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ARTICLE INFO ABSTRACT

Handling editor: Bethan Davies During the last glacial period, continents and surrounding shelves in high latitude regions of the Northern
Hemisphere were covered by ice sheets. Their retreat after the Last Glacial Maximum resulted in isostatic ad-
justments of the previously glaciated landmass and post-glacial changes in relative sea level during the late
Pleistocene and Holocene. Many questions, however, remain about the timing and impact of the ice retreat and of
short-lived climatic events on continental shelf environments. This study aims to reconstruct the sedimentation
and deglaciation processes on the continental shelf of the southern Gulf of St. Lawrence (Canada) over the past 14
ka by investigating changes in the sedimentation patterns and paleo-environments. Using information from sub-
bottom profiles, sediment cores, and multibeam bathymetry, this study finds that most of the continental shelf
was flooded 13.6 ka ago, as evidenced by the presence of Bglling-Allersd marine sediments at a water depth of
~50 m and ~15 km off the modern coastline, which also suggests an earlier retreat of the Laurentide Ice Sheet
than suggested by previous studies. We estimate sedimentation rates for the Bglling-Allergd of ~0.4 cm a},
which increased up to 1 cm a™! during the Younger Dryas cooling event, likely associated with increased storm-
wave activity and sea ice development caused by deteriorating climatic conditions. The presence of an erosional
truncation atop Younger Dryas sediments indicates a late Pleistocene-early Holocene relative sea level fall and
associated lowstand. Based on our new data, we established a geological model that highlights sedimentation
processes since the Last Glacial Maximum and demonstrate the potential impact of short-lived climatic events on
the former ice margin during deglaciation.

1. Introduction their adjacent continental shelves were covered by the Laurentide Ice
Sheet (LIS) (e.g., Dyke et al., 2003; Shaw, 2005; Shaw et al., 2006;

The Pleistocene glaciations significantly shaped the modern land- Stokes, 2017; Dalton et al., 2020). The glaciations left behind specific
scape of the Northern Hemisphere. During the last cold period, which depositional and erosional features, both onshore and offshore, which
culminated in the Last Glacial Maximum (LGM) between 26 and 18 ka provide essential information about the ice dynamics (Shaw et al., 2006,

BP (Clark et al., 2009), the high latitude regions of North America and 2009; Winsborrow et al., 2010; Evans and Evans, 2022). Over the past
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few decades, several studies aimed to quantify how the LIS advanced
and retreated, especially following the LGM (e.g., Stea et al., 1998; Dyke
etal., 2003; Stea, 2011; Stokes, 2017; Dalton et al., 2020). The impact of
short-lived climatic oscillations on the ice sheet dynamics, such as the
Younger Dryas cooling event (12.9-11.6 ka BP), are, however, still
debated (e.g., Loring and Nota, 1973; Fairbanks, 1989; Stea and Mott,
1998, 2005; Stea et al., 1998; Dalton et al., 2024). Ice retreat at the end
of the last glaciation caused isostatic adjustments in many high latitude
regions. Over time, a collapse of the forebulge margin and
hydro-isostatic loading along coastlines instigated subsidence of the
former glaciated margins such as observed in parts of eastern Canada
(Forbes et al., 2014), and many regions still experience a rise in relative
sea level to this day (RSL; [PCC, 2023). A precise quantification of the
extent and retreat history of the former ice sheets, particularly along
their margins (i.e., the modern continental shelves) is therefore key to
improving our current understanding about ice sheet dynamics and
associated RSL changes.

In our study area, the southern Gulf of St. Lawrence offshore of
Prince Edward Island (PEI) in Eastern Canada (Fig. 1a), a retreat of the
LIS following the LGM is presumed to have resulted in an early RSL drop
due to isostatic uplift (e.g., Forbes et al., 2004, 2014; Shaw et al., 2002,
2006, 2009; Vacchi et al., 2018). Ice sheet retreat was likely interrupted
during the Younger Dryas, when a short-lived ice re-advance or ice
buildup may have occurred (Stea et al., 1998; Shaw, 2005; Shaw et al.,
2006, 2009; Vacchi et al., 2018). Its exact extent and influence on
sedimentation and RSL for this region is, however, highly debated (e.g.,
Loring and Nota, 1973; Stea and Mott, 1989, 1998). Following the
Younger Dryas, the margin likely experienced a rise in RSL starting at
~9 ka BP in response to isostatic subsidence related to movement of the
forebulge margin (Forbes et al., 2004, 2014). This subsidence and RSL
rise persists until today at a rate of 3.2 mm a~!, which is much faster
than the global average (Carr, 1969; Forbes et al., 2004; Barlow and
Reichard, 2010). The high rate of RSL rise causes significant problems to
coastal communities situated in the region as it increases their vulner-
ability to coastal flooding, erosion, and saltwater intrusion (SWI) into
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onshore aquifers (Forbes et al., 2014; Stanic et al., 2024).

Open questions remain regarding the sedimentation history in the
southern Gulf of St. Lawrence since the LGM and the influence and
extent of the Younger Dryas. This information is important to improve
RSL reconstructions and predictions for Atlantic Canada. In this study,
we aim to identify changes in sedimentation patterns and paleo-
environments in the southern Gulf of St. Lawrence following the LGM
to reconstruct the local deglaciation history and infer associated changes
in RSL using newly acquired multibeam bathymetry, sub-bottom seismic
profiles and sediment cores (Fig. 1b and ¢, S1, S2). The new findings
improve environmental reconstructions for the region and provide key
information about paleo-ice limits and buried drainage systems, offering
geological constraints that advance understanding of how onshore and
offshore aquifers are linked (cf. Edmunds et al., 2001; Yu et al., 2025).

2. Regional geology

The southern Gulf of St. Lawrence is a semi-enclosed basin of
~61,500 km? located on the Eastern Canadian continental shelf. It is
bordered to the west by New Brunswick, to the south by PEI and Nova
Scotia, respectively, to the east by Cape Breton Island of Nova Scotia,
and to the north by the Laurentian Channel (Fig. 1a). The shelf generally
consists of a plateau with rugged or uneven terrain, networks of shallow
channels and up to 200 m deep topographic depressions such as the Cape
Breton Trough (CBT) located in its eastern portion (Fig. 1a and b) (e.g.,
Loring and Nota, 1973; Pinet and Brake, 2024). Most of the channels are
NE-oriented towards the Laurentian Channel, while 70-80 m deep
EW-trending channel systems are present between PEI and the Magdalen
Islands that lead towards the CBT (Fig. 1a and b).

The region is part of the Maritime Basin, which is filled with Devo-
nian to Permian terrigenous fluvio-deltaic and shallow-marine sand-
stones and shales that were primarily deposited under arid and semi-arid
conditions (Carr, 1969; Van de Poll, 1989; Symons, 1990; Gibling et al.,
2019). These strata are widely known as the PEI grey- and red-beds due
to their distinctive color and exposure throughout the island (Carr,
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Fig. 1. A) Overview of the study area in the southern Gulf of St. Lawrence; B) zoom to study sites that are located north (Site 1, pink box), northeast (Site 2, yellow
box) and east (Site 3, red box) of PE[; and C) multibeam bathymetry map of Site 1. Grey lines are the sub-bottom profiles acquired during MSM103 with the ones used
in this study shown in B), while the red lines are the profiles presented in the figures. Green dots show the location of sediment cores selected for this study.
Morphologically significant sites and special characteristics are highlighted. CBT stands for Cape Breton Trough. The maps were generated using ArcGIS Pro® and
background bathymetric data from GEBCO. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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1969; Van de Poll, 1989). The Paleozoic rocks are directly covered by
Quaternary sediments (Carr, 1969; Loring and Nota, 1973; Jiang and
Somers, 2009).

The Pleistocene glaciations, and particularly the last one, signifi-
cantly altered the preglacial landscape (Loring and Nota, 1973). At the
climax of the LGM, the LIS extended across North America to the edge of
the Eastern Canadian continental shelf (e.g., Stea and Mott, 1989; Stea
et al., 1998; Shaw et al., 2006; Stea, 2011). Following the LGM, an in-
crease in global temperatures led to a thinning of the ice mass across PEI
and Nova Scotia, and resulted in major calving episodes with massive ice
streams through the Laurentian Channel (Shaw et al., 2006, 2009; Stea,
2011). The ice retreated rapidly from the Gulf of St. Lawrence and by 13
ka BP most of the ice mass was onshore in the form of localized ice
centers (Stea and Mott, 1989; Shaw et al., 2006, 2009; Stea, 2011), with
one located on PEI (Loring and Nota, 1973; Stea et al., 1998; Vacchi
et al., 2018). The Younger Dryas cooling event likely resulted in a
re-advance of the isolated marine and terrestrial ice remnants and po-
tential formation of new ice caps (Stea and Mott, 1989; Stea et al., 1996,
1998; Shaw et al.,, 2006; Stea, 2011; Vacchi et al.,, 2018). Global
warming after the Younger Dryas led to a complete removal of the ice
mass from the Gulf of St. Lawrence by 10 ka BP (Vacchi et al., 2018).

Each ice retreat and re-advance was likely accompanied by marine
transgressions and regressions, driven by a combination of eustatic
changes and local tectonic movements (Fairbanks, 1989; Shaw et al.,
2002; Person et al., 2003; Forbes et al., 2014). Previous studies sug-
gested that the Gulf of St. Lawrence was rapidly flooded between 16 and
12 ka BP (Loring and Nota, 1973; Forbes et al., 2004, 2014), but isostatic
rebound caused an uplift of the entire region that led to a RSL lowstand
between 10 and 9 ka BP down to approximately —40 m and subaerial
exposure of parts of the continental shelf (Shaw et al., 2002; Shaw, 2005;
Forbes et al., 2014; Vacchi et al., 2018). RSL rose following this low-
stand, as a collapse of the forebulge margin and hydro-isostatic loading
caused tectonic subsidence over the past 9 to 10 ka (Pirazzoli, 1991;
Shaw et al., 2002; Forbes et al., 2004, 2014). From 6 ka BP, this subsi-
dence was less pronounced but continues to this day (Forbes et al., 2004,
2014).

3. Methods

This study focuses on three study sites with the highest data density,
which are located north, northeast and east of PEI, and termed Site 1, 2
and 3 respectively (Fig. 1b). All geophysical data and sediment cores
were collected during the 60-day-long research expedition MSM103 in
2021 onboard of the R/V Maria S. Merian (Holz, 2022).

3.1. Hydroacoustic data sets

3.1.1. Multibeam echosounder data

Multibeam echosounder data were acquired using the Kongsberg
Simrad EM712 system. This system operates at a nominal frequency of
40-100 kHz and allows data acquisition between 5 and 3600 m water
depth (mwd) (Kongsberg, 2022). Bathymetric data were processed using
the open access software MB-System (version 5.8.1), gridded at 2 m
resolution, and used for geomorphological characterization.

3.1.2. Sub-bottom profiles

Sub-bottom profiles were acquired using the Atlas Parasound P70
acquisition system. This parametric echo-sounder operates at 4 kHz. In
the Gulf of St. Lawrence, the imaging depth is 10-45 m depending on the
sediment thickness, composition and presence of gas-charged sediments.
The data have a vertical resolution of 0.15 m calculated considering a
sound velocity of 1500 m s~ ! and a minimum horizontal resolution of
3.5-14 m between 50 and 200 mwd (Spief, 1993; Teledyne Marine,
2017). Further specifications on data acquisition during MSM103 are
provided in the cruise report (Holz, 2022). The software King-
domSuite™ was used to analyze the sub-bottom profiles and generate
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surface maps of key reflection horizons needed for paleo-morphological
reconstructions and to understand the role of sediment transport,
deposition, and erosion in the study sites. For both seismic profiles and
maps the depth is in two-way travel time (TWTT, ms) from sea level. We
converted the travel time (s) to depth (m) using a sound-velocity of
1500 m s}, as can be expected for water saturated unconsolidated
sediments.

3.2. Sediment analysis

Eight gravity cores, 0.66-4.62 m in length, were collected north,
northeast and east of PEI and were split, lithologically described, and
sampled onboard (Holz, 2022). Four sediment cores recovered from
Sites 1 and 3 and named GC06_2, GC07_2, GC14_2 and GC16_2 (Fig. 1b)
were further sampled for grain size analysis, radiocarbon dating and
foraminifera extraction needed for environmental reconstructions. No
sediment core was available directly from Site 2 (Fig. 1b).

3.2.1. Grain size

A total of 148 sediment samples were extracted every 10 cm from the
four sediment cores for grain size analysis (GC06_2, GC07_2, GC14_2,
GC16_2). All samples were treated with 50 ml of hydrogen peroxide
(H205) to remove organic components and dispersed with a Hydro EV
unit before being analyzed with a Mastersizer Malvern 3000 at the
University of Modena and Reggio Emilia.

3.2.2. Age control

Twenty samples consisting of whole shells, mixtures of benthic and
planktonic foraminifera, as well as wood and plant remains were
extracted for AMS Radiocarbon dating at the Péznan Radiocarbon
Laboratory. The open access software OxCal version 4.4 was used to
calibrate the measured *C values (Ramsey, 2009). A regional modern
correction factor (AR -83 + 50) was applied for the Gulf of St. Lawrence
(McNeely et al., 2006). Given the differences in the dating material, two
separate calibration curves — terrestrial (IntCal20, Reimer et al., 2020)
and marine (marine20, Heaton et al., 2020) — were used for the cali-
bration. The dates are reported in cal ka BP with a 2-sigma range to
constrain the age model and are correlated to sub-bottom profiles.

3.2.3. Foraminifera analysis and paleo-environmental reconstruction

Fifteen, 1-cm-thick sediment samples were collected from the cores
GC06_2, GCO07_2, GC14_2, GC16_2 for foraminifera analysis. The sam-
ples were dried at 50 °C and washed through a 63 pm mesh sieve. The
relatively high amount of fine sand in the washed fraction strongly
diluted the foraminifera specimens, and therefore the washed samples
were further sieved with 106 pm and 125 pm meshes. The fraction >125
pm was examined for foraminifera analysis, and the fraction between
106 and 125 pm was checked for the presence of taxa with elongated
shape (e.g., Fursenkoina) or small adult specimens. A semiquantitative
analysis at species level was carried out. The taxonomy is based on Brady
(1884), Vilks (1969, 1989), Hansen and Lykke-Andersen (1976), Scott
et al. (1977, 1980), Schafer and Cole (1982), Vilks et al. (1982),
Schroder-Adams et al. (1990), Thomas et al. (1990), Scott and Vilks
(1991), Jennings and Helgadottir (1994), Cage et al. (2021) and the
nomenclature updated according to Hayward et al. (2025) (see Table S1
for details). The main taxa are illustrated in Supplementary Material
Plate I and IIL

4. Results
4.1. Geomorphology of the study sites

Site 1 is located ~14 km north of PEI in 40-50 mwd (Fig. 1b and c).
The seafloor topography is generally smooth and almost flat within an

otherwise rugged seafloor terrain, which can be observed in the north-
ern and southern portions of this site (Fig. 1c). NW- to SE-oriented
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depressions with up to 7 m deep relief are evident across the central to
eastern portions of Site 1 (Fig. 1c¢). Site 2 is located ~30 km northeast of
PEI at 60 to 70 mwd, and 10 km south of the EW-trending channel
systems present between PEI and the Magdalen Islands (Fig. 1a and b,
S1). The seafloor at this site shows an overall smooth and flat topog-
raphy, except for some wavy or undulating bedforms located in the
northwestern portion (Fig. S1). Site 3 is located ~25 km to the east of
PEI at 45 to 60 mwd (Fig. 1b), and the seafloor comprises a mix of
rugged and smooth topography (Fig. 1b-52). A NE-oriented channel
system is noticeable to the east of Site 3 in proximity to Cape Breton, and
leads towards Site 2 and the CBT (Fig. 1a and b).

4.2. Seismic stratigraphy

Five major reflection horizons (R1 to R5) plus the seafloor (Sf), and
six acoustic units (U0 to U5) were identified based on their distinct
reflection characteristics and mapped along the three study sites (Fig. 2,
Table 1). The reflection horizons generally confine the units on either
the top or bottom, except for R6, which is a characteristic internal
reflection within U5 (Fig. 2, Table 1).

4.2.1. Unit UO

In the three study sites, buried depressions are located within UO,
which is characterized by no sub-bottom reflections or high amplitude
incoherent, often dipping sub-bottom reflections (Fig. 2). Limitations in
the acoustic penetration prevent the imaging of the base of UO.

4.2.2. Horizgon R1 and unit U1

R1 is the lowermost mappable horizon imaged in sub-bottom profiles
crossing the buried depressions (<40 ms or <30 m deep, e.g., Sites 1 and
3) (Fig. 2). It is a high amplitude reflection that is often incoherent and

Site 1 Site 2
N of PEI NE of PEI
60:70 m

8 ms

uo R1

—200m
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locally not visible due to the limited acoustic penetration depth of the
sub-bottom profiles (e.g., depressions at Site 2; >60 ms or >45 m deep)
(Figs. 3 and 4). Unit U1 on top of horizon R1 varies in thickness between
2.5 and 12 ms or ~2 and 9 m (Fig. 3, Table 1). This unit is generally
transparent with no apparent sub-bottom reflections (Figs. 2-4;
Table 1). At times, single incoherent, high amplitude reflections are
noticeable within U1, especially in sub-bottom profiles from Site 2
(Fig. 4).

4.2.3. Horizon R2 and unit U2

R2 is present within all sub-bottom profiles and is the lower reflec-
tion of a high-amplitude, coherent, hummocky double reflection on top
of Ul (Fig. 2). This horizon is mostly conformable to R1, except where
U1 shows a larger increase in thickness (Figs. 2, 4 and 5a). Both horizons
R1 and R2 form topographic heights within the sub-bottom depressions
(Figs. 3 and 5a & b). Unit U2 is found on top of R2 and varies in thickness
between 1.5 and 13 ms or ~1 and 10 m (Figs. 2, 4 and 5a; Table 1). It
shows coherent, generally low amplitude, stratified reflections that are
conformable to horizon R2 (Figs. 2-4, 5a). U2 is primarily present within
deeper depressions and can be locally absent, especially at Sites 1 and 3
(Figs. 3 and 5a & b). At Site 2, a change in amplitude of U2 is noticeable
with higher reflection amplitudes present along the sides of deeper de-
pressions (Fig. 4; Table 1). These higher reflection amplitudes intertwine
with and partly overly the lower amplitude reflections of this unit
(Fig. 4). U2 and the overlying unit U3 have similar reflection charac-
teristics, but different reflection amplitudes (Fig. 2; Table 1).

4.2.4. Horizon R3 and unit U3

R3 highlights the transition from U2 into U3 (Figs. 3, 4 and 5a & b).
This horizon is overall conformable to the underlying reflections of U2,
but locally truncates U2 reflections, particularly at Site 2 (Figs. 3 and 4;

Site 3
E of PEI/NW of CB
e . B
45:60 m 55:60 m

Fig. 2. Comparison of key acoustic reflections (R1-R6) and units (U0-U5) that were identified and mapped together with the seafloor reflection (Sf) within the three
study sites (Site 1, 2 and 3). The reflections (R1-R6) are highlighted to the right, and acoustic units (U0-U5) are shown within the different colored boxes. All profiles
have the same scale. The average water depth for each site is shown on top of each panel. Note that due to its size, we decided to show two examples for Site 3, which
represent opposite shorelines located <20 km from the coasts of PEI and Cape Breton.
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Table 1
Units and acoustic facies identified in the three study sites (Site 1, 2 and 3).
Unit | Examples Description
-?D.om Distinct, coherent to incoherent, parallel
B and locally, intermittent sub-bottom
Unit 5 reflections; separated by an unconformity
(US) (blue dots) into an upper (U5-a) and lower
(U5-b) unit (1.5-9 ms/~1-7 m thick).
Incoherent internal reflections with at
< times indistinct, intermittent, parallel sub-
Unit 4 bottom reflections (0.5-6 ms/~0.4-4.5 m
(U4) thick).
Distinct, coherent, parallel, generally
. high amplitude sub-bottom reflections; at
Unit 3 times intermittent, indistinct reflections
(U3) (2.5-36 ms/~2-27m thick).
Distinct, coherent, parallel sub-bottom
. - reflections at times intermittent;
Unit 2 generally low amplitude, locally higher
(U2) amplitudes; conform to U1 and variable
in thickness (1.5-13 ms/~1-10 m thick).
No apparent sub-bottom reflections
) (transparent); at times with incoherent,
Unit 1 high amplitude internal character; often
(U1) appears irregular’hummocky (2.5-12
ms/~2-9 m thick).
No sub-bottom reflections or high
) amplitude, incoherent, often gentle
Uf(lll_’t{g dipping sub-bottom reflections.

Table 1). R3 is often a coherent, high amplitude reflection at Sites 2 and
3, but it is partially absent, especially at Site 1 where R3 does not form a
coherent reflection (Figs. 2-4, 5a & b). U3 is located on top of R3 and
overall, 2.5-16 ms or ~2-12 m thick, except for Site 2 where it is up to
36 ms or ~27 m thick (Fig. 2, 4; Table 1). This unit shows high ampli-
tude, coherent and in part intermittent, stratified reflections, which
contrast with the generally low amplitude reflections of U2 (Fig. 2;
Table 1). U3 reflections, which are often unconformable to U2 re-
flections, onlap horizon R3 (Fig. 2). Low amplitude to transparent,
wedge-shaped features, and pockets are noticeable within U3, especially
towards its top (Figs. 3 and 7). Distinct reflections are visible below
these features (Fig. 7). At Site 1, we further observe dome-shaped fea-
tures with low amplitude to no sub-bottom reflections within U2 and U3
(Fig. 3).

4.2.5. Horizon R4 and unit U4
R4 forms the top of U3 and base of unit U4 (Fig. 2). This horizon
forms an erosional truncation to U3 reflections, especially at Site 1 and

2, but locally also appears conformable to the underlying reflections
(Figs. 2-4; Table 1). The overlying unit U4 is of variable thickness in the
range of 0.5-6 ms or ~0.4-4.5 m (Figs. 2 and 3). U4 shows primarily
chaotic, high amplitude reflections with at times interbedded stratified,
parallel reflections (Figs. 2-4; Table 1). A profile close to Cape Breton
(Site 3) shows stratified reflections within U4, which downlap seaward
on horizon R4 (Fig. 5b).

4.2.6. Horizon R5 and R6 and unit U5

R5 forms the top of U4 (Fig. 2) and generally appears undulated
given the variations in thickness of the underlying unit (Figs. 3 and 5b).
Unit U5 is located on top of R5 and is on average 1.5 ms or ~1 m thick at
Site 1 and up to 9 ms or ~7 m thick at Sites 2 and 3. This unit consists of
distinct, coherent and occasionally incoherent, parallel sub-bottom re-
flections (Fig. 2; Table 1). It can be subdivided into a lower (U5-a) and
upper (U5-b) portion, which is separated by an internal high amplitude,
often unconformable reflection named horizon R6 (Fig. 2; Table 1). The
lower portion of U5 (U5-a) below R6 is usually >1.5 ms or >1 m thick. It
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12.940.10 cal ka BP w

Fig. 3. WNW to ESE oriented sub-bottom profile acquired north of PEI (Site 1; see location in Fig. 1b and c). The top image shows the uninterpreted profile, while the
bottom image shows the interpretation. Insets A) and B) in the top image show wedge-shaped features and pockets (blue dashed relief) that occur within U3. The
distribution of key reflection horizons (R1-R6), acoustic units (U0-U5) and important reflection characteristics are highlighted. Radiocarbon ages from core GC07_2
are correlated to this profile (dashed blue and turquoise lines). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 4. W to E oriented sub-bottom profile acquired northeast of PEI (Site 2; see location in Fig. 1b). The top image shows the uninterpreted profile, while the bottom
image shows the interpretation. The distribution of key reflection horizons (R1-R6), acoustic units (U0-U5) and important reflection characteristics are highlighted.

is, however, almost absent at Site 1, except for within the elongated
seafloor depressions, where U5-a shows reflection downlaps (Fig. 3). At
Site 2, U5-a reflection downlaps are associated with local, concave un-
conformities of various channel incisions (Fig. 4). The upper portion of
U5 (U5-b) on top of R6 is more widely distributed than U5-a and usually
forms a <1.5 ms or <1 m thick layer on top of U5-a or on top of U4 if U5-
a is absent (Figs. 3, 4 and 5b). Within elongated depressions of Site 1,
U5-b shows reflection downlaps like U5-a, but they are more gently
inclined than those in U5-a (Fig. 3). Acoustic blank features are observed
within U5 at Site 2, but in contrast to those observed within U3, linear

acoustic blanking is apparent underneath these features (Fig. 4).

4.3. Reconstruction of paleosurfaces

Surface maps of reflection horizons, R1, R2, R4 and R5 provide in-
sights into erosional and depositional changes within the study sites. R3
was not mappable for this purpose due to its partial absence, especially
at Site 1. In addition, a surface grid of horizon R4 for Site 3 was not
feasible, due to problems correlating between the widespread de-
pressions with mappable reflection horizons that are separated by
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bedrock outcrops. Main morphological differences observed within each
study site are presented in the following sections.

4.3.1. Morphological evolution of site 1

Grids of horizons R1 and R2 reveal two, 20-40 ms or ~15-30 m deep
depressions resembling basins: a larger one (~29 km?, basin 1) in the
center of the study site and a small one (~4.5 km?, basin 2) in its western
portion (Fig. 6a). Basin 1 appears slightly elongated parallel to the
present-day coastline of PEI (Fig. 6a). A noticeable 1 km wide, 8 km long
and up to ~45 ms or ~35 m deep depression (7.4 km?) is evident within
basin 1 and extends parallel to its southern flank (Figs. 3 and 6a). In
contrast to horizons R1 and R2, R4 shows an almost flat, seaward in-
clined topography, as both basins have been filled with U2 and U3
material (Figs. 3 and 6b). At horizon R5, several NNW-SSE-oriented,
4.5-19 ms or ~3.5-14 m deep, 0.8-1.3 km wide and 0.8-3.5 km long
depressions are present in the central to eastern portions of the study site
(Fig. S3). Most of these depressions are still observable along the present
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seafloor but are reduced to about half their size with their center being
shifted northward after infill with U5 material (Fig. S3).

4.3.2. Morphological evolution of site 2

Surface maps of horizons R1 and R2 show three elongated NE- and
EW-trending depressions that resemble channels (Fig. 4, 6¢). The main
system extends northeastward from the southwestern portion of Site 2,
termed ‘southern flank’, and bifurcates into two, parallel extending NE-
trending elongated depressions (Fig. 6¢). An EW-trending elongated
depression is also observed in the northern part of Site 2, which leads
into the main, NE-oriented system of this site (Fig. 6¢). The depressions
at R1 are ~1.8 km wide with an incision depth between 13 and 40 ms or
~10 and 30 m (Fig. 6¢). At R2 their width is reduced to ~1.4 km but
with a similar incision depth (up to 40 ms or ~30 m) (Fig. S4). The NE-
trending elongated depressions disappear at R4, while the EW-trending
elongated depression is still present but notably reduced in width and
depth e.g., from a width of 1.9 km with a depth of 20-33 ms or ~15-25
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Fig. 6. Comparison of surface grids from the three study sites (Site 1, 2 & 3) in the Gulf of St. Lawrence showing the distribution of horizon R1 and R4 mapped using
sub-bottom profiles. The overview map in the lower right corner shows the location of the three sites (dotted boxes 1, 2 & 3). Surface grids of horizon R1 and R4 are
shown for Site 1 in panel A) and B) (pink box), Site 2 in panel C) and D) (yellow box), and of horizon R1 for Site 3 in panel E) (red box). Light green circles with black
outlines show the location of sediment cores (GC06_2, GC07_2, GC16_2). (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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m at horizon R2 to a width of 0.9 km and depth of 6-13 ms or ~5-10 m
at horizon R4 (Fig. 6d). Like at Site 1, R4 appears slightly inclined
seaward (Fig. 6d). The present seafloor shows no depressions or chan-
nels at Site 2, but EW-trending seafloor channels are present north of Site
2 (Fig. 1b-S1, S4).

4.3.3. Morphological evolution of site 3

Numerous NE to EW-trending, elongated depressions are present at
Site 3 along horizons R1 and R2 (Fig. 6e). These horizons occur in 66-93
ms below sea level or ~50 to 60 mwd with 5-33 ms or ~4-25 m deep
incisions (Fig. 6e). The EW-trending depressions extend from the coast
of PEI and widen offshore where they are up to 2.8 km wide (Fig. 6e).
The largest elongated depression is NS-trending, up to 45 ms or ~35 m
deep and 6 km wide, and located proximally to Cape Breton (Fig. 6e).
The depressions are still visible at horizon R2 but are reduced in size and
the incision is shifted further offshore away from PEI (Fig. S5). From
horizon R2 to the modern seafloor the depressions diminish in size and
their incision is shifted further offshore (Figs. S2 and S5). No depressions
or channels are visible along the modern seafloor east of PEI, as these are
located further east and northeast of PEI (Fig. 1b-S2, S5).

4.4. Description of sediment cores
4.4.1. Sedimentological characteristics

4.4.1.1. Site 1. Two sediment cores (GC06_2, GC07_2) were collected
within elongated seafloor depression where U4 and U5 are either absent
or <30 cm thick (Figs. 1b and 7, $6). GC06_2 was retrieved from 49 mwd
and is 3 m long, while GC07_2 was retrieved from 51 mwd and is 3.72 m
long (Fig. 8). Between 3 and 0.2 m of GC06_2 and 3.72 to 0.22 m of
GCO07_2 both cores contain homogenous to massive dark reddish-brown
to reddish-brown clay to clayey mud with traces of very fine to medium
sand interbedded with layers of clay and silty sand (Fig. 8). Correlation
of the cores to the sub-bottom profiles show that these sections of the
cores (3-0.2 m of GC06_2, 3.72-0.22 m of GC0O7_2) sampled U3 (Fig. 7,
$6). In contrast, the upper 0.2 m of GC06_2 and 0.22 m of GC07_2 consist
of homogenous, dark brown to dark reddish-brown, medium to coarse
sand with small amounts of gravel that either originate from U4 or U5
(Figs. 7 and 8, S6). Both cores contain intact shells and shell fragments
(Fig. 8).
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4.4.1.2. Site 3. Two sediment cores were collected at Site 3. GC14_2
was retrieved from 60 mwd about ~40 km offshore PEI and is 4.62 m
long, while GC16_2 was retrieved ~20 km from shore in 47 mwd and is
3.62 m long (Figs. 1 and 8). GC14_2 consists of bioturbated, largely
homogenous dark grayish brown to reddish-brown mud to silty mud and
dark grayish brown sandy mud (Fig. 8). In contrast, GC16_2 contains
bioturbated, homogenous dark grayish brown to reddish-brown sandy
muds and silty muds with a higher amount of silt towards the top
(Fig. 8). Correlations of GC14_2 and GC16_2 to sub-bottom profiles show
that these cores retrieved sediments from U5. Shells and shell fragments
of various species are abundant within both cores. The deeper core
sections contain higher amounts of organic material, including wood
and preserved plant remains.

4.4.2. Biofacies description

The foraminiferal assemblages include only benthic foraminifera
with a generally good preservation state (Table S1; Supplementary
Plates I & II). Biofacies from all samples were described, even if there
was a low foraminifera abundance. The foraminifera in the cores are
distinguished into three different biofacies (A, B, C), which are indica-
tive of different environments.

10

1. Biofacies A is most common and was present within GC06_2, GC07_2,
and in the lower part of GC16_2. This biofacies is dominated by the
calcareous taxa Elphidium excavatum and Elphidium clavatum, along
with Haynesina orbicularis and Buccella frigida.

. Biofacies B only occurs in GC14_2 and is characterised by a generally
poor assemblage, with Nonionellina labradorica and Islandiella helenae
as relatively more frequent taxa, followed by E. excavatum and
E. clavatum. Specimen tests occasionally show dissolution traces.
Very rare specimens of the agglutinated taxa Entzia macrescens,
Lepidodeuterammina ochracea, Trochammina inflata and Trochammina
squamata are present, but given their very rare abundance we
consider them as reworked.

. Biofacies C is only found in the upper part of GC16_2 and is largely
dominated by agglutinated taxa, namely Lagenammina difflugiformis,
followed by scattered specimens of Lagenammina atlantica and rare,
or very rare, specimens of E. excavatum and B. frigida. The distinction
between L. atlantica and L. difflugiformis can be challenging, but
L. atlantica typically lacks a developed neck present in
L. difflugiformis (cf. Todd and Low, 1981).
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4.4.3. Geochronology and sedimentation rates

Of the 20 samples extracted for radiocarbon dating, two, GC06_2(a)
and GCO7_2(c), yielded inverse ages suggesting that sediment was
reworked and, therefore, were not considered in the age models and to
calculate sedimentation rates (Table 2).

Sediment cores from Site 1 (GC06_2, GC07_2) that sampled U3 have
calibrated ages from ~13.6 + 0.12 to 12.5 + 0.13 ka cal BP, which
would correspond to the late Bglling-Allergd (13.6-12.9 ka cal BP) and
early Younger Dryas (12.9-12.5 ka cal BP) (Fig. 8; Table 2). These dates
are calibrated using a modern correction factor for the marine reservoir
effect (AR-83 + 50 a, McNeely et al., 2006). Studies on other former
glaciated regions, such as Quebec and the Gulf of Maine, however, used
a AR of 600 + 150 a for >10 ka old samples (Borns et al., 2004;
Tremblay and Lamothe, 2007 as cited in Thompson et al.,, 2011).
Applying this AR suggests a later deposition of U3, between the early
Younger Dryas and early Holocene (~12.8 £+ 0.18-11.3 + 0.26 ka cal
BP) (Table S2). To estimate sedimentation rates within the deeper basin
sections we correlated the core stratigraphy to sub-bottom profiles
(Figs. 3 and 7, see Fig. S7 for cores). In basin 1 at Site 1, the apparent late
Bolling-Allergd or early Younger Dryas time interval, which spans ~700
a, is up to 3 m thick, yielding a sedimentation rate of up to 0.4 cm al
(Table 2). The overlying stratigraphy, which is up to 5 m thick and
deposited either over ~460 a of the early Younger Dryas or 790 a of the
Younger Dryas to Holocene period (Figs. 3 and 7; Table 2, S2), suggests
sedimentation rates of 1 or 0.6 cm a™?, respectively.

Sediment cores collected at Site 3 (GC14_2, GC16_2) date within the
Holocene (8.4 + 0.06-2.3 + 0.11 ka BP) (Fig. 8, Table 2). In all cases,
the sampled sections correspond to U5 (Fig. 5a). For GC14_2 (Site 3),
which is 4.5 m long and is dated to the late Holocene (4.9 + 0.06-2.5 +
0.10ka cal BP), we can calculate sedimentation rates between 0.2 and

Table 2
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0.09 cm a~! with a decrease towards the top of the core (Fig. 1b and 8,
S7). In comparison, sedimentation rates of 0.07 and 0.05 cm a~! can be
derived for GC16_2 (Site 3) for the past 8 ka (Fig. 1b-S7). These findings
indicate high sedimentation rates for the Bglling-Allergd and Younger
Dryas event (0.4-1 cm a1 and low sedimentation rates during the
Holocene (0.05-0.2 cm a’l).

5. Discussion
5.1. Bedrock geomorphology

U0 is present throughout all study sites, and often shows dipping sub-
bottom reflections, especially to the east of PEI (Site 3) (Fig. 2, Table 1).
We interpret UO as representative of bedrock (Fig. 9), which in the
Maritime Basin are represented by the Carboniferous to Permian sand-
stones that are often described as flat dipping (Carr, 1969; Symons,
1990; Van de Poll, 1989). Horizon R1 forms the boundary between these
“redbeds” and the overlying unconsolidated sediments (Fig. 2). Mapping
of R1 exposes various, presently buried depressions within the bedrock
(Fig. 6a, c & e, 9). The up to 35 m deep depressions to the north of PEI
(Site 1) resemble isolated basins, given their lack of continuity within
the survey area (Figs. 3 and 6a). They are oriented parallel to the modern
PEI coastline and within these basins several topographic elevations are
observable (Figs. 3 and 6a). Given these characteristics, it is possible that
the basins were formed by glacial erosion (Fig. 9) (cf. Cook and Swift,
2012; Patton et al., 2016). To the east (Site 3) and especially northeast of
PEI (Site 2), R1 reveals numerous EW- to NE-trending elongated de-
pressions within the bedrock, which resemble channels with some being
directed towards the CBT (Fig. 1a & b, 6¢ & e). Channels observed at Site
2 occur in fact in vicinity to present-day EW-oriented seafloor channels

Sediment samples and determined calibrated ages. Marked in red are dates that differ significantly from the other samples (above and below)
and, therefore, were not considered further, such as for calculation of the sedimentation rates.

:‘Z:e :an:‘zle d:);l; sample material lab nr. “caBPtilc Z(Sarlaangs)c(agl.saoz;es ave::e:z :?:;
a 23.0|foraminifera (mix) Poz-171626 24,710 +190 28,598 - 27,695 28,115 *240
b 104.0|foraminifera (mix) Poz-171627 11,650 + 60 13,269 - 12,839 13,051 +106
GC06_2 c 148.0|foraminifera (mix) Poz-171629 11,870 = 60 13,481 - 13,085 13,273 +103
d 152.0|marine shell Poz-171630 11,880 + 60 13,492 - 13,091 13,283 +104
e 279.0(|foraminifera (mix) Poz-171631 11,910 = 70 13,552 - 13,101 13,314 +111
a 3.0|marine shell Poz-172453 665 + 30 400 - 17 201 +* 93
b 76.5|marine shell Poz-171632 10,990 = 50 12,660 - 12,180 12,438 +128
GCO07_2 c 153.0|foraminifera (mix) Poz-171633 19,190 +120 22,740 - 22,034 22,357 +175
d 327.0{marine shell Poz-171634 11,520 + 60 13,117 - 12,733 12,925 +100
e 354.5marine shell Poz-171635 12,190 = 60 13,876 - 13,390 13,623 +118
a 128.0|marine shell Poz-171639 2,850 =+ 30 2,724 - 2,344 2,532 +103
b 213.0{marine shell Poz-171640 3,610 + 35 3,665 - 3,250 3,444 +100
GC14 2 c 223.0(marine shell Poz-171641 3,555 + 30 3,574 - 3,189 3,378 = 97
- d 255.0(marine shell Poz-171689 3,875 + 35 3,999 - 3,561 3,772 £110
e 342.0| marine shell Poz-171691 4350 + 35 4,642 - 4,179 4,404 +115
f 448.0(wood fragment Poz-172073 4,350 + 40 5,040 - 4,841 4,921 + 59
a 51.0|marine shell Poz-171692 2,735 + 35 2,638-2,176 2,390 +113
GC16 2 b 53.0|marine shell Poz-171693 2,765 + 35 2,676 - 2,228 2,429 +111
- c 72.0|marine shell Poz-171695 3,570 + 35 3,606 - 3,209 3,396 + 100
d 399.5|org. sediment Poz-172072 7,580 + 50 8,519 - 8,212 8,385 + 52
Indices: Reservoir corr. marine samples: -83+50 a (modern corr. factor)
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located between PEI and the Magdalen Islands (Fig. 1b), which were
previously interpreted as tunnel valleys (Loring and Nota, 1973). It is
thus plausible that the presently buried channel systems observed at
Sites 2 and 3 are remains of tunnel valleys (cf. Loring and Nota, 1973;
Shaw et al., 2006; Pinet and Brake, 2024) or lowstand, fluvial river
systems (Fig. 9) (cf. Pinet and Brake, 2024).

5.2. Late Pleistocene and Holocene depositional reconstruction

5.2.1. Last Glacial Maximum

U1 is the lowermost depositional unit within all basins and channels
in the research area (Fig. 2). Given the acoustic response of U1l (trans-
parent with no apparent sub-bottom reflections) and its variable thick-
ness (2-9 m thick) distribution we interpret this unit as glacial till (cf.
Josenhans et al., 1986; Josenhans and Fader, 1989; Zecchin and
Rebesco, 2018) (Figs. 2, 5 and 9, Table 1), which was likely deposited
when the LIS occupied the Gulf of St. Lawrence (Loring and Nota, 1973).
The glacial till (U1) directly overlies the bedrock (R1, UO) (Fig. 2), which
indicates that the ice was grounded during deposition of Ul within the
basins and channels (Josenhans and Lehman, 1999; Shaw et al., 2006),
and supports the interpretation that these basins and channels were
indeed formed from subglacial erosion and by meltwater flows (Fig. 9)
(cf. Loring and Nota, 1973; Cook and Swift, 2012; Patton et al., 2016).
Basins and channels are still evident within horizon R2 (Figs. 3 and 4),
although their width is reduced due to the infill with glacial till (Figs. S3,
S4, S5).

5.2.2. Bylling-Allergd and Younger Dryas

The stratified nature of U2 and U3, and association of U3 reflection
characteristics to clayey mud with interbedded sand (GC06_2, GC07_2)
on top of Ul suggests that these units represent glaciolacustrine, gla-
ciomarine or marine sediments (Figs. 3, 7 and 8) (cf. Josenhans et al.,
1986; Josenhans and Fader, 1989; Zecchin et al., 2016). Radiocarbon
dating indicates the sampled section of U3 as of late Bglling-Allergd to
early Younger Dryas (13.6 + 0.12-12.5 + 0.13 ka cal BP) to potentially
early Holocene (11.3 + 0.26 ka cal BP) age (Fig. 7; Table 2, S2). It needs
to be noted, however, that sub-bottom profiles show a significant thick
section of U3 within deeper basins below the lowermost dated section,
potentially indicating high sedimentation rates throughout its deposi-
tion (Figs. 3 and 7). Using a AR of 600 + 150 a, this lowermost dated
portion would have been deposited during the early Younger Dryas
(>12.8 £ 0.18 ka cal BP; Table S2), which indicates that deposition of
U3 began earlier, during the late Bglling-Allergd. Consequently, the
deposition of U2, not dated directly, places after the LGM and before the
late Bglling-Allergd, and thus likely within the early Bglling-Allergd, as
described in the following section.

5.2.2.1. Early Bylling-Allerpd. U2 shows conformable, low amplitude
reflection characteristics (Table 1). Sediments with such a seismic
response have been interpreted elsewhere as ice proximal to distal gla-
ciolacustrine or glaciomarine mud with layers of ice rafted debris that
were deposited within a low-energy environment, primarily from sus-
pension clouds in association with sediment-laden meltwater or hyper-
pycnal flows (e.g., Josenhans and Fader, 1989; Josenhans et al., 1990;
Garcia-Garcia et al., 2004; Zecchin and Rebesco, 2018; Hogan et al.,
2020; Dhavamani et al., 2022).

The age constraint and distribution of U2 within deeper portions of
basins and channels (15-35 m deep) suggest that low-lying regions of
the shelf were flooded with meltwater during the ice retreat (Figs. 4, 7
and 9). Given the strong conformity of U2 reflections to horizon R2,
these portions of the shelf were likely covered by sea ice or ice remnants,
which facilitated the formation of a low-energy and sheltered environ-
ment (Figs. 4 and 5a & b, 7, 9). A similar conformable acoustic unit was
observed in basins along the inner Scotian Shelf and attributed to rapid
sedimentation from suspension clouds and meltwater underneath an ice
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shelf in the ice-proximal portion (e.g., Stea et al., 1996). Changes in the
reflection amplitude of U2 observed within channels at Site 2 (Fig. 4,
Table 1), indicate lithological changes and are likely related to changes
in the amount of ice rafted debris, as Site 2 is located further offshore
and was possible affected by ice retreat and RSL rise at an earlier stage
during deglaciation (c.f. Josenhans et al., 1990; Melles and Kuhn, 1993;
Hodell et al., 2010; Batchelor et al., 2011; Klotsko et al., 2019). Marine
water was likely present during the deposition of U2 given the rapid
post-glacial rise in RSL (Fig. 9) (e.g., as suggested by Shaw et al., 2002;
Shaw, 2005; Dyke et al., 2003; Forbes et al., 2014; Dalton et al., 2020).
An unconformity at the top of U2 (horizon R3) indicates a change in the
depositional environment or in the intensity of marine processes (Figs. 3
and 7) (cf. Mitchum Jr. et al., 1977).

5.2.2.2. Late Bylling-Allersd and Younger Dryas. U3 has a similar
reflection character as U2 (Table 1). Sediment cores (GC06_2, GC07_2)
from U3 consist of dark reddish-brown clayey mud interbedded with
layers of fine and medium sand (Fig. 8). The abundance of fine-grained
material suggests deposition under generally low-energy conditions
within an environment that periodically experienced higher energy
events, as indicated by the presence of sandy layers (Zecchin et al., 2016;
Zecchin and Rebesco, 2018). These findings correspond to the abun-
dance of taxa from biofacies A that are related to marginal marine, open
bay settings (E. excavatum, E. clavatum, B. frigida) as well as shallow
marine arctic and ice-proximal conditions with variable salinity and
sediment supply (e.g., Schafer and Cole, 1982; Scott et al., 1977, 1980,
2001; Rodrigues and Hooper, 1982; Hald and Korsun, 1997).
Sub-bottom profiles further indicate an increase in sedimentation rates
towards the top of U3 from ~0.4 cm a~! to ~1 cm a! or, given the
uncertainty in age, 0.6 cm a L.

Sedimentation rates during the late Bglling-Allergd in the lower to
middle portion of U3 are relatively high considering present-day rates of
<0.2 cm a~! and are possibly related to an increase in wave and current
energy due to the absence of ice coverage, which we also interpret as the
primarily cause for the unconformity at horizon R3 (Figs. 4 and 9) (c.f.,
Barrie and Piper, 1982; Stea et al., 1996). The shift to higher sedimen-
tation rates towards the top of U3, that is associated with the Younger
Dryas event, indicates a change in the depositional conditions. In this
context, Loring and Nota (1973) who analyzed glaciomarine sediments
from the St. Lawrence Estuary and Laurentian Channel argued that
higher sedimentation rates during the Younger Dryas event were
directly related to sedimentation in front of re-advancing ice masses.
While the extent of a Younger Dryas ice mass is a matter of debate (Stea
and Mott, 1998), the distribution and age of U3 suggests that deterio-
rating conditions with possible increased storm activity and sea ice
development caused a transition to higher sedimentation rates in the
research area (cf. Stea et al., 1996, 1998).

The top of U3 (horizon R4) shows an erosional truncation (Fig. 6b &
d, 9) that is inclined seaward and could be generated by: 1) erosion due
to intensified storm-wave activity during the Younger Dryas (Fig. 9) (cf.
Barrie and Piper, 1982; Stea et al., 1996; Brauer et al., 2008; Stowinski
etal., 2017), possibly amplified by sea level fall either related to isostatic
rebound of the region (e.g., as suggested by Shaw et al., 2002; Shaw,
2005; Dyke et al., 2003), or ice build-up as proposed for other margins
(Maselli et al., 2011). Alternatively, the truncation could be caused by 2)
a RSL lowstand, which is argued to have occurred in this region during
the late Pleistocene to early Holocene transition as a result of isostatic
uplift following the ice retreat (Forbes et al., 2004; Shaw et al., 2006;
Vacchi et al., 2018).

An erosional truncation has also been associated with a Younger
Dryas sediment unit observed within basins on the inner Scotian Shelf
(Piper and Fehr, 1991; Stea et al., 1996). Contrary to our data, however,
these units interpreted to be of Younger Dryas age were found above a
truncation, which would coincide with U4 in our data. Given the un-
certainties in the dating and absence of dated material in the overlying
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sediment unit (U4), we are unable to clearly determine the exact cause
and timing for the formation of the erosional truncation atop the
Younger Dryas sediments (U4, horizon R4) (Figs. 3 and 6b & d, 9).

5.2.3. Younger Dryas — Holocene transition

The echo characteristic of U4 (chaotic with interbedded parallel re-
flections) strongly contrasts with those of U3 (Fig. 2, Table 1). Papa-
theodorou et al. (2021) observed a similar echo-characteristic to U4 in
the central Ionian Sea and interpreted them as a result of soft-sediment
deformation. There is, however, no definitive sediment sample from U4,
as the medium to coarse sand with pieces of gravel at the tops of GC06_2
and GCO07_2 could be sediment material from either U4 or U5 (Figs. 7
and 8).

Radiocarbon dating of the units below and above U4 suggests a
deposition of this unit after 12.5 ka cal BP and before 9 ka cal BP (Fig. 7;
Table 2, §2). This time interval envelopes the Younger Dryas event,
which likely saw an ice re-advance from isolated marine and terrestrial
ice remnants on PEI and Nova Scotia (Stea and Mott, 1989, 2005; Shaw
et al., 2006; Stea, 2011; Vacchi et al., 2018; Dalton et al., 2024). An
absence of geological features such as moraines, drumlins or eskers
along horizons R4 and R5, however, indicates that there was no
grounded ice mass in our study sites (cf. Shaw, 2005; Shaw et al., 2006,
2009). Near the coast of Cape Breton, we observe inclined sediment
layers at the base of U4 lapping down on horizon R4, creating a
wedge-shaped geometry, but which laterally and at shallower elevations
transition to the chaotic echo signature of U4 (Fig. 5b-S8). These
characteristics resemble attributes of subaqueous fans formed in front of
the grounding line of floating ice or glaciers (Dowdeswell and Fugelli,
2012) but could also constitute the distal component of a flood delta.

Based on the above information, we propose two hypotheses for the
deposition and chaotic reflection characteristic of U4 (Figs. 3, 7 and 9;
Table 1).

1) If R4 was caused by increased storm-wave activity, possibly
accompanied by a RSL fall, during the Younger Dryas, then U4 likely
resulted from meltwater-derived sedimentation in front of a new ice
margin on PEI or underneath sea ice formed during the Younger
Dryas (Fig. 9). Waves and tides, enhanced by the intensification of
winds and storms during the Younger Dryas (Fig. 9) (cf. Brauer et al.,
2008; Toomey et al., 2017), could have deposited and continuously
reworked U4 sediments causing the chaotic appearance of this unit
(cf. Forbes et al., 2014). Alternatively, sea ice could have invoked
sediment disturbance through freezing and subsequent shearing of
the upper sediment strata (Fig. 9). Present-day multi-year sea ice in
Antarctica is up to 10 m thick as a result of ice deformation (Goosse
et al., 2013), which implies that Younger Dryas sea ice offshore of
PEI could have potentially been in direct contact with the sediments
proximal to the coast especially if the RSL had dropped. It further
suggests that the wedge-shaped depositional pattern observed
offshore Cape Breton could be a direct consequence of sedimentation
underneath floating ice near the coast (Fig. 5b-S8). In this scenario,
the undulating surface of U4 (horizon R5) could possibly be an
erosional truncation related to the sea level lowstand during the late
Pleistocene to early Holocene transition (Figs. 3 and 9).

2) Another possible explanation would be that U4 deposited in the vi-
cinity of the coastline, if the erosional truncation at horizon R4 is
indeed related to the late Pleistocene to early Holocene RSL lowstand
(Fig. 9). This unit was deposited on top of U3 and is therefore located
in a shallower water depth than the older sediment units (Fig. 2;
Table 1). We thus suggest that waves and tide action deposited and
continuously reworked U4 (Fig. 9) (cf. Forbes et al., 2014). This
scenario supports the idea that the observed wedge could be a relict
flood delta into shallow water. Given this scenario, the undulating
appearance of horizon R5 is either a consequence of thickness vari-
ations of U4 or related to erosion due to sea level rise at the end of the
lowstand (Fig. 9). Determining the nature of the unconformity at
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horizon R5 is difficult, as the chaotic appearance of the upper part of
U4 restricts the identification of reflection truncations (Table 1).

Both hypotheses seem to be feasible according to the available data,
but the nature of U4 will need to be re-evaluated with actual samples
from this unit in the future.

5.2.4. Holocene sedimentation

U5 consists of fine-to coarse-grained sandy mud and muddy sand of
Holocene age (11.6 ka BP to present) (Fig. 8; Table 2). The lower portion
or U5-a is up to 4 m thick and is present within elongated depressions
(Site 1) and channels (Site 2 & 3), while the upper portion or U5-b is only
0.5-1 m thick but present throughout the research area (Figs. 3 and 5b).
U5 overall displays parallel, stratified reflections (Fig. 2). Exceptions are
found north of PEI (Site 1) and locally northeast of PEI (Site 2). North of
PEI (Site 1), U5 migrates into and abruptly terminates within the elon-
gated depressions present along the modern seafloor (Fig. 1c and 3). The
unit shows reflection downlaps, which resemble sediment drifts from
bottom currents observed in other areas such as the Barents Sea (Zecchin
et al., 2016; Rebesco et al., 2016). Northeast of PEI (Site 2) but only
within U5-a, localised reflection downlaps are observable that are
associated with buried channel structures (Fig. 4). These channels occur
in higher water depth (90 mwd) than sediment drifts observed to the
north of PEI (50 mwd) (Fig. 1b). The acoustic response within U5-a
resembles multicycle incisions found within former meandering chan-
nel systems or erosional channel belts (cf. Janocko et al., 2013; Dubey
et al., 2019). They are often associated with sea level fluctuations and
consequent changes in the hydraulic energy condition (Janocko et al.,
2013; Dubey et al., 2019).

Sediment cores from U5 contain biofacies A (lower part of GC16_2),
B (GC14_2) and C (upper part of GC16_2) and indicate a similar depo-
sitional trend than described above (Table S1). The taxa suggest a shift
from shallow marine conditions (E. excavatum, E. clavatum, B. frigida,
Rodrigues and Hooper, 1982; Schafer and Cole, 1982; Scott et al., 1977,
1980, 2001) during the early Holocene to conditions with strong salinity
and temperature gradients during the late Holocene (L. atlantica previ-
ously known as Saccamina atlantica, Williamson et al., 1984). The late
Holocene taxa further indicate a high flux of organic matter and is
dominated by taxa associated with cold and well oxygenated bottom
water (L. difflugiformis in biofacies C, Vilks et al., 1982; Jennings and
Helgadottir, 1994; Alve et al., 2016) <20 km from PEI (GC16_2) and low
oxygen conditions further offshore (>20 km) (GC14_2, N. labradorica &
L helenae of biofacies B, Hald and Korsun, 1997; Bernhard and Bowser,
1999; Rytter et al., 2002; Cage et al., 2021; Schmidt et al., 2022; Racine
et al., 2023).

In conclusion, the topmost sediment unit, U5, shows both Holocene
drift deposits strongly influenced by bottom, or in this case more likely
coastal, currents in the shallower parts of the shelf and localised
occurrence of multicycle, buried channel systems in the deeper, eastern
sections of the research area (Figs. 3 and 4). A change in the environ-
ment conditions is further evident through the occurrence of an un-
conformity (horizon R6) within U5 (Fig. 3; Table 1), probably in
response to Holocene sea level fluctuations (cf. Forbes et al., 2004, 2014;
Shaw et al., 2006). U5-a was likely deposited during the early Holocene
when the sea level rose rapidly, while U5-b was deposited more recently
during lower rates of sea level rise (Fig. 9) (cf. Forbes et al., 2004, 2014).

5.3. Specific depositional or post-depositional formations

Transparent, wedge- and pocket shaped features that we observed
within U3 (Figs. 3, 5 and 7) are potentially associated with rapid sedi-
mentation of this unit given that similar features are described in asso-
ciation with cut and fill and sediment loading elsewhere (e.g., Kleiber
et al., 2001; Fulthorpe and Austin Jr, 2004; Correggiari et al., 2005).
Acoustic blanking can, nevertheless, also be an indication for the pres-
ence of a significant (>2 % of pore space) amount of free gas in
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sediments (Lohrberg et al., 2020). Such gas accumulations, which may
be produced by in situ degradation of organic matter in the presence of
low permeability, however, absorb the seismic signal generating
acoustic blanking of layers underneath, but this is not the case here
(Figs. 3 and 7). Transparent, funnel-shaped features that resemble our
wedge-shaped features have further been reported offshore New Zea-
land and interpreted as buried pockmarks that were formed by vertical
fluid flow (Micallef et al., 2022). Interestingly, we observe dome-shaped
features with low amplitude to no sub-bottom reflections in sub-bottom
profiles north of PEI (Site 1), in vicinity to the wedge-shaped features of
U3 (Fig. 3). These dome-shaped features resemble fluid plumes observed
in sub-bottom profiles and seismic reflection profiles elsewhere (e.g.,
Trincardi et al., 2004; Lundmark, 2017; Papatheodorou et al., 2021),
which may indicate that both, wedge-shaped and dome-shaped features,
may have resulted from similar mechanisms.

Fluid plumes described in the literature, however, often extend
through the sediment package to the seafloor. The funnel-shaped fea-
tures observed offshore New Zealand further show a much larger size
with >50 m vertical extension and lateral amplitude reductions under-
neath these features are noticeable (Micallef et al., 2022), which is
different to the ones observed in our study within U3 (<5 m high). They,
however, resemble acoustic blank features observed within Holocene
sediments (U5) deposited northeast of PEI (Site 2) (Fig. 4). We, there-
fore, interpret wedge-shaped features observed within U5 at Site 2 as
result of fluid expulsion, potentially consisting of gas, while those in U3
are either a direct result of rapid sediment deposition or also fluid
expulsion, but its unclear if this is gas related. Coincidently, the
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dome-shaped features are likely related to fluid expulsion, but at this
stage further data and analysis are needed to indicate the nature of these

dome-shaped features.

5.4. Indications of ice advance and retreat and the influence on sea level

Based on the distribution of reflection characteristics and results
from our sediment core analysis, we propose a modified deglaciation
model for our research area for the last 18 ka BP (sections 5.1 and 5.2) by
adding our findings to previous regional reconstructions such as those by
Dyke et al. (2003), Shaw et al. (2006), Vacchi et al. (2018) and Dalton

et al. (2020, 2024) (Fig. 10).

A. 18 ka cal BP: The research area was completely covered under the

LIS during the LGM (e.g., Fairbanks, 1989; Shaw et al., 2006; Forbes
2020) (Fig. 10), which resulted in the
deposition of glacial till (U1) (Figs. 2 and 10; Table 1). Deglaciation
in the Gulf of St. Lawrence region began ~16 ka BP and was
accompanied by a rapid ice disintegration, massive calving events
and a rapid post-glacial transgression (Shaw et al., 2002, 2006; Dyke

et al., 2014; Dalton et al.,

et al., 2003; Shaw, 2005).

B. LGM to ~13.6 ka cal BP: Our data indicate marine sedimentation
(U3) as early as 13.6 + 0.12 ka BP or at the latest 12.8 4+ 0.18 ka BP,
which suggests that ice retreat and RSL rise occurred before this
period (Fig. 10; Table 2, S2). This observation is generally consistent
with previous studies that proposed a rapid rise in RSL in the region
following the retreat of the LIS (e.g., Shaw et al., 2002; Dyke et al.,
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2003; Dalton et al., 2020). Our data, however, indicate that the
initial sedimentation (U2) following the ice mass retreat occurred
under low energy condition, given the conformable reflection char-
acteristic of the sediments that are present within deeper shelf sec-
tions (Table 1) (cf., Stea et al., 1996). For U2 deposition, we invoke
energy damping by sea ice or possibly floating glacial ice as well as
ice remnants covering the shallow basins and channels, although a
lagoonal environment cannot be discounted (Fig. 9). The presence of
an erosional truncation (horizon R3) on top of U2 sediments in-
dicates a change in the depositional conditions, likely in the form of
intensified wave and current activity, possibly associated with
re-sedimentation (cf., Stea et al., 1996), which we associate with an
absence of the previously sheltering conditions (e.g., sea ice). It is
possible that U2 sediments were partially eroded in the process,
which would explain the restriction of this unit to the deeper basins
and channels of the shelf (Figs. 3 and 5a & b). The erosional trun-
cation therefore represents a shift from the deposition of meltwater
derived glaciomarine or -lacustrine mud (U2) to glaciomarine and
marine sediments (U3) (Early Bglling-Allergd to early Younger
Dryas, 14.6-12.8 ka BP). The presence of U2 and thickness of U3
suggests that the LIS itself had retreated at the latest before 13.5 ka
BP, which we propose was pre-14 ka BP. This interpretation differs
from the reconstruction of Stea et al. (1998), Dyke et al. (2003),
Shaw et al. (2006) and Dalton et al. (2020) who indicated full ice
coverage across our study site north of PEI (Site 1) at 14 ka BP
(Fig. 10), as well as that the ice margin only reached the modern PEI
onshore area about 13.5 ka ago (Vacchi et al., 2018).

C. 13.6 to 10 ka cal BP: The pre- and proglacial basins and channels
were filled with glaciomarine to marine sediments (U2 & U3) (Figs. 3
and 7). Foraminifera from U3 sediments north of PEI (Site 1), which
can be used as index points for the water depth (cf. Vacchi et al.,
2018), indicate continued deposition under shallow marine condi-
tions (<50 mwd) between 13.6 + 0.12 and possibly 11.3 + 0.26 ka
cal BP (Fig. 10; Table 2, S2). We therefore propose a water depth of at
least 10 + 5 m during the deposition of U3 sediments (Fig. 10). In
addition, Shaw et al. (2002) suggested that to the east of PEI the
post-glacial transgression resulted in RSL below the present-day sea
level. The RSL was thus likely between —40 + 5 m and <0 m
(Fig. 10). Previous studies further proposed a RSL lowstand at —40 m
around 10 to 9 ka cal BP, which exposed wide sections of the modern
shelf to subaerial conditions (Forbes et al., 2004, 2014; Shaw, 2005;
Vacchi et al., 2018) (Fig. 10). Given uncertainties in our dating, this
event may be present in our data in the form of an erosional trun-
cation (horizon R4 or potentially R5, Figs. 9 and 10).

D. 10 ka cal BP to present day: A continuous RSL rise during the
Holocene with present-day rates as high as 3.2 mm a~! (Forbes et al.,
2004; Shaw, 2005; Vacchi et al., 2018) brought the coast to its cur-
rent position (Fig. 10). This rise in RSL was likely initiated by a
combination of eustatic RSL rise and isostatic subsidence that is re-
ported to date back to the early Holocene. (Person et al., 2003;
Forbes et al., 2004, 2014). It is likely that the erosional truncation at
horizon R6 and consequent change in the development of sinuous
channels and the extent of sediment drifts (U5) are directly driven by
a change in RSL during the early phase of the Holocene (Fig. 3,
Table 1).

6. Conclusion

The landscape of the Gulf of St. Lawrence offshore PEI, as a formerly
glaciated continental shelf, was notably affected by the Pleistocene
glaciations. Using sub-bottom profiles and sediment cores, we recon-
structed the sedimentation history since the LGM. Our study shows that
the last glaciation and deglaciation period, significantly altered the
morphology and influenced sedimentation in the region. Numerous
buried sediment basins and channels are present down to 40 m sub-
bottom depth, which were likely formed due to glacial erosion. They
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contain till at their base and are partially or fully filled with late Pleis-
tocene glaciolacustrine, glaciomarine and marine sediments (13.6-11.3
ka cal BP), deposited primarily under shallow marine conditions at
sedimentation rates of 0.4-1 cm a~?, likely highest during the Younger
Dryas. We argue that this rapid sedimentation occurred when large
amounts of sediment material were redistributed offshore as a conse-
quence of increased storm-wave and current activity and readvancing
Younger Dryas ice, as the climate conditions deteriorated. We further
observe an erosional truncation of the sediment package deposited
during the mid-Younger Dryas to early Holocene transition. Given un-
certainties in dating of older sediment material this truncation is either
possibly related to: 1) increased storm-wave activity in combination
with a reduction in RSL due to isostatic uplift or ice built-up during the
Younger Dryas; or 2) an RSL lowstand, as proposed by others for the late
Pleistocene to early Holocene transition. This erosional truncation is
overlain by an up to 4 m thick sediment package of chaotic character-
istic, which was deposited between the mid-Younger Dryas and early
Holocene. Given its timing and thickness distribution, we suggest that
this sediment package either resulted from meltwater deposition or
deposition during the RSL lowstand. Its chaotic appearance with rem-
nants of interbedded parallel reflections indicates sediment disturbance
possibly due to storm waves or sea ice grounding. These layers are
overlain by Holocene sediments that are locally up to 7 m thick, indi-
cating a change from more turbulent to calm sedimentation conditions.

This study provides one of the few examples of dated Younger Dryas
sediments in Atlantic Canada. The findings show that the Bglling-Allergd
and especially the Younger Dryas event had a large influence on sedi-
mentation within the research area, as a significant portion of sediment
was deposited during the relatively short duration of this event (1300 a).
Our data further show an erosional truncation that is possibly related to
the Holocene RSL lowstand as depicted in previous models but could
also be related to a change in RSL development and increased storm-
wave activity during the Younger Dryas.
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