 (U4): para- and post-glacial sediments
U4 is the uppermost acoustic unit and is present over the entire
bottom of the three lakes (Figs. 6e10). U4 has a slightly different
acoustic signature compared to U3, which is characterized by a
change in the amplitude of the reﬂections at the transition between
the two units. U4 is characterized by faint to medium amplitude
parallel reﬂections in its lower part and a semi-transparent acoustic
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Fig. 8. Acoustic subbottom proﬁles (12 kHz) in the southern section of Lake Pasteur showing: the thick sediment drape containing mass-movement deposits; the sediments in the
lake basins and cavities showing the classical ponding and chaotic bedding style of sediments deposited from mass-movements, turbidity currents and debris ﬂows deposits.
Acoustic units are delineated by color lines (Table 1) and mass-movement deposits (MMDs) are represented by the yellow dashed line. See Fig. 5 for location of the proﬁles. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

facies in its upper part; these two types of acoustic facies generally
correspond to paraglacial sediments and postglacial sediments,
respectively (e.g., Normandeau et al., 2017). These two sedimentary
environments are grouped here within the same unit due to the
presence of higher amplitude reﬂections in some parts of the unit,
which could be associated with intercalated turbidites in laminated
sequences observed down U4 in cores PC15-04B-P and WA15-08DU (Fig. 11). Therefore, these two environments cannot always be
differentiated in the studied lakes, especially when its thickness is
<1 m in some sectors. U4 is thicker in deep basins (8 m) and
contains medium to high amplitude parallel reﬂections. Its upper
section shows evidence of gravity processes that may have eroded

the uppermost sections.
A zone where the acoustic signal does not penetrate the lake
ﬂoor is observed at the top of the subbottom proﬁles in the
northern extremity of the three lakes, near the main river mouths
(Figs. 6C and 10A), and where secondary tributaries connect with
the lakes. The delta and fan deposit areas are marked by a high
amplitude reﬂection at the lakebed surface with acoustic attenuation down the unit due to the presence of coarser sediments,
probably sands from turbidity currents associated with delta slopes
(Normandeau et al., 2016a). The distal portions of the deltaic slopes
are draped by a thin transparent acoustic layer associated with U4.
U4 sediments have been sampled in all the cores collected in the

A.G. Poire et al. / Quaternary Science Reviews 186 (2018) 91e110

101

^ te showing: (A, B) Amphitheater-like mass-movement scarps (AMM scarp) and faults within the
Fig. 9. Typical acoustic subbottom proﬁles (A: 12 kHz; B, C: 3.5 kHz) in Lake Penteco
high amplitude parallel reﬂections of unit 3 sediments on the plateaus of shallow depth and the location of the core (PC15-04B-P) in the uppermost unit 4; (C) The thin sediment
drape over the hummocky morphology and the presence of Unit 1 in the southern section of the lake. Acoustic units are delineated by color lines (Table 1). See Fig. 2 for location of
the proﬁles. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

three lakes. Its lithology consists of rhythmically to partially laminated and massive postglacial sediments (Nzekwe et al., 2018) with
irregularly spaced intervals of Rapidly Deposited Layers (RDLs, StOnge et al., 2012) (Fig. 11A, C). CT-number values are ~1500 HU
and reach ~2000 HU where RDLs occur. U4 shows a slight
decreasing trend in CT-number values down to ~1000 HU toward
the top of the unit, most probably due to decreasing compaction.
The presence of sporadically concave downward laminae, deformation and discontinuities may have been caused by the coring
operations or mass-movement processes.
^ te, U4 was sampled in cores PC15-04B-P (Figs. 9B
In Lake Penteco
and 11A). Bulk sediment collected at 101 cm, which marks the
transition between units 3 and 4, provides an age for the base of the
unit at 7240 ± 25 yr BP (8000e8160 cal BP; UCIAMS-162978;
Fig. 11A; Table 2). U4 has been entirely sampled (~650 cm) on the
cored bench in the northern sector of Lake Walker (core WA1508D-U, 140-m deep; Figs. 7B and 11A). A dated wood fragment

collected at a depth of 647 cm near the transition between units 3
and 4 provides an age of 7060 ± 25 yr BP (7845e7950 cal BP;
UCIAMS-161066; Fig. 11A; Table 2) for the base of U4. Well-deﬁned
rhythmically laminated sediments are present in the lower part of
^te and semi-continuously in the whole U4
U4 in Lake Penteco
sequence in Lake Walker. In its upper part U4 is characterized by
faintly laminated to massive organic-rich postglacial sediments.
5. Discussion: sedimentary environments
5.1. Proglacial environment
According to the Occhietti et al. (2011) deglaciation model, the
retreat of the LIS margin over the three lakes and their watersheds
was not synchronous despite their proximity, but was rather
inﬂuenced by their respective elevation. Deglaciation is therefore
described separately for the three lakes; we reﬁne this model based
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Fig. 10. Longitudinal acoustic subbottom proﬁles (3.5 kHz) in Lake Walker showing: (A) the Gravel river pro-delta illustrating the presence of crescentic bedforms (CB)
(Normandeau et al., 2016a); (B) the sediment inﬁll in the northern deep basin containing mass-movement deposits; (C) the thick sediment inﬁll (U3) in the northern part of the lake
and; (D) the thin sediment drape over the hummocky morphology and the presence of morainal banks (U1) in the southern section of the lake. Acoustic units are delineated by
color lines (Table 1) and mass-movement deposits (MMDs) are represented by the yellow dashed line. See Fig. 3 for location of the proﬁles. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)

on new results from the lakes.
^te
5.1.1. Lake Penteco
^ te was the ﬁrst to be deglaciated and to be inunLake Penteco
dated by the Goldthwait Sea. By ~11.5 ka cal BP (Occhietti et al.,
2011), the retreating LIS margin reached a topographic high (i.e.,
^ te valley that led
knickpoint step) at the outlet of the Lake Penteco

to the deposition of an ice-contact fan (Figs. 12B and 13B). The ice
retreat over the lake began with the abandonment of the fan at an
elevation slightly below marine limit (Figs. 12C and 13C). Regardless of the differential glacio-isostatic ﬂexure, which could reach
1 m km1 (Shaw et al., 2002), the elevation of the lake basin indicates that it has been invaded by the Goldthwait Sea. The presence of the acoustic basement (U1) forming hummocky topography
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^ te and sediment cores WA15-08D-U collected in Lake Walker. From left to right: photo, CT image and
Fig. 11. Sediment cores PC15-04B-P and PC15-02C-P collected in Lake Penteco
derived mean CT number proﬁle (black line) and central proﬁle density (grey line). Few mm-thick rapidly deposited layers (RDL) are outlined. Location of the dated sample (AMS
14C) that marks the transition between units 3 and 4 is indicated by a black arrow. See text for details and Figs. 2, 3 and 6B, 7B, 9B for core location.

Table 2
^ te and Walker.
AMS 14C age with calibrated age BP correspondence of the dated material collected in lakes Penteco
Core name/location

Material

Depth in core (cm)

Laboratory number

Conventional

WA15-08D-U
PC15-04B-P

Wood fragment
Bulk

647
101

UCIAMS-161066
UCIAMS-162978

7060 ± 25
7240 ± 25

14

C Age BP (yr BP)

Calibrated age BP (cal BP)
7845e7950
8000e8160
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^ te, Walker and Pasteur watersheds (black lines) with the evolution of the Goldthwait Sea limit from Dredge (1983) based on modern
Fig. 12. Deglaciation maps of the Lakes Penteco
bec North Shore from Occhietti et al. (2011) is shown by
topography. Dates are in calibrated ages. The approximate location of the retreating Laurentide Ice Sheet margin on the Que
the white surface bounded by a dashed line. The little black dashed line corresponds to the limit of the possible invasion of the Goldthwait Sea (C, D) and the proposed maximum
extension of the glaciolacustrine basins (E, F, and G). Note that the scale decrease in F and G.

^te (Fig. 9C) suggests a ﬁrst
in the southern sector of Lake Penteco
phase of stabilization on this sill in shallow marine water. The
hummocky morainic sill observed downstream of the deep lake
basin (Fig. 2; box 1) located near terrestrial morainic ridges (Fig. 1C)
indicates the occurrence of a short-term stabilization of the ice
margin at this location. The following retreat of the LIS margin
might have been accelerated by ice collapse and iceberg calving in
deeper waters (e.g., Mangerud et al., 2013), thus allowing the deep
basin to receive and store sediments instead of the southern sector
of the lake.
^te was isolated from the sea due to the emergence
Lake Penteco

of its outlet ice-contact fan during glacio-isostatic rebound, which
led to the formation of a glaciolacustrine basin as the LIS margin
was still located in the watershed (Figs. 12E and 13D). Sedimentation in the deep lake basin was dominated by the rapid deposition
of glacigenic sediment in an ice proximal to distal setting, leading to
the deposition of glaciomarine and/or glaciolacustrine sediments
(U3) reaching >80 m in thickness in the undisturbed parts of the
lake. The formation of the deep circular cavities, gravitational faults
and external terraces observed in this lake (Figs. 2 and 6A, B, 9A)
has been previously interpreted as the result of in-situ melting of
buried ice masses in former glacial lakes (Eyles et al., 1991; Turgeon
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^ te. See text for details and Fig. 1 for transect location.
Fig. 13. Deglaciation model of Lake Penteco

et al., 2003; Doughty et al., 2014). It is possible that local masses of
dead ice were buried during the fast retreat of the proximal icecontact deposition and remained along the basin ﬂoor due to the
^te. It
input of large volumes of meltwater sediments in Lake Penteco
is questionable, however, how such large ice masses would not
become buoyant in the lake basin rather than remain on the lake
bottom during their burial by sediments. Alternatively, these circular cavities could have been formed either by differential

sediment ﬁlling and draping over the irregular lake bottom
morphology due to the presence of interlocking spurs of preglacial
ﬂuvial bedrock channels (Lajeunesse, 2014) or by strong channelized meltwater ﬂows that scoured these depressions.
Rhythmically laminated silts and clays (U3) sampled in Lake
^te correspond to sedimentation controlled by glacial-melt
Penteco
 Cofaigh and
runoff (i.e., ice-distal varves?) (Powell, 1983; O
Dowdeswell, 2001; Guyard et al., 2011, 2014; Ridge et al., 2012;
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Boes, 2014). The lower thick laminations (PC15-04B-P; Fig. 11B)
reﬂect a depositional environment characterized by high glacigenic
suspended loads (i.e., plumes) in an ice-proximal regime (e.g.,
Figs. 12C and 13C). The thin upper lamination reveals a decrease in
sedimentation input caused by the increasing distance of the LIS
margin in the watershed. When the ice margin was retreating
>30 km upstream of the lake valley (Figs. 12C and 13D), the LIS
^te glamargin might have become disconnected with the Penteco
ciolacustrine basin, leading to sediment supply essentially
controlled by a glacioﬂuvial outwash plain conﬁned in the axis of
the valley with a delta that prograded into the lake. The accumulation rates of 4 cm a1 (inferred from the 4 cm laminae couplet
thickness) to 0.63 cm a1 are similar to those observed in presentday glacial lakes in the Canadian Cordillera and Patagonia (Desloges
and Gilbert, 1995, 1998; Gilbert and Desloges, 2012; Van Daele et al.,
2016), depending on the inﬂuence and distance of glacial processes
in watersheds. The apparent undisturbed sharp transition between
U3 and the upper U4 postglacial sediments is interpreted to
^te
correspond to the retreat of the LIS margin from the Lake Penteco
watershed (Figs. 12F and 13E) (e.g., Normandeau et al., 2017;
Dietrich et al., 2017b) dated at <8000e8160 cal BP (7240 ± 25 yr
BP; UCIAMS-162978; Fig. 12A, Table 2). This age is consistent with
the 8.2 ka cal BP LIS margin position suggested by Occhietti et al.
(2011) near the northern limit of the watershed.
5.1.2. Lake Walker
Located at 115 m asl, 30 km north of the modern coastline, Lake
^ te. As the GoldWalker was deglaciated later than Lake Penteco
thwait Sea reached its maximum elevation (130 m asl) in the region
at ~10.8 ka cal BP (Occhietti et al., 2011), the LIS margin was
reaching a stabilisation phase ~10 km south of the lake to deposit an
ice-contact fan (Dredge, 1983). This paleogeographical context
probably did not allow a sufﬁcient time period for the Goldthwait
Sea waters to invade the lake basin (Fig. 12C). During deglaciation of
the area south of the lake, the low structural connectivity of the
lake valley with the open coast (Goldthwait Sea) could have prevented signiﬁcant contact with marine waters and reduced the rate
of ice retreat (Fig. 12C). Between 10.8 and 10 ka cal BP, a second
stabilization phase led to the deposition of the outlet ice-contact
fan located at the southern end of the lake (12D), which was constructed at the same elevation (115e130 m asl today) as marine
limit. After a few hundred years of glacio-isostatic rebound, the
elevation of this ice-contact fan and the presence of ice could also
have prevented the occupation of the lake by the Golthwait Sea
(Fig. 14B).
The presence of the acoustic basement (U1) forming hummocky
topography covered by a thin sediment layer (U3 and U4) in the
southern basin of the lake suggest the persistence of an ice margin
in the basin that could have delayed or prevented an early deposition of glaciomarine and/or glaciolacustrine laminated sediments.
The well-deﬁned morainal banks observed south of the lake (Fig. 3;
box 2) suggest the presence of an ice tongue terminus during
deglaciation that was grounded to the lake bottom during a shortlived stabilization (e.g., Geirsdottir et al., 2008). Subsequently, the
retreat of the LIS margin in the deep southern basin probably
accelerated rapidly, preventing sediment inﬁlling the basins and
rather depositing a thin sediment drape. Bathymetric highs
observed along the bottom of Lake Walker indicate a deglaciation of
the entire basin punctuated by short-term stabilizations (Figs. 3 and
14B, C).
The LIS margin grounded on the topographic high (i.e., knickpoint step) on the sill in the central part of the lake, which led to the
construction of an esker-like ridge that is cut perpendicularly by
closely spaced morainic ridges (Fig. 3; box 3) (e.g., Brennand, 2000).
At that time, relative sea level had fallen quickly making the

presence of marine waters unlikely. The Lake Walker basin was
isolated from the sea as it was still widely occupied by ice (Figs. 12D
and 14C), leading to the formation of a glaciolacustrine basin. After
the retreat of the ice margin from the central sill (Figs. 12E and 14D),
the northern basin acted as a sediment trap (Fig. 10D), leading to
the deposition of ~50 m thick rhythmically laminated sediment
(U3) (Fig. 10C) delivered by glacial meltwaters during deglaciation
of the Lake Walker watershed (Fig. 12E and F, 14D). Rhythmically
laminated silts and clays (U3; Fig. 11C) sampled in the northern
basin of Lake Walker are very similar; they are observed at the same
^ te, suggesting
stratigraphic level as those observed in Lake Penteco
a common origin. The transition between the lower U3 and the
upper (~6,5 m) ﬁnely laminated sediments sequence (U4) is also
interpreted to correspond to the retreat of the ice margin from the
Lake Walker watershed (Figs. 12G and 14E), dated at
<7845e7950 cal BP (7060 ± 25 yr BP; UCIAMS-161066; Fig. 11C;
Table 2). The age obtained for the complete deglaciation of the Lake
Walker watershed (<7845e7950 cal BP; Table 2) is slightly younger
^ te watershed
than the age for deglaciation of the Lake Penteco
(<8000e8160 cal BP; Fig. 11A; Table 2); this observation is consistent with its larger northward extent and its connection to the
glacial systems for a longer time. This age allows reﬁning the
paleogeography of the LIS retreat between 8.2 and 7.5 ka cal BP
(Occhietti et al., 2011) in the study area.

5.1.3. Lake Pasteur
By 10.8 ka cal BP, the retreating LIS margin reached the outlet
area of the Lake Pasteur valley where it deposited a subaqueous icecontact fan (Dredge, 1983). Ice retreat over the lake occurred between 10.8 and 10 ka cal BP (Occhietti et al., 2011). Similarly to Lake
^te, the elevation of the Lake Pasteur outlet ice-contact fan
Penteco
below marine limit suggests that it was immediately invaded by the
Goldthwait Sea after deglaciation. The good connectivity with the
open coast and the elevation of the lake probably favored a rapid
opening of the valley. The swath bathymetry imagery and aerial
photography (Fig. 5) reveal the presence of bathymetric highs that
induced short-term stabilization of the ice margin during its
retreat. Being located at the same elevation, lakes Pasteur and
^te were probably isolated in glaciolacustrine basin around
Penteco
the same time. Subbottom proﬁles in Lake Pasteur show a thick
(50 m) drape of rhythmically laminated acoustic sediments (U3;
Fig. 8) deposited during deglaciation. Complete deglaciation of the
^ te watersheds were probably synchrolakes Pasteur and Penteco
nous due to the similar northward extent of their respective
watershed (Fig. 12F).

5.2. Deglacial transgression and the following forced regression
The morphosedimentary data presented here indicate that lakes
^te and Pasteur were occupied by the Goldthwait Sea during
Penteco
deglaciation; such a situation was probably not the case for Lake
Walker where the ice margin blocked the entrance of the fjord
valley. The possible limit of marine areal extent upstream in the
^te and Pasteur watershed is difﬁcult to establish due
lakes Penteco
to the complex diachronic interactions between ice margin retreat,
marine transgression and glacio-isostatic differential rebound.
Differential rebound may have caused the differing marine limits
between the coastal area and the head of the structural valleys of
the lakes. Moreover, marine sediments have been reworked and
overlain by glacioﬂuvial and ﬂuvial deposits, making their identiﬁcation difﬁcult. Nevertheless, the identiﬁcation of a marine deltaic
^te valley (Dredge, 1983) provides
deposit upstream Lake Penteco
evidence for marine waters in the sector.
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Fig. 14. Deglaciation model of Lake Walker. See text for details and Fig. 1 for transect location.

5.3. Para- and post-glacial sedimentary environments
^ te, Walker and
Deglaciation of the watersheds of lakes Penteco
Pasteur coincided with the shutdown of direct glacigenic sediment
supply into the lakes from glacial meltwater sources (U3). The
establishment of paraglacial sedimentation (lower part of U4)
(Fig. 12F and G, 13E, 14E) began when the LIS margin retreated from
the watersheds, as sediment delivery to the lake was then mainly
dominated by reworking and transport of glacigenic deposits along
the river banks (Church and Ryder, 1972; Church and Slaymaker,
1989; Ballantyne, 2002; Hein et al., 2014; Dietrich et al., 2017a).

From ~10 ka cal BP, the study area was ice-free and being slowly
colonized by a periglacial tundra vegetation which was progressively replaced by dense forest (Richard and Grondin, 2009). The
development of postglacial forest and soils led to the stabilization
of the watersheds, which limited sediment availability and transport, and resulted in the deposition of organic-rich ﬁne sediments
(i.e., gyttja). The development of the long lake-head river delta
plain during deglaciation generated a constant source of detritic
ﬂuvial sediment supply during the Holocene, leading to the formation of crescentic and creeping bedforms on the sublacustrine
deltas slope (Normandeau et al., 2016a). The evolution of the
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bedforms between 2011 and 2016 (Fig. 4) indicates that the lake
deltas are still active, therefore contributing to the formation of
laminae in U4. The migration of the crescentic bedforms in an
upslope direction conﬁrms that they are cyclic steps or transitional
upper-ﬂow regime bedforms between antidunes and cyclic steps
sensu Covault et al. (2017) formed by sediment density ﬂows as
initially described by Normandeau et al. (2016a).
^te
The para- and post-glacial sediments (U4) in lakes Penteco
(Fig. 11A) and Walker (Fig. 11C) is delimited by a sharp lower contact with the underlying deglacial sediments (U3), indicating an
abrupt switch-off of direct glaciogenic sediment supply following
complete deglaciation of the lake watersheds (Dietrich et al., 2017a;
Normandeau et al., 2017). The rhythmically laminated sediments
downward U4 have strong similarities with clastic-organic varves
deposited in paraglacial conditions (Ridge et al., 2012; Zolitschka
et al., 2015). Sedimentation in the lakes then shifted to a postglacial sedimentation regime characterized by the deposition of
gyttja sediments containing diffuse laminae (Fig. 11A). These sedibec lakes situments have been typically observed in modern Que
ated on the Canadian Shield where hemipelagic settling sediment
dominates due to a low ﬂuvial input (Shilts and Clague, 1992; Shilts
et al., 1992; Ouellet, 1997; Turgeon et al., 2003; Normandeau et al.,
2013, 2017; Lajeunesse et al., 2017).
5.4. Deglacial, paraglacial and postglacial mass-movements
The high-resolution bathymetry imagery, subbottom proﬁles
and sediment cores reveal that mass-movement landforms and
deposits are present within the glaciomarine and/or glaciolacustrine unit (U3) and less frequently within the paraglacial and
postglacial unit (U4). High rates of glacio-isostatic rebound during
the early phase of deglaciation might have generated strong
earthquakes (Shilts et al., 1992; Ouellet, 1997; Hill et al., 1999;
Stewart et al., 2000; Beck et al., 2001; Lajeunesse and Allard,
2002; Turgeon et al., 2003; St-Onge et al., 2004; Normandeau
et al., 2013; Brooks, 2016; Lajeunesse et al., 2017), which would
have triggered the mass-movements observed in U3 in the three
lakes. Mass-movements that occurred during and/or shortly
following deglaciation of the lakes could also have been triggered
by overload of sediment and dewatering of rapidly deposited sediments (e.g., Lajeunesse and Allard, 2002; Lajeunesse et al., 2017).
Variations in the lake level, such as a rapid lake-level fall following
outburst events at the lake end, might also be potential triggering
mechanisms (Mullins and Halfman, 2001; Monecke et al., 2004).
Throughout the Holocene, the three studied lakes were conducive to gravitational processes. RDLs observed in postglacial sediments in the three lakes could have been produced by sediment
density ﬂows, mass-movements and ﬂoods or could also have been
produced by earthquake-triggered mass-movements (St-Onge
et al., 2012) from the Lower St. Lawrence Seismic Zone, as
observed in lakes located near other active seismic zones (Doig,
1990; Lajeunesse et al., 2008, 2017; Normandeau et al., 2013;
Doughty et al., 2014).
6. Conclusions
The analysis of high-resolution swath bathymetry imagery,
acoustic subbottom proﬁles and sediment cores collected in fjord^te, Walker and Pasteur (Que
bec North Shore) allow
lakes Penteco
the establishment of a conceptual model of the evolution of coastal
fjords as they are progressively deglaciated and glacio-isostatically
uplifted to form fjord-lake basins. The key results of this study are:
 The key geographical location and the limnogeological context
^te, Walker and Pasteur allowed the preservation
of lakes Penteco









of a continuous and high-resolution sedimentary record that
provides an exceptional potential for paleoenvironmental reconstructions since the last glaciation, and possibly before;
^ te,
Moraines observed on the lake ﬂoor of fjord-lakes Penteco
Walker and Pasteur and in their structural valleys indicate a
deglaciation punctuated by short-term ice margin stabilizations.
The large accommodation space created by the rapid ice retreat
in these deep basins prevented their overﬁlling, especially in
Lake Walker, allowing the lakes to exist and to preserve laminated sediment archives until today;
During deglaciation, the three fjord-lakes acted as sediment
traps and were ﬁlled by a thick sequence of rhythmically laminated silts and clays (U3) deposited in glaciomarine and/or
glaciolacustrine environments that have been highly disturbed
by mass-movements;
^te, Walker and Pasteur reveal in the upper
Lakes Penteco
~4e~8 m of their sediment inﬁll a continuous para-to postglacial sediment record (U4). The transition between U3 and U4
is associated with a complete retreat of the Laurentide Ice Sheet
margin and the gradual stabilization of the terrestrial postglacial
landsystem by the development of a forest cover;
^ te and
The boundary between deglaciation of the lakes Penteco
Walker watersheds and the establishment of para- and postglacial
conditions
is
dated
at
<8000e8160
and < 7845e7950 cal BP, respectively. These new dates are
consistent with the Occhietti et al. (2011) deglaciation model
and allow reﬁning the position of the retreating Laurentide Ice
Sheet margin inland on the North Shore of the Gulf of St.
Lawrence.

Future work in these lakes should be directed towards the highresolution analysis of long sediment cores and the acquisition of
low-frequency acoustic subbottom proﬁles in order to achieve
greater penetration into the sediments, especially in deposits
located below the glaciomarine/glaciolacustrine unit (U3).
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