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Abstract

This thesis reconstructs the glacial history of Placentia Bay, Newfoundland through the
integration of seabed data and existing terrestrial records. Multibeam sonar data.
augmented by seismic and coring data revealed a range of flow-parallel and flow-
transverse glacial landforms on the Placentia Bay seabed. Flow-parallel landforms
include drumlins, flutes, mr~nflutes and crag-and-tails. These landforms show a general
trend of convergent flow, interpreted to represent fast-flowing ice converging into an ice

stream down the axis of Placentia Bay. Flow-parallel landforms and striations from the

surrounding land areas demonstrate that the convergent flow can be traced up-ice to
regional ice dispersal centres. Flow-transverse landforms include De Geer moraines and
| grounding-line moraines. De Geer moraines occur in several fields throughout the bay
marking the intermittent retreat of grounded ice up the bay. Radiocarbon ages from
‘ glaciomarine silt suggest that ice became ungrounded and glaciomarine sedimentation
started ca. 16.1 cal ka BP and ended after *~ 0 cal ka BP. This glacial landsystem is
consistent with a conceptual model showir  Late Wisconsinan ice advance to shelf edges
with rapid calvii retreat alor deepwater channels and slower retreat of ice margins
grounded in shallow water. The int | approach used in this study represents an
important developmentin 1|, ng  aeo ice flows and the understanding of ice sheet
behaviour during the transition from largely marine-based to land-based glacial

conditions which may reflect deglacial scenarios in other bays in Newfoundland and

elsewhere.
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Chapter 1: Introduction

1.1 Introduction
This thesis reconstructs the glacial history of Placentia Bay, Newfoundland using both
onshore and offshore glacial records. Traditionally, palaeo ice-flow mappir  in
Newfoundland and Labrador has had a predominantly terrestrial focus, combining
surficial geology. striation data. and clast provenance studies. However. recent
technological advances in both marine (multibeam bathymetric sonar) and terrestrial
(Shuttle Radar Topography Mission (SRTM)) mapping have generated landscape and
seabed imagery that permit a broader interpretation of glacial geomorphology and palaco
ice dynamics (e.g.. Liverman e¢f al., 2006 Shaw ¢t al., 2006a). In this thesis. recently
:n ited multibeam bathymetric sonar data are integrated with existing terrestrial
records to reconstruct the glacial history of Placentia Bay.

Recent interpretations of glacial :omorphology and palaeo ice dynamics of
Newfoundland and Atlantic Canada represent an integrated research approach (e.g.,
ACID Group, 2002), which has been important in shaping conceptual models of
glaciation. According to these models, the most recent glaciation to have inundated the
Newfoundland and Atlantic Canadian landscape occurred ca. 80-10 ka (¢.g.. Shaw er al.,
2006a; Stea, 2004). Glacial cover had three general recurring characteristics: 1) almost
complete ice coverage extending out to the shelf edge (¢.g.. King. 1996: Shaw cr al.
2006a; Todd ¢t al., 1999); 2) multiple zones of ice dispersal in the form of peripheral ice
caps that were present during the owth and decay of the Laurentide Ice Sheet (¢.g..
Catto, 1998: Stea et al., 1998; Stea. 2004); and 3) discrete zones of ice streaming and

calving (e.g., Shaw et al., 2006a). Despite this new initiative, there remain many areas



that must be tested with field data or where ambiguous or conflicting interpretations have
been proposed. [n addition, limitations still exist in determining where on the seafloor
the maximum ice extent was rcached and in dating ice limits, both on the seabed and on
land, where there is a general absence of o1 nics for radiocarbon dating. As such. the
max 1um extent of ice at the last “acial maximum (LGM) is poorly known and precise
reconstructions of the growth and decay of the Wisconsinan ice cover remains a future
objective (Shaw, 2003).

In the past decade. more detailed palaeo ice reconstructions have been made
possible largely by advances in multibeam bathymetric sonar imaging of the seafloor on
which lies an important portion of the evidence for palaeo ice dynamics. Multibeam
sonar data provide high-resolution digital ~ hymetry of the seabed which reveals a
wealth of previously unmapped morpholc cal features. The recognition of these
features provides improved mappii  of "acial landforms and delineation of offshore ice
margins (e.g., Shaw and Courtney, 1997; Shaw ef al., 1997).

In the present study, glac for . served on the seabed of Placentia Bay.
Newfoundland, are mapped using recently acquired multibeam bathymetric data. It is
: »ated that, based on similar nearshc  studies (¢.g.. Bedford Basin and Halifax
Harbour, Nova Scotia; sec Miller and Fader, 1995). the P entia Bay seabed preserves a
geomorphic record of equal or higher resolution than that of the adjacent terrestrial
landscape. In addition. it is anticipated that the integration of these scabed data with
existing onshore landform and striation data will permit onshore-offshore correlation of
glacial geomorpholc 7 and palaco it floo  Previous studies have had to rely on

stratigraphic correlations of terrestr™ =~ " "ac’ nic units, together with



inferences about glaciological behaviour of palaeo ice sheets (¢.g.. Bell e al.. 1999).
Thus. this combined ice-flow database rep ents a further development in the integration
of onshore and offshore glacial records in Newfoundland.

This project also provic  an opportunity to test the understandit  of ice-sheet
behavior across the transition from largely marine-based to land-based glacial conditions.
For example, abrupt temporal and spatial shifts in ice-bed interactions of a marine-based
ice sheet may produce a broad assemblage of subglacial landscapes reflecting conditions
ranging from sustained fast flow to rapid disintegration and ice-marginal retreat. In the
past decade, the understanding of subglacial landscapes has progressed substantially.
largely as a result of research on contemporary ice sheets such as the West Antarctic ice
sheet and those ice streams which drain the Siple Coast (¢.g.. Evans, 2003; Vaughan.
2006). This body of research has shown that such ice streams display transient behavior
at both spatial and temporal scales and are situated upon a bed of sediment that can be
deformed and mobilized., incont tto ‘:vious ideas which suggested that they formed
on underlying bedrock (¢f Stokes d C" ", 2001). These findings have placed new
emphasis on rescarch relating to subglacial landforms and their importance to the
inte retation of glacial events and palaeo ice dynamics. [t is expected that the
reconstruction of past glacial dynamics in Plac:  ia Bay will provide insight into possible

deglacial scenarios for other bays and inlets around Newfoundland and elsewhere.



1.2 Study Area
The study area includes all of Placentia Bay covering an area of approximately 6000 km®.
It is a glacially modified marine basin which lies on the southeastern coast of
Newfoundland. opening to the Atlantic Ocean to the southwest. Placentia Bay has many
islands, shoals, reefs and banks as well as three well-defined channels where maximum
depths exceed 430 m. It is bordered by the Burin Peninsula to the west, the Avalon
Peninsula to the east, and the Isthmus of Avalon to the north (Figure 1.1). In this thesis,
the Placentia Bay study area is defined as the region extending from the head of the bay.
around North Harbour, out to the mouth of the bay (approximately 120 km long). The
bay is approximately 20 km at its head and widens to 90 km at its mouth.

Interpretation of multibe: ¢ is placed within a general regional framework
that includes adjacent parts of the surrounding peninsulas. This larger region includes the
Burin Peninsula (bounded by Gisborne Lake to the north). the Isthmus of Avalon and the

western Avalon Peninsula.

1.3 Context

This thesis uses seabed data made available by the Geological Survey of Canada’s (GSC)
Geoscience for Ocean Management (GOM) Program. Seabed mappii  surveys were
carried out in 2004, 2005 and 2006, buildii  upon earlier surveys in 1995 and 1999.
These surveys were undertaken in cooperation with the ¢ adian Hydrographic Service
(CHS) and with the support of the SMARTBAY project (a pilot project within Canada’s

Oceans Action Plan (OAP)).






Multibeam bathymetric data exist for most of the bay with the exception of some shallow
areas at the coast and surrounding islands. These surveys revealed arcas of rugged
topography with northeast-southwest trending bedrock ridges. deep channels and

other areas with complex glacial landform semblages (Brushett ¢f «/., 2007 Batterson
et al., 2006; Shaw ef al., ~106b). Follow-up activities, including subbottom profiling.
bottom photography, grab sampling and piston coring, were carried out in two subsequent
surveys (Shaw ef al., 2006b; 2006¢). Tc ther, these data will be used by the GOM
program to produce maps of bathymetry. acoustic backscatter and surficial geology for
Placentia Bay. similar to those recently pul shed for St. George's Bay, southwest
Newfoundland (Shaw ef al., 2006d; 2006¢; ~)06f).

The Department of Fisheries and Oceans and SMARTBAY are using these data to
improve management and sustainable development of the diverse coastal and ocean
resources in the bay. The high level of rest ch interest from these programs stems from
the identification of Placentia Bay as an environmentally sensitive area that hosts an
abundant and diverse marine ecosystem combined with the highest potential for an oil-
related accident in Canada. The presence of an oil refinery (and plans for a new refinery)
and nsshipment terminal has inc  1sed tanker tratfic and the risk of accidents,
necessitating the need for increased  earch and improved management of resources

(Canadian Centre for Marine Communications, 2004).

1.4 Research rationale
The 1ta generated from the GOM | am are an important contribution to the

understanding of the glacial history of t  region and provide geomorphic and



sedimentologic links between the terrestrial and marine environments. Placentia Bay has
a complex palaeo ice-flow history, draining ice from the surrounding Burin and Avalon
peninsulas, both of which also preserve complex record of glacial movements (¢.g.,
Catto. 1998: Batterson ef al., 2006). However, there are few published data pertaining to
its glacial history, with the exception of the most recent conceptual model of aciation
(Shaw ef al., 2006a). According to this model. Placentia Bay was a conduit for ice which
extended out of the bay towards the continental shelf edge. Thus, an interpretation of the
seabed data provides a fuller understanding of glacial events in Placentia Bay and also
provides a test of the recent conceptual me 1 by Shaw er al. (2006a).

Details regarding the ice-flow history of the surrounding terrestrial areas also
remain uncertain. For the most part, the ice-flow history of the Avalon and Burin
peninsulas is based on complex cross-cuttit  relationships of striations (¢.g., Batterson ¢f
al., 2006). Previous work on the glacial history of the Burin Peninsula. detailed in the
following chapter, has had very dif” :nt interpretations ranging from an ice-free
peninsula (with the exception of limited local ice) (Tucker and McCann, 1980: Tucker.
1979) to multiple ice-flow phases durii  the last glaciation (Batterson ef al., 2006). The
scabed data from Placent Bay . vide Iditional details on the st unding glacial
history and may resolve these previous | 1o ice flow discrepancies.

In order to reconstruct the pattern of late Wisconsinan glacial dynamics in
Placentia Bay. several research tasks were devised: 1) an analysis of the glacial
geomorphic evidence on the seabed of Placentia Bay from the multibeam sonar data and
groundtruthing data; 2) the development of a relative and absolute chronole 7 of glacial

cvents, using morphostrat” aphic relationships of acial landforms and "C data from



marine cores, respectively; 3) an interpretation of ice-flow events and the pattern of ice
retreat in Placentia Bay: and 4) an integration of the seabed glacial history with the

surrounding terrestrial glacial records.

1.5 Thesis Structure

The thesis is organized to reflect the research tasks outlined in 1.4. Chapter 2 discusses
previous studies and research questions stemming from these studies. This is followed by
a description of the study area and methods used to address the research questions in
Chapter 3. Chapter 4 describes the surficial :ology and ‘acial landforms preserved on
the seabed of Placentia Bay. Chapter 5 details the ice-flow events and pattern of ice
retreat in Placentia Bay and discusses the local and regional ice flow history in the
context of these new data. It concludes with a summary of the contributions made to

und: standing this ice flow history as well as the advantages and limitations that come

from using onshore and offshore glacial records.



Chapter 2: Previous Work and Research Questions

2.1 QOutline

This chapter begins with a review of ideas concernit  glaciation in Newfoundland and in
regions surrounding Placentia Bay. It starts with a review of models of glaciation in

Nev Hundland and Atlantic Canada. followed by a discussion of the glacial history. both
on land and offshore. The latter includes a discussion of conflicting interpretations that
have been proposed in the past and knowledge gaps that have yet to be tested with field

data. Finally, research questions stemming from this discussion are listed.

2.2 Glacial History

2.2.1 Changing models of glaciation

Several models of glaciation of Atlantic Canada and Newfoundland have been developed
over the past century. Traditionally, these models were divided into those that supported
either a minimum or maximum ice extent . .gure 2.1) (see discussion in Grant, 1989).
The minimum model, based primarily on terrestrial morphology and stratigraphy. had
late-Wisconsinan ice restricted to lowland terrestrial areas, with ice margins near the
present day coast. leaving many areas ic  fr  (Dyke and Prest, 1987: Grant, 1989). The
maximum model, based primarily on offshore stratigraphy. suggests that ice extended out
to the continental shelf break (Dyke ., 2002; Grant, 1989). This model also included
a series of Newfoundland-hosted ice dispersal centres as part of the Newfoundland Ice
Cap, separate from the Laurentide Ice Sheet, with the exception of ice that flowed across

the tip of the Great Northern Peninsula from southern Labrador (Grant. 1989).






More recently, Stea (Stea ¢f al., 1998: Stea, 2004) proposed an intermediate model of ice
extent which described the growth and convergence of local ice dispersal centres,
together with Laurentide ice that drained down the Laurentian Channel producing an
extensive ice cover that reached near the continental shelf edge.

The most recent conceptual model of deglaciation in Atlantic Canada proposed by
Shaw ef al. (2006a) supports an intermediate model of ice extent. This model, derived
from both onshore and offshore evidence, suggested that multiple local ice dispersal
centres produced almost complete ice coverage extending out to the continental shelf
edge and also included discrete zones of ice streaming and calving.

Shaw er al. (2006a) believed that ice streams played a critical role in the ice sheets
that covered Atlantic Canada. Ice streams are regions in a grounded ice sheet in which
the ice flows much faster than in regions on either side (Stokes and Clark, 1999). Stokes
and Clark (1999) summarized a number of omorphic criteria for identifyir  former ice
streams: 1) landform assembl: :sdisplay  :hly convergent flow patterns; 2) subglacial
landforms are highly attenuated (length:width > 10:1). indicative of rapid velocity: 3) ice
strcams ar¢ marked by abrupt lateral shear margins; 4) deformable bed conditions are
present as ice stre: ma 1al moraines or ¢ drmed till; and 5) focused s¢ " ment
delivery is present as submarine accumulation of sediment (e.g., trough mouth fans or till

deltas).

2.2.2 Glacial history of Newfoundland

A brief glacial history of Newfoundland is presented below and incorporates ideas

discussed by Shaw er al. (2006a) in the most recent conceptual model of deglaciation. A
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location map of Newfoundland with place names discussed below is provided in Figure
2.2. Figure 2.3 shows the locations of oftshore banks and channels discussed below.

During the last glacial maximum (LGM). Newfoundland supported its own icc cap
that was mostly independent of the Laurentide Ice Sheet (Grant, 1989). Ice reached its
maximum extent with the eastern and southern margins close to the continental shelf edge
at approximately 21 ka BP (Figure 2.4). A major ice stream in the Laurentian Channel
was fed by converging ice, originating mostly north of the Cabot Strait, including the
western ice margin of Newfoundland. This necessitated a first-order ice divide that
extended south and southeast across Newfoundland along the axis of the Long Range
Mountains, and east through central Newfoundland and the Avalon Peninsula. Second-
order ice divides extended over southwest Newfoundland and over the Cape Freels
Peninsula which separated ice-flow into the Notre Dame Basin from flow in Trinity Basin
(Shaw et al.. 2006a).

The conceptual model suggests that early ice retreat was facilitated by calving along
deeper channels (Shaw ¢f al., 2006a). By 20 ka BP, calving was occurring in the
Laurentian Channel Ice Stream, the largest calving margin in the region. By 18 ka BP,
the evacuation of ice from calving lowered ice elevations further inland and ice margins
began to retreat inland from the continental shelves (Figure 2.5). Ice streams occupied
basins and troughs and it was along these that calving proceeded. As deeper arcas were
evacuated, ice margins developed on shallower banks where there was no mechanism for
rapid removal. Shaw ef al. (2006a) st :sts that these ma 'ns were likely ice walls

which retreated slowly.
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Figure 2.2 Location map of Newfoundland. Place names mentioned in the text are included.













Calving was most prevalent in Notre Dame Bay and Halibut Channel where the
rapidly retreating ice generated glaciomarine sedimentation on the seafloor (Miller  «l.,
2001: Moran and Fader, 1997). Miller et al. (2001) suggest that sedimentation in Halibut
Channel began prior to 19 ka L. and the channel was likely free of grounded ice by 18 ka
BP. ates off northeast Newfoundland associated with palynological data suggest that
the margin of an ice stream in Trinity Bay had retreated with open waters off the
northeast coast by this time (Scott et al., 1989). In Bonavista Bay, radiocarbon dates
from glaciomarine sediments overlying diamicton si st that ice had retreated from the
outer bay by ~ 13.5 ka BP (Cun  ngs ef al., 1992).

By 16 ka BP, ice that had been flowing into Notre Dame Bay no longer converged
with ice flowing into White Bay, leading to an ice lobe on the Baie de Verte Peninsula
(Figure 2.6). Evidence comes from striations which indicate that this icc lobe scparated
ice-flow into either of the two calvii  margins (Liverman and St. Croix, 1989; Taylor,
2001). On the Newfoundland Shelf, open water extended up Halibut Channel and a lobe
of thin grounded ice persisted over Grand Bank (Miller ez al., 2001; King ¢f al.. 2001).
North of Grand Bank, the retreating ice margin had grounded on a sill leading to the
formation of the Trinity moraine which is dated ca. 15 ka BP (King ef a/.. 2001: King and
Sonnichsen, 2000).

By 14 ka BP massive and rapid disintegration of the ice sheets was underway.
Continued calvii led to the isolation of the Newfoundland ice cap and smaller offshore
ice caps (on the Grand Banks, St. Pierre Bank and St. Mary’s Bay) and inter-strcam ice
lobes | :ninsulas, including the 1rin Peninsula (Shaw et /.. 2006a; Shaw, 2003)

(Figure 2.7). ..e Newfoundland ice cap. now isolated © »m shelf ice, drained into fiords









with ice-flow directions becoming increasingly controlled by local physiography. By
~12.5 ka BP ice had retreated up to the fio heads (Shaw, 2003). Offshore, grounded ice
created till tongues around St. Pierre Bank which are dated between 11 and 13 ka BP
(Miller et al., 2001). Bonifay and Piper (1988) suggested that ice lingered on St. Pierre
Bank, followed by a late glacial surge in the vicinity of Halibut Channel out to the shelf
edgeat 11.5 -12.0 ka.

By 12 ka BP most of the ice on the island had retreated to the modern coasts in
most areas (Shaw, 2003). Once on land, ice retreat (ablating by melting) was much
slower. Deglacial ice dispersal centres were located over the Lot Range Mountains,

The Topsails, Middle Ridge and the Avalon Peninsula (Gosse ¢f al., 1995; Grant, 1989).

2.2.3 Glacial history of Placentia Bay
Few published data exist on the glacial history of Placentia Bay: interpretations of its
glacial history, which are included in recent conceptual models, remain to be tested with
tield data. Before this study. datay e limited to striations that occur on Merasheen and
Long islands, where cross-cutting striation relationships suggest that at least two ice-tflow
events were present in the bay. Both of these ice-flow events are also recorded on the
surrour ''ng peninsulas and described in more detail below (Batterson er al., 2006;
Taylor, 2001). Important data pertaini  to the glacial history of Placentia Bay are found
southeast of the Burin Peninsula, where the Burin Moraine was identified during marine
surveys .. ader e/ al., 1982), detailed below.

The glacial history of Placentia Bay was influenced by several ice-flow events

originating from the surrounding Burin 1d Avalon peninsulas; however the chronology



of events remains uncertain. Previous inte retations of the last glaciation on the Burin
Peninsula have had very different interpretations ranging from a largely ice-free
peninsula (Grant, 1975: Tucker and McCann, 1980; Tucker, 1979) to multiple ice-flow
phases described in more detail below (Batterson ¢t al., 2006; Batterson and Taylor.
2007). For example, Tucker and McCann (1980) considered that the last ice flow to cross
the peninsuta was pre-Wisconsinan (Figure 2.8) whereas Batterson et al. (2006)
proposed that all ice-flow events could be assigned a late Wisconsinan age based on the
fresh and unweathered appearance of striations and the consistency of flow records with
the main part of Newfoundland (Figure 2.9).

Three ice-flow events on the Burin Peninsula may have affected Placentia Bay. The
oldest and most pervasive event originated from the northwest. likely the central
Newfoundland ice divide and flowed across the Burin Peninsula into Placentia Bay. The
record of this ice-flow is preserved in an extensive striation record (e.g., Taylor, 2001),
glacial erratic distributions (e¢.g.. Batterson and Taylor, 2007) and strcamlined landforms
including drumlins, flutes and crag-and-tails (e.g.. Batterson ¢t al., 2006) (Figure 2.10).

A second ice-1low, predominantly westward on the Burin Peninsula, appears to
have originated in Placentia Bay and is clearly recorded on the younger event in cross-
cutting striation records. This flow appears to have had little influence on sediment
dispersal but remoulded bedrock in the cen  part of the peninsula (Batterson and
Taylor, ~)07). The distribution of striations necessitates that any source of ice must have

been of sufficient thickness to have crossed the entire peninsula, which is over 170 m asl

21












in the centre of the peninsula and reaches a maximum elevation of approximately ~~ 7 m
asl.

The source of this westward flow is uncertain and several hypotheses have been
proposed to explain its source. One hypothesis is that ice originated from an ice centre
which resulted from the isolation of the Burin Peninsula inter-stream lobe by calving
along deep water on either side of the peninsula (Shaw, 2003). Shaw er al. (2006a)
suggest that this ice cap was sustained for a long time and grew in size. The conceptual
model by Shaw e al. (2006a) shows an ice cap extending down the Burin Peninsula and
onto St. Pierre Bank (shown in Figure 2.7) coinciding with the location of the Burin
Moraine (Fader er al., 1982).

Another hypothesis is that this ice originated from an ice centre over St. Mary’s Bay
(Batterson and Taylor, 2007). They st :sted that the westward flow from the Avalon
Peninsula during the late Wisconsinan was confluent with Newfoundland ice. flowing
southward down Placentia Bay. During deglaciation and following retreat of
Newfoundland ice, ice crossed Placentia Bay and the Burin Peninsula.

A third ice flow, though perhaps only spatially and not temporally distinct from the
second flow. is found on the southern tip of the peninsula and records a northwestward
flow onto land from an offshore source (Tucker. 1979; Tucker and McCann, 1980:
Batterson and Taylor., 2007).

On the eastern side of Placentia Bay. the Avalon Peninsula supported an
independent ice cap durii  the last aciation (e.g.. Henderson, 1972 Catto, 1998). The
main ice centre was located over St. Mary’s Bay with smaller ice centres over the sub-

peninsulas (Figure 2.11). Striation and streamlined landforms along the east coast of
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Placentia Bay suggest that an earlier ice flow crossed the coast and flowed southwest into
the bay whereas a later flow flowed directly westward into the bay (Catto, 1998: Taylor,
2001).

The apparent convergence of southeastward flow on the Burin Peninsula and

southwestward flow from the Avalon Peninsula, together with preliminary mapping of

scabed features in Placentia Bay prompted Shaw er al. (2006a) to hypothesize the
occurrence of an ice stream in the bay durii  the last glacial maximum. ...c idea of an
ice stream 1n Placentia Bay is not new and was discussed in earlier studies trom the
Laurentian Channel (e.g.. Fader er al., 1982) and Halibut Channel (e.g.. Miller ¢r al.,

2001) based on sub-bottom and coring data.

2.3 Research Questions
To address knowledge gaps and discrepancies in the glacial history of Placentia Bay,
mapped glacial landforms on the seabed were compared to existing terrestrial data and

used to address the following research questions:

What do the morphology, orientation and spatial dist Hution of glacial landforms
preserved on the seabed reveal about ice-flow events in Placentia Bay?

The morphology, orientation and spatial distribution of the landforms are described and
used to determine the nature and number of ice-tflow ¢vents recorded in Placentia Bay.
Morphostratigraphic relationships of acial landforms are used to build a relative

chronology of ice-flow events.
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What was the style and timing of ice retreat from Placentia Bay?
The 1orphology. orientation and spatial distribution of glacial landforms interpreted to
be deposited during the retreat of ice from Placentia Bay are analyzed. Radiocarbon ages

from marine cores are used to provide minimum dates for ice retreat.

Are the ice-flow events and pattern of ice retreat in Placentia Bay consistent with
onshore records?

The ice flow events and the pattern of retreat in Placentia Bay, interpreted from the

| scabed landform assemblages. are compared to existing glacial records on the Burin and
Avalon peninsulas. The westwardi  flow event recorded on the Burin Peninsula. in
particular, has been difficult to explain and multiple hypotheses have been offered for the
source of this ice-flow event. Seabed data provide additional details on the surrounding

glacial history and may resolve ¢ repancies in previous interpretations.

Is there landform evidence to support the concept of ice streaming as proposed by
Shaw et al. (2006a)?

The presence of southv  l-oriented ] "“rmson " :: -oundit peninsulas conve i
into Placentia Bay may indicate the preseni  of an ice stream, as discussed by Shaw ef al.
(2006a). The type and distribution of “acial landforms on the seabed will be critical to

dete inc if they are consistent with an ice stream.
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3.0 Study Area and Methods

3.1 Outline

The first section describes the general physiography of the study area including the
bathymetry of the bay and topography of the surroundir peninsulas. The surficial and
bedrock geology of both marine and terrestrial areas are discussed. This is followed by a

description of the methods used to address 2 research questions.

3.2 Study Area
3.2.1 Physiography
The bathymetric relief of Placentia Bay exceeds the surrounding topographic relief
(Figure 3.1). Northeast-southwest trending bedrock ridges form shoals. reets and islands
whir are dissected by deep channels reaching depths greater than 430 m. This
northeast-southwest structural trend is the  ult of compression during the Appalachian
Orc ny (570 to 650 Ma) which resulted in the formation of large structural domes and
basins. The large bays. which include Placentia, Conception, St. Mi _ "s and Trinity
bays, are the result of water infillii  structural basins (King, 1990). These bays vary in
depth from 210 m in St. Mary's Bay to 580 m in Trinity Bay. The surrowr =~ sub-
peninsulas of the Avalon Peninsula form tl dJomes, where maximum heights reach over
330 m above sea level (asl).

The structure of the Burin Peninsula also trends southwest to northeast. The
topography can be divided into three sections: the lower peninsula (90-120 m asl),
Marystown-Garnish lowland (30-75 m asl) and the upper Burin Peninsula (150-180 m

asl) (Grant, 1989, . ucker, 1¢,)). The h™ "iest elevations occur at White Hills on the






nort :ast coast (335-365 m asl) and at several volcanic plugs that outcrop along the lower
south coast (230-245 m asl). The coast is1 stly steep and jagged. particularly along
Placentia Bay where vertical cliffs reach up to 60 m asl (Tucker, 1979).

Several banks occur farther offshore: St. Pierre Bank and Green Bank to the south
of Placentia Bay, and Whale and Grand banks farther east on the continental shelf
(Figure 2.2). These banks are separated by deep channels: Halibut Channel. between St.
Pierre and Green banks and Haddock Channel between Green and Grand banks off
Newfoundland. Halibut Channel connects Placentia Bay in the north with the continental
shelf edge in the south. The Laurentian Channel. the largest and deepest channel on the
Atlantic Canadian margin, extends out from the St. Lawrence River valley through the
Gulf of St. Lawrence, across the continental shelf between Nova Scotia and
Newfoundland and terminates at the shelf edge. Extensive local overdeepening of these

channels is the result of glacial erosion (Fader ¢f al., 1982; Miller ef al., 2001).

3.2.2 Bedrock geology

3.2.2.1 Bedrock geology of Placentia Bay

Two types of bedrock were interp [ from sei ¢ records and rock core drill samples
collected from earlier surveys in Placentia Bay (Fader er al., 1977 Kir  ef ul., 1986).
The lowermost unit forms the basement, which has minimal acoustic penctration. Areas
where this bedrock outcrops on the seabed are most prominent in the northern part of’
Placentia Bay where there are many shoals and islands separated by deep channels and
basins. This unit was interpreted to be Precambrian to Devonian volcanic. sedimentary.

metamorphic and granitic rocks.
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A second type of bedrock observed in sub-bottom profiles is acoustically stratified
and gently dipping. This sequence defines syncline, oriented sub-parallel to the
bathymetric axis of Placentia Bay. Based on rock core samples, this bedrock was
interpreted to be Carboniferous conglomerate. sandstone, siltstone, and limestone.
Carboniferous bedrock occurs extensively throughout Placentia Bay as shown in Figure

3.2.

3.2.2.2 Bedrock geology of areas surrounding Placentia Bay

The bedrock geology of the areas surrounding Placentia Bay falls within the Avalon Zone
and consists of l.ate Proterozoic marine and non-marine volcanic and sedimentary rocks.
overlain by Neoproterozoic to Carboniferous shallow marine sediments (Figure 3.3).
Sandstone. siltstone and shale turbidites ot the Neoproterozoic Connecting Point Group
are the oldest of the sedimentary rocks. They are found exposed along the eastern Burin
Peninsula. underlying Long Island in P :entia Bay and much of eastern Avalon
Peninsula. These rocks are overlain by sedimentary rocks, mostly sandstone and siltstone
(Musgravetown Group) and volcanics (Marystown Group). Higher in the sequence are
late Neoproterozoic volcanic rocks (rhyolite flows and tuffs) of the Long Harbour Group.
Devonian to Carboniferous non-marine sedimentary and volcanic rocks also occur:
however, most rocks younger than Ordovician have been removed by erosion (Colman-

Sadd er ai., 1990).
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These rocks are intruded by Devonian granitic plutons which outcrop around
Placentia Bay and include: Red Island granite. Bar Haven granite, Ragged Islands
Intrusive suite and Ackley Granite (Colman-Sadd ef «/., 1990). Ackley granite is the
most common and extensive granite present in the northern part of the Burin Peninsula.
It is a pink. coarse-grained. massive biotite granite that is easily recognized in hand

specimen and has been used in drift mapping (Batterson et «l., 2006).

3.2.3 Surficial Geology

3.2.3.1 Surficial Geology of Placentia Bay

Little published data exists on the surficial ology of Placentia Bay: however, surficial
geology maps of large areas of the eastern Canadian continental shelves were produced
by the Geological Survey of Canada during the 1970s and 1980s (¢.g.. MacLean and
King, 1971) using echograms obtained by the Canadian Hydrographic Service,
augmented by data on Quaternary  iment thickness and bedrock characteristics
obtained using air gun seismic systems. Later research used high resolution scismic
reflection systems, including Huntec DTS and Seistec (e.g.. Fader er a/., 1982). Fader ef
al. (1982) described the surficial geology of the St. Lawrence Channel and western Grand
Banks of Newfoundland, including the southernmost part of Placentia Bay. Surficial
units were interpreted and correlated w™ * five key surficial formations that were first
described by King (1970; 1980) on the Sco in Shelf. Fader and Miller (1986) ar I *ler
el al (2001) described the equivalency of these surficial units on the southeastern Grand

Banks of Newfoundland and in Halibut Channel | . able 3.1). The distribution and
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Table 3.1 Quaternary surficial formations on the Scotian and Newfoundland shelves (after

Fader and Miller, 1986 and Fader er a/., 1982).

Nawfrmmdland

Scotian Shelf

LaHave Clay Placentia Clay

Grand Banks Sand and
Gravel

Sable Island Sand
and Gravel

cavuwous v ws I and material composition

Acoustically rransparent
Mud
Dlaictanan ~ H~l~sene basin deposits

Acoustically stratified —incoherent
Sand and gravel
Transgressive deposits in water depth < 100 m

Sambro Sand Adolphus Sand

Acoustically stratified
Fine sand
Sub-littrral deposit, belo- 100 ~

Emerald Silt Downing Silt

Scotian Shelf Drift  Grand Banks Drift

Acousticany stratified
Gravelly sandy mud
MClacicmar ine sediment
Acoustically incoherent
Gravelly sandy mud

il
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stratigraphic relationships of these formations were controlled by the advance of an ice
sheet across the shelf together with late glacial and postglacial isostatic and eustatic

fluctuations.

3.2.3.1a Grand Banks Drift

Grand Banks Drift is an olive-gray to reddish-brown. poorly sorted gravelly sandy mud
with angular to sub-rounded pebbles, cobbles and boulders throughout. In seismic
records, it appears acoustically incoherent (Fader et al., 1982). Bottom photographs
where this unit is exposed on the ss .oor showed many cobbles and boulders within a
sandy mud (Fader er a/., 1982). This unit was interpreted as till by Fader er al. (1982)
and was considered the equivalent of the Scotian Shelf Drift deposited on the Scotian
Shelf. described by King (1970). Till occurs in three forms: thin blankets of ground
moraine, infillings in channels and thick moraine ridges (up to 115 m) which were
derived from subglacial melt-out debris from a neutral to negatively buoyant active ice
shelf that was in direct contact with the seabed (King and Fader, 1986).

Till in the southwestern part of Placentia Bay forms the Burin moraine, the
easternmost extension of the sut  wrinc end moraine system on the Scotian Shelf (Figure
3.3). The Burin Moraine has been observed in sub-bottom profiles alor  the southwest
coast of Placentia Bay where it is continuous for at least 97 km and may extend farther to
the northeast. It was described by Fader e al. (1982) as occurring in a serics of ridges
(up to 42 m high) connected by a thinner ¢« tinuous sheet of ground moraine. At its

southeastern margin, till is interbedded with glaciomarine silt at the front of the moraine
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to t n till tongues, interpreted to be the position where grounded ice became buoyant

(Fader er al., 1982).

3.2.3.1b Downing Silt

Downing Silt is described as a dark grayish brown to greenish brown clayey and sandy

silt which contains minor angular gravel. It is commonly found in depressions and

overlying till surfaces and interbedded with till at the distal sides of moraines or

overlying it as a thin blanket (Fader ef al., 1982; Fader and Miller. 1986). Thicknesses

vary from thin blankets to 120 m. In sub-bottom profiles. one of the dominant

characteristics of this formation is the conformabilty of the reflections which parallel the

underlying surface morphology. This unit was interpreted to be a proglacial muddy

sediment that was deposited from floating ice in front of a grounded ice sheet. As this

sediment settled through the water column it formed conformable, rhythmically banded ‘

deposits which mimic the underlying substrate (King and Fader, 1986). ‘

3.2.3.1¢ Placentia Clay

Placentia Clay is a homogenous dark  1yish brown to dark olive silty clay which grades
loca ' to clayey silt and silty clayey sand. It was deposited in basins and depressions on ‘
the shelf during the Late Pleistocene-Holocene transgression from reworking of Grand

Bank Drift and Downing Silt that had previously been deposited on shallow bank and

inner shelf areas. Placentia Clay overlies Downing Silt. In sub-bottom profiles these

units are easily differentiated; the ¢l _ is acoustically transparent, whereas the silt shows

many continuous coherent parallel reflections. This formation is mostly confined to
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basins and local depressions on the shelf. reaching maximum thicknesses of 30 m. It is
the dominant surficial formation exposed along the bottom of the Laurentian Channel and
alor the south coast of Newfoundland, where it is found very close to shore and likely

exte s inland within fiords in this area (Fader ef al.. 1982; Fader and Miller. 1986).

3.2.3.1d Adolphus Sand

Adolphus Sand is a dark, grayish-brown, poorly sorted. fine to coarse-grained sand
containing smaller amounts of silt. clay and gravel. Foraminifera and shells arc common
throughout. It is a generally thin deposit but reaches maximum thicknesses of 20 m and
is commonly found fringing bank and nearshore zones and along the edges of channels.
In some areas it is derived from reworking of Grand Banks Drift and Downing Silt.
North of the Burin moraine, Adolphus Sand has a h™ "1 gravel content from erosion of

Grand Banks Drift (Fader er al.. 1982; Fader and Miller. 1986).

3.2.3.1e Grand Banks Sand and Gravel

Grand Banks Sand and Gravel consists of reddish to grayish-brown, fine to coarse-
grained, well sorted sand which may ade laterally to sub to we. ounded avel with
large boulders. It is differentiated from Adolphus Sand as it does not contain silt and
clay-sized sediment (Fader ¢r al.. 1982). This deposit is generally thin but reaches
thicknesses up to 20 m and is found along the bank and inner shelf areas. in depths s
than 115 m (Fader and Miller, 1986). It was formed by erosion of Grand Banks Drift and

prc  cial sediments (Fader ¢f al., 19¢
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3.2.3.2 Surficial Geology of areas surrounding Placentia Bay

A brief overview of the surficial geology of the areas surrounding Placentia Bay,
covering the Burin and southwestern Avalon peninsulas. is described here and shown in
Figure 3.4. The most common surficial deposit on both peninsulas is diamicton which is
found as thin discontinuous veneers in bedrock-dominated terrain, glacial landforms and
blankets up to several metres thick. The lithology and characteristics of diamicton vary
depending on the area. and commonly reflects the underlying bedrock geology (Catto,
1992; Batterson ¢t al.. 2006).

The northern part of the Burin Peninsula contains the greatest variety and
concentration of glacial landforms, which  lude flutings. drumlins, eskers and arcuate
morainal ridges (Tucker. 1979; Tucker and 1cCann. 1980). Streamlined landforms in
this area trend either north-south or northwest-southeast and are clearly evident on SRTM
imagery, particularly in the Gisborne Lake area extending southeast to the Terrenceville
area (Batterson et al.. 2006: Batterson and Taylor. “907) (shown in F* re 2.10).

South to the Marystown-Garnish area. the surficial geology is predominantly
bedrock outcrop with few glacial depositional landforms preserved. The lowlands
between Marystown and Garnish ha  thicker sediment cover (> S5m). Southeast-
northwest oriented flutes are common here. Thick sediment cover occurs along the
southern and southwestern coasts; however. few glacial depositional landforms are
preserved. Southward-oriented landforms are common in the St. Lawrence area to the
southeast. Wetlands are also common in the central part of the peninsula. particularly in

the south. Glaciofluvial sediments occur in many of the major valleys anc e commonly
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graded to the postglacial sea level (higher 1 n present) (Batterson et. al., 2006: Batterson
and Taylor, 2007; Tucker and McCann. 1980).

North of Placenta Bay, ong the Isthmus of Avalon, the most common surficial
deposit is diamicton which occurs in blankets. There is a distinct change in lithology
from coarse sandy diamicton to fine, silty sand diamicton as well as a lack of anitic or
mafic clasts from rock groups west of the Isthmus (Catto, 1998; Henderson, 1972).

On the eastern side of Placentia Bay, the southwestern portion of the Avalon
Peninsula. the most common surficial deposit is diamicton. In coastal areas, these
deposits are commonly blanketed by marine, fluvial, colluvial, or aeolian deposits (Catto.
1992). Diamicton is found as thin veneers and blankets over bedrock. and also forms a
range of glacial landforms, including flutings. drumlins, hummocks, and R( n moraines.
Flutings are present in several parts of this region and are most prevalent in the Argentia
area and around Dildo. They reach a maximum height of 8 m, width of 20 m and length
greater than 300 m. Drumlins are also present, but less common than flutings. They are
relatively poorly developed and may have bedrock cores. Drumlins reach a maximum
height of 7 m and a width of 15 m (Catto, 1992).

Large areas of ridged and ht  ocky till also occur and become more prevalent
towards the central part of the peninsula. The ridged till commonly occurs as sub-parallel
ridges up to 30 m high with wetlands commonly occurring between them (Marich er al..
2005; Catto and Taylor, 1998). Hummocky till may also be found in these arcas as a
series of knobs. mounds. ridges and depressions. Till is either thin or absent towards

Conception Bay. St. Mary’s Bay  d to the east and west of the central lowland.
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Glaciofluvial sediments consisting of fine sand to cobble gravel occur near St. Mary’s

Bay occur as plains, ridges, hummocks, and terraces (Catto and Taylor. 1998).

3.3 Methods

3.3.1 Outline

Data collection and analysis for this study included two GSC marine surveys (Shaw ¢/
al., 2006b; Shaw et al., 2006¢). The pr  ary data source used to interpret glacial
landforms was multibeam bathymetric data provided by the GSC (Atlantic). Other data
provided by the GSC (Atlantic) to assist in interpreting the multibeam data included:
Huntec sub-bottom profiles. sidescan sonograms, vanVeen grab samples, bottom
photographs, and piston cores.

Using the above data sources, glac  landforms were interpreted and mapped
using ArcGIS software (ESRI 2004, ArcGIS 9.0). These landforms were then compared
with existing terrestrial data from the onsh¢ ¢ “icial sediment and landform digital
databases of the Newfoundland and Labrador Geological Survey (Taylor, 2001) and
SRTM data. Finally, the ice-flow and ice retreat patterns found both onshore and

offshore were compared and mapped.

3.3.2 Introduction to Multibeam Sounder Systems

Multibeam bathymetric systems offer oppor  ies for the recognition and interpretation
of seafloor features and have become one of the most important tools for ocean mapping
(Lurton. 2002). In Atlantic C  da, the use of multibeam sonar systems b: in when the

Canadian Hydrographic Service invested in high resolution multibeam sonar for
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surveying the continental shelf in the late 1980s (Courtney and Shaw, 2000). This work
started by mapping the marine geology and geomorphology of Halifax Harbour (e.g.,
Fader ef al.. 1991) and the offshore banks on the inner Scotian Shelf (e.g., Loncarevic ¢f
al.. 1994) and has expanded to«  :r shallower ¢« tal: as, including fjords and bays in
Newfoundland (e.g., Shaw er al., 1997).

The basic principles behind multibeam echo sounders are similar to other sonar
systems that emit beams of sound which contact a target and are reflected back to a
receiver (Lurton, 2002). Unlike other sonar devices (e.g.. single beam, normal incidence
sonar) multibeam echo sounders emit many beams of sound from an array of transducers
which are typically mounted on the hull of the survey ship (Figure 3.5). These beams
span a fan-shaped arc below and to tl  sides of the vessel. Each of these beams contacts
the seabed at a slightly different ang ¢ iting a cone of sound that covers a swath of the
seabed. The width of the beam on the seafloor the footprint of the system — expands
with the distance between the transducer and st >ed. As water depth increases the area
of the seafloor covered by the sonar swath increa  and the resoluti  decreases. The
attenuation of the signal becomes more unpredictable in deeper water because difterent
water masses may have different acoustic properties. The width and number of beams
depends on the multibeam manufacturer and model and may be char  :d dependii  on
the users needs (Shaw and Courtney, 1997).

Multibeam echo sounders record the two-way travel time of the emittcd sound
throt "1 the water column to the target (seabed) and back to the transducer array to

calculate the distance to each seafloor footprint. Using this two-way travel time and
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Transducer%
Chnn Cuidnnn Arrav ~_ Vessel

Figure 3.5 Principles of multibeam sonar systems. The sounder sends sound out and receives
it back. Sound is projected toward the seabed in cone-shaped beams formed using an array of
transducers mounted on the hull of a vessel. These beams span a fan-shaped arc below and to the
sides of the vessel. The arc is divided intc  number of distinct and separate beams. The beam
width on the seabed determines the footprint of the system. The footprint expands with the
distance between the transducer and the seabed. By measuring the transit time of a pulse
projected from the transducer array and reflected from each seafloor footprint back to the array.
an estimate of the distance to each seafloor footprint can be calculated (modified from Shaw and

Courtney, 1997).
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measurements of acoustic velocity variations in the water column, the water depth can be
calculated. The system also records the angle from which the return signal arrives. which
gives the location of the beam across the survey track. Water depth is calculated for each
beam and combined to give a continuous record of water depth so that when the data are
mapped topographic features can be observed due to changes in water depth. and hence
elevation. across the seabed (Lurton. 2002; Shaw and Courtney, 1997).

There are three main sources of error in multibeam bathymetric measurements tor
which corrections must be made. The first important source of error is beam loss that
occurs at the edges of the arc. The area of the seafloor ensonified by each beam depends
on the position of the beam in the arc and the angle it contacts the seabed. Those beams
closest to the point directly below the ship (nadir) will travel a straight path from the
sonar head, through the water column to the seabed and back to the receiver. However,
the beams on the outer edges of the arc must travel to the seabed at an angle so their
return echo must be corrected for ray bending.

The second factor that must be accounted for is vessel movement. The vertical
movement of a ship. changes in the tide or changes in the forward speed of the ship all
eftect the accuracy of water depths ot ned from the sounder (Hughes Clarke ¢r al..
1996; Lurton, 2002). This problem is reduced by using attitude sensors which
continuously measure the roll. pitch, yaw and heave of the vessel.

The third factor is inaccuracies in sound velocity corrections. Sound velocity
profiles modify the acoustic paths and thus affect the positions of depth measurements.

All multibeam sounders account for this. This factor can be further reduced by making
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additional sound velocity measurements in areas where hydrological conditions vary
(Lurton, 2002).
The EM1102 sounder on the CC'GS Matthew was replaced by the EM710 and

used primarily for mapping in deeper water. It has a swath width up to 5.5 times the

water depth. with a maximum survey depth of 1700 to 2000 meters (Kongsberg

Maritime, 2006b).

3.3.3 Multibeam Sonar Surveys
Multibeam sonar surveys covering most of Placentia Bay were conducted in several
cruises from 1995 to 2006. Most of Placentia Bay was surveyed in 2005 and later. The
pre-2005 surveys were primarily = the sou :ast quadrant of the bay (CCGS Creed,
2004) and up into Eastern Channel leading north into Come By Chance (CCGS Matthew
and Plover, 2000; Plover, 1997yand A ia (CCGS € »d, 1995). The vessels and
multibe:  sonar systems used in the difterent surveys are shown in Table 3

The EM1000 sounder (95 kHz) mounted to the hull of the C'CGS Creed produces
60 beams covering an arc of 150°. The width of the seafloor imaged on each survey line
is 7.5 times the wat  depth. Line spacir is about three to four times water depth to
provide ensonification overlap between ad; ent lines (Kongsberg Maritime, 2006a). ‘

The Simrad EM1002 sounder (95 kHz) originally mounted on the hull of the l
CCGS Matthew, produces 111 beams ai sed over an arc of 150°. The width of the
scafloor imaged on each survey lii  is 7.4 times tl  water depth in shallow water and up
to 1500 min« water. Line spacir - is about three to four tim  the water depth to

provide ensonification ovi 1 :tween adjacent lines. !
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Table 3.2 Vessels and sounders used to collect multibeam data in Placentia Bay.

Vesse! Sonar System
Creed nre 20050 SIMP AN ENATONN
Matthew (pre-200>* SIMKAD EM 10U
Creed (INNK and latary CINMR AN ENINAND
Matthew (2uu> ana 1arer [ DIVIKAL? =narin '

Dlinvar flaimeh in challawar vatary I Q]MRAD EMSUUU I




A hydrographic launch, the Plover, was also deployed to carry out surveys in the
shallower areas (1 to 150 m). The Plover was equipped with a Simrad EM 3000 system
(300 kHz) which has a swath capability of ten times the water depth, but only up to a
swath width of 200 m (Kongsberg Maritime. 2006¢). In order to obtain 100% bottom
coverage It was necessary to run a larger m 1ber of survey lines close together.

s eydataf the rent cri es were processed by the Canadian
Hydrographic Service. The raw bathymetric data were manually cleaned usit  HIPS
(Hydrographic Information Processing System) software to remove erroneous depth
values. The cleaned data (HDCS format) were imported into GRASS (Geographic
Rese rees Analysis Support System) and gridded at 5 m resolution. Vertical resolution is
on the order of centimeters. The data were also colour-shaded by depth and artificially
illuminated from two angles. 45 and 315° from an azimuth of 45° (Patrick Potter, GSC
Atlantic, Oct 11, 2006, pers. comm.). Geotifts were created for the two difterent
illumination angles and imported into the /  Map module of ArcGIS (9.0) as separate

raster layers.

3.3.4 Seismic and Sidescan Sonar Surveys

Seismic data provide information rc irdit  the nature of the material both on and below
the surface of the seafloor and are necessary for a complete interpretation of the seabed.
Seismic data were collected in Placentia Bay during surveys from 1989 to 2006 using the
Huntec deep-towed seismic reflection systc  (cruise 2005-051 (Shaw er l.. 2006b) and
200 139 (Shaw et al., 2006¢)) and the Knudsen ”~ ) BR Sub Bottom profiler (Shaw ef

al., 2006b). The Huntec seismic system shows geological structure to approximately 40
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m beneath the seabed. The Knudsen 320 BR Sub Bottom Profiler was used to image the
subsurface when the bottom was soft enough to penetrate; however. it did not allow deep
penetration of the sediments. Details regarding these systems are included in Shaw ef al.
(1989, 1999, 2006b, and 2006d).

To provide the best quality output, the acoustic delay and sweep were chang | as
depths within the bay changed. Using the sweep rate. the thickness of sediment layers in
seismic records can be calculated. Time markers on the seismic records were imported
into ArcMap using the position recorded a1 1e time of the survey and used to aid in the
interpretation of seabed features evi ym the multibeam data.

Sidescan sonograms were collected concurrently with seismic data to show the
distribution and morphology of large-scale bottom features and materials on the scatloor.
Sidescan sonar systems used include the Simrad MS992 neutral tow sidescan sonar

sys . (Shaw e¢r al.. 2006b) and the Klein 3000 system (Shaw er «l.. 2006d).

3.3.5 Groundtruthing
Grab samples and bottom photographs were also collected to aid in the interpretation of
the surficial geology. Where possible, both grab samples and bottom phot.  aphs werc
taken at the same site to provide a more complete interpretation.

Seafloor sediment samples were obtained using a vanVeen grab sampler. The
sampler has a strong closing mechanism that allows the jaws to excavate relatively
undisturbed sediments when it mal 5 cor  t with the seafloor. Samples were only

retrieved from soft bottoms where the seatloor was not too hard to penetrate. Bottom
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photos were taken using a camera that triggered when a lead weight hanging below the

camera hit the seafloor.

3.3.6 Coring

Piston cores were collected as part of CCGS Hudson Cruise # 2006-039 in Placentia Bay
and on the Burin Moraine, south of Placentia Bay. The cores were collected using the
AGCH#2 piston corer. The corer was able to penetrate soft glaciomarine and postglacial
sediments, but not harder surfaces such . glacial diamicton. Core lengths ranged from
4.2 to 7.6 m. Cores were logged at the Bedford Institute of Ocecanography and were
described on the basis of grain size (using the Wentworth size class scheme). colour
(using the Munsell scale). texture. and internal sedimentary structures. St “sand st ™
fragments were collected from the ca  :, cleaned and sent for AMS radiocarbon dating at
the Beta Analytic Radiocarbon Dating Laboratory (Miami, Florida) where the
conventional radiocarbon ages (i.e.. delta *C = 25 %o) were calibrated in IntCal041 ng
the MARINEO4 marine radiocarbon age calibration curve (Hughen ¢ «l., 2004). This
calibration curve takes into account the global reservoir effect; local reservoir corrections
were not made. M lian probability a;  and calibrated age ranges (. are prese  &d in

the text.

3.3.7 Terrestrial Mapping
Terrestrial data were provided from the digital de* "ases of the Newfoundland and
" abrador Geol¢ “cal St i databases include sediment and landfc  data. |

striation data (‘Taylor, 2001). ..ese data were collected from ficld mappir  which
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included air photo analysis and field verification by helicopter and foot. Striation
measurements were made to determine i+ flow directions. Direction was also
determined by stoss/lee relationships. cross-cuttii  relationships, and the preservation of
older striac in the lee of younger ones. Exotic clasts were also used to support the ice-
flow data (¢.g.. Batterson and Taylor, 2007). The SRTM data (available at
http://seamless.usgs.gov/) were used to construct a digital elevation model for
Newfoundland. Large-scale glacial features have been mapped using these data (¢.g..
Liverman ¢r al., 2006) and are now part of the provincial surficial sediment and landform

database.

3.4 Approach

3.4.1 Glacial landform classification

Scabed landforms observed from the multibeam bathymetric data were classified and
digitized in ArcMap. Prelimi vy interpretation of the multibeam data showed several
types of glacial landforms on the seabed. Based on analogy with terrestrial landforms.
submarine landforms were divided into two general categories: flow-parallel and ice-

ma  al landforms (Benn and Evans., 1998; Rose, 1987).

3.4.1.1 Classification of flow-p: llel lan orms

Flow-parallel landforms in Placentia ™ 1y were classified using the classification scheme
discussed by Rose (1987). He descril | flow-parallel longitudinal landforms as part of a
landform continuum which developed in  ponse to ice moving across deformable or

erodable bed materials under a range of stress levels. ¢ ssis determined by ice
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thickness and velocity. interacting with a range of bed materials that have different levels
of resistance. Different landforms are defined primarily by size: differences in size are
attributed to the dimensions of the moving ice that reflect flow cells within the ice.
Elongation of landforms varies according to whether flow within these cells is
converging or diverging. For example, drumlins that are relatively equant and displaying
high relief are typically a response to a dominantly converging flow, wherecas elongated.
low relief flutes are a response to a dominantly diverging flow (Rose. 1987).

Three primary flow-parallel landforms are reported in this study: drumlins.
megaflutes and flutes. These landforms show diversity in size and form and can be
distinguished on the basis of their ler  h and elongation ratios. The elongation ratio is
determined by:

E=1w (Equation 1)
where £ is the elongation ratio. / is length, and w is the width of the landform (Rose.

1987). Typical morphologic ¢ acteristic of these landforms are described below.

Flutes

Flutes are narrow. regularly-spaced ridges that generally occur in gro1 | : of sub-parallel
ridges. They are normally less than  mh 1and wide. They are generally less than 100
m long, although individual ridges may be larger. The elongation ratio of flutes is

varii e and falls under the range of 2 to 60 or even more (Benn and Evans, 1998: Rose,
1987) (Table 3.3). They are rrally stra 1t or very gently curving, but may swerve

al _ ly around bould:  before a rest ing a straight course (Gordon et ul.. 1992).
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Drumlins and megaflutes

Drumlins occur in different forms that range from the typical oval-shaped mounds to long
narrow spindle forms and more asymmetrical drumlins known as parabolic forms. More
complex forms also exist where longitudinal ridges arc superimposed on transverse or
oblique hills. Drumlins are typically h™ "er and wider near their up-ice stoss end and
narrow and thin down-ice. They commonly have long axes greater than 200 m long.
heights ranging from 5 to 50 m and reasonably consistent elongation ratios ranging from
2 to 4 (although higher ratios exceeding 6 = ve been recorded). Drumlins grade into
megaflutes with increasing elongation  ios; however, there is no clear spatial

s egation between drumlins and m  flutes (Benn and Evans. 1998: Rosc, 1987).
Based on Rose (1987), the following dimensions were used to differentiate drumlins and
megaflutes: landforms with long axes eater than 200 m. heights greater than 5 m and
elongation ratios less than 4 were ¢ sified as drumlins; landforms with long axes greater
than 1000 m and elongation ratios greater than 4 were classified as megaflutes (Table

3.3).

3.4.1.2 Classification of ice-mai _ 1al 1dforms
Ice-marginal landforms identified in this study include De Geer moraines and grounding-
line moraines which were formed during overall ice retreat.

A classification of moraine ric’ s in subaquatic/subglacial environments was
proposed by King and Fader (1986) who distit 1ished three major ridge groups: linear,
tabular and hummocky, and lift-off. Typically moraine ridges in the first two categories

are dimensionally large and formed in deep water, whereas lift-oft moraines are formed
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Table 3.3. Classtfication of flow-parallel landforms (modified from Rose. 1987).

Typical elongation

Landform Typical length (m)  Typical height (m) ratios
flute <100 <1 >4

drumlin > 010 S 8 —

megaflute > [UUY > . >4

56



in water depths less than 100 m. Lift-off moraines. first recognized from sidescan

sont rams and high resolution seismic reflection profiles from the Scotian Shelf. were
described as sub-p allel roughly evenly spaced ridges up to 3 m high and 20-80 m wide
(Gipp. 2000; King and Fader. 1986). Sub-bottom profiles showed that these ridges were
deposited contemporaneously with glaciomarine sediments where glaciomarine
sediments occur between and ger  ally cor yrmably overly the ridges. This succession
was thought to develop as a grounded ice shelf lifted off the seabed (King and Fader,
1986).

With the advent of multibeam sonar, subsequent studies interpreted ridges of a
similar morphology as De Geer moraines. For example, De Geer moraines identified on
German Bank of the coast of Nova Scot  have variable dimensions but are generally
less than S m h™ "rand 30 to 50 m wide (Todd er al.. 2007).

These moraines show different spatial patterns depending on how they were
deposited and fall under two possible depositional processes. First. they may be formed
at or close to the grc ~ ling line.r ki former ice-m _inal positions, where sediment
was deposited or pushed up during brief'sti tands or minor readvances (Blake. 2000;
Todd er al., 2007). These moraines typically show a regular spatial pattern with regular
horizontal spacing that suggests that the rate of ice front retreat was consistent from onc
cycle of formation to the next (Todd ef al.. 2007). Second, De Geer moraines may form
as a result of squeezing of substrate into basal crevasses behind the ice margin. In this
scenario, ice retreat is affected by thinning, loss of contact of the ice with the seafloor and
by the breaking of the ice sheet along crevasses which results in the formation of tabular

ice bergs (Gipp, 2000; Lundquist. 1989). Several specific conditions must be met:
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isolated water-filled crevasses penetrate to e base of the ice, ice is less than 22 m thick.
or basal water pressure is higher than the ice overburden pressure (Todd er al.. 2007).
Given these conditions, material may squeeze into crevasses from below. Suchri ses
would display a different morphology from those described above such as a more
randomly-oriented criss-crossing pattern. The preservation of these ridges would require
that ice either melted in-situ or lifted oft the seafloor once the crevasse fills formed (Todd

et al., 2007).

Grounding-line moraines

The dimensions of grounding-line mc  ines are consistently larger than De Geer
moraines. thought to mark larger stillstands or readvances of a grounded ice margin.
They also have a more complex morphology: instead of a single ridge they are usually
composed of a suite of curvilinear ridges that may continue for hundreds of metres.
These curvilinear elements are interp ' as reflecting processes occurring at the ice

front during moraine deposition (Menzies. ~)01).

3.4.2 Mapping and compilation

Processed multibeam data were imported into ArcMap 9.0 to provide 3-dimensional
bathymetric images of the seafloor (projected in UTM zone 21 using the NAD 1983
datum). Images were sun-illuminated usit  two illumination angles at 90° to each other
(azimuths of 45° and 315°). a sun inclination angle of 45° and a vertical exaggeration of

10. The recognition of features «  :nds on the illumination angle chosen to view the
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image. Typically, the optimal angle is perpendicular to the orientation of the seabed
fcature.

Using the above classification schemes, seabed landforms were classified on the
basis of their morphological and sedimentc gical characteristics. The morphology of the
seabed landforms was described using  ultibeam data. Length, width, height and
orientation were measured from the digitized landforms in ArcMap. These dimensions
were calculated for each field of landforms taken from a sample (7 = 30) from wi in that
field. Their sedimentology was described using sub-bottom profiles, bottom photos, grab
samples, and cores.

Glacial landforms were digitized separately for each of the two illumination
angles and then compiled into a single layer in ArcMap. Where landforms were defined
in both illumination angles, they w I" “tized into one representative landform.
Where available, data from sub-bottom protiles, sidescan sonograms and grab samples ‘
were used to support sediment and landform interpretations. Ice-flow patterns were
mapped from the flow-parallel landfc  s. The pattern of retreat was map] 1 from the
distribution of ice-ma "nal landf: This im¢  y was matched with the SRTM data,
also tlluminated from the same angles. The ArcScene extension of ArcMap was also
used to generate 3-D images to aid in interpretation of landforms. The mapped seafloor
landforms were then viewed in combination with the Newfoundland and Labrador digital
landform and striation database from adjacent land areas (Taylor. 2001). Ice-flow
patterns and ice-marginal patternsy ¢ then examined using both the seabed and
terrestrial data i, Ice-flow patterns were mapped for ice-flow events that could be

extended on land.
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4.0 Results

4.1 Outline

This chapter begins with a description of the surficial units identified from sub-bottom
profiles, sidescan sonograms, piston cores, bottom photographs and van Veen ab
samples (location of seismic tracks. sampling and coring stations are shown in Figure
4.1). Next, the morphology of glacial landforms is described and interpreted from the
multibeam data on the Placentia Bay seabed. Sedimentologic descriptions are used to
support these interpretations. The s ial dis  >ution and orientations of these landtforms

are discussed.

4.2 Seabed sediments

4.2.1 Surficial units

Four main units were identified: bedrock, glactal diamicton, glaciomarine silt and
postglacial mud. These units and their stratigraphic relations are discussed and correlated
to formations described by Fader and Miller (1986) and . ader ef al. (1982) (s« section
3.2.3.1). Descriptions of grab samples and piston cores are presented in Appendices A
and B, respectively. The general spatial di ibution of surficial units within Placentia

Bay is presented and illustrated with examples from sub-bottom profiles.

4.2.1.1 Bedrock
Two types of bedrock were identif | in sub-bottom profiles from Placentia Bay. The
lowermost unit forms the basement, which has minimal acoustic penetration. Areas

where this bedrock outcrops on the seabed are most common in the northern part of
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Placentia Bay where there are many shoals and islands separated by deep channels and
basins. Based on previous research by Fader ¢t «/. (1982). Fader and Miller (1986) and
King er al. (1986), this unit was interpreted as Ediacaran to Pre-Pennsylanian bedrock
comprising volcanic, sedimentary, metamorphic and granitic rocks.

A second type of bedrock observed in sub-bottom profiles is acoustically
stratified. Dipping layers indicating the presence of anticlines and synclines are common
throughout Placentia Bay and are most prominent around bedrock ric s on the western
side of the bay. Bedrock ridges follow the structural trend found on surrounding land and
generally trend northeast-southwest. This bedrock was interpreted to be Carboniferous
cong merate, sandstone, siltstone, and lin  tone based on sub-bottom profiles and rock

core drill samples (Fader ¢f «l. 1982: Fader and Miller, 1986; King ¢t al., 1986).

4.2.1.2 Glacial diamicton
At the base of the surficial succession, unconformably overlying the bedrock is an
acoustically structureless unit with few internal coherent reflections. This acoustic
character is typical of non-sorted to poorly-sorted sediments. Sub-bottom protiles also
show that the thickness of this unit varies. reaching a maximum of 30 m. and occurs as
blankets or ridges overlying bedrock.

Bottom grab samples of this unit w. e it outcrops at the seafloor typically show a
dark rayish-brown sediment (5Y 3 with a silty sand to clayey sand matrix and
subangular to subrounded gravel to boulder clasts (Figure 4.2a). The larger size of some

of'the ¢ tsin thisunitp [t « N\ 1 absamp from closing completely
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Figure 4.2. Photographs of glacial diamicton obtained from van Veen grab samples from a
morainal area in ~85 m water depth. Samples of this unit typically consist of dark grayish-brown
(5Y 3/2) sediments with a silty sand to clayey sand matrix and subangular to subrounded gravel
clasts as shown in Photo a. Shell fr  1ents, sz dollar and scallop shell are also present in
Photo a. Photo (b) shows a grayish-brown (5Y 4/2) sediment with a silty to clayey sand matrix
and suba 1ilar to subrounded avel and boulder clasts. Some of the material was lost during
this grab pecause the boulders prevented the grab from closi ~ completely. Samples were
collected during CCGS cruise 2006-039 (samp  #s: 0045 (a), 0041 (b) in Appendix A).

63



and some to all of the material was lost in these cases (Figure 4.2b). Piston cores were
unable to penetrate through this substrate.

This unit is interpreted as glacial diamicton primarily based on its acoustic
character which is similar to that described in other areas, including outer Placentia Bay
(Fader ef al., 1982) and the Grand Banks of Newfoundland (Fader and Miller, 1986;
Miller er al.. 2001). The description of this unit is consistent with that of Fader and

Miller (1986) for the Grand Banks Drift formation (see 3.2.3.1a).

4.2.1.3 Glaciomarine silt

In sub-bottom profiles this unit appears acoustically stratified with continuous coherent
parallel reflections. This unit occurs throughout the bay. generally draped over
underlying material. In areas where this unit is thin and overlies rough surfaces. the
morphology of the surface is mimicked by  : surface of this unit. It also shows some
degree of ponding in deep channels and basins. This unit occurs overlying and
interbedded with glacial diamicton; contacts between these units are readily distinguished
by sharp boundaries.

Grab samples where this unit is exposed on the seafloor are described as a stiff
dark olive gray (5Y 3/2) silty mud with scattered worm tubes and shell fragments (Figure
4.3a). A brown (7.5YR 4/2) surface veneer was found on several grab samples (Figure
4.3b).

Piston cores intersectit  this unit show that it is a dark gray (5Y 4/1) to olive-gray

(5Y 3/2) silty clay to clayey silt with rhythmically banded dark silty laminae and minor
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very fine sand (See Figures B.1 to B.Sin 4 pendix B). Reddish gray (10YR 5/1) clayey
layers 10 to 50 mm thick are also present but are less common than the silty laminae.
Extensive mottling from bioturbation occurs throughout. Angular to sub-rounded gravel

clasts and marine shells are common and occur scattered throughout the unit. The

angular gravel clasts are interpreted as dropstones.

This unit is interpreted as glaciomarine silt. Its description, depositional style and
acoustic character are comparable to the Downing Silt described by Fader and Miller
(1986) and Fader er al. (1982).

Radiocarbon ages were obtained from marine shell fragments. valves and
articulated bivalves throughout this unit (median probability ages are presented in text,
dated material, its location as well as conventional and calibrated age ranges are provided
in Table 4.1). Core locations are shown in igure 4.1. Ages from Placentia Bay range
from 9690 to 16280 cal BP. Radiocarbon: s closest to the base of the glaciomarine
unit  ound the mouth of the bay are: 1,820 cal BP (495 ¢m depth from core 013, Figure
A.2), 16,080 cal BP (514 cm depth in core 015. Figure A.3) and 14.650 cal BP (644 cm
depth from core 019, Figure A.4). A sample from a similar stratigraphic position
towards the middle of the bay is 14.010 cal BP (458 cm depth from core 032, Figure
A.5). Radiocarbon ages closest to the top ¢ the glaciomarine unit around the mouth of
the bay are: 12.020 cal BP (169 cm depth from core 13) and 12,680 cal BP (302 cm depth
from core 019).

Three samples were collected outside Placentia Bay. on the eastern flank of the
Burin Moraine (core 007. Figure A.S). Here the Downir  Silt is interbedded with the

glacial diamicton fi  ng till tongues, previously identif 1by Fader er al. (1982). Cores
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penctrated the Downing Silt facies but were unable to intersect the upper surface of the

till tongue. The age closest to the top of the till unit is 16,280 cal BP.

4.2.1.4 Postglacial mud

In sub-bottom profiles. this unit appears semi-transparent to transparent and in places is
faintly laminated. This unit overlies glaciomarine silt and generally occurs ponded in
basins and depressions where it reaches thicki  ses up to 20 m. This unit is absent or
thin over ridges.

Grab samples of this unit are described as olive to dark olive gray (5Y 5/2to 5Y
3/2) gravelly sandy mud (Figure 4.4a). Bottom photographs typically show a dark gray
brown muddy surface with biogenic  Is and burrows and siphon pits (Figure 4.4b).
This unit grades to a coarser sand and  avel in shallow water where it commonly forms a
surface veneer of sub-rounded to sub-angu  gravel embedded in a muddy to sandy
matrix. Shells. shell fragments, 4 dollars and sea urchins are also evident in bottom
photographs from these areas (Figure 4.4c¢).

Cores from this unit consist of a dark gray (5Y 4/1) clayey silt to silty clay with
few clasts and shell fragments (See piston cores 010, 013. 015, 019 and 032 in Appendix
B). Cores show a fining downwards with  dy mud near the top and increasing clay
content towards the bottom. Thereis ly a sharp contact with the overlying
glaciomarine silt with a thin lens of sand o1 avel marking an erosio  unconformity.

This unit is interpreted as postglacial mud. The description, depositional style and
acoustic character of this mud is consistent with that of the Placentia Clay Formation,

which was derived y winnowing during transgression of glacial diamicton and






glaciomarine silt during the late Pleistocene-Holocene (Fader and Miller, 1986; Fader et

al.. 1982).

4.2.2 Spatial Distribution

The spatial pattern of surficial units varies throughout Placentia Bay. However. there are
several important relationships which are discussed below and illustrated with examiples
from sub-bottom profiles (locations of sub-bottom profiles shown in . ,gure 4.1).

In the northernmost part of the bay. sub-bottom profiles reveal areas where
bedrock cither crops out on the seafloor or has very thin sediment cover. Isolated areas of
thicker sediment cover are made up of acoustically incoherent sediments, interpreted as
glacial diamicton (up to 14 m thick). Several small basins contain acoustically stratified
sediments, interpreted as glaciomarine silt. The glaciomarine unit is overlain by a
nonstratified unit interpreted as postglacial mud. Combined sediment thicknesses in
these basins are commonly 8 m. Inthe ¢ per channels, including Western, Central and
Eastern channels, bedrock ridges and basins are draped by glaciomarine silt with
postglacial mud thickening in the basins (combined thicknesses up to 60 m) and thinning
or absent on the ri¢ s (Figure 4.5). At the bottom of Central Channel, an arca with
ridges of glacial diamicton (15-38 m thick) is overlain by glaciomarine silt (averaging 6
m thick) and postglacial mud (aver: 'ng 8 m thick) (Figure 4.6). The bottom of Eastern
Channel also shows small ridges of glacial amicton (4-9 m thick) which are draped by

glaciomarine silt (up to 19 m thick).
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In western Placentia Bay. south of Western Channel., in water depths of 40-250 m. there
is a large area of glacial diamicton occurring in ridges (up to 12 m thick). These ridges
are draped by glaciomarine silt (up to 6 m thick) and may also have postglacial mud

occt ing in basins (Figure 4.7). East and southeast of Jude Island. northeast-southwest
trending bedrock ridges and basins are draped by glaciomarine silt with postglactal mud
thickening in the basins (up to 21 m) and thinning or absent on the ridges. No glacial
diamicton was apparent in the sub-bottom profiles around these bedrock ridges. South of
this area, east of Marystown, another large area with ridges of glacial diamicton is
present. Ridges are commonly 15-28 m thick (Figure 4.8). Glaciomarine silt cither
drapes the ridges or occurs in inter-ric : basins (up to 8 m thick).

Along the eastern coast of Placentia Bay, south of Eastern Channel, in water
depths of 45-130 m, sub-bottom profiles show ridges of “acial diamicton (11-15 m thick)
overlying bedrock (acoustic basement). These ridges are draped by glaciomarine silt.
which thicken in basins and th  on rid~~ crests (5-8 m thick) (Figure 4.9).

Further off the east coast. in water depths of ~150-195 m. blankets of glacial
dian :ton (up to 10 m thick) are overlain by glaciomarine silt (reaching thicknesses of
20-28 m thick) which in turn is ov  ain by postglacial mud (up to 18  thick). here are
scveral areas where part of the glaciomarine and postglacial unit has been truncated (up

to 10 m), strongly suggesting crosion of these sediments (Figure 4.10).
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In the central part of the bay. in water depths of 195-240 m. acoustically stratified
glaciomarine silt thickens (up to 15 m) and is draped over glacial diamicton (9-14 m
thick). In water depths greater than 300 m, sediment packages thicken where the

glaciomarine silt is up to 30 m thick overlain by postglacial mud up to § m thick.

4.3 Seabed landforms

Glacial landforms occur in several fields throughout Placentia Bay and are divided into
two categories: flow-parallel landforms and ice-marginal landforms. Flow-parallel
landforms include flutes. drumlins. megaflutes, and crag-and-tails. Ice-marginal
landforms include De Geer moraines and grounding-line moraines. Landforms arc
described and illustrated with examples frc  the multibeam data (location of figures
shown in Figure 4.11). The dimensions of individual landforms arc presented in

Appendix 3.

4.3.1 Flow-parallel landforms

4.3.1.1 Drumlins and megaflutes

Drumlins preserved on the Placentia Bay seabed are identified based on their

morpholc ', which ra1 s from sha] | parabolic mounds to elor 1ited spindle forms
that -ade into megaflutes. Drumlins have average elo1 1tion ratios of ~4.0. They
become more elongated at greater water depths., where they grade into megatlutes with
average elongation ratios of ~7.0. Drumlins and megatlutes occur in several fields

discussed below.
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Sub-bottom profiles through these landforms show acoustically incoherent
reflections interpreted as glacial diamicton. Van Veen grab samples show a gravelly
sandy mud with sub-rounded to sub-angular gravel up to 15 cm in diameter. interpreted
as glacial diamicton. Drumlins are commonly draped by varying thicknesses of
glaciomarine sediments that mimic the surface of the drumlins. Postglacial mud
commonly occurs ponded in basins and inter-ridge crests.

Drumlins are common in southwestern Placentia Bay, which has the most
extensive field of drumlins observed in offshore Atlantic Canada (Shaw er al.. 2006a).
This field is approximately 22 km wide and occurs in water depths of ~55-200 m (Figure
4.12). Drumlins from western and southwestern Placentia Bay typically show a steeper,
blunt stoss side and a gentler lee slope, pointed southeast into the central bay. Drumlins
average 795 m long (SE (standarc ): 38 m), 10 m high (SE: 0.5 m). 230 m wide (SE:
8.4 m) with elongation ratios of ~3.5 (SE: 0.1). Drumlins grade into megaflutes at water
depths greater than ~140 m. Mo Tutes average 1970 m long (SE: 116 m). 10 m high
(SE: 0.79 m). 285 wide (SE: 8.2 m) with elongation ratios of ~ 7.0 (SE: 0.4). Megatlutes
curve southwest, with an average or  tation of 140°, into the central part of the bay. as
shown in Figure 4.13.

Another field of drumlins in the southwesternmost corner of the bay have
dimensions averaging 700 m long (SE: 26 m). 10 m (SE: 2.0 m) high. "75 m wide (SE:
9.0 m) with elongation ratios of ~ 3.1 (SE: 0.1) (Figure 4.14). Compared to other
drumlins surrounding this ficld, there  :s tle differences in form: however these
differences are not reflected in dimensions and may be explained by post depositional

reworking (see bel
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Drumlins and megaflutes also occur on the eastern side of Placentia Bay.
Drumlins are elongated spindle-shaped forms with average lengths of 1040 m (SE: 72 m).
widths of 320 m (SE: 28 m), and heights of 10 m (SE: 1.6 m). Drumlins grade into
megaflutes in water depths greater than ~80 m. The long axes of these landforms curve
down Eastern Channel with an average azimuth of 225° (Figure 4.15).

South of Red Island the seafloor morphology becomes much more complex with
ridges of difterent sizes and orientation, giving the area a *corrugated” appearance
(Figure 4.16). Sub-bottom profiles in this area indicate 20-27 m of glacial diamicton
overlying bedrock. Drumlins average 1350 m long (SE: 51 m), 430  wide (SE: 71 m).
15 m high (SE: 3 m), and have a similar orientation (240°, southwest into the bay) as
those north of this area (described above). Superimposed on these drumlins are smaller
ridges. also consisting of glacial diamicton. The smaller ridges, interpreted as drumlins,
average 500 m long (SE: 111 m). 205 m wide (SE: 28 m)and 10 mh™ "1 (SE: 1.63 m).
They have distinct stoss and lee sides with an average azimuth of 285° and start to curve

into the bay with greater water depths (>15 ).

4.3.1.2 Crag and tails

Streamlined landforms occur south of Red Island. Sub-bottom profiles were unable to
penetrate these landforms, suggesting that they are bedrock. These landforms are
interpreted as crag-and-tails composed of bedrock which has been moulded by ice.

South of Red Island, cr  and-tails are 1984 m lor  (SE: 439 m). 21 m high (SE: 4.2 m)
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and 417 m wide (SE: 57 m). Their orientation varies but curves down Eastern Channel

into the bay. similar to the drumlins and megaflutes in this arca (shown in Figure 4.16).

4.3.1.3 Flutes
The flutes observed in Placentia Bay are small, linear ridges which average 3 m high (SE:
0.14 m), 425 m long (SE: 20.4 m) and 60 m wide (SE: 3.2 m). They are spaced 40-60 m
apart and have an average elongation ratio of 7.1 (Figure 4.14). Flutes are foun only in
one field (~ 100 km?) in the southwesternmost part of the bay. They are oriented
northeast-southwest (40°-220°). They occur superimposed on much larger ridges. which
are interpreted to be drumlins.

No subbottom profiles. photos or samples are available from this area to
determine flute composition: however, it is thought likely that they are composed of

remobilized drumlin material which elsewhere has been interpreted as glacial diamicton.

4.3.2 Ice-marginal landforms
Glacial landforms aligned transverse to the interpreted ice-flow direction are divided into

De Geer moraines and groundi-  line mor ~ es.

4.3.2.1 De Geer moraines

In st -bottom profiles, ridges interpreted to be De Geer moraines show acoustically
incoherent reflections typical of glacial di:  icton. Gravelly sandy mud containing sub-
rounded to sub-angular gravel (up to 15 ¢cm) was observed in bottom photos and

recovered from the surface of these ridges where they are exposed on the seafloor.
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Together the acoustic character and sedimentological characteristics support the
interpretation that these moraines are formed of glacial diamicton. The moraines also
overlie glacial diamicton, which in places is in the form of drumlins. D¢ Geer moraines
may 2 overlain by glaciomarine silt which generally mimics the moraine surface. De
Geer moraines appear either subdued or buried in deeper water and in seabed depressions
where glaciomarine silt is thicker.

De Geer moraines occur in several fields in Placentia Bay in water depths of ~65-
275 m. They are small. narrow. sharp-crested ridges that average m high (SE: 0.25 m)
and 79 m wide (SE: 6.2 m) (Figure 4.17). The le1 h of the moraine ridges is variable:
individual ridge crests can be traced horizontally from short s¢  nents of 108 m up to
1016 m. Individual moraines are gencrally symmetrical in cross-section. In planform.,
individual moraines display either linear or curved crestlines. The longer moraine crests
are formed of multiple curved sections and may have more asymmetrical cross-sections,
with their crests displaying a gentler slope to the north and a steeper slope to the south.
The horizontal spacing between these ridges varies throughout the bay ranging from 20 to
276 m and averaging 75 m.

The orientation of the De Geer moraines varies throughout the bay but they
generally follow the bathymetric contours. Figure 4.18 shows the distribution of De
Geer moraines throughout the bay. De Geer moraines typically occur on topographic
highs, such as drumlin surfaces. Where they occur on drumlin surfaces. the crests of the
De Geer moraines strike perpendicular or oblique to the drumlin orientations. Similar

drumlin-De Geer moraine relationships have been mapped on C  nan Bank offshore
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sout rn Nova Scotia (Todd et al., 2007) and on Wollaston Island in the Canadian Arctic

(Dyke and Savelle, 2000).

4.3.2.2 Grounding-line moraines

Moraine ridges identified in southwestern Placentia Bay are interpreted as grounding-line
moraines (Figure 4.19). These moraines have similar composition and acoustic character
as the De Geer moraines described above; however they display a more complex
morphology and form a series of discontinuous sinuous ridges up to 7200 m long.
Individual segments range from 110 m up to 1320 m and are crudely aligned. Arcuate
lobes observed along the ridge crests av ge 150 m wide and are open to the northeast.
They are larger than De Geer moraines in both height and width, averaging 158 m wide
(SE: 19.6 m) and 9.7 m high (SE: 0.66 m). They are roughly parallel to each other and
strike northeast-southwest (30-205°). T  se moraines are situated in a larger field that
contains many smaller De Geer mo  nes where they all share a general northeast-

southwest orientation.

4.4 Summary

A range of subglacial landforms is preserved on the Placentia Bay seabed which includes
drumlins. flutes. megaflutes and cr  and tails (summarized in Table 4.2). These

land rms serve as palaeo ice-flow indicators that are used to reconstruct ice-flow history.
Ice-marginal landforms (De Geer moraines, grounding-line moraines) provide evidence
of the pattern of ice retreat in Placentia Bay. All identified subglacial landforms are

prin ily depositional and their spatial distribution is controlled by the presence of a
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pre-existing substrate, mainly glacial diamicton. Landforms are concentrated on the
seabed near the coast and extend out to water depths of ~275 m. They are not common
on bedrock or where sediment cover is thin, such as in the northern part of the bay.
These landforms are commonly dr: | :d by glaciomarine sediments which may either
mimic the till surface or may conceal it. Landforms may also be locally covered by

postglacial sediments.
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Chapter 5: Discussion

5.1 Outline

In this chapter the study results are used to address the following research questions: 1)
What do the morphology. orientation d spatial distribution of glacial landforms
preserved on the seabed reveal about ice-flow events in Placentia Bay? 2) What was the
style and timing of ice retreat from Placentia Bay? 3) Are the ice flow events and pattern
of retreat consistent with glacial records from the surrounding terrestrial areas? 4) Is there
landform evidence to support the concept of ice streaming as proposed by the conceptual
model of Shaw ¢t al. (2006a)? This is followed by a synthesis of the glacial history of
Placentia Bay. The value and limitation of using this integrated onshore-oftshore

approach and suggestions for future work are also discussed.

5.2 Ice-flow events in Placentia Bay
Flow-parallel landfc s preserved on the seabed of Placentia Bay demonstrate that ice
extended well beyond the coast of both adjacent peninsulas. Flow-parallel landforms
were identified on the seabed in water depths of ~55 to 200 m. Flow-parallel landforms
were not identified in water depths  eater than 200 m although sub-bottom profiles
indicate that glacial diamicton is present at these depths. The superposition of flow-
parallel landforms indicates that at least three discrete ice-flow events are preserved on
the seabed and also provides a relative chronology for these events.

Evidence for the most regionally extensive ice-flow event comes from drumlins on
both sides of the bay which exhibit prc essive elongation with increasing water depths

where they grade intomv It . T I forms show a general trend of conve :nt
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flow down the axis of the bay (Figure §.1). This conve :nce is observed in an extensive
ficld of southeast-trending drumlins and megaflutes on the western side of the bay and
from southwest-trending drumlins. megaflutes and crag-and-tails on the eastern side of
the bay. These fields are interpreted as a ¢ temporaneous flow set for it is unlikely that
each flow tangentially into the bay without the adjacent flow to help steer it. Non-
contemporaneous ice flows should typically show splaying in all directions as ice flowed
from land into deeper water unhindered.

In southwestern Placentia Bay. aloca ed southwest-northeast trending fluting field
is superimposed at right angles on top of a field of southeast-oriented drumlins (Figure
5.2). The drumlins are interpreted to be part of the regional convergent flow described
above. The modification and flutit  of the drumlins indicates that this flutit  field
postdates the drumlins. De Geer moraines  not appear to be preserved in this fluted
field. but are seen adjacent to it (shown in Figure 5.2). There is no clear relative age
relationship between the flutes and De Geer moraines. This ice-flow event is interpreted
to be a later southwest-northeast flow tl  terminated in proximity to the small De Geer
moraines observed near the limit of this field.

Based on the multibeam « a, it is likely that this fluted flow could be a localized
ice-flow originating from the northwest that became pinned by the shallow bedroc  ridge
(shown in Figure 5.2) and subsequently flowed in a southwest direction with grounded
ice forming the observed flutes. This ice-flow did not heavily erode this area; it fluted the
surface of the underlying drumlins st :sting that this ice flow was almost buoyant.

It may also be possible that the flutes are recordii  ice-flow that originated from an

offshore source to the southw: , most likely from  ounded ice that became isolated by
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calving southwest of Placentia Bay (Fader ¢ al., 1982; Shaw. 2003). This conclusion is
consistent with an ice cap depicted in the conceptual model by Shaw e¢r al. (2006a) which
shows an ice cap extending down the Burin Peninsula and onto St. Pierre Bank (Figure
5.2 inset). While the existence of this ice cap is speculative, its presence provides a
mechanism for the urin Moraine (Fader ¢t al.. 1982). Similarly, Tucker and McCann
(1980) proposed that the last ice on the Burin Peninsula originated from an offshore
source and it was thought likely that an ice cap. such as the one discussed by Fader es al.
(1982) and Shaw ¢r al. (2006a). was sustained for some time and grew in size. If this ice
did ¢ ginate from an offshore source to the southwest it would be expected that its extent
would be identified by an ice-marginal moraine. This is not the case; no moraines were
iden ed marking the extent of the fluted field. Also. no features were observed on
adjacent land areas to support this northeastward ice-flow direction.

Another distinct ice-flow event is preserved on the eastern side of Placentia Bay.
Here the imprint of small westward-trending drumlins on southwest-trending drumlins is
interpreted to represent a relatively your rice-flow event. The southeast-trending
drumlins are interpreted as being part of the regional convergent flow into the bay
whereas the westward-trending drumlins are interpreted as a later, possibly di "acial ice-
flow. originating from the Avalon Peninsula. The flow lines of the westward-trendi
drumlins show a slight curvature but they do not converge into the bay as in the case for

the larger southeast-trending drumlins (Figure 5.3).
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5.3 Style and timing of ice retreat from Placentia Bay

Ice-marginal landforms (De Geer moraines, grounding-line moraines) provide evidence
of the pattern of ice retreat in Plact  ia Bay. These moraines record the active
northwestward and northeastward retreat of tidewater ice margins. De Geer moraines
generally occur in fields rather than as isolated individual landforms and occur in water
depths of ~65 to 250 m. More sustained readvances or stillstands are marked by
grounding-line moraines. In water depths greater than ~250 m, ice-marginal landforms
were not observed and the seabed is dominated by glaciomarine and postglacial
sediments. The absence of ice-marginal landforms in greater water depths suggests that
either the ice margin was floating or landforms were buried by glaciomarine and
postglacial sediments which thicken in deeper water depths.

The more widespread De Geer moraines display a linear to curvilinear pattern that
generally follows the bathymetric contours. As shown in Figure 4.17, the deposition of
De Geer moraines was greatest | highs, such as drumlin crests. which likely
acted as pinning points stabilizing the ice front.

The horizontal spacing between De Geer moraines in Placentia Bay varies. ranging
from ~50 to 310 m, but is generally regular within individual fields. They likely formed
during minor winter readvances of at :water ice front when iceberg calving was
suppressed (Ottesen and Dowdeswell, 2006). Their distribution suggests a slow steady
retreat with minor readvances during winter with a more stepwise retreat between the
different fields of De Geer moraines, the distance between deglacial steps equal to the

mean distance between the ridges (Linden and Méller. 2005).
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The rate of calving and ice retreat is likely related to fast-moving ice flowing out of
the bay and changes in relative sea level. Based on data from the Columbia Glacier.
Alaska, van der Veen (1996) argued that calving rates and ice retreat is linked to
increasing glacier speed and the associated thinning of the glacier. There are several
other factors that may control ice-marginal fluctuations; for example. it may be a
response to climatic forcing or to other factors that affect relative water depth such as
eustasy, isostasy and sediment yield (Benn and Evans, 1998). It is also possible that the
deposition of grounding-line systems can change relative water depth which alters the
stability of the tidewater ice margin independent of sea Icvel. Based on the distribution
of De Geer moraines and grounding-line moraines in Placentia Bay. grounding-line
retreat was likely driven by rapid calvii  which was in turn enhanced by fast ice flow.

Chronological constraints on the retreat of ice from Placentia Bay come from
ages from shells found in the glaciomarine silt. Around the mouth of the bay. ¢ s
closest to the base of the glacion inc unitrar  from ~16.1 to 14.7 ka (see Table 4.1).
These dates provide minimum ages for when ice retreated and indicate that glaciomarine
sedimentation started before ~16.1 ka. Radiocarbon dates from the top of't
glaciomarine unit range from ~12.7to *~ C 2 providing minimum dates for the cessation

of glaciomarine sedimentation.

5.4 Onshore-offshore correlations
The most pervasive ice-flow pattern preserved offshore is the r¢  “onally extensive
convergent (southwestward to southeastward) ice-flow event. The or  itation of

drumlins and fluted terrain on the Burin and Avalon peninsulas is consistent with that of
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the drumlins and megaflutes on the seabed. Drumlins and flutes on the Burin Peninsula
have a southeastward orientation whereas drumlins and flutes on the Avalon Peninsula
have a southwestward to westward orientation. Based on the orientations of landforms
both on the seabed and on surrounding terrestrial areas. ice flow was directed into and
subsequently down the axis of Placentia Bay. The continuation of strong southward flow
is consistent with the hypothesis of Shaw er al. (2006a) that ice converged along the
central axis of Placentia Bay. This convergent ice-flow can now be traced up-ice to
regional ice dispersal centres (Catto, 1998: Catto and Taylor, 1998) (Figure 5.4).

The southwestward ice-flow set in ea 'rn Placentia Bay is consistent with flutes,
crag-and-tails and striations preserved along the western coast of the Avalon Peninsula;
here several cross-cutting striation exposures have been interpreted to be different ice-
flow events. One of these flow sets displays a southwestward orientation which is
consistent with the southwestward drumlins seen on the seabed and is associated with the
regic 1lly extensive ¢ sergent fle | described above (see Figures 4.15 and 4.16). The
second flow set on the Avalon I insula shows a westward orientation which is
consistent with the orientation of the small westward-oriented drumlins present in eastern \
Placentia Bay (see Figure 4.16). Both the superposition of drumlins offshore and cross-
cutting striation relationships on land provide a relatively younger age for the ice flow

associated with the smaller westv  d-ori ed drumlins (Figure 5.5).

There are areas where ice-flow patt 5 recorded on land were not observed
offshore. and also where the ice-flow record preserved offshore was not observed on
land. Evidence for the westward ice-flow documented by Batterson e al. (2006) on the

Burin Peninsula was not observed on the adjacent scabed. The westward ice-flow is
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younger than the regionally extensive southeastward flow and extends across the Burin
Peninsula into Fortune Bay (Batterson ¢f ¢l., 2006). There are no depositional features
associated with this westward flow and only an erosional record is preserved. There is no
evidence for the westward ice-flow on the seabed adjacent to the Burin Peninsula. The
only seabed evidence for this westward ice-flow is along the castern edge of the bay in a
narrow zone southwest of Argentia (see Fi  re 4.16). If this ice-flow event is the
eastward extension of a much larger westward ice-flow then it suggests an interesting
glaciological dynamic during deglaciation of the bay. Alternatively. it may simply
represent a local readvances of ice from an Avalon Peninsula ice source during overall
deglaciation of the bay and is unrelated to ice-flow events on the Burin Peninsula.
Several hypotheses (detailed in 2.2.3) proposed for the origin of this ice-tlow
event necessitate ice being of sufficient thickness to cross the entire peninsula (over 170
m asl and up to ~320 m asl in the centre of the peninsula) (Batterson and Taylor. 2007).
Striations from islands in Placentia Bay also record this westward ice-flow. Water depths
surrounding these islands reach depths of ~ 350 m. It scems unlikely that ice would have
been able to flow across these water depths and heights on land; however, similarly
improbable ice-flow events have been documented elsewhere. For example. the Gold
Cove Advance, recorded by ice-directional atures and erratic lithologies. indicate that
ice advanced over 300 km across the mouths of Hudson Strait and FFrobisher Bay. onto
llall eninsula of Baffin Island and well offshore into deep water (Miller and Kaufman.
1990) (Figure 5.6). This ice and has been described as a unique event with an ice-flow

trajectory that is ice advance is the © “hest known Pleistocene northward advance of
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Labrador otherwise unexplained (Dyke et al., 2002: Veillette ef al.. 1999). The western
ice-flow event documented on the Burin Peninsula is on a smaller scale but is similarly

difficult to explain.

5.5 Evidence of ice streaming

Ice-flow convergence and increase in landform elongation are related to ice velocity (e.g.,
Stokes and Clark, 2002, 2001; Briner, 2007). The elongated drumlins and megaflutes
observed in Placentia Bay are therefore indicative of fast-flowing ice southward down the
axis of Placentia Bay. According to the geomorphological criteria outlined by Stokes and
Clark (1999: 2001) (see 2.2.1), the landform assemblage in Placentia Bay is typical of
those characteristics associated with former ice  eams, such as highly attenuated
subglacial landforms and convergent flow pattern.

A conceptual model of' a marine-based ice stream (Figure 5.7a, b) shows three
zones that can be differentiated by characteristic landform assemblages found within
them. Convergent landforms in the onset zone mark an increase in velocity that becomes
more focused and elongated through the main trunk of the ice stream (Stokes and Clark,
2001). The main trunk of the ice stream shows elongated landforms that typically display
abrupt lateral shear margins. The terminal zone of an ice stream may display diverging
duck-foot-shaped features that terminate with abrupt lateral margins. These features arc
not preserved within Placentia Bay and data were not available for arcas offshore of
Placentia Bay. However, it is likely that there was a continuation of the palaeo-ice stream
down Halibut Channel. which connects Placentia Bay with the continental shelf e

(Miller et al., 2001). The landform  embl: :in Placentia Bay is thercfore interpreted
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as recording ice-flow formed in the onset zone that accelerated into an ice stream farther
south in Halibut Channel and terminated at the continental shelf edge supporting the

model of Shaw e¢f al. (2006a) (Figure 5.7¢).

5.6 Synthesis: Glacial history of Placentia Bay region

Based on geomorphological evidence from both the Placentia Bay scabed and
surrounding peninsulas, and "'C dates from cores. a glacial history of Placentia Bay is
discussed below.

During the late Wisconsinan, between 22 and 20 ka BP, Placentia Bay was covered
by an ice sheet that terminated close to the edge of the continental shelf (Shaw ef al.,
2006a). While there are no dates to confirm the timing of the maximum extent of ice in
Placentia Bay. Shaw er al. (2006a) detail multiple sites near the shelf edges in Atlantic
Canada that are consistent with this interpre  tion.

The oldest flow phase present on the Placentia Bay  1bed is the convergent ice-
flow down the bay shown by southward-trending drumlins and megaflutes that can be
traced up-ice to regional icc dis;  sal centres (Catto, 1998; Catto and Taylor, 1998). The
pattern of landforms suggests that they were formed in the onset zone of an ice stream
that likely tflowed southwestward out of the bay, southward through Halibut Channel
tow: Is the continental shelf edge. The existence of an ice stream in Placentia Bay has
important implications for the glacial history of eastern Newfoundland as the location and
behaviour of ice streams is one of | most important controls on ice sheet configurations.
The majority of known palaeo-ice streams associated with * ¢ ™ wrentide Ice Sheet relate

totl final sofices  am« ton or conditions durii  or immediately prior to
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deglaciation (Stokes and Clark. 2001). This flow is the oldest ice-flow phase recorded on
the Burin Peninsula and is consistently the oldest flow when two or more ice-flow
directions are present (Batterson ¢f al., 2006). This flow was assigned a late Wisconsinan
age based on the continuity of striations and glacial features, the lack of m¢  nes and the
absence of surface weathering that would suggest a period of ice-free conditions. No
divergent ice-flow patterns have been found, confirming that any ice divide is north of the
peninsula, likely from the central Newfoundland divide (Shaw ¢f a/., 2006a). Catto
(1998) and Shaw (2003) suggested that this dominant ice-flow pattern post-dates
maximum glacial conditions and is consistent with ice-flow from a central ice divide with
offshore ice-flow convergence into prominent marine bays. including Placentia Bay,
Trinity Bay. Notre Dame Bay, St. George's Bay and Bay D Espoir. Ice was likely drawn
down by active calving fronts in these bays.

This phase was followed by se' il smaller ice-flow events. No radiocarbon dates
exist to constrain the age of these later ice-flow events: however. landforms imprinted on
the surface of the older extensive southward-trending drumlins on the seabed and cross-
cutting striation relationships on land suggest that these flow events are younger than the
regional convergent southward ice-flow.

One of these is a generally westward flow recorded in the Burin Peninsula.
Evidence for the westward ice-flow is found as striations on Merasheen Island and Jude
Island in Placentia Bay, but no landforms were observed within the bay. Another
westward flow originating from an A* “Hn ice centre is superimposed on southeast-
trending drumlins in the eastern part of the bay. These drumlins are much smaller than

those associated with the regional southward flow event. A third flow is recorded in the
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Wisconsinan glacial :omorpholc ' and palaeo-ice dynamics. This landform
assemblage consists of a convergent field of drumlins and megaflutes, interpreted as
representing the onset zone of a palaco-ice stream that extended to the south in Halibut
Channel. Subsequent changes in ice-flow directions are  irked by drumlins and fluted
terrain. These flow-parallel landforms are overprinted by De Geer moraines and larger
grounding-line moraines that record the retreat of grounded ice up the bay which
according to '*C dates from glaciomarine s  started before ~16.3 ka.

The reconstruction of palaeo-ice dynamics in Placentia Bay is consistent with a
model showit  Late Wisconsinan ice advance to the continental shelf edge with rapid
retreat in deeper water and slower retreat in shallow water. This dcglacial scenario likely
reflects the deglaciation of other bays and inlets in Newfoundland that also would have
preferentially channeled faster flowing ice.

The abundance of glacial dforms on the Placentia Bay seabed is much greater
than those mapped on the surrounding peninsulas, demonstrating the wealth of
information that can be gained throt "1 seabed mapping. However landforms are
generally limited to shallow, gently sloping seabeds where a sediment source exists for
deformation by the flow of ice; landfc ~ :v 2notgen ly preserved in areas where
there are deep channels or complex and/or exposed bedrock. While there were fewer
depositional landforms on land, the erosional striation record was essential in
understanding the sequence of ice-flow events, particularly in areas where no offshore
glacial record existed (i.c.. the westward flow on the Burin was not observed on adjacent

seabed). Both seabed and terrestrial ‘acial records were integral to understanding the
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glacial history of Placentia Bay and ice-sheet behaviour during the transition from

marine-based to land-based glacial conditions.

5.8 Considerations for future research

This 1esis has added many details to the g ial history of Placentia Bay. There still
remain several areas where the re “onal "acial history is not well understood. There are
two key arcas where more multibeam  a will  olve some important gaps in the glacial
history of Placentia Bay. Additional multibeam data in the southwestern Placenta Bay
onto the Burin Moraine will contribute to tI  further understanding of the extent of the
flow presented by the small fluting field and its potential link with the Burin Moraine.
Multibeam data farther out toward Halibut Channel will provide more details on the
extent and terminus of the ice stream that initiates in the central part of the bay. There are
also several cases where the onshore and offshore records do not correspond. particularly
on the southern part of the Burin Peninsula. A reexamination of coastal exposures in this
area will be essential to understandii  the multiple ice-flow directions recorded by
striation patterns and the small coast-parallel ice flow recorded offshore. Several
exposures in the southern Burin Peninsula contain multiple till units (Tucker. 1979
Tucker and McCann, 1980). Further examination of these exposurcs may be important in

trying to link the ice-flow events on land with those offshore.
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6C1

0 0-28 Olive gray clayey silt, minor fine sand
28-30 Reddish gray clay
30-36 Dark reddish gray clay; pebbles and granules;
36-343 shell fragments.
1.0 Reddish gray clay; black bioturbation mottles;
shell fragments and bivalves; scattered angular
gravel and granules.
109 cm; both valves of a specimen of Nucuia tenuis.
2.0 Gastropod hole in one valve.
—_ 300 cm. both valves of a bivalve, Yoldia sp.. Perhaps
g Yoldia lucida
L~ 3.0
)
% LEGEND
0o 343-540 Reddish gray clay witth red bands, 2-30 mm; Glaciomarine unit
black turbation mottles; shell fragments and . )
4.0 bivalves; scattered angular gravel and granules, Postglacial unit
concentrated in bands in places. Shell fragment
Haif bivalve
Complete bivalve
5.0 Gastropod
P Angular dropstones
540-644.5 Reddish gray clay with black silty laminae; © ISR.Tur\'ded. clast
several thin sand layers; red bands, 2-30 mm; = Silty laminae
6.0 black bioturbation mottles; shell fragments and »" Bioturbation mottles
bivalves; scattered angular gravet and granules. Gas escape cracks
558 cm: single valve of Portlandica arctica
Note: Trigger weight core in bag: soft, olive gray mud.
Figure B.1 C. scrip n for piston ¢ : 2006-039-007
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0¢l

Depth (m)

1.0

2.0

3.0

4.0

5.0

6.C

7.

8.0

0-45 Dark gray(5Y 4/1) silt silt. coarse, featureless,
fining downwards; lower boundary gradual over
10 cm.

45-161 Olive gray (5Y 4/2) silt with dark mottles;
banded appearance; scattered small shell
fragments; lower boundary sharp with inclusions
of the underlying unit.

161-169 Gray (5Y 6/1) silty clay with clasts of the
overlying unit.

169-266 g ( 7.5 YR 4/2) silty clay; scattered shell

fragments; numerous bivalves; weakly banded;

scattered angular gravel clasts.
169 cm; Nuculana pernula, both valves.

245 cm: Nuculana pernula, both valves.
248 cm; gastropod Buccimun tenue

271 cm; Nuculana pernula. both valves.

266-582 Heavily bioturbated brown (7.5 YR 4/2) silty
clay; dark banding in places especially 314 and
333 cm; scattered angular gravel clasts,
scattered shell fragments; numerous bivalves. LEGEND

Glaciomarine unit

495 cm; Nuculana tenuis uicata. both valves. Postglacial unit
Shell fragment
Half bivalve
582-776 Brown clay; faint banding in places; angular Complete bivalve
gravel clasts in places; bivalves; alternating Gastropod
reddish and grayish clay bands 1 cm wide ® ) Angular dropstones

below 730 cm. e Rounded clast
== Silty laminae
." Bioturbation mottles
Gas escape cracks

Note: no trigger weight core

Figure B.2 Core description for piston core 2006-039-( 3



1€l

0-46 Dark gray (5Y 4/1) clayey silt; 0.5 cm-thick
laminae of coarse silt in upper 3 cm, scattered
s -rounded gravel, shell fragments.

1.0 45-544 Dark gray(5Y 4/1) silty clay, black bioturbation
mottles, fining and reddening downwards to
dark grayish brown (10 YR 5/1); angular gravel,

167 cm; Nuculana tenuis. both valves.

2.0
E
L 3.C
L
% 332 cm; single valve and fragment of Portlandia arctica
o
4. LEGEND
Glaciomarine unit
Postglacial unit
Shell fragment
5. 514 c¢m: Portlandica arctica Half bivalve
Complete bivalve
Gastropod
P> Angular dropstones
6.0

o Rounded clast
No trigger weight core Q”_A_ Silty laminae
+ Bioturbation mottles

o ) Gas escape cracks
Figure B.3 Core description for piston core 2006-039-015



cel

Depth (m)

0-28

.
28-295
2
200
3
4 295.
357
£
350.367
¢ 480
1 585-605
8.0

No trigger weight core

Figure B.4 Core desci

Dark olive gray (5Y3/2) fine sand with silt; scattered shell
fragments (e.g., 7.5 cm, 2.5 cm); lower boundary is very
irregular with inclusions of the underlying unit

Olive gray (5Y5/2) silt with numerous darker
(5Y/42), wavy layers (several cm thick)

41: shell fragment, !z bivalve
125, Nuculana pernula

Dark layers becoming much less prominent:
sediment more massive

275: bivalve. in fragments

302; Nuculana expansa (intact with borehole)

Gray (10YR/1) silty clay; bioturbated in places

Dark lamina (5 mm) with lighter bands on either | EGEND
side
Glaciomarine unit

Vertical bioturbation mottles Postglacial unit
Shell fragment
) Haif bivalve
495. Nuculana sp. Complete bivalve
Bioturbation uncommon below 480 cm. darker Gastropod
banding increases P Angular dropstones

Heavy black bioturbation. dark banding - g_?unlded_ clast
uncommon == Silty laminae

.  Bioturbation mottles
Gas escape cracks

ion for piston core 2006-039-019



1.0

2.0

Depth (m)

4.0

eel

5.0

6.0

7.0

Note: no trigger weight core

10-191

191-204

204-572

572-596

596-606

606-662

Dark gray (5Y 4/1) coarse silt with some fine
sand and clay; a few 0.5 cm diameter sand
inclusions; lower boundary very irregular

Olive gray (5Y 5/1) silty clay; very faint light
mottles, otherwise nearly featureless

Gray (10YR 5/1) siity clay; faint horizontal
laminae

Gray (10YR 5/1) silty clay: bioturbation motties;
wavy laminae with dark bands; becomes more
bioturbated below 250; heavy bioturbation
below 447 cm

267; Nuculana pernula (intact)

417: intact gastropod. Margarite sp. LEGEND

458; Nucula tenuis (intact) Glaciomarine unit
Postglacial unit
Shell fragment
Half bivalve
Complete biv. e
Gastropod

B3 Angular dropstones

Reddish gray (5YR 5/2) clay; some bioturbation

Reddish gray (10YR 5/1) clayey sandy silt with
dark reddish gray layers of medium muddy sang @ Rounded clast

(up to 2.5 cm) === Silty laminae

= Sandy layers

.” Bioturbation mottles

Gas escape cracks

Reddish gray (5YR 5/2) clayey sandy silt with
fine to medium sand tayers

Figure B.S Core description for piston core 2006-039-032
















































