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Abstract

The shallow sedimentary sequence in Flemish Pass, a small perched
basin along the north-eastern Grand Banks margin, was studied for improving
the knowledge of timing of glaciation, and its influence on slope and basin
sedimentation, using high-resolution seismic profiles and 10 m long piston cores.
A new basin-wide seismic stratigraphy was defined and calibrated by multiple
dating methods. The spatial and temporal extent of mass transport deposits
(MTDs) was used to understand the impact of ice sheets on sedimentation in
Flemish Pass. Grain size analyses from sandy beds indicate turbidite and
contourite activity in the basin. More turbidites were deposited during Greenland
stadials, more contourites during interstadials, which may link to the oceanic
regime. From the temporal and spatial distribution of MTDs and turbidite sands,

different initiating processes have been proposed.
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Chapter 1. INTRODUCTION

The style of Quaternary continental margin sedimentation is quite variable
along formerly glaciated continental margins in areas such as Canada, Norway
and Alaska (Piper et al., 1973; Piper and Skene, 1998; Taylor et al., 2000). Major
deep-sea fans have developed seaward of large traverse troughs, marking the
site of former ice streams (Hesse et al., 1996; King et al., 1998; Andrews and
MacLean, 2003). The style of sedimentation seaward of outer shelf banks is less
well known, with minor downslope supply and more important along-slope supply
of sediment in proglacial plumes (Taylor et al., 2000). In such settings, submarine
canyons appear to be important conduits for sediment transport (Jenner et al.,
2007).

This study investigates the style of Quaternary sedimentation on the
continental margin of Flemish Pass over the past 200 ka in order to better
understand how glacial processes and margin morphology control continental
margin sedimentation. Flemish Pass is an 1100 m deep perched basin on the
continental margin east of the Grand Banks of Newfoundland. It is unusual
compared with adjacent parts of the southeast Canadian margin in several
respects. Its shallow depth means that much of the downslope supply of
sediment is trapped in the basin, rather than being spread widely over abyssal

plains. In the last glacial maximum, ice extended only part of the way across the

Grand Banks. Submarine canyons are very poorly developed in Flemish Pass.



For this reason, Flemish Pass is well suited to provide further insights into

continental margin sedimentation processes.

1.1 Topographic and Tectonic Setting of Flemish Pass

Flemish Pass is a small, perched basin along the eastern Grand Banks
margin. The topography of the area is characterized by the basement high of
Flemish Cap to the east of Flemish Pass. Due to the presence of Flemish Cap,
which is composed of basement grandiotite (King et al., 1985), the depths to
basement increases in Flemish Pass from a few meters close to Flemish Cap to
~2 km in the west along the slope break of the Grand Banks (Grant and
McAlpine, 1990).

The Grand Banks rift history started in the late Triassic and the pre-rift
sequence is characterized by several unconformities created in a fluvial-coastal
system by sea level fluctuations (Enachescu, 1987; Keen et al., 1987). The rifting
history can be divided into three major stages. Flemish Pass is separated from
the Jeanne d’Arc basin by the Central Ridge, and bound to the east by the
basement high of Flemish Cap, which consists of unstretched continental crust
(Foster and Robinson, 1993). Several pre-Tertiary faults create a complex
basement surface. Some of these faults may be related to deep salt movement
creating small salt related tectonics (Enachescu, 1987), but none of the salt

diapirs were large enough to influence the Quaternary sedimentary sequence in

Flemish Pass (Foster and Robinson, 1993). This tectonic setting created the

small perched basin of Flemish Pass with up to 2 km of sediments.



1.2 Geological Setting of Flemish Pass

The Quaternary sedimentary sequence in Flemish Pass is characterized by
thick gray colored muds with varying amounts of ice rafted debris (IRD) and sand
beds at specific horizons. Associated with these horizons are light colored
carbonate rich event layers (Piper, 2005; Piper and Campbell, 2005) which have
been interpreted as Heinrich layers originating from Hudson Strait (Andrews et
al., 1987). Several cores have sampled this sequence and provide age control in
the shallow sequence. Throughout the basin, thick mass transport deposits
(MTDs) have been described, which are Quaternary in age (Piper and Pereira,
1992). The deeper, pre-Quaternary seismic sequence is also characterized by
large MTDs which cover the area. Most of these flows are thicker than the
younger deposits (Campbell et al., 2002).

Sackville Spur marks the northern limit of Flemish Pass. This shallow
sediment drift has been created since the Late Mesozoic and extends from the
shelf break to the basin floor. This Spur is characterized by sediment failures
along the northern and southern flanks and may still be active (Kennard et al.,
1990).

To the north of this sediment drift is Orphan Basin. This is a large open basin
up to 3000 m of water depth (Tripsanas and Piper, in press). Due to its proximity
to Flemish Pass, it has a similar glacial history and the sedimentary processes
within this basin may provide a useful comparison to Flemish Pass, even though
there are important differences to Flemish Pass, e. g. the bathymetry and

topography of the basin, the character of the slopes, and the position to ice



sheets during the last glaciation. The southern margin of the basin is
characterized by several deep channels and steep slope topography. During the
last glaciation, an important ice stream calved off Newfoundland along the
western margin of the basin resulting in higher sedimentation rates throughout
the basin. The earthquake record inferred from timing of widespread sediment
failures may have also affected the sedimentary sequence in Flemish Pass
(Tripsanas and Piper, 2007; Tripsanas and Piper, in press). Therefore, style and
timing of sedimentation in Flemish Pass has been studied in context with Orphan
Basin and the comparison and differences between the two basins has been
used throughout the study to understand the glacial history of the greater area.
The two possible sediment sources for the sediments in Flemish Pass are the
Grand Banks of Newfoundland and Flemish Cap, which have distinctly different
petrology: the Grand Banks lithologies comprise Paleozoic plutonic and volcanic
rocks (Slatt, 1977; Fader and Miller, 1986) which are also present in the sandy
deposits on the shelf. The Flemish Cap petrology is characterized by far traveled
lithologies transported to the area as IRD (Piper and DeWolfe, 2003). Different
muds deposited during different times in Flemish Pass also show differences in
origin, displayed in their color and foraminifera assemblages: reddish and olive
gray colors have been correlated through Flemish Pass and along the margin

regionally (Piper and DeWolfe, 2003). This petrology data could be used to

understand trhe main sediment flux sources for the basin: most of the sediment
along the floor of the pass has originated from the Grand Banks as turbidites or

mass transport deposits (Piper and Pereira, 1992).



1.3 Scope of Study

On the eastern Grand Banks margin, oxygen isotope stage (OIS) 2 ice likely
did not reach to the outer margin but terminated on the inner shelf area (King et
al., 2001), which is in contrast to other slopes on the southeast Canadian
continental margin, where ice terminated along the shelf break (King and Fader,

1986). The following major questions were addressed in this study:

(1)  When was the last time that ice reached the outer Grand Banks
margin upslope of Flemish Pass?
(2) How does the extent of ice on the shelf at glacial maximum influence

the volume and style of sedimentation on the continental margin?

1.4 Why was Flemish Pass a Prime Area to Try Answering these
Questions?

Flemish Pass is a comparatively shallow and confined basin, so it gives the
unique possibility to study the temporal variability of MTDs and turbidity current
deposits on a glaciated continental margin and may be used as a study area for
answering the questions posed above. In this basin, previous studies have
shown the presence of a deep sediment record spanning more than 200 ka
(Piper and Campbell, 2005). Additionally, MTDs and turbidites are trapped in the
basin (Piper and Pereira, 1992), creating an almost complete Quaternary

sedimentary record in the basin, as the few unconformities identified in the



sequence are of Neogene age (Kennard et al., 1990). A clear contourite record

(Piper and Campbell, 2005) and late Holocene oceanic circulation models in the
basin (Colbourne and Foote, 2000) can further be used to understand reworking
and erosion in the basin, giving the opportunity to understand the glacial history

in the area.

1.5 Glacial History of the Area

The glacial history of the southeast Canadian continental margin, reaching as
far back as OIS 12 (~450 ka), had been previously reconstructed from the
thickness and extent of till tongues along the slope (Mosher et al., 1989; Piper
and Brunt, 2006) and from transverse troughs eroded by major ice streams on
the shelf (Shaw et al., 2006). The deposits of these erosive processes are found
seaward of the transverse troughs in the basins along the margin, where they
were deposited as glacigenic debris flows (Rashid and Piper, 2007; Tripsanas
and Piper, submitted) or as hyperpycnal turbidite deposits (Hesse et al., 1997;
Piper et al., 2007).

During OIS 2 (~ 22 ka), the Grand Banks ice sheet likely did not cross the
outer shelf and terminated along the western Orphan Basin margin (Tripsanas
and Piper, 2008, in revision) and southwards in Downing Basin (King et al.,
2001). Proglacial sand on the outer shelf may have been transported to the
Hibernia exploration area during discharge of meltwater (Fader and King, 1981).

On a higher temporal resolution, sediment supply may have fluctuated over

stadial-interstadial time scales on the outer eastern Grand Banks as a result of



changes in sediment supply during Heinrich events (Veiga-Pires and Hillaire-
Marcel, 1999; Benetti, 2006). Furthermore, the strength of the Labrador Current
over the last glacial cycles has varied greatly (Hillaire-Marcel and Bilodeau,
2000), but detailed circulation models, including flow strength at different water
depths through the water column, are not available. Generally it is accepted that
the Labrador Current strengthened during glacial stages. Sediment supply may
also have varied due to minor sea level variations of less than 30 m (Lambeck
and Chappell, 2001). These sea level fluctuations on a small time scale are
related to the Greenland climatic stadials and interstadials (Bjoérck et al., 1998;
Andersen et al., 2006), which are climatic anomalies with cooler and warmer

climatic stadials with less change than on a glacial-interglacial cycle.

1.6 Styles of Sediment Transport and Deposition

Three maijor styles of sediment deposition can be differentiated along marine
basins off glaciated margins. In ice-proximal settings, sediment deposition occurs
mainly in till tongues from grounded ice (King et al., 1991; Piper and Brunt,
2006). Frequently, these deposits are interlayered with glaciomarine sediments
(King, 1993). Till tongues represent the outer limit of grounded till along the shelf
break and have been deposited directly by the ice sheet in a marine environment
(King, 1993).

Ice streams are wide zones within a glacier wherein ice flows significantly
faster than the surrounding ice (Shaw et al., 2006). These ice streams supply

large amounts of poorly sorted sediment under and within the ice to the margin.



This sediment accumulates along the shelf break and the upper slope, creating
high sedimentation rates in these meta-stable areas. When failure due to
overloading occurs, glacigenic debris flows (GDFs) may evolve from the failed
sediment (Tripsanas and Piper, 2008, in revision), which are directly connected
to shelf-edge glaciation (King et al., 1998).

Glacial plumes supply the shelf break with large volumes of fine grained
sediment, which is transported to the area by sediment-laden supraglacial and
subglacial meltwater (Lemmen, 1990; Hesse et al., 1997). These plumes are
especially important during deglaciation, when large amounts of rock flour are
released from Hudson Strait creating carbonate-rich Heinrich events along the
southeast Canadian continental margin (Andrews and MacLean, 2003; Piper,
2005). These fine grained sediments may precondition the continental slope for
failures by overloading, local oversteepening and creation of excess pore

pressures (Mosher et al., 2004).

1.7 Sediment Transfer to Deep Water

Three major types of sediment transfer to deep water have been recognized
along the southeast Canadian continental margin: () retrogressive sediment
failures are related to earthquakes, (ll) creep and decollement eventually lead to

failures, and (lll) turbidity currents may be created by hyperpycnal flows, evolve

from other sediment failures, or may be storm generated.
Retrogressive failures are widely recognized on the southeast Canadian

continental margin (Mosher et al., 2004; Piper, 2005; Jenner et al., 2007) and



appear related to earthquakes along the margin, because they occur
simultaneously in multiple drainage systems. These earthquakes appear to occur
randomly along passive margins but show a more frequent occurrence in areas
glaciated in the Pleistocene (Toews and Piper, 2002) and at times of ice
maximum and retreat (Piper, 2005; Tripsanas and Piper, 2007), suggesting that
some are related to glacial rebound (Husebyea and Mantyniemib, 2005).

Creep, decollement, and eventual failures are frequently observed along the
Scotian Slope and are important initiators for mass failures (Mosher et al., 2004).
The failures may show a correlation to weak geotechnical horizons. There is no
clear relationship to glaciation.

Turbidity currents transport large amounts of sediment into the deep ocean.
Three types of processes may initiate turbidity currents on glacially influenced
margins. Hyperpycnal flows transport sediment-laden meltwater to the outer shelf
and slope, which may evolve into turbidity currents. The hyperpycnal flows may
also lead to failures by oversteepening canyon walls, which may evolve into
turbidity currents (Piper et al., 2007; Tripsanas and Piper, submitted). Sediment
mass failures can initiate turbidity currents by transformation of slumps to debris
flows, which further evolve to turbidity currents (Piper et al., 1999). Storm waves
initiate rare turbidity currents in the marine Holocene record off southeast
Canada (Piper, 2005) and may have been even more important during the

Pleistocene glacial when more storms occurred in the North Atlantic (Stauffer,

2000).



Generally, various processes may initiate sediment failures along continental
margins. Most of these processes do not show a clear relationship to glacial
stages and few of the failures on the eastern Canadian continental margin have
been linked to ice sheet processes. Nevertheless, ice sheets are important
suppliers for large amounts of poorly sorted unlithified sediments to the outer

shelf area, the shelf break and upper slope.

1.8 Climate and Oceanic Circulation

Sea level and climate variability has been widely recognized from ice cores in
Greenland and coral studies in the tropical areas (Walker, 2005). Sea level varies
greatly over the course of a glacial-interglacial cycle, and the average sea level
was up to 110 m lower during the last glacial maximum (Lambeck and Chappell,
2001). The amount of sea level fluctuation is area-dependent and may be
influenced by local factors (Lambeck et al., 2002b). On a higher resolution, sea
level can also fluctuate between stadial and interstadial cycles, recognized, for
example, in Greenland ice cores (Bjérck et al., 1998) within a climatic stage.
These sea level fluctuations are generally a magnitude smaller and generally on
a 10 to 30 m scale (Lambeck et al., 2002a; Sasaki et al., 2004), depending on

local factors and climate variability.
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1.9 Data Availability and Quality

Most of the data used during this study are old data sets (pre-1990) collected
in the area on different cruises over the last 30 years. All the data are stored at
the laboratory facilities at the Geological Survey of Canada at the Bedford
Institute of Oceanography in Dartmouth, NS. The data sets available from
Flemish Pass are mainly seismic Huntec sparker and boomer and lower
resolution airgun data. Additionally, up to 11 m long piston cores were collected
for sampling the shallow Quaternary sequence in Flemish Pass. In the fall of
2006 additional core and seismic data were collected over three days during
CCGS Hudson cruise 2006048 purposely for this study in Flemish Pass (Piper

and King, 2008).

1.10 Objectives

The main objectives for this study were to improve the understanding of
timing and distribution of mass transport deposits (MTDs) and turbidite and
contourite sands in the basin over the last glacial cycles in order to understand
sediment fluxes and processes associated with ice sheet fluctuations during
different glacial stages since oxygen isotope stage (OIS) 6 in the area.
Additionally, the improved understanding of Flemish Pass in comparison to
Orphan Basin may improve the understanding of processes affecting the Grand

Banks margin and the inner and outer shelf areas.
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The motivation for this study was thus generally two-fold. The study
addresses problems of a more local scope in Atlantic Canada, relevant to past
ice sheet configuration on the outer Grand Banks and upper slope. Some
aspects of the study will also have a wider audience, interested in mass transport
processes and sediment fluxes along glaciated continental margins. The study
highlights the potential to understand continental shelf processes by studying

basin sedimentation.

1.11 Organization of the Thesis

This thesis was written as a paper-based thesis. A short introduction provides
the setting and background for the two manuscripts, which will be submitted
shortly. Paper 1 will be submitted to Marine Geology, Paper 2 was written for
Sedimentary Geology. All the research, ideas and interpretation were carried out
by the student, T. J. Huppertz, but the supervisor, D. J. W. Piper, helped to guide
the research and improved the manuscript.

Following the two papers is a short conclusion, where the results of both
papers are summarized and concluded. Following the conclusion are the cited
references and a data appendix, which is a draft for a Geological Survey of

Canada Open File Report including all the data sets this study was based on.

The objectives outlined in the thesis have been approached in two ways: the

stratigraphic control used geophysical methods supported by piston core data,
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whereas the sediment characterization was based on sedimentological and
petrographic methods.

The central chapters of the thesis are manuscripts ready for publication, with
minor layout changés to fit the thesis format. The references cited throughout the
thesis are provided only once in a reference list at the end of the thesis.

The last chapter (Appendix) is a draft Geological Survey of Canada Open File
Report which contains background information on methodology and all of the
data sets used during this study. All the results from this study were based on

these data sets.
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Chapter 2. TEMPORAL AND SPATIAL DISTRIBUTION OF LATE
QUATERNARY MASS TRANSPORT DEPOSITS (MTDS) IN

FLEMISH PASS

2.0 Abstract

Flemish Pass is a small, perched basin on the northeastern Grand Banks
slope along the eastern Canadian continental margin. Mid to Late Quaternary
glaciations on the continental shelf strongly influenced sedimentation on the
outer shelf and slope and deposited several thick-bedded mass transport
deposits (MTDs), which are interlayered with hemipelagic muds and thin-bedded
turbidite sands.

A regional seismic stratigraphy, based on 500 km of seismic airgun and
sparker or boomer Huntec controlied by 60 piston cores up to 11 m long, was
dated using 30 radiocarbon dates, the presence of Ash Zone Il and oxygen
isotope stratigraphy in cores. This stratigraphy was used to determine continental
margin sediment flux variations over several glacial-interglacial cycles for the last
170 ka. The seismic character of the different MTDs in Flemish Pass was used to
define three MTD types in the study area.

Using the chronological control, it was demonstrated that all the mapped

MTDs failed during glacial times. During the glacial advances till deposits in
water depths < 600 m along the Grand Banks margin were dated from oxygen

isotope stage (OIS) 6. Thick MTDs from both slopes of the basin characterize the
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floor areas in Flemish Pass at this time: some of these OIS 6 flow deposits may
be glacigenic MTDs whereas other deposits have a weaker climatic correlation.
No outer shelf till is recognized correlating with OIS 2. Only minor MTDs and less
extensive till advances are present in OIS 4. Three possible processes may have
initiated the observed MTDs: earthquakes, sea level change, and Heinrich events

with related meltwater fluxes.

2.1 Introduction

Mass transport deposits (MTDs) are widely recognized in basins along
continental margins around the world and have been deposited under various
climatic settings. Several studies have used seismic and core data to map their
temporal and spatial distribution along slopes for improving the understanding of
volumes of sediment fluxes over time in these areas (Laberg and Vorren, 1995;
King et al., 1996; Piper et al., 1997; Domack et al., 1999; Piper, 2005) and how
these flows were initiated (Mulder and Cochonat, 1996; Mosher et al., 2004;
Tripsanas and Piper, submitted).

Mass transport deposits were studied in central and northern Flemish
Pass, a small perched 1100 m deep basin along the eastern Canadian
continental margin (Fig. 2.1), which has been influenced by Late Quaternary
glaciations. The MTDs are interbedded with thick muds and thinner sandy beds.

Due to its morphological setting, sediment from failures on the flanks of

Flemish Pass is trapped on the floor. In contrast, elsewhere on the eastern

15



Canadian margin sediment failures run out onto the abyssal plain, where it is
more difficult to sample and study these flow deposits.

A high-resolution seismic stratigraphy is outlined for the basin. Chronology
is controlled by radiocarbon dating, tephra stratigraphy, Heinrich layer
stratigraphy and oxygen isotope stratigraphy from piston cores. The shallowness
of the MTDs in the sequence and related sediments and their stratigraphic
distribution was used to study these deposits and determine (1) their spatial
distribution over the basin and (2) variations in sediment budgets and fluxes over
time. This information is used to better understand the glacial history of the area

for the last 170 ka.

2.2 Geological Setting

2.2.1 Bathymetry

Two bathymetric basins bound the eastern slope of the Grand Banks:
Flemish Pass to the east and the deeper Orphan Basin to the northeast. Flemish
Pass is a perched basin confined by the basement high of Flemish Cap to the
east (Fig. 2.1), created structurally during initial rifting of the North Atlantic in the
Cretaceous (Grant, 1972).

The floor of Flemish Pass is generally flat with very low-relief lobes termed
Kyle and Gabriel Lobes on the western edge (Piper and Pereira, 1992) and East
Central and Southern Baccalieu lobes in the east (Fig. 2.2). Flemish Pass is

1100 m deep and 50 km wide at its narrowest section just south of Kyle Lobe and
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widens northwards to 80 km east of Sackville Spur: it is up to 100 km wide in the
south, before dropping steeply to the Newfoundland Basin.

The depth of the shelf break on the northeastern Grand Banks slope
increases northwards from 250 m upslope from Kyle Lobe to more than 400 m at
Sackville Spur (Fig. 2.2), probably due to variation in subsidence rate on the
Grand Banks (King and Sonnichsen, 1999). Flemish Cap is a 150 by 200 km
plateau above a poorly defined slope break at about 350 m. This plateau is 139

m deep at its shallowest point (Monahan and Macnab, 1974).
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2.2.2 Oceanography

Morphology strongly influences the oceanic setting in Flemish Pass. The
southward-flowing shallow branch of the cold Labrador Current splits in Orphan
Basin. The flow speed of this surficial current is generally less than 15 cm/sec,
reducing to 3 cm/sec at 185 m water depths (Ross, 1981; Colbourne and Foote,
2000). The maijority of the current flows along the outer margin east of Flemish
Cap, but a minor branch flows southwards through Flemish Pass along the
Grand Banks slope. The northward flowing warm Atlantic Current mixes with the
Labrador Current in central Flemish Pass and creates an eddy system on
Flemish Cap (Colbourne and Foote, 2000). The Labrador Current transports
icebergs from Greenland and the Canadian Arctic to the area. These create large
iceberg pits and smaller, related scours on the shelf and upper slope. Recent
scours are generally 20-30 m wide and less than a meter deep and up to 15 km
long (Lewis and Parrott, 1987; Parrott et al., 1990). Relict Pleistocene scours are
2-3 m deep and can be more than 50 m wide; some are more than 100 m across
and strongly differ in size from the recent furrows (King, 1976; Piper and Pereira,

1992).

2.2.3 Geology of Flemish Pass

Flemish Pass has gradually been infilled by prograding sequences from
the Grand Banks; this progradation started in the Mesozoic and reflects sea-level

variations in the area (Piper and Normark, 1989; Foster and Robinson, 1993).
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These sea-level fluctuations created several unconformities in the sequence, e.
g. at the base of the Miocene and the base of the Pliocene (Kennard et al.,
1990), recognized in several exploration wells.

The shallow Quaternary sedimentary sequence in Flemish Pass has been
investigated using airgun seismic data for the deeper sedimentary sequence and
high resolution boomer (Huntec) seismic and core control for the shallower
subsurface section (Piper and Pereira, 1992). The sedimentary sequence in
Fiemish Pass is characterized by thick uniform muds. Some sandy horizons have
been interpreted as turbidite deposits; these turbidites originated from the Grand
Banks slope (Piper and Pereira, 1992). Along the base of the Flemish Cap slope
some thick-bedded sandy sequences indicate contourite activity (Piper and
Campbell, 2005).

Sidescan data from the area show a few channels along the slope of the
Grand Banks and iceberg scouring along the slope down to 600 m water depths
(Piper and Pereira, 1992). Two main channels are found in the central and
northern part of Flemish Pass on the Grand Banks slope: the Kyle channel zone
and Gabriel channel (Fig. 2.2). The channels have changed little over the Mid to
Late Quaternary (Piper and Normark, 1989) and were pathways for MTDs and
turbidity currents (Piper and Pereira, 1992). In contrast, seismic profiles upslope
from the North Central Lobe and Southern Baccalieu Lobe do not show any

indication of channelized flows across the Flemish Cap slope.
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2.2.4 Geology of the Areas Adjacent to Flemish Pass

The Grand Banks of Newfoundland is a collective term for an area in
excess of 100 000 km? comprising several banks and channel systems with a
maximum water depths of 300 m. Relict deposits of earlier more extensive ice
advances are found near the shelf break and are mostly reworked, whereas
glacial deposits of the oxygen isotope stage (OIS) 2 are best developed on the
inner and middle shelf (King and Sonnichsen, 1999; Sonnichsen et al., 1999).

Tills extend to the shelf break on the northern and eastern Grand Banks
(Piper and Brunt, 2006), creating subtle features underiain by overconsolidated
muds on the northeast Grand Banks, including the Sackville Moraine complex
(Figure 2.2). This moraine complex extends as prominent ridges down to at least
400 m water depth (King et al., 2001). In contrast to till elsewhere on the Grand
Banks margin, the moraines on Sackville Spur have not been truncated by upper
slope failure and erosion, except in the extreme northwest (Sonnichsen et al.,
1999; King et al., 2001).

The inner- and mid-northeastern Grand Banks shelf is covered by low-
stand sands formed in a proglacial setting in the Hibernia and Terra Nova area,
which filled in tunnel valleys. To the northwest of this area, the Downing Basin
Moraine Complex (DBMC, Figure 2.2), represents an ice lobe complex with

various moraines and open tunnel valleys. King et al. (2001) interpreted this area
as glaciated during the last glaciation and inferred that ice receded from the area

after 15 ka.
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The glacial history along the eastern Grand Banks shelf break adjacent to
Flemish Pass is poorly constrained. The Sackville Moraines suggest the
presence of ice along the shelf break at some time before OIS 2 (King et al.,
2001). The maximum ice extent during OIS 2 is less well understood because the
deposits of this ice sheet may have been eroded since deposition or may be too
thin to be recognized, even though some sandy deposits from a proglacial setting
in the Hibernia area have been assumed to be Wisconsin in age (Fader and
King, 1981).

Flemish Cap was likely never glaciated but its shallow crest may have
been just subaerially exposed during extreme glacial low-stands (Lambeck and
Chappell, 2001) when taking regional subsidence (King and Sonnichsen, 1999)
and rebound into account; unpublished seismic profiles show no evidence of tills
or seismic facies deposited in an ice-margin setting.

Sackville Spur is a sediment drift which extends from the easternmost
Grand Banks slope down onto the basin floor of Flemish Pass. It was created in
the later Cenozoic by the interaction of the Labrador Current and the North
Atlantic current in the area. Several scarps have been identified along its slopes
which created large muddy buried mass transport deposits in northern Flemish

Pass (Kennard et al., 1990; Piper and Campbell, 2005).

2.2.5 Mass Transport Deposits in the Greater Area

In Orphan Basin, to the northwest of Flemish Pass, glacigenic MTDs

derived from the Trinity Trough ice stream have been interpreted as being
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deposited between 14.5 and 30 ka (Hiscott et al., 2001; Tripsanas and Piper,
submitted). Slides occurring on the southern margin of Orphan Basin at specific
horizons have been interpreted as earthquake-induced failures (Tripsanas and
Piper, 2007; Tripsanas and Piper, 2008, in revision).

Likewise, on the northeastern Grand Banks margin, north of Carson
Canyon (Fig. 2.1), correlative MTDs were found at discrete horizons based on
high resolution seismic data (Toews, 2003) and indicate synchronous failure at
specific time intervals. Similar failures have been observed along most of the
south eastern Canadian continental margin, where every few tens of thousand

years a failure occurs, creating a MTD (Piper, 2005).

2.2.6 Heinrich Layers

Heinrich layers (Heinrich, 1988) are widely recognized in the North Atlantic
and were deposited by melting icebergs originating from Hudson Strait and other
major ice outlets. In the Labrador Sea and adjacent areas these layers are rich in
detrital carbonate (Andrews, 1998) and are important lithostratigraphic markers.
The corresponding Heinrich events can be linked to deglaciation events
(Andrews, 1998; Andrews and MacLean, 2003). Up to 12 of these events are
described from the region (Tripsanas and Piper, 2008, in revision), but only the

upper six are widely recognized along the eastern Canadian margin (Rashid et

al., 2003a).
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2.3 Materials and Methods

The shallow mass-transport deposits in Flemish Pass have been surveyed
using seismic airgun and high resolution Huntec boomer or sparker seismic
systems on several cruises over the last two decades. The high resolution airgun
data imaged the upper few hundreds of meters below the seabed. The Huntec
boomer system images up to 50 m below seabed at a 1 m vertical resolution.
The Huntec sparker system is more energetic and allows penetration of up to
120 m in sediments (Mosher and Simpkin, 1999). Track lines of available data
are shown in Fig 2.2.

A new seismic stratigraphy was outlined for the basin by tracing reflections
digitally. Older paper records were scanned and converted into jpeg2000 (*.jp2)
and imported into ArcGIS 9.1 (ESRI software), where seismic reflections were
traced by creating shape files. These seismic records were not georeferenced.
Data collected in 2006 was digitally recorded as SEGY files, which were exported
as tiffs (*.tif) and imported into ArcGIS.

Piston core data were used to ground truth the shallow seismic data. Sixty
cores have been used in this study. Cores were taken using either the 6 cm
diameter Benthos Corer or the Atlantic Geoscience Centre long piston corer with
a diameter of 12 cm. The cores were split in a shore-based laboratory, where
digital color (CIELab), physical property data (GEOTEK MST) and digital
photography were collected. Additionally, the cores were visually described and

summary core plots created.
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Radiocarbon dates were determined using accelerator mass spectrometry
(AMS) on foraminifer tests of N. pachyderma sinistral. Dates were calibrated
using the CALIB radiocarbon calibration program (CALIB REV 5.0.1) by M.

Stuvier and P. J. Reimer (http://calib.qub.ac.uk), with a reservoir correction of

450 years following the methodology from Tripsanas et al. (2007 (in press)) in
Orphan Basin. Radiocarbon dates older than 24 ka were calibrated following the
Marine04 database, which reaches back to 50 ka (Hughen et al., 2004).

Petrology was used to identify the North Atlantic Ash Zone Il (AZ Il) in
several cores in Flemish Pass. Channel samples 1x0.5x5 cm were used to
determine the location and extent of this ash zone in the cores. These samples
were washed at 53 pm and studied using light microscopy. Volcanic tuff, lava
particles and obsidian were found in these layers, which showed the same zonal
pattern as described for Ash Zone 1l (Haflidason et al., 2000).

The correlation between the piston and trigger weight core is especially
difficult in older cores (pre-1996), where up to 2 m may be missing at the top of
the piston cores. Where trigger weight and piston cores overlapped, they were
correlated using variation in the CIELab L* and a* color plots. In cases where
there was no overlap between trigger weight and piston core, it was assumed
that the gap between the base of the trigger weight core and the top of the piston
core was 5 cm. Cores were correlated with the seismic data using an assumed
velocity of 1500 ms™'. Where the piston and trigger weight core correlate, the
error in the core-seismic correlation is estimated to be +0.5 m. Where no core

correlation was possible, this error could be as much as several meters.
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2.4 Results

2.4.1 Key Reflections

Four high-amplitude reflections were defined at a type section on Kyle
Lobe: FP 95, FP 90, FP 80 and FP 75 (from youngest to oldest, Fig. 2.3a). An
older reflection, FP 70, was locally distinguished below the depths of acoustic
penetration, including at the type section.

Reflections were’traced throughout Flemish Pass from south of Kyle Lobe
to Sackville Spur. Upslope, tracing was possible into the zone of iceberg scouring
at about 600 m water depth. On Sackville Spur, the key reflections were
correlated to the core MD 95-2026 (Piper and Campbell, 2005) (Figure 2.3b).
Repetitive tracing shows that the error in tracing the reflections is generally one
seismic cycle or approximately 0.5 m. Reliability of seismic correlation was
checked by comparing the results to an independent correlation of older seismic

profiles by Campbell et al. (2002).
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2.4.2 Seismic Stratigraphy of the Grand Banks Margin

Seismic traverses onto the Grand Banks from Flemish Pass show in both
airgun and Huntec data that several poorly stratified incoherent deposits extend
to ~ 650 m water depth (Figs. 2.4, 2.5). The features are underlain by the seismic
reflection FP 75. These features appear to originate from the Grand Banks. A
similar pinch-out of incoherent facies occurs between FP 80 and FP 90 (Fig. 2.6).
In other areas along the eastern Canadian continental margin such structures
have been termed till tongues (Mosher et al., 1989). The sedimentary sequence
below these till tongues, imaged on the airgun data, indicates poorly stratified

sediments with few continuous reflections deeper in the section.
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Figure 2. 4: Airgun seismic cross section upslope from Kyle Lobe, showing the till tongue
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MTDs and sandy units; z) seismic boomer section through a levee and its relationship to
the reflections
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Figure 2. 6: a) Airgun seismic section showing a till tongue (arrow) above reflection FP
75 and the overlying iceberg scouring; b) boomer seismic section showing till tongues
above FP 75 and above FP 80 and their relationship to the iceberg scouring.
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2.4.3 Mass Transport Deposits

Mass transport deposits in seismic data show a highly incoherent return.
This seismic character has previously been described from mass transport
deposits using Huntec seismic data from other slopes along the eastern
Canadian margin, where these features were ground truthed by core-seismic
correlation (Piper, 2005; Piper et al., 2005; Tripsanas and Piper, submitted).

The basal boundaries of the MTDs are mostly sharp with few erosional
structures. The upper boundaries are less well defined due to hyperbolic
refractions, particularly in the Gabriel Lobe where rough MTD surfaces create
highly scattered returns. Most of the mass transport deposits are lensoid in cross
section with well-developed pinch-outs when thinning. The deposits usually
follow the local topography and fill channels (Fig. 2.7). The MTD thickness in
Flemish Pass varies from 1 to 25 m with an average of 7 m.

On the western side of the basin, all of the mapped MTDs appear to have
originated from flows across the Kyle and Gabriel lobes (Figs. 2.2, 2.8). The
MTDs from the Eastern Central Lobe were not channelized but appear to have
originated as widespread failures from the Flemish Cap slope (Fig. 2.9), which is
locally characterized by small depressions. Seismic reflection profiles show that
the Kyle and Gabriel channels were active over long time spans and are sources
of different mass transport flows (Fig. 2.10). The stacked MTDs result in
morphological lobes in the basin which have a very low regional gradient of less
than 0.3°, creating very flat floor morphology in the basin. The only elevated

areas are the constructional features created by MTD lobes.
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Volumes of mass transport deposits were calculated using the
approximate area and thickness of the MTDs. Generally, older deposits deeper in
the section are more abundant, show larger spatial extent and are thicker than
younger deposits.

The characteristic acoustic signature of the MTDs was used to classify the
flows into three different types (Fig. 2.11). Type Arp is characterized as an
incoherent poorly stratified sequence. These deposits show a limited run out
distance and follow the local topography with no basal erosion, the distal pinch-
out is gradual. Type Brp is a thick incoherent deposit that has a long run out
distance spreading along the basin floor, with erosive structures at the base; the
pinch-out resembles that from Type Agp. These deposits were only recognized
from the sequence below FP 80. Type Cgp are very thick deposits with more than
20 ms thickness, which have a very rough surface and an erosive base. These
flows have a short run out distance and come to an abrupt termination in the
basin creating a strong relief on the basin floor; diapir-like structures, perhaps
elevated blocks, are common (Fig 2.11b). Not every MTD can be confidently

assigned to one of these three types.

2.4.4 Core Control of MTDs

Core control is available for MTDs less than 10 m subbottom. Only one
recent core sampled an MTD (core 06-05, Fig. 2.2). Several older (pre-1990)
cores on Gabriel Lobe also sampled the shallowest MTDs, and even though the

cores are dried out, they show similar lithologies as the 06-05 core.
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The MTD in core 06-05 consists of blocks of different muddy lithologies with
sharp sub-horizontal contacts. Towards the base of the MTD the blocks are
larger and contain less sand. Several blocks still show the pre-failure bedding of

the sediments.

2.4.5 Chronological Control

The traced reflections were indirectly dated by correlating the reflections to
cores with age control. Four different approaches were used: (1) radiocarbon
dates on shells or foraminifera (Table 2.1, Fig. 2.2), (2) Heinrich layers (Fig.
2.12), (3) the North Atlantic Ash Zone Il below Heinrich bed Hb5a (Figs. 2.2, 2.12)
and (4) an oxygen isotope curve from core 2026 on Sackville Spur (Fig. 2.13).

Radiocarbon dates are available from several cores distributed over the
basin and are summarized in Table 2.1. All of the finite ages are consistent with
results of other dating methods established independently. A few dates older
than 50 ka are interpreted as infinite ages: they are bracketed in figures.

Heinrich layers were identified in Flemish Pass using comparison of
downcore CIELab color plots with published color data from the Labrador Sea
(Andrews and Barber, 2002) and Orphan Basin (Tripsanas et al., 2007).
Identification of specific Heinrich layers was confirmed by radiocarbon dates (Fig

2.13). Interpretation of the color plots was confirmed by carbonate data from
cores MD95-26, 99-04 and 96-06, and by comparison with cores from the

Labrador Sea (Veiga-Pires and Hillaire-Marcel, 1999). Heinrich Layers H1 and
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Figure 2. 12: Core control used in this study: the black solid core plot line is the CIELab
L* value, the gray solid line the a*, carbonate plots are in dashed lines; the thin black line
at about 1 m depths represents the correlation between the trigger weight core (TWC)
and the piston core (PC); the stars indicate 4C dates, the gray box is the position of the
AZ II; a small table indicates the position of the AZ Il in other cores from Flemish Pass.
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H2 were usually easily recognizable, but older layers were generally less clearly
developed.

The North Atlantic Ash Zone I, with an age of 54.5+2 ka (Austin et al.,
2004), was found in 12 cores in Flemish Pass and occurred between 200 and
400 cm depth in cores (Fig. 2.12).

The oxygen isotope curve from core MD95-2026 was interpreted by Piper
and Campbell (2005) on the basis of a radiocarbon date of 52.5 C ka at 632 cm
depth. The presence of Ash Zone Il at 380 to 400 cm is inconsistent with this
interpretation and shows that the radiocarbon date is infinite. Reinterpretation of
the oxygen isotope curve places the heavy isotope peak at 620 cm at the top of
MIS 6 (Fig. 2.13). The lower part of the curve between OIS 6 and 8 shows a
good match to the deep-marine global oxygen isotope record (Walker, 2005).

Stretching of long Marion Dufresne cores has been widely reported from
muddy sequences (Hiscott et al., 2001; Toews and Piper, 2002; Skene and
Piper, 2003). However, the North Atlantic Ash Zone Il was also found in core 01-
15, 3 km to the east of MD95-2026, where it occurs at 380 to 400 cm depth. This
suggests that stretching was not a problem in the MD95-2026 core (Fig. 2.13).
Little or no stretching was described from tuff-rich sequences (Anastasakis and
Pe-Piper, 2006) which are comparable to sandy sequences found in MD 2026 on
Sackville Spur.

From these datasets, approximate ages were assigned to the different
reflections giving stratigraphic control to the sedimentary section in Flemish Pass

(Figs 2.12, 2.13): reflection FP 75 was dated to OIS 6.4 or approximately 170 ka,
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FP 80 was deposited during OIS 5.5 with an age of 125 ka, FP 90 was deposited

during OIS 3.3 at about 45 ka and FP 95 formed during OIS 2 about 25 ka ago.

2.4.6 Sedimentation Rates

Sedimentation rates for sediments excluding the MTDs were calculated for
the intervals between the key reflections (FP 75 to seabed, Fig. 2.14) at 14
locations in Flemish Pass. The average sedimentation rates have been relatively
constant since OIS 5.5 with values typically in the range 0.1-0.2 mm/yr. Between
OIS 5.5 and 6.4 (FP 75-FP 80) the sedimentation rate doubled to 0.4 mm/yr. The
largest spatial variability of sedimentation was found during this interval, where
generally the Flemish Cap side showed higher sedimentation rates compared to
the Grand Banks side of the basin. This trend decreased since this time and
during the youngest interval since deposition of FP 95 the sedimentation rate has
been relatively constant over the basin. When including the thickness of the
MTDs in the sedimentation calculations, the highest sedimentation rates were

along the Grand Banks slope and the adjacent western area of Flemish Pass.
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Radiocarbon dates in Flemish Pass

core “C age |calibrated age|depths [cm] lab no. material
86018-013 49500 £2000 X X 51 I UCIAMS 32988 foraminiferal
86018-013 >50800 X X 244 I UCIAMS 32989 foraminiferal
86018-013 54300 +3600 X X 363 I UCIAMS 32990 foraminifera
86018-013 >53400 X X 467 I UCIAMS 32991 foraminifera
86018-013 >51700 X X 565 I UCIAMS 32992 foraminiferal
87008-013TWC [11900 £ 110| 11029 [ 86 80 TO-4487 foraminifera
87008-013TWC | 11810+ 90 | 10953 | 61 125 TO-2041 foraminifera
87008-013 13120 £ 100 | 12219 | 191 597 TO-7924 foraminifera
87008-013 19200 £+450 | 19805 | 561 737 Beta 22232, ETH 3209 [foraminiferal
87008-013 23130 £190 | 27244 | 252 920 TO-7925 foraminifera
87008-015 23600 £380 | 27777 | 451 645 Beta 22233, ETH 3210 [foraminifera
87008-015 20095 +50 | 20793 | 138 220 UCIAMS 38077 foraminifera|
87008-015 22450 £70 | 26469 | 128 310 UCIAMS 38078 foraminifera
MD95-2026 14710 £100 | 14554 | 226 86 TO-8962 foraminifera
MD95-2026  |52570 £ 2220) X X 632 I TO-6356 foraminifera
2006048-007TWC| 19365 +45 | 22485 | 77 130 UCIAMS 38074 foraminifera
2006048-007 8718 +20 8007 | 72 10 UCIAMS 38068 foraminifera
2006048-007 9605 +20 6878 | 70 40 UCIAMS 38069 foraminifera
2006048-007 | 26700 £100 | 31502 178 235 UCIAMS 38070 foraminifera
2006048-007 | 28360 £120 | 33271 | 200 276 UCIAMS 38071 foraminifera}
2006048-007 | 32350 +£200 | 37285 | 248 310 UCIAMS 38072 foraminiferal
2006048-007 | 33540 +230 | 38487 | 273 360 UCIAMS 38073 foraminiferal

Table 2. 1: Radiocarbon dates collected since 2005 in Flemish Pass, the I indicates

infinite dates.
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2.5. Discussion

2.5.1 Glacial History of the Grand Banks Margin

The upper part of the eastern Grand Banks slope is characterized by
seismically defined till tongues, which reach down to 650 m current water depths.
This is a similar water depth to the pinch-out of till tongue reported elsewhere on
the southeastern Canadian margin (Piper et al., 2002; Piper et al., 2005).
Although the till tongues have not been directly sampled on the eastern Grand
Banks, they pass upslope into a low relief moraine complex, the Sackville
moraines (King et al., 2001). Elsewhere on the southeastern Canadian margin,
till tongues exposed in slump scars comprise poorly sorted diamicton with
petrography consistent with local ice supply (Piper and MacDonald, 2001) and
show strong overcompaction with shear strengths up to 100 kPa (Piper and
Brunt, 2006). They commonly terminate at slump scars. Only on low gradients
seaward of major ice streams do till tongues pass seawards into glacigenic
debris flows, such as in Orphan Basin (Tripsanas and Piper, submitted) and
seaward of Hudson Strait (Rashid and Piper, 2007), where there is widespread
evidence for associated hyperpycnal discharge of melt water. The till tongues on
the margin of the eastern Grand Banks resemble those off other shallow banks
and appear to represent the grounding limit of relatively dry ice (Piper and Brunt,
2006).

The prominent till tongues all pinch out in the interval between FP 75 and
FP 80, corresponding to OIS 6. They imply that thick glacial ice completely

crossed the Grand Banks at one or more times (cf. Fig. 2.6) during OIS 6. The
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global isotopic record indicates that OIS 6 had greater ice extent than younger
glaciations and the paleo-environmental conditions in the Labrador Sea were
particularly cold in OIS 6 (Aksu et al., 1992). It seems likely that the
morphologically distinct Sackville moraines (King et al., 2001) formed during this
last major ice advance.

A possible younger till tongue was recognized on Sackville Spur (cf. Fig.
2.6b) just below FP 90 and therefore likely dating from OIS 4. The identification
of the till tongue remains tentative, as it is not recognized farther south on the
eastern Grand Banks margin. The till tongue may provide evidence for shelf
crossing ice during OIS 4 but it is much thinner than that from OIS 6 suggesting a
much shorter glaciation, consistent with oceanic paleo-environmental data. An
OIS 4 shelf-crossing glaciation is recognized off Nova Scotia (Stea et al., 1998;
Piper et al., 2002).

During OIS 2 no evidence for tills is found on the eastern Grand Banks
slope, indicating that during OIS 2 the Newfoundland ice sheet did not reach this
area. Rather, it most likely terminated in the DBMC area 200 km from the shelf
break (King et al., 2001) with proglacial sands deposited in the Hibernia area

(Fader and King, 1981).

2.5.2 Character and Distribution of MTDs

Three different MTD types were described from Flemish Pass (Figs 2.15,
2.16); only Type Arp was sufficiently shallow in the sequence to be sampled by

piston cores. This facies shows mud clast conglomerates and sub-horizontal
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lithological contacts. Recent studies have classified different MTDs on the basis
of lithology and sedimentary structures on the eastern Canadian continental
margin (Mosher et al., 2004). Type Agp corresponds to Facies Ilib from Tripsanas
et al. (2007 in press), which was created by failure and breakup of sediment
clasts (Fig. 2.15).

Facies type Brp is a very thick MTD with a comparably long runout
distance. Locally, basal erosion is observable, but generally it follows the local
topography. This MTD facies type was only found during very low relative sea
level in OIS 6 and possibly OIS 4 in Flemish Pass. MTDs with a similar seismic
character have been described from the southeastern Canadian continental
margin (Piper, 2005; Tripsanas and Piper, submitted) and other glaciated
margins (e. g. Stein and Syvitski, 1997; Baltzer et al., 1998; Taylor et al., 2000).
These deposits have been interpreted as glacigenic debris flows (King et al.,
1998) when watery till fails off a paleo-ice stream, or as sandy debris flows when
glacigenic sediment accumulated along the shelf break failed. Both possibilities
may explain the temporal and spatial distribution of this facies in Flemish Pass;

an ultimate answer will require sampling these flows.
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Figure 2. 16: Summary figure showing the timing of failure events (locations from Fig
2.8) of the different MTDs in Flemish Pass over time and their relationship to other
slopes along the eastern Canadian continental margin (Piper and Gould, 2004;
Tripsanas and Piper, 2007; Tripsanas et al., 2007 (in press)) in the context of Heinrich
events, the global sea level curve (Waelbroeck et al., 2002), the marine oxygen isotope
curve (Walker, 2005) and the global atmospheric CH, concentration from Antarctica ice
cores (Spahni et al., 2005).
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Facies type Crp is a very thick deposit with a rough surface. This type of
MTD has been described from other parts on the eastern Canadian margin
(Jenner et al., 2007) and was imaged with SEAMarc 1 and GLORIA in Flemish
Pass (Pereira et al., 1985; Jacobs, 1988), where the typical hyperbolic structures
(Figure 2.11b) were interpreted as actively rising diapiric features which modify
the local seabed topography (Piper and Sparkes, 1986; Piper and Pereira, 1992).
The available core data and new seismic data from this area suggest that this
interpretation must be reconsidered: such refraction patterns have been found on
other flow deposits (Prior et al., 1984; Armishaw et al., 1998) and result from the
rough surface of these flows. Core control from a MTD similar in seismic
appearance on the Scotian margin shows large sediment blocks on different
angles, and geotechnical data indicates several tens of meters of burial
compaction (Shor and Piper, 1989). This indicates that these blocky MTDs result
from failure of material which is more consolidated than the type Agrp, which will
not disintegrate during transport.

Most of the MTDs along the Grand Banks margin appear to have been
confined to channels before creating lobes along the basin floor. This observation
differs strongly from the flows from the Flemish Cap slope, other parts of the
eastern Canadian margin (Gauley, 2001; Mosher et al., 2004) and other
continental margins (Cronin et al., 1998; Canals et al., 2000), where the flows
resulting in MTDs are usually unconfined and follow the local gradient
independent from the local topography; the channels are usually considered to

have been formed by turbidity current activity (Cronin et al., 1998). These
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unconfined flows are either retrogressive (Jenner et al., 2007), and related to salt
tectonics (Mosher et al., 2004) or have developed from widespread failures along
decollement horizons (Bryn et al., 2005a).

Several hypotheses may account for the observation of channelized flows
on the Grand Banks slope in Flemish Pass: (1) MTDs may have been initiated
only in canyon heads: this observation is supported by the lack of lower slope
scarps and failure planes, at which retrogressive failures may have been
initiated. Continuous till tongues to 650 m water depths and a maximum water
depth of 1100 m does not allow for much scope for retrogressive failures. (2) The
MTDs involved low viscosity flows, either with a high sandy component to them,
which may have similarities to high density turbidity currents (Shanmugam,
1996), or similar to glacigenic debris flows. Such flows could be confined to
channels and even create overbank deposits when overspilling the channel (Fig.
2.4). (3) The flows were originally widespread, but in areas with no channels
present these deposits have been eroded by younger processes. No evidence

for such erosion is seen in seismic reflection profiles.

2.5.3 Initiating Processes

Initiating processes of several MTDs in Flemish Pass can be inferred
based on their spatial distribution and stratigraphic position in the sedimentary
record. The stratigraphic framework in Flemish Pass allows accuracy within £5
ka (Fig. 2.16). Therefore, minor changes in sea level and the methane record can

not be considered in the interpretation, whereas long-term (more than 5 ka)
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climatic changes can be used to infer possible mechanisms for sediment failure
in Flemish Pass. Other failures less strongly related to climatic control may also

have caused slope failures along the margin.

2.5.3.1 Earthquakes

Earthquakes during glacial stages have been interpreted as frequent on
the eastern Canadian margin (Mosher et al., 1994; Piper and Gould, 2004) and
some are related to seismicity from glacial rebound with a reoccurrence interval
of a few thousand to thousands of years (Piper, 2005). The earthquake record in
the area has been instrumentally recorded for the last 150 years and was
reconstructed based on failure frequency back to OIS 3 (Tripsanas and Piper,
2007). At this time no failures occurred in central Flemish Pass (Fig. 2.16), but
the older failures in Flemish Pass during OIS 4 and especially OIS 6 may also be

linked to earthquake activity along the margin.

2.5.3.2 Sea Level and Gas hydrates

The question of timing of sediment failure during sea level change remains
unanswered and studies have related failure to falling sea level (Summerhayes
et al., 1979), rising sea level (Trincardi et al., 2003) and during glacial low stands
(Maslin et al., 2004). A possible cause of failures during glacial time is the
dissociation of gas hydrates (Nisbet, 1990) by increasing temperature or

decreasing pressure or both. Dissociation of gas hydrates may initiate failures
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(Kennett et al., 2003). Currently, the water temperature in Flemish Pass is 4°C
(Colbourne and Foote, 2000) and has therefore not changed greatly since the

glacial ocean circulation. Falling sea level will lead to reduction in pressure (P)
and thus has potential to cause rapid release of gas hydrates. This could be an

explanation for some of the failures identified in Fig. 2.16.

2.5.3.3 Heinrich Events

It has been suggested that scouring by large icebergs during Heinrich
events may have created failure by overloading and slumping (Clark and Landva,
1988; Piper and Hundert, 2002). None of the H-events appear to correspond to

dated sediment failure in Flemish Pass.

2.5.3.4 Melt Water Influx

Dense melt water from glacial runoff creates highly sediment-laden
plumes, which transport poorly sorted sediment onto the slope (Lgnne, 1997;
Mulder et al., 2003), where it destabilizes the sea bed by overloading large areas
along the slope break or by undercutting of canyon heads by hyperpycnal flows
(Mosher et al., 2004; Piper and Gould, 2004).

The sedimentary record from Orphan Basin (Tripsanas and Piper, 2008, in
revision) indicates the presence of meltwater in OIS 2 in the outer shelf area
(King et al., 2007). Similar ice-margin discharge during OIS 4 and especially OIS

6 may have been an important agent for initiating MTDs. Evidence for such melt-
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water discharge is seen in erosional channels and levee growth above FP 75 on

the Grand Banks margin (Fig. 2.4)

2.5.3.5 Relationship of Glaciation to MTDs

The MTDs in Flemish Pass correlate within the resolution of dating to
stadial climatic stages. The last major shelf crossing glaciation occurred during
OIS 6, with perhaps a minor shorter advance during OIS 4, but ice did not reach
the study area in OIS 2. This glacial extent differs strongly from other parts of the
eastern Canadian margin where the OIS 2 ice sheet terminated at the upper
slope (King and Fader, 1986; Stea et al., 1998). This last glacial advance
overprinted most of the previous ice sheet configurations and the ice sheet
configuration during OIS 4 remains mostly unclear.

Therefore, the different distribution of the MTDs in Flemish Pass
compared to other slope areas along the margin (Piper, 2005; Jenner et al.,
2007; Tripsanas et al., 2007 (in press)) may be related to the difference in glacial
history and therefore the different ice sheet configurations in the areas.

This is supported by comparison of sedimentation rates from Flemish
Pass to the Scotian Shelf (Piper and Sparkes, 1987; Piper and MacDonald,
2001) and the Labrador slope (Stoner et al., 1998), which are an order of
magnitude larger than the values from Flemish Pass. The lower rates may
indicate more stable sediments along the slopes in Flemish Pass. Additionally,
fewer glacially related earthquakes, triggered by ice sheet loading and unloading

of sediments (Husebyea and Mantyniemib, 2005), may have occurred along the
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northeastern Grand Banks slope due to fewer shelf-crossing glaciations
influencing the area.

The frequency of sediment failures during OIS 6 is similar to failures in
other areas along the eastern Canadian continental margin (Piper, 2005)
suggesting that similar agents were the cause of these failures along the margin:
most likely the presence of shelf-crossing ice. It is difficult to link specific failures
to failing mechanisms as the resulting MTDs show few failure-typical structures.
The higher sedimentation rates in Flemish Pass during OIS 6 may be due to
plumes along the margin, which would explain a similar increase of
sedimentation rates throughout the basin. Additionally, the stratigraphy allows a
resolution of 5 ka on the MTDs. This resolution does not allow a distinction of
MTDs initiated during ice sheet build-up and ice sheet recession during different
stadial/interstadial cycles within a glaciation.

MTD facies Brp shows the strongest relationship to sea level low stands
and is interpreted as glacigenic debris flows. These flows may have only been
initiated during glaciations when sufficient under-consolidated muddy debris was

transported to the outer shelf by the calving ice sheet for failure.

2.6 Conclusion

A new Late Quaternary high resolution seismic stratigraphy, tuned by

different dating methods, was established for Flemish Pass on the eastern Grand

Banks margin. The sedimentary sequence in the basin is dominated by
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hemipelagic muds, which are interlayered with thick MTDs that cover large areas
of central and northern Flemish Pass along the eastern Grand Banks slope.
Three different MTD types have been mapped from seismic and core data
in Flemish Pass. The MTDs were deposited in glacial settings with different ice
sheet configurations on the Grand Banks. The changing ice sheet configurations
had a strong impact on the sedimentation rates in Flemish Pass. During OIS 6
the Grand Banks Ice Sheet terminated along the margin and supplied sediment,
resulting in relatively high sedimentation rates in the basin. Since then, the
sedimentation rates decreased significantly due to less extensive ice sheet

extent and therefore less sediment supply to the outer margin.
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Chapter 3. TEMPORAL DISTRIBUTION OF LATE QUATERNARY
TURBIDITES AND CONTOURITES IN FLEMISH PASS: A
GLACIALLY INFLUENCED PERCHED SLOPE BASIN OFF

SOUTHEAST CANADA

3.0 Abstract

Flemish Pass is a small, perched, 1100 m deep basin along the southeast
Canadian continental margin was created during initial rifting of the North Atlantic
in the Mesozoic. Late Quaternary sediments include thin sand layers interbedded
with hemipelagic muds. The distribution, age, grain size, sedimentary structures
and petrology of these sands were used to distinguish between turbidite and
contourite deposits and to understand the conditions leading to deposition of
each type.

Sand packets comprised of several stacked sand beds, some with erosive
contacts, are correlated across Kyle Lobe into the basin, where they show clear
distal fining and create a poorly developed morphological lobe.

Six sediment facies were identified. Each facies shows a distinctive grain
size distribution. They are: | contourites, |l possible jokulhlaup deposits, Il
winnowed sequences, |V sandy turbidites, V muddy turbidites and VI hemipelagic

sediment. The temporal distribution of the sand beds shows a strong correlation

of turbidites to stadial climatic stages, whereas contourites are restricted to
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interstadial times. This linkage may be related to variation in oceanographic

circulation in Flemish Pass.

3.1 Introduction

Turbidity currents are important agents for transporting sands of a wide grain size
range into the deep water. Sediments deposited by turbidity currents may be
subject to bottom current reworking forming contourite deposits or winnowed
sequences. Thin-bedded sandy beds were studied in central Flemish Pass, a
small perched slope basin along the eastern Canadian continental margin (Fig.
3.1). Due to its bathymetric setting, the sandy beds are trapped at ~1100 m water
depth and can therefore be sampled more easily by piston cores than if these
beds were deposited in the abyssal plains to the north and south of Flemish
Pass.

Sand beds from Flemish Pass were studied within cores and correlated
between cores. The sedimentological and petrographic character and the
distribution of the different sand beds in time and space were used to distinguish
between turbidite and contourite deposits. Their age and distribution was used to

understand processes leading to the formation of each sediment type.
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3.2 Regional Setting

3.2.1 Physiography

The southeastern Canadian continental margin includes three small
basins seaward of the Grand Banks: Flemish Pass to the east, Orphan Basin to
the northeast and the Newfoundland Basin to the southeast (Fig. 3.1). This
margin was created during initial rifting of the North Atlantic in Cretaceous times
and Flemish Pass is considered to be a failed rift (Grant, 1972; Foster and
Robinson, 1993).

Flemish Pass is 1100 m deep and 50 km wide in its central part near the
Kyle well. Northwards and southwards the basin opens up significantly: in the
north off Sackville Spur the basin is 80 km wide and in the south the basin
reaches widths of more than 100 km before it drops off steeply into the
Newfoundland Basin (Fig. 3.1). The depth of the shelf break on the Grand Banks
deepens northwards, from 200 m near the Kyle well to 450 m along Sackville
Spur (Fig. 3.2). This trend is due to differential subsidence (King and
Sonnichsen, 1999). Flemish Cap is a basement high east of Flemish Pass with a
poorly defined slope break at about 350 m bounding a 150 by 200 km plateau
which is 139 m deep at its shallowest point (Monahan and Macnab, 1974; King et

al., 1985).
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3.2.2 Geology of Flemish Pass

Flemish Pass has been gradually infilled from the Grand Banks slope with
fluvial-deltaic sequences prograding eastwards. This progradation was initiated in
the Mesozoic and has been controlled by variations in sea level and basinward
sediment flux (Piper and Normark, 1989; Foster and Robinson, 1993). Sea level
variations have created several unconformities in the deeper sequence in
Flemish Pass, e. g. during the Miocene and Pliocene (Kennard et al., 1990).
Glacial ice crossed the Grand Banks at times in the Quaternary. During oxygen
isotope stage (OIS) 2, ice covered only parts of the Grand Banks and likely
terminated near Downing Basin on the inner shelf (King et al., 2001). Some of
the thick sand deposits in the Hibernia area have been interpreted as proglacial
deposits (Fader and King, 1981).

The shallow Quaternary sedimentary sequence in Flemish Pass is
dominated by hemipelagic and turbidite muds with few sedimentary structures
(Piper and Pereira, 1992). Predominantly silty muds were deposited from mass
transport deposits (MTDs) and cover large areas in central Flemish Pass, and
originated from both slopes of the basin (see Chapter 4 for more details).

Some sandy beds on a decimeter to meter scale are interbedded with the
muds and have been interpreted as turbidites transported across the Grand
Banks slope (Piper and Pereira, 1992). No turbidites have been reported from
the Flemish Cap slope. Several thick-bedded sandy beds along this slope have
been interpreted as contourite deposits formed by currents flowing along the

western slope of Flemish Cap (Piper and Campbell, 2005).
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Sidescan data show several channels and scarps on the Grand Banks
slope. On the upper slope, iceberg scouring was observed to a water depth of
650 m (Piper and Pereira, 1992). Seismic data indicate activity over several
glacial-interglacial cycles within channels (Piper and Normark, 1989), which have
been conduits for MTDs (see Chapter 4 for more details).

Sediment waves have been imaged using high resolution and airgun
seismic in the eastern part of Flemish Pass. These waves have been related to

contourite processes in the area (Piper and Campbell, 2005).

3.2.3 Oceanographic Setting

The Holocene oceanographic setting in Flemish Pass is dominated by two
oceanic current systems (Fig. 3.1) which flow through the basin in opposite
directions: the cold southwards flowing Labrador Current and the warm
northward flowing North Atlantic Current (Stein, 1996). The Labrador Current,
centered at 1000 m, originates in the northern Labrador Sea adjacent to
Greenland, and has average annual flow speeds of 20 cm s™ (Cuny et al., 2002).

South of Orphan Knoll and north of Flemish Pass, the Labrador Current
branches into a near-shore current and an offshore branch. The near-shore
branch follows the Grand Banks slope through Flemish Pass; the outer branch
circles around Flemish Cap forming a gyre system with mean velocities of 3.5
ms™!, which is centered on Flemish Cap. This gyre system forces the northward
flowing North Atlantic current to branch south of Flemish Cap and thereby form a

near-shore branch flowing through the eastern side of Flemish Pass and an outer
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branch circling Flemish Cap on the Atlantic-facing slope (Colbourne and Foote,
2000). This oceanographic setting creates two currents flowing in opposite

direction through Flemish Pass (Fig. 3.1).

3.2.4 Late Quaternary Stratigraphic Framework for Flemish Pass

The stratigraphic framework for the Late Quaternary sedimentary
sequence of Flemish Pass was established using seismic stratigraphy linked to
an oxygen isotope record on Sackville Spur, radiocarbon dating on foraminifera
and shells, and Heinrich layer stratigraphy. The Heinrich layers, rich in
carbonate, were correlated using CIELab L* and a* values and total carbonate
plots. Details of the stratigraphic control are presented in Chapter 4, and are
summarized in Figure 3.3.

The glacial-interglacial environmental changes affecting Flemish Pass
include both sea level changes and probable changes in the current system.
Stadial-interstadial changes have only a small impact on sea level (Lambeck and
Chappell, 2001) and their impact on currents is unknown. Heinrich events, which
supply large amounts of ice rafted debris (IRD) and plume sediment transported
from the north by the Labrador Current, occur at the end of stadials (Hemming,

2004).
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Figure 3.3: Correlation of key cores in Flemish Pass based on Heinrich Events,
radiocarbon dates, spectrophotometer data and total carbonate plots from core 96-06:
the black plot is the L* value, the gray is the a* value.
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3.2.5 Distinction of Turbidites from Contourites

Several study groups have proposed different seismic and sedimentary
characteristics for distinguishing turbidite and contourite. Seismic characteristics
of contourite drifts include semi-transparent intervals with migrating waves on
scales dependent on current strength. Cyclicity between more transparent and
more continuous facies may be evident (Stow et al., 2002; Bryn et al., 2005b).
Additionally, the trend direction of sediment wave crests on seismic data can also
indicate the depositional mode: crests trending perpendicular to the slope
commonly indicate turbidity current processes, whereas slope parallel crests
were more likely formed by contourite drifts. Levees also characterize turbidite
channels along the slopes where the turbidity currents overspill (Rasmussen et
al., 2003).

Sedimentological characteristics are further important indicators for
distinguishing between turbidite and contourite deposits. Contourites are
generally very well sorted and may have a coarser lag throughout the bed; few
primary sedimentary structures such as cross bedding are preserved in the
sands (Lovell and Stow, 1981). The overall sequence may have a negatively
(inverse) and positively (normal) graded sequence (Gonthier et al., 1984) with no
regular sequence of sedimentary structures (Stow and Piper, 1984). Petrographic
studies may further help to distinguish between contourites and turbidites, as
heavy minerals can be used to infer the source areas of the sands (Lovell and

Stow, 1981).
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Turbidites are characterized by a variable grain size distribution, in some
cases with basal inverse graded beds. The sequence is characterized by normal
graded beds within a regular sequence of sedimentary structures (Bouma, 1962;
Stow and Piper, 1984). The overall sequence shows downslope fining and
deposits large scale sand sheets or turbidite lobes in the basin (Walker, 1976;
Galloway, 1998). The more distal areas are characterized by muddy turbidites
(Piper, 1978) which reflect a similar fining sequence as their sandy counterparts

(Stow and Piper, 1984).

3.3 Materials and Methods

Piston cores, either 6 or 12 cm in diameter, were collected throughout
Flemish Pass, split and described. Digital spectrophotometer data (CIELab color)
were collected on all cores. In specific cores, samples were taken for carbonate,
grain size and petrography analysis. Sandy beds on a cm to m scale were
correlated throughout the basin based on the existing high resolution stratigraphy
from Flemish Pass (see Chapter 4). Grain size analysis, typically at 2 cm
spacing, was used to characterize sand beds in 11 piston cores using the
Beckmann Laser Coulter LS 230 with the Fraunhofer module. In coarser beds
(including grains >2mm in diameter) the gravel, sand and mud fractions were

separated by hand sieving, and the sand and mud fractions were analyzed

separately using the Laser Coulter system. Muds interbedded with the sand beds

were also sampled.
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All the grain size analyses were plotted as a series of frequency curves
downcore. Golden Software Surfer software was also used for visualization.
‘Grain size maps’ from the different beds in the different cores were created
displaying the grain size variation downcore. The data were gridded in Surfer
using triangulation. The bin size of 0.04 um on the Laser Coulter was plotted on
the x-axis, the sample spacing was plotted on the y-axis and the percentage of
grain size in each grain size class was plotted on the z-axis.

High resolution seismic Huntec sparker and boomer profiles collected over
the last two decades in Flemish Pass were used to image the upper few hundred
meters below the sea bed. The boomer system images features up to 50 m deep
in the sequence on a 1 m vertical resolution. The sparker profile allows, due to its

higher energy output, penetration up to 120 m (Mosher and Simpkin, 1999).

3.4 Results

3.4.1 Core Correlation

CIELab L* and a* color values were used to correlate different Heinrich (H-
) layers, which are characterized in the Labrador Sea by a positive peak in both
the L* and a* plots (Andrews and Barber, 2002; Rashid et al., 2003b; Tripsanas
and Piper, 2008, in revision). These H-layers are also high in detrital carbonate
which could be used to correlate total carbonate curves in Flemish Pass (Fig.

3.3). Correlations were constrained by radiocarbon dates reported in Chapter 4
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from Flemish Pass. These datasets were used to define a basin-wide Heinrich
layer stratigraphy for Flemish Pass back to H3 (~30 ka).

The position of H1 at ~0.5 m below seabed commonly allowed the
correlation between the trigger weight core and the corresponding piston core.
Not all cores could be correlated as up to 1 m of sediment may be missing at the
top of some piston cores. In such cases an arbitrary gap of 5 cm is shown in the

core plot figures.

3.4.2 Sandy Facies in Flemish Pass

Most sand beds in Flemish Pass have low matrix content. Several beds
contain shell fragments and mud intraclasts. Beds are generally 10 - 100 cm
thick. Generally, no visible sedimentary structures were detected during core
description, but a few beds show poorly developed cross bedding on a cm-scale
(Fig. 3.4). Previously unpublished counts of sand grain petrology from several
cores were used to further characterize the different sand beds in some of the
cores (Table 3.1). Characteristic features of the grain size plots were used to
define six distinctive facies (Fig. 3.5, Table 3.2) following the notation of Folk
(1966) (Fig 3.6):

The uniform sorted sand facies (Facies F |, Fig. 3.5a) is characterized by
very well sorted (within a 0.5 phi range), 5-30 cm thick sand beds with no mud. A

small granule component throughout the bed is characteristic for this facies.
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The uniform sorted silt facies (Facies Il, Fig. 3.5¢) is similar to the uniform
sorted sand facies in being very well sorted, but is predominantly silty and locally
clayey with a low percentage of sand (2% sand fraction).

The poorly sorted sand facies (Facies F lll, Fig. 3.5a) is a well sorted
sand-dominated facies in beds typically less than 5 cm thick. Locally it may
contain silty sequences. The thinner bedding and less well sorted character was
used to differentiate the facies from the uniform sorted sand facies (Fl).

The graded sand facies (Facies F IV, Fig. 3.5a and e) consists of sands
with a basal inversely graded set overlain by several normally graded sets. The
mud content is less than 2%. This facies usually occurs as a series of stacked
beds. Rarely, cross laminations and basal erosion are seen in these beds.

The graded silty mud facies (Facies F V, Fig. 3.5d) is a silty, poorly sorted
facies with more than 80% mud. Individual beds are generally 2-5 cm in
thickness.

The muddy facies (Facies F VI, Fig. 3.5a) is characterized by thick bedded
units with less than 1 % sand and a silty component that varies between 1 and
4%. Locally ice rafted debris (IRD) can be found in this facies. Bed thickness is

highly variable.

3.4.3 Sandy Units in High-Resolution Seismic Data

High resolution seismic data could not image most of the sand beds in
Flemish Pass, as their thickness was below seismic resolution. Therefore, they

do not show a specific seismic character, but occur within well stratified
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sequences. Two large bodies were sufficiently thick to be imaged on sparker
profiles (Fig. 3.7). They cover several km? in the Gabriel Lobe area and the area
off the slope to the east of Sackville Spur (Fig. 3.2). The acoustic character is
transparent with a poorly stratified incoherent return and no internal reflections.
The basal contact is locally erosive (Fig. 3.8).

Two cores sampled the body on Gabriel Lobe: 87-16 and 86-18. In core
87-16, 80 cm of uniform sorted silt of facies F || was recovered. There are no
sedimentary structures visible in the cores. This was the only bed in which facies
F 1l was found. The silt bed was deposited above the regional reflection FP 95,
dated to about 25 ka (see Chapter 4) and Fig. 3.8.

Large scale sediment waves have been imaged by Huntec data on the
eastern floor of Flemish Pass in the Southern Baccalieu area and were also
ground-truthed by grain size data from cores 96-03 through 96-07 (Fig. 3.5b and
d), which consists of the uniform sorted sand (F ) and the poorly sorted sand
facies (F Ill). These sediment waves are several hundreds of meters in length
and have an amplitude of 2-5 m. Generally, these sediment waves overlie well
stratified muddy hemipelagic sequences (muddy facies F VI and thin sand beds
of the uniform sorted sand and the poorly sorted sand facies (F I/F 1ll)) (core 96-
05 on Figs. 3.5b and 3.9, seismic profile 15 km to the west of core 96-05 in Fig.

3.8).
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Figure 3.4: Sedimentological logs showing distribution of facies within sand packets from

Kyle Lobe
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Figure 3.5: Plots of grain size with depths (“grain size maps”) from selected intervals of
cores in Flemish Pass showing characteristics of different facies, grain size determined
with the Beckmann Laser Coulter.
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Table 3. 1: Counts of sand size grains from sands from Flemish Pass, location of

samples in Fig. 3.2 and 3.7, the gray shaded cores were key core to this study, samples

counted by S. Weir-Murphy in 2004.
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most valuable
sedimentary criteria for
characteristics | facies interpretation interpretation
well sorted sand
(within a 0.5 phi .
range), beds 5 uniform temp;ci);?:igggo?‘patlal contourite
to 30 cm thick, | sorted sand etrolo rain, size deposit
no mud, granule| facies (F I) P cr?glia%ter P
lag throughout
bed
very well sorted temporal and spatial
silt, locally uniform distribution, grain P
clayey, low sand| sorted silt size character, | Jggu:)hs?,:‘ P
percentage (less| facies (F 1) | geometry, seismic P
than 2%) character
well sorted thin
bedded sand poorly L .
(ess than's o s sana | 790 50 harecter| - wrnanes
thick), locally |facies (F Il)|*€MP q
silty
poorly sorted
sand with
varying percent
of silt, locally temporal and spatial
basal inverse |graded sand distribution, turbidity current
graded, mud |facies (F IV)|petrology, grain size deposit
content less character
than 2%,
stacked normal
graded sets
silty, poorly
sorted mud | graded silty S
. rain size character muddy
(more than 80% | mud facies grain size charactet, L
mud), 2 to 5 cm (F V) spatial distribution turbidites
beds
thick bedded grain size character,
mud, 1to 4% silt presence of IRD, . .
and less than facrirel:d((lj:yVI) sediment color, lack szz?r:gilt:%gn
2% sand, locally of sedimentary
IRD present structures

Table 3. 2: different sedimentary facies described from the grain size data in Flemish
Pass and its interpretation
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Figure 3.6: Plot of the facies in a ternary diagram.
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Figure 3.7: Sparker seismic profile of sand sheet on Gabriel Lobe showing location of
core 87-16 and regional reflector FP 70 through 95 (see chapter 4 for more information),
the red arrows indicate basal erosion of the sand bed.
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Figure 3.8: Sparker seismic profile from the eastern side of the basin showing large
sediment waves along the sea bed.

82



3.4.4 Correlated Sand Packets

Three different sand packets could be correlated within the basin near the
Kyle well (Fig. 3.1) and show typical basinward fining (Fig. 3.4). The packets
were termed A, B and C, with C being the youngest (Figs. 3.9, 3.10 and 5.11).

Sand packet A (Figs. 3.9 and 3.10) is recognized in 6 cores with grain size
data available from 3 cores (Fig 3.4c). In core 87-27 this packet is 8 cm thick and
is represented by the graded sand facies (F 1V). In core 06-04 downslope, the
sand packet occurs at the top of the piston core. In this core the sand packet
thickens up to ~70 cm and the uniform sorted sand facies (F 1) and the poorly
sorted sand facies (F Ill) are present in the core. The third core (06-10) where
grain size is available from this sand packet, it is represented by the poorly
sorted sand facies (F Ill), the graded sand facies (F V) and the graded silty mud
facies (F V). The packet fines overall basinwards.

Sand packet B (Figs. 3.10 and 3.11) was described from 9 cores in the
areas downslope from Kyle Lobe. Grain size data is available from 4 cores (Fig
3.4b). On the edge of the basin floor (Fig. 3.10 core 86-14) the packet is 15 cm
thick and represented by the graded sand facies (F IV) underlain by the uniform
sorted sand facies (F |). Basinwards, the packet is characterized by the graded
sand facies (F IV) and the poorly sorted sand facies (F 1) and has overall fined

slightly basinwards (Fig 3.4b). Northwards, the packet is characterized by

uniform sorted sand facies (F ), underlain by the graded sand facies (F V).
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Figure 3.9: Correlation of sands to Heinrich layers and Greenland ice core stadials, see

Figure 3.12.
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Sand packet C (Figs. 3.10 and 3.11) is the youngest correlated deposit
and was found close to the sea bed in 10 cores; grain size data is available from
8 of the cores (Fig 3.4a). Due to its shallowness in the sequence, this sand
packet was usually either found at the base of trigger weight cores or at the top
of piston cores, so its whole continuous sequence was only sampled in three
cores (Fig. 3.4). In the basin it is approximately 30 cm in thickness; on the lower
slope it is significantly thinner. This bed is dominated along the slope by the
graded sand facies (F IV, Fig. 3.10, core 86-12); the basal sequences of the
packet may show the graded silty mud facies (F V) locally. As it reaches the floor
of the basin, it thickens, and the uniform sorted sand facies (F |) and the graded
sand facies (F 1V) characterize the individual beds. At the base of several

individual beds the poorly sorted sand facies (F Ill) is found.

3.4.5 Temporal Distribution of Facies

Heinrich layers commonly occur at the base or at the top of sand beds
characterized by the uniform sorted sand facies (F I) and the poorly sorted sand
facies (F Ill). This was observed in core 96-05, where a radiocarbon date on
foraminifera at 79 cm core depth gives an age of 16.6 ka within a sequence
characterized by the uniform sorted sand facies (F I). This is just below an
interval with a high L* value that indicates a Heinrich layer, interpreted as H1
(Figs. 3.3, 3.9). The top sequence of the uppermost sand bed in core 96-06
consists of the poorly sorted sand facies (Flll) with a similar grain size character

and a radiocarbon date of 15.0 ka at the base of the bed, and has therefore a
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similar sequence as the 96-05 core sequence. Similar observations of F | and F
characterizing the uppermost parts of F IV sequences were made in cores 96-08,
87-13 and 86-14. The duration of deposition of the uniform sorted sand facies (F
1) may therefore be several hundreds of years, as some of the sand beds span
entire Heinrich layers, e. g. in core 96-06 and 86-14 (Fig. 3.9).

In some sand packets e. g. in the uppermost packet in core 06-10, the
uniform sorted sand facies (F |) and the graded sand facies (F |V) can occur
stacked (Fig. 3.9). When such a stacking is observed, the sand packets occur
either at the top or base of the Heinrich layers, or exceed the Heinrich layer as
observed in core 96-06 (Fig. 3.9).

The graded sand facies (F 1V) and the graded silty mud facies (F V) are
exclusively deposited between Heinrich events and are mostly separated from
these Heinrich events by muddy sediment beds more than 5 cm thick, e.g. in
core 86-12, 06-03 and 06-02 (Fig. 3.9).

The three sand packets A through C could be indirectly dated using the
available radiocarbon dates and the Heinrich layer stratigraphy. Sand A was
deposited below H2 with an age of ~ 24 ka (Fig 3.11), sand B was found just
below H1 at 16 ka (Fig 3.11) and sand C just below the youngest H-event found
in Flemish Pass: based on radiocarbon dates this Heinrich event most likely

correlates to the Younger Dryas cooling period (H* in Fig 3.11).
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3.5. Discussion

3.5.1. Characterization of Facies

The six different facies described from Flemish Pass show distinct
sedimentary and petrologic character that can be used to characterize the
depositional mode of the beds (Table 3.2). Most of the sand packets in Flemish
Pass include more than one facies, with possible erosional contacts between
individual beds (Fig 3.4). Six attributes were used to characterize the facies and
relate them to specific sedimentary characters directly related to their origin: not
all the beds could be linked definitively to one of the facies.

(1) The geographic position in Flemish Pass is the first indicator for
inferring the depositional origin: sands deposited to the west of the bathymetric
axis of Flemish Pass (BAFP in Fig. 3.2) show a lobe-like distribution and fine
basinwards (Fig. 3.10) away from the few channels on the Grand Banks slope (e.
g. Kyle channel system, Fig. 3.2). The lack of sandy sources on Flemish Cap or
of channels along the Flemish Cap slope and the presence of sediment wave
fields suggest that sands to the east of the BAFP are more likely deposited by
reworking oceanic currents.

(2) The stratigraphic position of the sand facies in the basin indicate a
greater likelihood of the graded sand facies (F 1V) during stadial climatic stages
(Fig. 3.9, e. g. cores 06-02 and 06-03), whereas during interstadials the sands
are more likely characterized by the uniform sorted sand facies (F |) and the
poorly sorted sand facies (F lll) (Figure 3.9, e. g. cores 96-05, 96-06). Some

sand packets within the basin show this trend more clearly (Fig. 3.10), whereas
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other sand packets may have lost their initial depositional character e. g. due to
winnowing (e. g. Fig. 3.4b, core 06-11). Several beds characterized by the
graded sand facies (F IV) to the west of the BAFP (Fig. 3.2) were deposited
during the LGM (e. g. Fig. 3.9, core 06-03 and Fig 3.12). To the east of the
BAFP, the sand beds are mostly found within or towards the end of Heinrich
events and were therefore likely deposited during warmer climatic stages
(interstadials).

(3) The petrology data from specific cores may also be used to
differentiate between depositional modes of the different facies in Flemish Pass.
The distinction is based on the character of the two sources influencing Flemish
Pass: sand beds from the Grand Banks side are characterized by shell
fragments, quartz rich sands (more than 75%) and low lithic carbonate content
(<7%) (Table 3.1, core 85044-003). Light colored heavy minerals that were
concentrated in these sands by reworking on the Grand Banks (Slatt, 1977),
characterize these beds. This is in contrast to the sands to the east of the BAFP
(Fig 3.2), where sands contain various types of volcanic ash transported to the
area by icebergs or sea ice in the Labrador Current (Table 3.1, cores 96018-007
and 008) (Piper et al., 1990). Additionally, foraminifers are much more abundant
in the sands east of the BAFP.

(4) Some of the sand beds within the sand packets east of the BAFP (Fig.
3.2) show durations of deposition exceeding that of Heinrich events (Fig 3.9, core
96-06), by hundreds to a thousand years (Hemming, 2004), indicating long stable

current systems during their deposition.
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(5) Small scale primary sedimentary structures have been found only from
cores to the west of the BAFP. Small scale cross-bedding and coarsening and
fining trends are locally observed (Fig. 3.4). Locally, the base of the beds has cut
into the underlying muddy sequences (e. g. the cores above the basin floor, core
06-13, 86-14, Fig 3.4). Sand beds east of the BAFP lack basal erosion and have
less frequently graded beds. If fining or grading is observed, the sand fines or
coarsens within less than 2 phi.

(6) The facies defined on the basis of grain size character show patterns
similar to the above attributes. East of the BAFP uniform sorted sand facies (F [)
and poorly sorted sand facies (F Ill) predominate, whereas west of the BAFP the
beds were generally less well sorted with various coarsening and fining trends
(graded sand facies (F 1V) and graded silty mud facies (F V)). Some of the beds
to the west of the BAFP also showed the uniform sorted sand facies and the

poorly sorted sand facies (Figs. 3.4 and 3.9).

3.5.2 Facies Interpretation

Several lines of evidence were used to interpret the uniform sorted sand facies (F
1) and the poorly sorted sand facies (F 1), which show an overall similar
sedimentological character (Table 3.2). The most prominent characteristics are
the high component of granules, which may be interpreted as a gravel lag. The
high degree of sorting, which has previously been used to interpret deposits as
contourite (Lovell and Stow, 1981; Toucanne et al., 2007) in combination with the
lack of drop stones (Knutz et al., 2002) and the presence of foraminifera support

an interpretation as a contourite (core 96-05 at 70 cm, and core 96-08 at 530 cm
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in Table 3.1 and Fig. 3.9). The petrology samples show the lithologies indicative
for contourites at these depth intervals and in the grain size maps show F | facies
within or close to H-layers. These sediment characteristics suggest that the
uniform sorted sand facies is likely a contourite sand and the poorly sorted sand
facies, with very similar characteristics, is likely a winnowed sequence or a pre-
contourite stage. A pre-contourite stage is defined as a short period of time,
when winnowed sand starts to create sedimentary characteristics similar to
contourite deposits. These characteristics are less well developed than in a
contourite deposit due to the shorter time span of formation. After this short time
span, the oceanic circulation changes to a new pattern. Some of these sands
may have been transported into the basin as turbidites and then reworked, or the
sands may have been winnowed from ice rafted sediment in hemipelagic facies.
Several facies classified as the poorly sorted sand facies (F Ill) may have
originally been turbidite sands that were winnowed by sea bed currents. This is
especially true for the sands deposited at the end of stadials and in proximity to
Heinrich events (Fig. 3.9. core 06-10).

The graded sand facies (F 1V) is characterized by fining upwards
sequences, but locally basal inverse grading is observed (Table 3.2). Some beds
have further preserved faint cross bedding and show basal erosion with granules
along the base (Fig. 3.4). Similar sedimentary properties are characteristic for the

Bouma sequence and indicate a turbidite flow origin (Bouma, 1962; Middleton

and Hampton, 1973; Gladstone and Sparks, 2002).
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Figure 3.12: Summary figure showing the relationship of the sand beds over time in
relationship to the global sea level curve (Lambeck and Bard, 2000) and to the
earthquake record inferred from MTD failures from Orphan Basin : LA= Lake Agassiz
melt water, NI= Noble Inlet melt water, YD= Younger Dryas cooling period, and southern
Flemish Pass. 'Orphan Basin failures from Tripsanas and Piper (2007), 2 southern
Flemish Pass failures from Piper and Campbell (2005), *stadials and interstadials of the
GRIP ice core from Bjérck et al. (1998) and Andersen et al. (2006), circles indicate sand
beds deposited as turbidite deposits, squares are likely jékulhlaups deposits.
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The graded silty mud facies (F V) shows several characteristics indicating
deposition as muddy turbidites: the beds show a high mud content, and are
interlayered by poorly sorted silt beds on a 2 cm scale creating faint laminae.
Each bed shows fining sequences internally and sets comprised of different beds
fine overall. These are typical characteristics for muddy turbidites (Piper, 1978;
Stow and Piper, 1984). Therefore, Facies F IV and F V are both facies deposited
from turbidity currents with a different grain size range: the graded sand facies (F
IV) is a sandy and coarse silty turbidite whereas the graded silty mud facies (F V)
is a fine silty to muddy turbidite deposit (Table 3.2).

The muddy facies (F VI) is a clayey facies with varying degrees of silt.
Locally, sand, pebbles and cobbles may be within this fine sequence: these are
IRD transported by icebergs with the Labrador Current to Flemish Pass. The
muds can have various colorations. No sedimentary structures are observed.
These characteristics are typical for hemipelagic sedimentation.

The thick sheet-like body on Gabriel Lobe (Fig 3.2) represents the only
bed from which the uniform sorted silt facies (F 1) was described; its timing
indicates an age of 25 ka. The geometry of this sheet shows a lobe-like form with
a source in Gabriel channel. The geometry and the grain size character in
combination with the lack of correlative beds to the east of the BAFP rules out
the possibility of a contourite. The thickness and widespread distribution also
militates against a conventional turbidite deposit. It covers an estimated area of

240 km? and has an approximate volume of up to 2.5 km?, similar to single

correlatable turbidite deposits in the ancient record which are generally a few km?
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in volume (Talling et al., 2007). In Flemish Pass, the timing of the sand bed might
indicate an origin as a jékulhiaup from the Grand Banks (Fig. 3.12), as
jokulhlaups occur at this time in Orphan Basin (Tripsanas and Piper, 2008, in
revision). The sedimentary sequence of the bed shows poorly developed
coarsening and fining of an overall rather uniform silt bed. The depositional
sequence shows elements of the hyperpycnal flow sequence (Mulder et al.,
2003), e. g. the bell-shaped grain size distribution, a high percentage of fines and

basal erosional contacts.

3.5.3 Distribution of Sandy Facies in Flemish Pass

The characteristics of contourites in Flemish Pass, illustrated in the grain
size maps include: (1) grain size distribution (Fig. 3.5), (2) stable grain size
distribution over time spans exceeding Heinrich events (Fig. 3.9) and (3) rapid
onset and decline of the sandy contourite system.

The occurrence of sandy turbidite and contourite facies show a strong
correlation to stadials and interstadials respectively: the turbidites were deposited
during stadials, the contourites during interstadials (Fig. 3.9). The remaining
facies inferred from the grain size data have a less well defined temporal
distribution: the stratigraphic position of winnowed sequences indicates that they
may occur during transitions between stadials and interstadials (Fig. 3.12).

The different sandy facies have a specific aerial distribution within Flemish
Pass: generally, turbidites are confined to the Grand Banks slope whereas

contourites are mostly found along the Flemish Cap slope (Fig 3.2). Locally,
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contourites may be present from cores on the lower Grand Banks slope (Facies
F1 in cores 86-14 and 87-27 in Figure 3.4a, b).

The temporal and spatial distribution of contourites in Flemish Pass may
help understand the history of oceanic circulation during the Pleistocene and the
Holocene in Flemish Pass, but would need data sets integrating proxies for deep-
water current variations such as foraminifera distributions.

Some of the turbidites in Flemish Pass show lateral fining from sand to
coarse silt (Fig. 3.4), as described from the facies sequences for turbidites
(Bouma, 1962; Walker, 1967). The turbidite beds in Fiemish Pass show a limited
km-scale runout distance and create a small lobe-like feature proximal to the
source channel system. This differs strongly from other turbidite systems with a
similar setting (Piper and Normark, 2001), where turbidites show long runout
distances (Nakajima, 2006) possibly due to basal hydroplaning (Mohrig et al.,
1999). The basin floor gradient in Flemish Pass is below 0.01° and therefore the
flow energy may be insufficient to maintain the flow. When long runout distances
are observed the critical slope angle is usually above 0.1° (Piper and Normark,
2001); the sands in Flemish Pass lack hemipelagic interbeds, which some
authors suggest are needed for hydroplaning (Niedoroda et al., 2006). The low
mud content may also be insufficient to support the flow over large distances

(IIstad et al., 2004).

96



3.5.4 Initiation of Turbidity Currents in Flemish Pass

Several initiating processes may have caused the turbidite beds observed
west of the BAFP. Earthquake triggering of failures is the classic initiation
process for turbidity currents (Piper et al., 1999). A paleo-seismic record has
been inferred just north of Flemish Pass from the southern margin of Orphan
Basin (Fig 3.1) based on well dated widespread slumps and resulting sandy
turbidites in Orphan Basin (Tripsanas and Piper, 2007). Their data show
evidence of large failures in the early Holocene around 7 ka, around 14 ka and
around the time of H2 at about 22 ka (Fig 3.12). The 22 ka paleo-seismicity
correlates to the thick silt sheet of facies F Il, but sand packets A, B and C show
no correlation with earthquakes in southern Orphan Basin. In central Flemish
Pass, no slope failures are recognized in the last 30 ka (see Chapter 4), but in
the southern part of the Pass, a failure on the Flemish Cap slope lies
stratigraphically between the LGM and H2 (Piper and Campbell, 2005) and thus
could correlate to sand packet B in central Flemish Pass (Fig 3.12). Overall,
there is no strong evidence that large earthquakes were responsible for the
multiple turbidite beds in packets A through C.

Catastrophic discharge of meltwater in jékulhlaups has been recognized
as a method of initiating turbidity currents, although most well known examples
involve discharge off ice streams at the shelf break (Piper et al., 2007; Tripsanas
and Piper, submitted). Tripsanas and Piper (2008, in revision) have
demonstrated the presence of meltwater discharge in Orphan Basin at the time

of H2. Similar meltwater discharge on the Grand Banks might have been
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responsible for the unique thick massive silt sheet in Flemish Pass on the Gabriel
Lobe that dates from this time (Fig. 3.12). In general, however, the lack of
prominent ice streams and the limited extent of ice on the Grand Banks make
ice-margin sand discharge unlikely as an initiating process for turbidity currents in
Flemish Pass in the last 30 ka.

Therefore, processes other than earthquake triggering of slumps and
discharge of subglacial meltwater are needed to initiate the turbidites in the
packets A through C. There is no evidence for correlation with enhanced iceberg
scouring during Heinrich events. Possible initiating processes may be related to
the variation of the Labrador Current during this time: the stronger Labrador
current during glacial stages may have reworked sands on the outer shelf (King
et al., 2001) and distributed them into canyon heads upslope from the Kyle Lobe
channel system (see Chapter 4) which may have over-steepened and failed,
creating turbidity currents. Similarly, storm events may have also reworked these
surficial sands and lead to accumulation in canyon heads; especially as several
studies have shown the increased storminess in the North Atlantic during the
Pleistocene (Stauffer, 2000). More detailed work is needed to understand more
thoroughly the processes initiating sandy turbidites on the eastern Grand Banks
slope, especially by improving the age control of the sand beds and the

understanding of the strength of the Labrador Current over this time span.

3.6 Conclusions

In Flemish Pass, contourites can be distinguished from turbidites based on

the sedimentary characteristics of the sand beds, including the spatial and
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temporal distribution, the grain size character and petrology data of the beds.
Grain size maps, created by stacking of grain size data on a 2 cm interval using
Golden Software Surfer are a robust method for distinguishing between different
contourite and turbidite facies.

The turbidites are deposited west of the bathymetric axis in Flemish Pass
(BAFP) and are linked to stadials. Several beds show basinward fining. It was
shown that these turbidites were not initiated by earthquakes, slumps or
meltwater discharge; therefore possible initiating processes may include storm
surges and short-term variations in the Labrador Current initiating small failures
on the upper slope. Contourites are deposited mostly during interstadials east of
the BAFP and their activity is directly related to the variation of the Labrador

Current.
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Chapter 4. CONCLUSIONS

A new seismic stratigraphy based on radiocarbon dates, Heinrich events,
CIELab color L* and a* plots, the North Atlantic Ash Zone |l and an oxygen
isotope curve was established for central and northern Flemish Pass, which was
used to understand the types, volumes and processes of sediment flux into the
basin over the last 170 ka. The correlation of events to Orphan Basin, an open
basin north of Flemish Pass, was used to understand the influence of the ice
sheet on a regional scale. The seismic stratigraphy was defined in a new type
section on Kyle Lobe and was correlated throughout the basin to Sackville Spur,
where it was correlated to a core with an oxygen isotope curve. Upslope, the
resolution of the stratigraphy was limited by iceberg scouring at 450 m present
water depth. The high resolution multi-dated stratigraphy had a resolution of 5 ka
in the younger sequence and 10 ka during OIS 6.

This accurate stratigraphy improved the temporal understanding of MTDs,
turbidites and contourites in the basin and their relationship to glaciation over the
last 170 ka. Ice sheets terminated during OIS 6 and likely OIS 4 along the margin
(Fig. 4.1), where they created till tongues and related moraine ridges on Sackville
Spur. During stages when ice reached the margin, the highest sedimentation
rates are observed, which further supports the presence of ice at the margin
during OIS 6 and 4 with high sedimentation rates and low sedimentation rates
during the last glaciation (OIS 2).

During these times, MTDs from both sides of the basin are found

widespread on the basin floor. Their seismic character was used to define three
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types of MTDs in Flemish Pass. Overall, the thickness and extent of MTDs
decreases over time: during OIS large thick (more than 20 ms) MTDs are
widespread, during OIS 4 only small flows characterize the basin floor and are
generally 1-5 ms in thickness. During OIS 2 no MTDs are found in the section,
indicating that no sediment failures and related initiating processes were active
during this time. This temporal distribution of the MTDs indicates that the MTDs
are only initiated during glacial stages, when the ice sheet terminated at the shelf
break. The more extensive the ice sheet is during times of shelf-crossing ice, the
more MTD activity is found in Flemish Pass. The ice sheet, terminating during
OIS 4 on the slopes along Flemish Pass, had a less severe impact on the area,
than the OIS 6 ice sheet, resulting in smaller sediment failures with overall less
volume than the OIS 6 sediment failures. Additionally, sediment failures along
Flemish Cap were only present during OIS 6, also indicating that this ice sheet
resided longer along the margin than the OIS 4 ice sheet, and may have also
been more fluctuating, with several calving events, for example during the
Greenland ice core interstadials, when icebergs and plumes may have crossed
Flemish Pass for initiating the observed sediment failures on Flemish Cap.

The seismic character of the four key reflections in Flemish Pass is a
regionally distributed, strong double reflection signal. These horizons were never
eroded by MTDs and were always bound by well stratified sequences. These
layers were therefore more likely deposited during quiescent times, e. g. during
interglacials/interstadials, when a higher sea level and the absence of ice allowed

basin-wide hemipelagic sedimentation.
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Figure 4.1: Ice sheet configuration on the easternmost Grand Banks margin adjacent to
Flemish Pass
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Sand beds are limited to the area of Kyle Lobe in western central Flemish
Pass and Southern Baccalieu Lobe. Two depositional processes created these
deposits: turbidites and contourites. Different specific characteristics of the beds,
as temporal and spatial distribution, their grain size character and petrology of
the beds could be used to differentiate between the two processes. A newly
developed 3-D display, termed ‘grain size maps’ simplified the distinction
between the depositional mode by showing more clearly grain size trends in the
grain size data, some of them are clearly indicative for the depositional mode.
Generally, turbidites are found along the Grand Banks slope whereas the sands
along the Flemish Cap slope are characteristically deposited by contour currents.

The temporal distribution of contourites and turbidites shows a correlation
of turbidites to Greenland stadial conditions, when the Labrador Current likely
strengthens and the zone of mixing with the North Atlantic current shifts
southwards. During warmer, Greenland interstadial climates, the oceanic current
mixing zone shifts northwards creating an eddy around Flemish Cap. This
circulation pattern initiates contourite activity along the eastern part of the basin
(east of the bathymetric axis Flemish Pass). This temporal link of turbidites and
contourites to Greenland stadial/interstadial climatic stages was established for
the last 30 ka (dated by Heinrich event H3) in Flemish Pass.

Both MTDs and turbidites are therefore more frequently initiated during
glacial/stadial times. The turbidite activity is not necessarily related to ice sheet

processes, but would likely show an enhanced activity in times when the ice
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sheet supplied sediment to the areas upslope of Flemish Pass; MTDs are only
initiated during times, when ice sheets terminated at the continental margin.

Generally, sediment failures occur, when the downslope gravitational
forces exceed the frictional resistance of the sediment. The initiating processes
vary over time and space. The rate of sediment failure is mainly governed by
gradual processes pre-conditioning sediment failure, e. g. sediment
accumulation. This process may be disrupted by instantaneous events as
earthquakes or erosional undercutting. No ultimate link between deposit and
initiating process can be drawn because the different initiating processes do not
create a specific depositional character. This initiating concept can be used to
group possible MTD and turbidite triggers in Flemish Pass into two groups:
sediment failure due to pre-conditioning and sediment failure by an unforeseen
trigger.

Preconditioning triggers include (i) iceberg melting and IRD creating
overloaded sequences along the shelf break, (ii) glacial meltwater runoff (supra-
and subglacial) creating oversteepening and sediment overloading, (iii)
decomposition of gas hydrates and related sediment instability and (iv) sediment
failure along weakness layers due to liquefaction. Unpredictable triggers include
() cyclic sediment loading by storm generated waves or by seismicity, (Il)
erosional undercutting of sediment and (lll) bulldozing by ice sheets and large
icebergs. These processes may either create widespread failures which affect

wide slope areas, or they may create point-source failures by oversteepening
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canyon heads and channel flanks and initiating flows confined to channel
systems (Fig. 4.2).

The sedimentation record off the northeast Grand Banks margin differs
greatly from the Scotian margin, where ice was present at the shelf break during
OIS 2. The hemipelagic sedimentation rates off the northeast Grand Banks
margin were an order of magnitude lower than off the Scotian shelf, where
sediment accumulated at 1m/ka during OIS 2 (Piper, 2005). Since OIS 4, when
the Grand Banks ice sheet reached Flemish Pass for the last time, no MTDs
were deposited and fewer turbidites than on the Scotian margin, where locally up
to 25 turbidite beds have been described since 14 ka (Piper and Hundert, 2002;
Benetti, 2006).

When looking at the sedimentation rates and its relationship to glacial ice
sheets, there is an obvious link on the Grand Banks margin between high
sedimentation rates and the presence of ice at the shelf break. As this study was
restricted to Flemish Pass, this case can only be made for the outer northeast
Grand Banks margin, but this generalization may be transferred to other areas
along the Canadian margin.

During glacial stages, when ice is present at the shelf break, the
hemipelagic sedimentation rates increase significantly and the basin is
characterized by thick bedded MTDs and numerous turbidites; during glacial

stages with no ice on the outer margin, as in OIS 2, the sedimentation rates

remain low and few turbidites are deposited in the basin.
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Figure 4.2: Initiating processes in Flemish Pass.
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Further work will be needed in Flemish Pass to improve the understanding
of basin morphology and sediment deposition in Flemish Pass by surveying the
basin using multibeam swath bathymetry and by running a tighter grid of seismic
airgun and Huntec data, supported by additional coring especially in the northern
part of the basin and on Flemish Cap. Additionally, more work will be needed in
southern Flemish Pass where thick MTDs characterize the seabed. These thick
MTDs did not allow a simple extension of the established regional seismic
stratigraphy southwards with present data coverage. Similar work will be needed
on the outer Grand Banks, where only poor stratigraphic control is available. The
regional reflection FP 75 may be extendable onto the Grand Banks in the
Sackville Spur area, where it was traced below till tongues to 450 m water
depths. The understanding of the age of the Sackville moraines and its character
and relationship to the thick sand deposits in the Terra Nova and Hibernia well
areas may help to understand more clearly the ice sheet fluctuations of the
Grand Banks ice sheet during OIS 4 and its extent during OIS 2 on the outer

Banks.
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Appendix

The Appendix, found in the ,back pocket® of the thesis contains a draft version of
a Geological Survey of Canada Open File report. This report summarizes the raw
and interpreted data from Flemish Pass and can be seen as a data compilation.
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