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morphology was revealed from multibeam bathymetry and seismic reflection
surveys conducted between 2001 and 2007 in the Lower St. Lawrence Estuary offshore Betsiamites River,
Quebec, Canada. In this paper, we describe the submarine morpho-sedimentology of an area of ∼500 km2

with focus on the consequences of four mass movement events. The general morpho-sedimentology of
the area and submarine features resulting from mass movement processes, channel erosion and gas seepage
are described. A spatio-temporal sequence for the occurrence of the mass movements and a chronology
for the failures are established. We propose dates for four of the observed mass movement deposits. A
buried paraglacial debris flow deposit is dated as older than 9280 cal BP, whereas a major landslide scar
characterized by two topographic depressions on the shelf and a sediment lobe in the Laurentian Channel
were dated around 7250 cal BP. Morphological observations and sediment core analyses allow us to identify a
least two different recent (i.e., less than 500 yr old) debris flow accumulations associated with two recent
earthquakes: (1) the AD 1663 (M∼7) and (2) AD 1860 (M∼6) or AD 1870 (M∼6.5) earthquakes. In addition to
a complex geomorphology influenced by mass movements, we have identified several regions on the shelf
and on the Laurentian Channel with evidence of pockmarks, which could potentially influence submarine
slope stability in the Estuary.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Investigating submarine mass movements in order to evaluate
slope stability for a region is required when carrying out risk as-
sessment related to natural hazards. With the development of coastal
and offshore activities there is an essential need to improve our un-
derstanding of the factors maintaining slope stability and those
triggering mass movements. This has major implications on the
coastal environment as most of the human and economical activities
are gathered around the coasts. Slope instability is generally caused by
erosion, sedimentation, gas hydrate dissociation, earthquake shaking,
diapirism, sea-level change and/or wave action (Prior et al., 1984;
Locat and Lee 2002) and can generate submarine landslides, which
occasionally result in tsunamis. Such consequences of slope instability
can damage man-made infrastructures, such as the rupture of
submarine telecommunication cables (Hampton et al., 1996), and
influence public safety (Piper et al., 1985).

Submarine mass movements are widespread geomorphological
processes occurring in many different oceanographic settings (Locat
fax: +1 418 656 7339.
a (G. Cauchon-Voyer).

l rights reserved.
and Lee 2002; Canals et al., 2004). In Quebec, comprehensive analyses
of submarine mass movements have mostly been carried out in the
Saguenay Fjord (Urgeles et al., 2002; Locat et al., 2003; St-Onge et al.,
2004; Levesque et al., 2006). In the St. Lawrence Estuary (Fig. 1),
Duchesne et al. (2003) and Hart and Long (1996) have presented
geomorphological and geophysical evidence of slope instability for the
Outardes River deltaic system, whereas Syvitski and Praeg (1989) and
Massé (2001) have identified several local slope failures using high
resolution seismic reflection profiles. However, no exhaustive study
has been undertaken with the primary goal of understanding
submarine mass movements in the Estuary. As part of the COSTA-
Canada project (COntinental slope STAbility) (Locat and Mienert,
2003), intensive field work was carried out in the St. Lawrence Estuary
between the Betsiamites and Manicouagan deltaic systems (Duchesne
et al., 2003; Locat et al., 2004; Cauchon-Voyer, 2007). This work led to
the recognition of significant evidence of submarine mass movements
west of the Betsiamites River mouth (Fig. 2). Considering the number
of historic earthquakes known to have caused landslides across
Eastern Canada since the last deglaciation (Smith 1962; Shilts and
Clague 1992; Aylsworth et al., 2000; St-Onge et al., 2004; Levesque
et al., 2006) and the extent of the irregular geomorphological features
observed in the Betsiamites–Rimouski area (Locat et al., 2004;
Cauchon-Voyer, 2007), more than one slope failure event could be
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Fig.1.Map of the St. Lawrence Estuary, with indication of the locations discussed in this paper. Black rectangle indicates location of the Betsiamites–Rimouski study area presented on
Fig. 2. Inset is a map of Eastern Canada.
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expected to have influenced the area. A better understanding of
previous slope failure events and their timing is required to assess of
the landslide hazard potential in the St. Lawrence Estuary.

The aim of this study is to present results of a seismostratigraphic
and morpho-sedimentological analysis of the seafloor in the Betsia-
mites–Rimouski area in the Lower St. Lawrence Estuary. These
analyses, integrated with results of studies presenting radiocarbon
dates (Bernatchez, 2003) and describing the Holocene magnetic and
sedimentological sequences of the St. Lawrence Estuary (St-Onge
et al., 2003), will provide the basis for a spatio-temporal sequence and
a chronology for the occurrence of at least 4 slope failure events.

2. Regional setting

2.1. St. Lawrence Estuary morphology

The study area is located along the North Shore of the Lower St.
Lawrence Estuary, Quebec, Canada, 400 km northeast of Québec City
close to the small community of Cap Colombier (Fig. 1). The regional
morphology of the Estuary can be divided into three physiographic
regions: the shelf (SH), slope (SL), and the Laurentian Channel (LC)
(Fig. 2). The water depth in the study area ranges from shoreline down
to 375 m in the Laurentian Channel. The shelf at the mouth of the
Betsiamites River is a sub-horizontal surface and has an averagewidth
of 10 km and a maximum slope of 2°. The shelf break occurs between
150 and 200 m water depth. The slope has a height of 200 m. The
Laurentian Channel is a long sub-horizontal topographic depression in
the seafloor of the Estuary. It is interpreted as the result of a pre-
Quaternary drainage system subsequently overdeepened by succes-
sive glaciations (Loring and Nota,1973). It has amaximumwater depth
of 375m and awidth of 45 km in the study area. The topography of the
Laurentian Channel in this area is generally uniform and leveled, with
local variations due to landslide debris and pockmarks (Locat et al.,
2004; Pinet et al., 2008). The underlying bedrock in this part of the
Estuary is likely made up of Cambrian–Ordovician sedimentary rocks
of the St. Lawrence Lowlands.

2.2. Late Quaternary geology

The glaciation and deglaciation cycles in Eastern Canada have
caused a complex geomorphology in the Estuary. The north shore of
the St. Lawrence Estuary is characterized today by large deltaic
systems discharging into the Estuary. These large deltaic complexes
are linked to the northward retreat of the Laurentide Ice Sheet during
the Late Wisconsinan. The Betsiamites River deltaic system, along
with the Manicouagan and Outardes Rivers, was an important outlet
for meltwater during deglaciation of Quebec and Labrador, partly
accounting for the great volume of paraglacial sediments accumulated
in the Estuary (Syvitski and Praeg, 1989). Deglaciation of the North
shore of the Estuary took place at about 12 ka BP or ∼14 ka cal BP
(Shaw et al., 2006) and at 11.7 ka BP (∼13.2 ka cal BP) (Bernatchez,
2003) in the study area of the Betsiamites River. Bernatchez (2003)
established a regional relative sea-level (RSL) curve for the last 11 ka
BP (∼12.6 ka cal BP) for the North shore of the St. Lawrence Estuary.
This curve, along with other proposed curves for the South shore of
the Estuary (Locat, 1977; Lortie and Guilbault, 1984; Dionne, 2001),
reflects the combined effect of a highly complex isostatic rebound
history with global sea level changes. In the Estuary, the RSL
fluctuations due to postglacial submergence of the coastal areas
were not synchronous on both shores, making a generalized curve for
the whole Estuary difficult to derive (Dionne, 2001). Sea level reached
a maximum at about 150 m above sea level in the vicinity of the study
area and lowered to the present sea level at around 7500 BP
(∼8000 cal BP) (Bernatchez, 2003). Fluctuations of the sea level on
the order of 10 mwere observed in the mid to late Holocene (Dionne,
2001). Glacio-isostatic rebound was significant in this area between
11 ka and 8 ka BP (∼12.6 and ∼8.5 ka cal BP) with an average annual
rate of 47 mm/yr and as fast as 94 mm/yr between 11 and 10 ka BP
(∼12.6 and ∼10.9 ka cal BP) (Bernatchez, 2003).

Onshore, Bernatchez (2003) described the Holocene coastal
stratigraphy of the area as a sequence of emerged glacio-marine,
prodeltaic, deltaic, fluvial and littoral deposits. Offshore, Syvitski and
Praeg (1989) provided a regional seismostratigraphic framework for
the late Quaternary sedimentation in the St. Lawrence Estuary by
establishing a seismostratigraphic sequence with associated geologi-
cal interpretations for each unit. Other authors have presented
analyses of the Quaternary sedimentation (Josenhans and Lehman,
1998; Massé, 2001; Duchesne et al., 2007) for the Gulf and St.
Lawrence Estuary, but the interpretations of Syvitski and Praeg (1989)
best match the observations made in the study area and will be used
hereafter in our analysis. They defined 5 units associated with the
retreat of the Laurentide Ice Sheet. From the base to the top, they are



Fig. 2. Bathymetric coverage of the study area, ranging from 5 to 375 mwater depth. Bathymetric contour lines are at 40 m interval starting at 20 m depth. The three physiographic
regions are indicated: shelf (SH), slope (SL), and Laurentian Channel (LC). Note the location of the subaerial landslide scar, the Betsiamites River, and the MD99-2220 coring station.
The landslide scar has a maximum width of 2000 m and length of 3280 m. The satellite image is the Landsat 7 Orthoimage 012026_0100_010525 from the Centre for Topographic
Information, Geomatics Canada. Digital Elevation Model on land was computed from files 022B-G of the National Topographic Data Base (1:250 000), Geomatics Canada. Elevation
contour lines are at 40 m interval starting at an elevation of 20 m.
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interpreted as: (1) ice-contact deposits including ice-loaded and ice-
deposited sediments; (2) ice proximal, coarser grained sediments
deposited as a thin conformable layer during the rapid retreat of an ice
terminus; (3) fine-grained ice-distal sediments probably correlated to
the Goldthwait Sea clays (e.g., Dredge, 1983); (4) coarse paraglacial
sediments transported from land to sea from a rapidly ablating
subaerial ice-sheet; and (5) postglacial sediments deposited under
modern sea-level and oceanographic conditions.

2.3. Subaerial landslide scar

Many subaerial mass movements have been previously identified
onshore in the vicinity of the study area (Allard, 1984; Bernatchez,
2003). A subaerial landslide scar with an area of 6.5 km2 is observed
on shore, west of the Betsiamites River (Fig. 2). The landslide scar has a
maximum width and length of 2000 m and 3280 m, respectively. Its
head scarp is located in a marine terrace at 60 m above sea level and
the debris reach the tidal flat, which is composed of deformed
prodeltaic silts with incorporated and sporadic pockets of organic
matter and wood (Bernatchez, 2003). The lowermost section of the
subaerial landslide scar is made of hills ranging from 5 to 15 m high
and depressions filled with standing water. These hills are interpreted
as large rafted and tilted blocks of well-preserved or intact stratified
prodeltaic sediments mobilized by the landslide (Bernatchez, 2003).
With an area of 6.5 km2 and a volume of more than 300 million m3, it
is one of the biggest historical subaerial landslide that has occurred in
Québec, comparable to the 1663 Saint-Jean-Vianney (Fig. 1) landslide
(Lasalle and Chagnon, 1968). According to three 14C dates and Jesuits
writings (Thwaites, 1959), Bernatchez (2003) suggested that this
landslide was triggered by the major earthquake (M≈7) that struck
the province of Québec on February 5th 1663 (Smith, 1962). A well
preserved conifer tree branch with remaining bark was found among



Fig. 3. Location of the 15 sediments sampling stations described in Table 1 and positions
of all the high resolution seismic reflection profiles acquired in the study area between
2003 and 2006. The stations represented with a grey square and labeled are presented
in this paper. The stations represented with a grey circle are described in Cauchon-
Voyer (2007). The white seismic reflection profiles are presented in this paper.
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other landslide debris within the prodeltaic silts of the tidal flat and
was dated at 310±60 14C yr BP (UL-1922). This provides the best
radiocarbon dating evidence linking this landslide to the earthquake
of 1663. This also indicates that the slope failure occurred during
subaerial exposure when the RSL was at present level.

The Jesuits, who had been living in the area since the early 1600s,
recall in their documents details supporting this hypothesis. They
indicate that many landslides were triggered by the 1663 earthquake,
as they comment on the amount of sediments in suspension in the
St. Lawrence River: “and our great river Saint Lawrence appeared all
whitish as far as the neighborhood of Tadoussacq — a prodigy truly
astonishing and fitted to surprise thosewho know the volume ofwater
carried by this great streambelow the Island of Orleans, and howmuch
matter it must have taken to whiten it.” In the area of Betsiamites, the
Jesuit Fathers observed debris flowing from the Betsiamites River:
“We saw in passing the ravages wrought by the Earthquake in the
rivers of Port neuf; the water coming therefrom is all yellow, and it
retains this color far into the great rivers, as does that of the Bersiamites
[Betsiamites]. The Savages could no longer navigate these two rivers”.
Although the Jesuits provided valuable descriptions of the extent,
magnitude, and outcomes of the 1663 earthquake and resulting land-
slides in the province of Quebec, they unfortunately do not directly link
the 1663 earthquake to the landslide scarwe observe todaywest of the
Betsiamites river mouth (Fig. 2). Nevertheless, the existing published
dates obtained from the debris of the subaerial landslide and the
mention of the Betsiamites River in the Jesuits writings provide
reasonable evidence to link this landslide to the 1663 earthquake.
However, a much more detailed and rigorous investigation must be
undertaken to unequivocally demonstrate their association.

3. Data and methods

3.1. Bathymetric data

High-resolution bathymetric mapping of the St. Lawrence Estuary
started in 2000 in the deltas of the Outardes and Betsiamites rivers as
part of the COSTA-Canada project (Urgeles et al., 2001) in collaboration
with the Canadian Hydrographic Service (CHS). Subsequent surveys
(2001–2004) in theBetsiamites-Manicouagandeltas areawere obtained
through collaboration between the CHS, the Interdisciplinary Centre for
the Development of Ocean Mapping (CIDCO), and Laval University
through COSTA-Canada. Between 2005 and 2006, the Geological Survey
of Canada (GSC), in partnership with the CHS, led the “Geoscientific
Mapping of the St. Lawrence Estuary Project” (Campbell et al., 2005,
2006; Bolduc et al., 2006), which allowed the coverage of the remaining
portions of the Estuary. Finally, in 2007, the shallow area between 5 and
20 m water depth in the Betsiamites area was surveyed through col-
laboration between the GSC, the CHS, and Laval University. The deeper
water data was obtained before 2005 using a Kongsberg EM1000 and
later with a Kongsberg EM 1002 multibeam echosounder system
mounted on board the Canadian Coast Guard (CCG) vessel Frederick G.
Creed. The shallow area was surveyed with a Kongsberg EM3002
mounted on board the CCG vessel Guillemot. The data were positioned
using differential and kinematic GPS. The data was processed with the
Caris HIPS/SIPS software. Data visualization and shaded relief bathy-
metric images was obtained with Generic Mapping Tool (GMT) and
ArcMap9.2.All grids shown in this paperhave a cell size of 10m.Artifacts
on themultibeamdata are due to complex tide corrections between non
continuous surveys, swath misalignment and coverage less than 100%
for certain areas. The 140 m contour line was slightly smoothed to
remove erroneous variations of seafloor depth due to artifacts.

3.2. Seismic data

The high resolution seismic reflection data used in this study were
obtained with an EG&G chirp systemmounted on board the Coriolis II
research vessel with frequencies ranging from 2 to 12 kHz (Fig. 3).
600 km of seismic profiles were acquired during three cruises be-
tween 2003 and 2006. Soundwave velocity for time-depth conversion
in water and in sediments was estimated at 1500 m/s, hence all depth
values are approximated. Interpretation of subsurface data was per-
formed with the Kingdom Suite software package.

3.3. Sediment sampling and core analyses

10 box cores, 6 Lehigh gravity cores, 8 trigger weight cores, and 9
piston cores were recovered during three cruises (COR0307, COR0503,
and COR0602) between 2003 and 2006 on board the R/V Coriolis II at
15 sampling stations (Table 1, Fig. 3). Core positioning was obtained
using the acoustic tracking system Trackpoint II. Low field volumetric
magnetic susceptibility (k) and wet bulk density derived from gamma
ray attenuationwere measured on board using a GEOTEKMSCL (Multi
Sensor Core Logger) system at 1 cm intervals. Immediately after
recovery, a fewgrams of sediments were sampled at all section ends in
order to measure water content for geotechnical purposes and to later
assess core preservation. Digital X-ray images of all cores were ob-
tained with computerized co-axial tomography (CAT-Scan) with a
pixel resolution of 1 mm. The resulting grey scale images allow us to
extract profiles of tomographic intensity: darker and lighter zones
representing lower and higher X-ray attenuation, respectively (e.g., St-
Onge et al., 2007). The CT number relates to the mineralogy, organic
matter content, grain size, and bulk density of the sediments
(Boespflug et al., 1995; St-Onge et al., 2007). Cores were split, de-
scribed and photographed. Grain sizemeasurements weremade using
a Beckman Coulter LS 13 320 laser diffraction particle size analyzer for



Table 2
Summary of seismic attributes of the 5 seismostratigraphic units

Seismostratigraphic sequence and
geological interpretations

Seismic attributes

Unit 5 Postglacial sediments R: Medium to strong reflections
G: Few internal reflecting horizons
conformable with Unit 4
A: Medium to strong amplitude
U: Sharp sediment–water contact

Unit 4 Paraglacial sediments R: Strong high frequency reflections
G: Closely packed reflecting horizons,
conformable with Unit 3
A: Alternating low to strong amplitude
U: Sharp or gradational transition from Unit
4 to Unit 5

Unit 3 Ice distal sediments R: Weak reflections
G: When apparent, reflecting horizons
conformable with Unit 2
A: Low amplitude
U: Sharp transition from Unit 3 to Unit 4

Unit 2 Ice proximal sediments R: Strong and high frequency reflections
G: Closely packed reflecting horizons
conformable with Unit 1
A: Alternating low to medium amplitude
U: Sharp transition from Unit 2 to Unit 3

Unit 1 Ice contact sediments R: Absent reflections and absorption of
acoustic energy
G: No reflecting horizon
A: Medium amplitude
U: Sharp transition from Unit 1 to Unit 2

R refers to inner reflections, G to the geometry of the reflecting horizons, A to amplitude,
and U to the attributes of the upper transition of the units.

Table 1
Position of the sampling stations and length of the sediments cores recovered in the Betsiamites area

Station Core type and sample length (cm) Features targeted Latitude (N) Longitude (W) Water depth (m)

Piston Trigger weight Lehigh gravity Box

03-BE01 505 101 − 44 Shelf edge 48°48.742 68°40.374 192
03-BE02 724 131 − 52 Laurentian Channel — debris lobe 48°44.812 68°39.318 347
03-BE03 501 − − 49 Landslide scar (E) 48°50.309 68°42.143 123
03-BE12 – − 134 48 Landslide scar (E) 48°52.687 68°43.030 54
05-BE01 776 95 − − Laurentian Channel 48°43.585 68°39.123 352
05-BE02 − 127 – 40 Landslide scar (W) 48°50.725 68°44.064 97
05-BE04 − − 30 37 Butte 1 48°51.568 68°43.351 73
05-BE05 − − – 38 Paleomeander 48°51.886 68°39.179 129
05-BE06 − − 205 32 Slope landslide 48°51.628 68°31.867 320
05-BE07 − − – 43 Rugged surface 48°48.430 68°43.230 165
06-BE15 592 13 128 − Butte 1 48°51.359 68°43.803 73
06-BE16 708 – 90 & 235 − Rugged surface 48°47.960 68°43.250 151
06-BE17 882 262 − − Laurentian Channel pockmark 48°45.578 68°28.444 370
06-BE18 597 33 − − Rugged surface 48°48.908 68°42.355 169
06-BE19 501 6 – 39 West shelf 48°49.700 68°46.440 85

The first two digits of the stations number refer to the year of the sampling cruise, 03 for cruise COR0307 in 2003, 05 for cruise COR0503 in 2005 and 06 for cruise COR0602 in 2006.
Water depth values correspond to depth to the seafloor at sampling time.
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the sediment fraction smaller than 2000 μm. The grain size data were
processed with the Gradistat program and calculations of grain size
statistics were done with the geometric method of moments (Blott
and Pye, 2001). Sedimentation rates were derived from 210Pb
measurements within sediments of two box cores (05-BE02-02BC,
05-BE05-05BC). The measurements were obtained after chemical
treatment, purification, and deposition on a silver disk and alpha
counting of the daughter 210Po following routine procedures at the
GEOTOP-UQAM-McGill research center (e.g., Zhang, 2000).

4. Observations and results

4.1. Stratigraphic analysis

The seismostratigraphic analysis was done in order to temporally
correlate morphological features and establish a time sequence for the
mass movement events. Since this study aims to focus on the timing
and on the consequences of mass movements, we will be consistent
with the work of Syvitski and Praeg (1989) for the sequence-
stratigraphy interpretations and will not attempt to provide a new
interpretation. Based on seismic facies analysis rather than mapping
unconformities, 5 seismic units were identified in this study. These
units were defined according to their reflections, geometry of the
inner reflecting horizons, amplitude, and attributes of the upper
transition of each body. The seismic attributes of these five units
match the seismic interpretations previously suggested by Syvitski
and Praeg (1989) so we will use their associated sequence-strati-
graphy interpretations, which is from base to top: (1) ice-contact
sediments; (2) ice-proximal sediments; (3) ice-distal sediments; (4)
paraglacial sediments; and (5) postglacial sediments (Table 2, Fig. 4).
This sequence is interpreted on the shelf (Fig. 4) and in the Laurentian
Channel (Fig. 5). The characteristic of each seismostratigraphic unit
are described below and summarized in Table 2. In addition, five main
reflecting horizons were mapped and are recognized regionally in the
seismostratigraphic sequence of the study area. These reflecting
horizons are coherent and laterally continuous reflections due to
strong acoustic impedance contrasts in the sedimentary succession.
They are labeled, from the deepest to shallowest, as R1, R2, R3, R4 and
R5.

4.1.1. Bedrock signature
The bedrock surface at the base of the sequence is a relatively

continuous high amplitude reflecting horizon with variable relief.
There is no signal penetration below this reflecting horizon. On the
shelf, this reflecting horizon can have a stair-like geometry (Fig. 6) or a
more leveled topography (Fig. 4). On the slope, the sedimentary drape
is thinner and discloses the morphological control of the bedrock on
the slope (Fig. 7). In the Laurentian Channel, the chirp system did not
provide enough signal penetration to obtain a coherent bedrock
reflection. The transition between the top of the bedrock and Unit 1,
when visible, is sharp.

4.1.2. Ice-contact sediments — Unit 1
This unit is acoustically uniform with moderate amplitude.

Coherent reflections are absent and there is absorption of acoustic
energy. The upper transition of Unit 1 is a high amplitude dis-
continuous reflecting horizon of variable relief. Unit 1 overlies bed-
rock, which is visible only when this unit is thin (Figs. 4 and 6). Unit 1
is the lowermost unconsolidated body, so it is interpreted as ice
contact sediments (Syvitski and Praeg, 1989).



Fig. 4. (a) Profile be06_109 on the shelf outside and inside the large landslide scar area. The profile is 3.2 km long. The vertical exaggeration is 17×. Left scale is inmilliseconds twoway
travel time (TWTT) and right scale is approximate depth in meters. (b) Interpretations showing the typical seismostratigraphic sequence for the study area: Unit 5 postglacial
sediments, Unit 4 paraglacial sediments, Unit 3 ice distal sediments, Unit 2 ice proximal sediments, and Unit 1 ice contact sediments. R1 is a high amplitude reflecting horizon
interpreted regionally on the shelf and in the Laurentian Channel in the study area. R2 is the reflecting horizon marking the limit between Unit 4 and Unit 5. Note the bulge of
seismically transparent deposits and deformed reflecting horizons. Location of this section is shown on Figs. 3 and 12.
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4.1.3. Ice-proximal sediments — Unit 2
Unit 2 is a sequence of closely packed reflecting horizons with

alternating low to high amplitude. It is conformable with Unit 1. An
upper reflecting horizonmarks a sharp transition between Units 2 and
3. This unit is related to the ice-proximal sedimentation associated
with high deposition rates of relatively coarse particles close to amajor
discharge outlet along the face of a glacier (Syvitski and Praeg, 1989).

4.1.4. Ice-distal sediments — Unit 3
This unit is a thick body with distinctive low amplitude and weak

reflections (Fig. 4). A few high frequency and weak reflecting horizons
are visible. They are conformable with Unit 2. The transition between
Units 3 and 4 is sharp and is mostly recognized by the contrast in
amplitude. Unit 3 is interpreted as ice-distal sediments (Syvitski and
Praeg, 1989). Ice-distal sedimentation is interpreted as the accumula-
tion of fine glaciomarine sediments deposited in a low-energy glacial
sea environment when sea-ice cover may have been present up to
8 months per year (de Vernal et al., 1993).
4.1.5. Paraglacial sediments — Unit 4
Unit 4 is characterized by a sequence of strong high frequency

reflections. Unit 4 has dense closely packed reflecting horizons
conformable with Unit 3. The amplitude of this unit varies between
low and high. Reflecting horizon R1 is observed within this unit
(Fig. 4). This high amplitude reflecting horizon R1 is also recognized
regionally on the shelf and in the Laurentian Channel (Figs. 5, 6, 7, 8, 9,
and 14). The transition between Unit 4 and Unit 5 is sharp, mostly
recognized by a change in amplitude and fewer coherent reflecting
horizons. When present, the reflecting horizon marking the limit
between Unit 4 and Unit 5 is indicated as R2 within the sequence
(Fig. 4). Unit 4 is interpreted as paraglacial sediments (Syvitski and
Praeg, 1989). Paraglacial sedimentation occurs when high volumes of
coarse sediments are transported from land to sea from a rapidly
ablating terrestrial ice-sheet. The Betsiamites River, Manicouagan
and Outardes rivers deltaic systems were important fluvial discharge
outlet during the last deglaciation, partly accounting for the great
volume of paraglacial sediments accumulated in the Estuary resulting



Fig. 5. (a) Bathymetric image of the landslide area and the buried debris lobe in the Laurentian Channel. Position of seismic profile presented in b) and position of core presented in
Fig. 19. (b) Seismic reflection profile 03_bet2 across the debris flow lobe. Line is 19.4 km long. U1 to U5 refer to the 5 seismostratigraphic units and R1 to R5 refer to the 5 reflecting
horizons identified in the study area, see text for explanations. Note also the debris flow deposit with seismically transparent to acoustically impermeable seismic attributes and
resulting deformation structures on the reflecting horizons. (c) Enlargement on the western limit of the debris flow lobe. Note the deformation structures resulting from the debris
flow. The red rectangle represents the position of the 724 cm-long piston core recovered from the 03-BE02 sampling location. The upper 112 cm of this core is presented in Fig. 19.
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in high sedimentation rates. These sediments were transported
offshore via slumps, slides, and turbidity currents. This is a higher
energy environment than the finer glaciomarine environment leading
to the deposition of Unit 3 (Syvitski and Praeg, 1989). Debris flow
deposits are identified in Unit 4 (Fig. 8). These bodies are recognized
on the seismic profiles by the chaotic and highly variable seis-
mic attributes, ranging from seismically transparent to acoustically
impermeable.

4.1.6. Postglacial sediments — Unit 5
The seismic attributes of Unit 5 consist of medium to strong

amplitude reflections with few coherent reflecting horizons contrast-
ing with the lower amplitude background, such as reflecting horizons
R3, R4 and R5 (Figs. 5, 6, 8, and 14). Debris flow deposits are also
recognized within Unit 5 and present seismically transparent to
acoustically impermeable seismic attributes (Fig. 5). Unit 5 makes up
the uppermost unconsolidated sediments of the study area and is
interpreted as postglacial sediments. This unit corresponds to the
sediments deposited under modern (post-glacial) sedimentation
patterns of lowered RSL and complete retreat of the Laurentide Ice
Sheet (Syvitski and Praeg, 1989).

4.1.7. Correlation to the sampling location of core MD99-2220
Seismostratigraphic correlations to the sampling location of core

MD99-2220 (48°38.32 N/68°7.93 W, water depth 320 m, length
51.6 m) (Fig. 2) were made to provide support for the timing of the
seismostratigraphic sequence and for the chronology of the slope
failure events between the Betsiamites River and Rimouski in the
St. Lawrence Estuary. A 17 km long chirp profile was acquired between
the study area and coreMD99-2220 sampling location (Fig. 9). The five
seismostratigraphic units and the reflecting horizons R1, R4 and R5
were identified on this profile. For reflecting horizons R2 and R3, the
low contact in acoustic impedance in the sedimentary succession
at core MD99-2220 sampling location, in conjunction with the low
quality of our data due to waves and technical problems during data
acquisition, did not allow us to map them precisely all the way to the
core location. However, we were able to provide approximate depths
for their stratigraphic positions. These approximate depths are 15 ms
(11.3 m) for R3, 20 ms (15.0 m) for R2 and for 76 ms (57.0 m) for R1
(Fig. 9). St-Onge et al. (2003) established from 17 AMS 14C dates an age
model for core MD99-2220 (Fig. 10) and dated the transition between
glaciomarine and postglacial sediments (R2 between Unit 4 and Unit 5
of this study) at ∼8500 cal BP at a depth of 14.97 m.

4.2. Morpho-sedimentology

A wide variety of submarine features are revealed from seafloor
investigations (Fig. 11). A combination of morphological, seismostrati-
graphic, and sedimentological analyses within the three physio-
graphic regions allow us to define the general morpho-sedimentology



Fig. 6. (a) Seismic reflection profile be06_102 across the landslide scar and the rugged area. Line is 5.6 km long. (b) Enlargement of surface of the seismic reflection profile. The groove
corresponds to the deepest channels of the rugged area and is indicated by the black rectangle on Fig. 12. The shallow reflecting horizon identified at 75 ms below seafloor is
interpreted at R5. (c) Interpretations of the seismic reflection profile. U1 to U5 refer to the seismostratigraphic units and R1, R2 and R5 refer to the 3 reflecting horizons identified in
the study area, see text for explanations. Note the stair-like geometry of the bedrock. Sediment deformations are observed within Unit 4. These deformations could be caused by
accumulation of debris above R2 and relate to the sediments bulge identified on Fig. 4. A complex geometry of the reflecting horizons is identified within Unit 4 and is likely related to
the Paraglacial landslide event, see text.
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of the area. In this section, we describe the morpho-sedimentology of
the area. The features are presented with regards to the physiographic
regions within which they are observed, from the shelf to the
Laurentian Channel. In addition, submarine features resulting from
mass movement processes, channel erosion and gas seepage are also
described.

Themain physiographic regions of the study are the shelf, the slope
and the Laurentian Channel. The shelf is a sub-horizontal surface and
has an average width of 10 km and a maximum slope of 2°. Sediment
thickness ranges from a few meters to 125 m on the shelf (Fig. 4). The
shelf break occurs between 150 and 200 m water depth. The
orientation of the slope scarp is structurally controlled by the
underlying bedrock (Fig. 7). The slope scarp has twomain orientations
of lineaments (A and B on Fig. 11). Group A has an average SSW–NNE
orientation (022°N) and group B has aWSW–ENE orientation (082°N).
The slope has a height of 200 m with a sedimentary drape ranging
from 0 to 50 m (Fig. 7). The Laurentian Channel is a flat area with large
pockmarks (Fig. 11) and debris lobes (Fig. 5). More than 150 m of
unconsolidated Quaternary sediments are found in the Laurentian
Channel in the studied area (Fig. 9).

4.2.1. Mass movements
Mass movement processes have modified the shelf, the slope, and

the Laurentian Channel. In this section, we present the features
resulting most likely from more than one slope failure event on the
shelf. It is composed of a large scar characterized by two topographic
depressions, buttes with steep flanks and flat tops overlain by
landslide debris, and areas with a rugged surface and channels. The
large scar, with an area of 70 km2, is located west of the Betsiamites
River mouth (Fig. 2), away from its present discharge, indicating that
the river does not have a direct effect on the morphology of the
landslide scar.

Two topographic depressions, West and East, separated by a butte
of stratified deposits make up the upper sector of the landslide scar
(Fig. 8). As it will be presented below, these depressions are
interpreted as scars due to landsliding. The West depression has a
width ranging from 2 to 3 km and a length of 5 km. The slope of the
West depression floor is 1°. The height of the western flank of the
West depression ranges from 12 to 18 mwith an average slope of 12°.
For the eastern flank, heights range between 10 to 20 m with an
average slope of 5°. The width of the East depression varies from 2 to
4 km, has a length of 5 km, and a floor slope of 1°. The height of the
western flank of the East depression ranges from 15 to 20 m with an
average slope of 15°. The morphology of the eastern flank of the East
depression is irregular. The East depression appears to be a continuity
of the subaerial landslide (Fig. 2).

Two buttes with steep flanks and flat tops are observed within the
landslide scar (1 and 2 on Figs. 11 and 12). Butte 1 is the largest one
and is located in the center of the landslide scar marking the
separation between the topographic depressions. It extends over
5 km2 with a maximum length and width of 4.5 km and 1.6 km,
respectively (Fig. 8). The average slope of the top of butte 1 is 1°. A
sequence of truncated parallel reflecting horizons is observed on the
seismic profiles (Fig. 8) of butte 1, implying that it was kept mostly
intact when the two topographic depressions were carved and that it
is neither a bedrock-controlled feature nor a displaced block. We can
identify the high amplitude seismic reflecting horizon R1 in the buttes
and in the deposits outside the large landslide scar (Fig. 8). Butte 2



Fig. 7. (a) Bathymetric image of the slope and landslides. Refer to Fig. 11 for legend of symbols. Position of seismic profile presented in b) is indicated. (b) Seismic reflection profile
be06_118 with enlargement of the headwall and the debris. The failure plane has an average slope of about 7°. Note the morphological control of the bedrock on the slope. Line is
7.2 km long and enlargement is 1.4 km long. (c) Enlargement of the main scarp area, which is 18 m high at this location. R1 is interpreted as the failure plane within the highly
stratified sediments of Unit 4. (d) Enlargement on the debris area. 5 m and 11 m refer to the thickness of hemipelagic sediments draping the debris flow, assuming a sound wave
velocity of 1500 m/s. Sediment deformations are observed within Unit 4.
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(Fig. 11) is found in the lower section of the landslide scar. It has an
area of 0.15 km2, an average length of 300m and awidth of 500m. The
slope of the flanks of the butte ranges between 5 and 15°. Butte 2 has
similar seismic attributes as butte 1 (i.e., truncated parallel reflecting
horizons).
The floor of the upper section of both topographic depressions is a
rough and undulated surface (Fig. 8). This surface is also observed on
top of butte 1 and characterized by the presence of large blocks, with
sizes of up to 20×60×150 m (Fig. 8) dispersed across a defined area
(Fig. 11). The blocks extend up to 8 km downslope from the shoreline



Fig. 8. (a) Bathymetric image of the upper shelf. Refer to Fig. 11 for legend of symbols. Position of seismic profile presented in b) is indicated. Note the large blocks on the surface of the
upper shelf. (b) High resolution seismic profile be06_111 across the landslide scar and butte 1. The profile has a length of 6.7 km. U1 to U5 refer to the 5 seismostratigraphic units and
R1 to R5 refer to the 5 reflecting horizons identified in the study area, see text for explanations. Note the debris flow deposits interpreted in Unit 4 below R1. The butte is a sequence of
closely packed reflecting horizons (Unit 4). (c) Enlargement of the western depression. Note the high frequency and shallow highly undulated reflecting horizon at less than 2 m
below seafloor. R5 is truncated in the 600 m wide and 5 m deep furrow of the West depression.
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(Fig. 11). Some of the blocks are located in small grooves with depths
of 1.5 m in the surface sediments (Fig. 8). These grooves are oriented
parallel to the slope and could be the result of the displacement of the
blocks. A furrow of 600 m wide and 5 m deep is found in the West
depression, which is visible by the change in the shape of the 60 m
contour line (Fig. 2). In addition, small channels are observed among
the blocks and the matrix (Figs. 8 and 11). These channels have an
average width of 50 m and are more organized in theWest depression
(Fig. 11). The surface of both topographic depressions is a layer with
transparent to acoustically impermeable seismic attributes, i.e. the
blocks impede seismic signal penetration whereas the surrounding
matrix is uniform and acoustically transparent (Fig. 8). Attempts to
sample sediments from one targeted block led to the recovery of
coarse sand, contrasting with the finer sandy mud matrix sampled



Fig. 9. (a) High resolution seismic profile 05_bet_01 providing a spatial correlation between the debris flow lobe and coreMD99-2200 sampling location. Position of line 05_bet_01 is
indicated on Fig. 3. The line is 15.4 km long. (b) Seismic interpretations, see text for explanations. The approximate depth at the MD99-2200 core location for R3 is 15 ms (11.3 m),
20 ms (15.0 m) for R2 and for 76 ms (57.0 m) for R1.
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between the blocks. Small wood branches with bark and peat were
found in the sediments recovered from the sandy mud matrix.

The lowermost portion of the landslide scar has an irregular
rugged surface incised by small subparallel channels (Fig. 12). This
∼20 km2 area is located at the bottom of a drop in the relief of the
West depression of the scar (Fig. 6) and ends at the shelf break before a
bedrock ridge (Fig. 12). There is an apparent limit between the rugged
area and the leveled surface outside the scar area (white dashed line
on Fig. 12). The channels have a subparallel pattern and an orientation
more or less perpendicular to the axis of the West depression. The
largest channels have depths up to 2 m on the seafloor. In the seismic
profiles, a shallow high amplitude reflecting horizon (R5 on Fig. 6) is
observed at about 1 ms (75 cm) below the seafloor. The reflecting
horizon R5 is conformable with the rugged morphology and drapes
the channels, implying that the channels are not currently active. A
bulge of seismically transparent deposits and deformed reflecting
horizons are also identified in this area (Fig. 4).

The Estuary slope also shows evidence of slope failure (Fig. 7)
where many landslide scars are identified (Fig. 11). The largest
landslide scar on the slope is found at water depths ranging from
180 m at the head scarp to 340 m at its toe (Fig. 7). The failure plane
has an average slope of about 7°. The landslide scar has a maximum
width and length of 1200 m and 1700 m, respectively and extends
over an area of 1.8 km2. The head scarp has a horseshoe shape and is
on average 16mhigh. The volume of displacedmaterial is estimated at
13.8 million m3. The failure plane was interpreted on the seismic
reflection profiles as the high amplitude reflecting horizon R1 within
the highly stratified sediments of Unit 4 (Fig. 7c). The resulting debris
are interpreted on the seismic reflection profiles (Fig. 7d) and are
buried downslope under a layer of sediments, which ranges from 5 m
in thickness at the foot of the slope to 11 m at the end of the depo-
sitional lobe. The upper limit of this debris flow deposit is interpreted
as the reflecting horizon R3.

The Laurentian Channel was also influenced by mass movement
events, given that we can observe accumulations of debris on the
seafloor and within the seismostratigraphic sequence. In the study
area, a large depositional lobe is observed at a water depth of 350 m
(Fig. 5). This lobe has its apex downslope from the break in the shelf
edge where the lineaments A and B in the bedrock meet (Fig. 11). The
lobe covers an area of 115 km2 and has a maximum diameter of 15 km.
With an average thickness of 9 m, the lobe has an estimated volume of
∼1 km3. Seismic reflection profiles allow us to interpret this lobe as a
result, in part, of an important accumulation of debris following at
least one major slope failure event (Fig. 5c). The lobe is recognized
within Unit 5 (postglacial sediments) of the seismo-stratigraphic
sequence. An undulated high amplitude seismic reflecting horizon (R3
on Figs. 5 and 9) is interpreted as related to a debris flow deposit. This
strong reflecting horizon also extends out of the limit of the debris
lobe (Fig. 5). This large debris flow is buried under an average of 20 ms
(15 m) of deposits, which are interpreted as postglacial sediments
(Unit 5). The acoustic signature of the buried debris flow deposit is
variable, either transparent around the edges or acoustically
impermeable in the central portion of the lobe (Fig. 5). Deformation
structures in a soft-sediment fold-and-thrust belt manner (Schnell-
mann et al., 2005) can be interpreted in the sequence below the debris
flow deposits, where the parallel reflecting horizons are deformed and
displaced (Fig. 5).

4.2.2. Paleochannel
A paleo-submarine channel and its meander are identified on the

shelf east of the landslide scar (Figs. 8, 11 and 13). This submarine
channel is not related to the modern Betsiamites River discharge



Fig. 10. Age model with indication of depth of seismic reflecting horizon R3 at 1130 cm
and R2 at 1500 cm with corresponding age of 7250 and ∼9280 cal BP (modified from
St-Onge et al., 2003).
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(Fig. 2) and the position of the upper part of the paleochannel
correspondsmore of less to the eastern edge of the large landslide scar
on the shelf (Fig. 11). Evans and Brooks (1994) made a similar
observation for the South River Nation subaerial slide in the Ottawa
region as that the area of the landslide was confined between two
creeks. The meander length, measured along the center of the
meander between point A and B (Fig. 8), is 3.4 km. The linear distance
between point A and B is 1.9 km. The channel meander has depths of
20 m and 35 m and widths of 280 m and 545 m at points A and B,
respectively. The water depth in the meander at point A is 130 m and
170m at point B. This represents a gradient of 2% for this section of the
paleochannel. Terraces are seen on both sides of the meander on the
bathymetric images and seismic interpretation reveals conformable
stratifications on buried terrace levels (Fig. 13). Upslope from the
meander, cross-sections of buried submarine channels can be
interpreted in the seismic profiles, implying that the channel base
level shifted in time. Paraglacial (Unit 4) and postglacial sediments
(Unit 5) have draped the inactive channel after its erosive stage
(Fig. 13). Due to absorption of the acoustic energy, it is impossible to
observe the seismostratigraphic sequence below Unit 4 (Fig. 13). In the
meander, the uppermost reflecting horizons of Unit 4 are conformable
on the channel topography, indicating its inactivity since at least the
paraglacial sedimentation phase.

4.2.3. Pockmarks
Pockmarks were identified on the bathymetric data and seismic

profiles of the shelf and Laurentian Channel regions (Figs. 11, 14 and
15). The pockmarks identified in the St. Lawrence Estuary are likely
due to gas seepage (Pinet et al., 2008). On the shelf, they are mostly
concentrated in areas at water depths around 140 m, close to the shelf
break (Fig. 11). Their diameter ranges between 50 and 75 m with
depths from 2 to 4 m. In the Laurentian Channel, the pockmarks are
significantly larger, some of them having diameters of up to 400 m
with a depth of 12 m (Fig. 14), which is consistent with general
descriptions of pockmarks (Hovland et al., 2002). Smaller pockmarks
are observed at the surface of the buried debris lobe, but the largest
are located outside the extent of this lobe. Core samples of surface
sediments recovered above the buried debris lobe (e.g., station 03-
BE02) show very little gas disturbance on the CAT-Scan images
(Fig. 19), indicating that the debris lobe could act like an impermeable
layer to gas escape or may have disturbed previous seismic chimneys.
Station 06-BE17 (Fig. 15) was chosen in order to sample sediments
from a large pockmark. With size of 400 m and depth of 12 m and the
use of the acoustic tracking system Trackpoint II, it was possible to
successfully target this feature. The 882-cm long piston core 06-BE17-
06PC recovered was very disturbed when raised to ambient condition
due to degassing. A large amount of intact shells (Fig.15) was observed
within the sediment core.

4.3. Spatio-temporal sequence of mass movement events

Bathymetric data, seismic reflection surveys, and sediment core
data reveal that at least 4 major non-synchronous slope failure events
have shaped the area. In this section, we describe morphologic and
stratigraphic evidence for the occurrence of the landslides and expose
the seismic interpretations that lead us to define a spatio-temporal
sequence for these events.

4.3.1. Paraglacial event
The lowermost debris flow deposit interpreted on the seismic

profiles of the study area is located in the upper section of the shelf. It
is identified within Unit 4 below reflecting horizon R1 (Fig. 8) as a
seismic body with an irregular geometry. The upper reflecting horizon
of the deposit has an undulated relief. This debris flow deposit is
acoustically transparent or acoustically opaque when thick. This event
also likely relates to the complex geometry of the reflecting horizons
within Unit 4 upslope on Fig. 6. Since other subsequent events may
have eroded away this debris flow deposit, it is not possible to
delimitate the spatial extension of this event on the shelf.

4.3.2. Debris lobe event
A second event, with the greatest impact in the study area, caused

the formation of part of the large debris lobe in the Laurentian
Channel. For a volume estimated at ∼1 km3 for the debris lobe, one
could expect to observe a significant landslide scar in the vicinity of
this lobe. The positions of the large landslide scar on the shelf and the
debris lobe in the Laurentian Channel are oriented along the same
central axis (Fig. 11). The debris lobe in the Laurentian Channel is
observed in Unit 5 above R2, which represents the limit between Unit
4 (paraglacial sedimentation) and Unit 5 (postglacial sedimentation).
On the shelf, the large landslide scar is carved in the closely packed
reflecting horizons of the paraglacial sedimentation Unit 4. In ad-
dition, a topographic bulge is interpreted above the reflecting horizon
R2 (Fig. 4), implying that this bulge was formed during the postglacial
sedimentation phase (Unit 5).

4.3.3. Recent landslides
Morphological observations, seismic interpretations and core data

led us to establish that multiple landslides (i.e., less than 500 yr old)
have occurred in the area. On the surface of the large landslide scar
of the shelf, blocks and channels are identified. Numerous channels
are oriented parallel to the axis of the slope (Figs. 8 and 11) and are
interpreted as preferential pathways for downslope transport of the
fluidized portion of the mass movement. In the seismic profiles of the
upper shelf, two high amplitude and shallow highly undulated re-
flecting horizons at less than 4 ms below seafloor are interpreted
(Fig. 8), the deepest being R5. This reflector is truncated in the 600 m
wide and 5 m deep furrow of the West depression (Fig. 8).



Fig. 11. Geomorphological interpretations of the area. 1 and 2 refer to the buttes, and A and B to the families of lineaments, see text. Bathymetric contour lines are at 40 m interval
starting at 20 m depth.
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Three cores were sampled from the large landslide scar on the shelf
and analyzed (Figs. 8, 16,17 and 18). A 127-cm long trigger weight core
recovered from the West depression (05-BE02-02TWC) is composed
of two facies (Fig. 16). The upper facies, between 0 and 30 cm, is a
bioturbated sandy mud with a mean grain size of 15 μmwith 14% clay,
70% silt, and 16% sand contents. The average density is 1.75 g/cm3 and
magnetic susceptibility values range between 250 and 390×10−5 SI.
The second facies, from 30 to 127 cm, is composed of silty clay clasts in
a sandy mud matrix, typical of a debris flow deposit (e.g., Mulder and
Alexander, 2001). A clast, sampled between 38 and 39 cm, has a mean
grain size of 1.8 μm and composed of 56% clay and 44% silt contents.
The contrasting sandymudmatrix has amean grain size of 16 μmwith
20% clay, 50% silt, and 30% sand contents. Broken shells, awood branch
of ∼2×2×2 cm and a small root were also identified in the second
facies of this core. A box core (05-BE02-02BC) was sampled at the
same station in theWest depression (Figs. 8 and 17) and presents only
one facies. The 40-cm long box core is also composed of sandy mud.
The mean grain size is 17 μm with 14% of clay, 64% of silt and 22% of
sand. The average density of the sediments is 1.8 g/cm3 and magnetic
susceptibility values range between 200 and 350×10−5 SI. 210Pb mea-
surements were carried out on the sediments of this box core. Three
different horizons can be identified in the 210Pb activity profile of core
05-BE02-02BC (Fig. 17): the active mixing upper horizon between 0
and 4.5 cm, the central radioactive decay horizon between 4.5 and
22.5 cm and the background horizon, which was reached at 22.5 cm.
These measurements indicate that this uppermost 22.5 cm of
sediments contains unsupported 210Pb and that a sedimentation rate
of 0.29 cm yr−1 can be calculated from the slope of the ln (210Pbexcess)
(Fig. 17).

Analysis of the sediment properties recovered from a box core (05-
BE05-05BC) sampled in the meander area (Fig. 8) led to the
identification of a facies of bioturbated sandy mud and a coarser
rapidly deposited layer characterized by sand laminations (Fig. 18).
The first facies within this box core, between 0 to 30.5 cm and 34.5 to
38 cm, is composed of bioturbated sandy mud lacking apparent
sedimentary structures. The mean grain size in the upper facies is
25 μm with 10% of clay, 60% of silt and 30% of sand. The density and
magnetic susceptibility values are stable across the profiles: average
magnetic susceptibility of 350×10−5 SI and average density of 1.8 g/
cm3, indicating fairly stable hemipelagic sedimentary conditions in
themeander. 210Pb activity wasmeasured within this box core and the
results indicate that the uppermost 15.5 cm contain unsupported
210Pb. Similarly to the box core sampled in the West depression, a
sedimentation rate of 0.11 cmyr−1 was calculated from the slope of the
ln (210Pbexcess) for the interval of radioactive decay between 4.5 and
22.5 cm (Fig. 18). A sharp transition occurs between the sandy mud



Fig. 12. Bathymetric image of the rugged area and the landslide scar with position of
seismic profile presented on Figs. 4 and 6. Note the pockmarks located close to the shelf
edge. The water depth of the rugged area ranges between 130 and 170 m. The rectangle
corresponds to the enlargement of the seismic profile shown in Fig. 6b. The white
dashed line is the apparent limit between the rugged area and the leveled surface
outside the scar area. 1 and 2 refer to the buttes.
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and the coarser layer at 30.5 cm. This 4-cm thick sand layer is normally
graded (fining upward) with parallel laminations (Fig. 18), typical of
normally graded turbidites (Bouma, 1962). The mean grain size
decreases from 100 μm at the base to 49 μm at top of the layer. Two
0.5-cm thick layers of sand mixed with organic matter, most likely
peat, were identified in the laboratory and are visible on the CAT-Scan
at 30.5 and 32.5 cm by their darker color (Fig. 18).
Fig. 13. Seismic profile 05_bet_12 across the paleochannel. Line is 3.5 km long. Seismic U4
transition between these two units. Seismic interpretation reveals conformable stratificatio
In addition, a rapidly deposited layer, contrasting sharply from
surrounding sediments, is observed close to the seafloor surface
within the sediment sequence of the Laurentian Channel. On the
seismic profiles, this layer is characterized by a high amplitude re-
flecting horizon contrasting with the uniform background attributes
of seismostratigraphic Unit 5 (Fig. 5). This high amplitude reflecting
horizon R5 is observed at an average depth of 1.33ms (1 m) (Fig. 5). Its
spatial extent is not related to the debris lobe, as it extends outside
of the limit of the lobe (Fig. 5). A piston core (03-BE02-43PC) was
sampled above the buried debris lobe in a sampling site located in the
Laurentian Channel. One main facies is identified in this 724 cm-long
core and is characterized by massive dark grey bioturbated clays with
a few thin interbeded coarser layers. This facies has an average density
of 1.5 g/cm3 and an average CT number of 1055. At a depth of 55 cm, a
sharp-based 5 cm-thick sandy layer is observed (Fig. 19). This sandy
layer presents peaks in the bulk density and magnetic susceptibility
profiles and is interpreted as the sedimentary facies of reflecting
horizon R5.

5. Discussion

5.1. Chronology of mass movement events

In North America, the historical earthquake record from eye-
witnesses is fairly short (no more than 400 yr) and one way to extent
this record past historic archives is to rely on the sediment record. The
studied area is located within the Lower St. Lawrence Seismic Zone
(LSZ) and close to the Charlevoix Seismic Zone (CSZ) (Adams and
Atkinson, 2003; Lamontagne et al., 2003), suggesting that the oc-
currence of slope instability may be influenced by this locally en-
hanced seismic activity. We have shown for the Betsiamites–Rimouski
area that many different slope failure events have occurred. Factors
reducing slope stability such as highly stratified deposits and high
sedimentation rates (i.e., Unit 4) or gas escape from pockmarks
(Figs. 14 and 15) are found in this area of the Estuary. The failure of the
debris lobe event (Fig. 8) and the landslide on the slope (Fig. 7)
occurred within Unit 4. These highly variable seismic attributes could
indicate different sediments composition, such as the alternation
of silty clay and sand layers. Such changes in grain size across a
sedimentary column could influence material permeability and create
a weak layer in the case of an earthquake. If the sand liquefies fol-
lowing earthquake shaking, an upward flow of excess pore pressure
can be trapped by relatively impermeable sublayers (e.g., silty clay)
and forms a water film beneath it (Kokusho, 1999). There is no shear
resistance along the water film and this will create a weak layer acting
as a sliding surface for lateral spreading failure. Such liquefaction has
and U5 refer to seismostratigraphic units (paraglacial and postglacial) and R2 is the
ns on buried terrace levels.



Fig.14. (a) Bathymetric image of the Laurentian Channel pockmarks. Thewater depth range from 330 to 350m. The pockmark has a diameter of 400mwith a depth of 12m. Note that
more pockmarks are observed outside the debris lobe. Station 06-BE17 and position of line are indicated. (b) Seismic reflection profile be06_112 across the pockmark. Line is 2.4 km
long. U1 to U5 refer to the 5 seismostratigraphic units and R1 to R5 refer to the 5 reflecting horizons identified in the study area, see text for explanations.
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likely occurred for the slide presented on Fig. 7, as little sediments
remained on the failure plane.

Assuming that the failures in the Betsiamites–Rimouski have been
triggered by earthquakes, we can now propose a chronology for some
of these failure events. In our analysis, we have identified one event
occurring during the phase of paraglacial sedimentation (seismos-
tratigraphic Unit 4), the paraglacial event, and a second event during
the early postglacial sedimentation (seismostratigraphic Unit 5), the
debris lobe event. The oldest date obtained by St-Onge et al. (2003) is
∼9280 cal BP sampled at a depth of 45.35 m. In our seismostrati-
graphic analysis, we have identified the reflecting horizon R1 at an
estimated depth of 57.0 m at the core MD99-2220 sampling location
(Fig. 9) and that the paraglacial event is observed on the shelf below
reflecting horizon R1 (Fig. 8). This would imply that the paraglacial
event is older than 9280 cal BP. The level of the reflecting horizon R3,
interpreted as the upper boundary of the debris flow deposits, can be
mapped to the sampling location of coreMD99-2220 in the Laurentian
Channel (Fig.9). This level is observed at a depth of 1130 cm, leading to
an age estimate of about 7250 cal BP (Fig. 10). This age estimate is
consistent with other observations linking earthquake triggered
landslides at about the same time and suggests that this landslide
may have been triggered by a major earthquake in a time of important
glacio-isostatic rebound. For example, in the Saguenay Fjord, St-Onge
et al. (2004) suggested that at least 4 rapidly deposited layers, possi-
bly caused by earthquakes, occurred between 6800 and 7200 cal BP.
Similarly, Aylsworth et al. (2000) associated observations of very



Fig. 15. CAT-scan image of the 882-cm long piston 06-BE17-06PC sampled in a large pockmark in the Laurentian Channel. Sample position is presented in Fig. 14. Note the substantial
gas disturbance and amount of intact shells.
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disturbed terrain in a flat erosional plain in the Ottawa Valley to
earthquake deformations and liquefaction of sensitive clays and
estimated the date of occurrence of this large earthquake to ca.
7060 yr BP (∼7860 cal BP).

For the recent events, the age estimates were obtained from
sedimentation rates derived from 210Pb measurements (Figs. 17 and
18). As described previously, many landslides elsewhere in Quebec are
related to the AD 1663 earthquake (Saguenay Fjord, Levesque et al.,
2006 and St-Onge et al., 2004; Saint-Jean Vianney, Lasalle and
Chagnon, 1968), as it is also suggested for the Betsiamites subaerial
landslide (Bernatchez, 2003). In our analysis of core 05-BE05-05BC
sampled in the paleomeander (Figs. 8 and 18), we have identified a
turbidite layer at 30.5 cm and calculated a sedimentation rate of
0.11 cmyr−1 from the slope of the ln (210Pbexcess) for the 18-cm interval
of radioactive decay between 4.5 and 22.5 cm (Fig. 18). 5 cm of
compaction was recorded when the 10 cm diameter push core was
subsampled from the 50×50 cm square box corer. This implies that the
turbidite at this location is buried under a minimum of 35.5 cm.
Considering that the effect of compaction due to sampling is usually
higher in the upper centimeters where unconsolidated sediments
have higher water content (e.g., Perret et al., 1995) and that the
sedimentation rate was calculated for a 18-cm interval below the
mixing zone, it is reasonable to apply the rate of 0.11 cm yr−1 to obtain
an age estimate for the turbidite buried under 35.5 cm. This turbidite
is dated at about AD 1681, which implies that it could possibly have
been triggered by the AD 1663 earthquake. After the AD 1663 event,
the following significant earthquake in Eastern Canada (M∼5.8)
occurred in AD 1732 in Montreal (Smith, 1962) about 600 km west of
the study area, which is too far to have triggered the landslide.

The rapidly deposited layer (R5 on Fig. 5) identified in the
Laurentian Channel presented above can also be related to the AD
1663 event. It is buried at an average depth of 1 m in the sediments
and using the 210Pb derived sedimentation rate of 0.28 cm yr−1

determined by St-Onge et al. (2003) on box core AH00-2220 13 km
from our coring station (Fig. 3), we can estimate a date of occurrence at
AD 1646, which can reasonably be linked to the AD 1663 earthquake.
The work of Filion et al. (1991) in the Rivière du Gouffre in the
Charlevoix region, 200 km southwest from our study area also
supports the hypothesis that some of the observed recent landslides
were triggered by the AD 1663 earthquakes. In fact, Filion et al. (1991)
established a radiocarbon-based chronology of landslide activity from
tree trunks buried in debris flow material. The radiocarbon dates
indicate that most landslides were triggered before 600 14C yr BP. In
addition, tree-ring dating allowed them to conclude that two large
landslides within this area were caused by the AD 1663 earthquake.

For station 05-BE02 in the West depression, the debris flow was
not identified in the 40-cm long 210Pb-dated box core 05-BE02-02BC
(Fig. 17), but was identified at a depth of 30 cm in the trigger weight
core 05-BE02-02TWC (Fig. 16) of this same location. The 10 cm
difference is explained by some loss due to sampling associated with
the gravity coring. We can not determine precisely the depth of the
debris flow in the trigger weight core. However, based on the sedi-
mentation rate estimated at this station on the box core 05-BE02-
02BC (0.29 cmyr−1, Fig. 17) a depth of 40 cmwould lead to AD 1872 for



Fig. 16. Bulk density, magnetic susceptibility, mean grain size and cumulative fraction for clay, silt and sand for core 05-BE02-02TWC. The grey horizon highlights a debris flow
deposit (see text for details). CAT-scan image A is 10×30 cm and corresponds to depths between 30 and 60 cm, B is 10×15 cm and corresponds to depths between 80 and 85 cm. The
white scale bar represents 2×1 cm.

Fig. 17. 210Pb measurements and physical properties in box core 05-BE02-02BC sampled in the West depression of the large landslide scar. Fig. 8 indicates location of the sampling
station. Also shown is the CAT-scan image. k=magnetic susceptibility. The white scale bar represents 2 cm×1 cm.
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Fig. 18. 210Pb measurements and physical properties in box core 05-BE05-05BC from the paleochannel. Also shown is the CAT-scan image. The grey area highlights the sand bed
associated with the 1663 event (see text for details). k=magnetic susceptibility. The white scale bar represents 2 cm×1 cm.
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the event, whereas a depth of 45 cm to AD 1855. Despite the fact that
we can not provide a precise date, it nevertheless discards the hypo-
thesis that this last event is associated with the AD 1663 earthquake.
Fig. 19. Bulk density, magnetic susceptibility (k) and CT number profiles for the upper
section of piston core 03-BE02-43PC. Also shown is the CAT-scan image. The sand layer
highlighted around 55 cm is interpreted as the shallow reflecting horizon R5 (see text
for details).
In fact, with an average sedimentation rate of 0.29 cm yr−1, the debris
flow would have to be buried under at least 100 cm of hemipelagic
sediments to be dated around AD 1663, which is too far from the
minimum estimated depth of 40 cm for this coring station. Dates for
submarine landslides that do not all correlate with the AD 1663 event
were also observed by Levesque et al. (2006) in the Saguenay Fjord.
They have compiled many 210Pb-dated landslides and concluded that
not all landslides can be associated with the AD 1663 event. Further-
more, two significant earthquakes were recorded in the Charlevoix
Seismic Zone (CSZ) (Smith, 1962): a first one on October 17, 1860
(M∼6) and a second one on October 20, 1870 (M∼6.5). The epicenters
for the 1860 and 1870 events are evaluated at 180 km and 200 km
from the Betsiamites area, respectively.

6. Conclusions

The main objective of this study was to define a framework ac-
counting for the evolution of the morpho-sedimentology observed in
the Betsiamites–Rimouski area in the St. Lawrence Estuary. This was
done by presenting a geomorphological analysis of the area and by
proposing a spatio-temporal sequence for the occurrence of the mass
movements. Finally, we propose a chronology for the related failures
in the area.

In addition to the general morphology of the Estuary, submarine
features resulting from mass movement processes, channel erosion
and gas seepage are also described. This paper demonstrates that
more than one failure events have influenced the morphology of the
area during the Holocene. At least four events remobilized massive
volumes of sediments, creating the complex geomorphology observed
in the area. The first paraglacial event, estimated to have occurred
before 9280 cal BP, left buried traces in the deposits of the shelf. The
second event is dated at ca. 7250 cal BP and had the greatest con-
sequences in the area. We attribute to this event the large landslide
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scar characterized by the two depressions and the buried debris lobe
of the Laurentian Channel. The third event is linked to the AD 1663
(M∼7) earthquake. 210Pb-dated subaerial landslide debris were
identified and related to a subaerial event dated on shore (Bernatchez,
2003). Our results lead us to link the submarine and the subaerial
events to one another and support the hypothesis that the subaerial
event occurred following the AD 1663 earthquake. Debris flow
deposits associated with the AD 1663 earthquake are also identified
in the Laurentian Channel. In addition, morphological observations
indicate that a smaller landslide is younger than the AD 1663 event. In
fact, 210Pb analyses and historical earthquakes in Eastern Quebec allow
us to estimate that this event could be related to the AD 1860 (M∼6)
or AD 1870 (M∼6.5) earthquakes.

In our chronology, we were able to link 4 main mass movement
events (older than 9280 cal BP, 7250 cal BP, AD 1663, and AD 1860 or
AD 1870) to slope instability (i.e., not to catastrophic river discharge),
and to differentiate them from one another based on a sequential
stratigraphy point of view and on 210Pb or radiometric dates. Our
analysis has raised many other questions such as the tsunamigenic
potential of these events and the threat of future similar events
elsewhere in the Estuary. There is thus a need to pursue our research
to clearly define the mechanisms responsible for slope failures and to
describe post-failure behavior in order to assess slope stability in the
St. Lawrence Estuary. Investigating bedrock faults influence and gas
escape on sediments stability will also lead to a better understanding
of the area.
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