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Abstract 

The seismic stratigraphy and sedimentary architecture of the Canadian Beaufort Sea 

margin are investigated using a comprehensive grid of two-dimensional seismic reflection 

data. Three cross-shelf troughs, representing locations of former ice streams draining a 1000 

km-long section of the Laurentide Ice Sheet (LIS), are examined: the Mackenzie, Amundsen 

Gulf and M'Clure Strait systems. These palaeo-ice streams operated during the last, Late 

Wisconsinan glacial maximum, as well as during a hitherto unknown number of earlier 

Quaternary glaciations. Their dynamics influenced past ice-sheet configuration and may 

have forced abrupt climate change through transport of ice and freshwater to the Arctic 

Ocean. The objectives of this work are to constrain the number of ice advances through each 

trough, to discuss the possible timing of these events, and to examine the impact of 

Quaternary glaciation on the continental shelf and slope. The implications of these data are 

discussed in relation to ice dynamics at the northwest LIS limit, the glacial history of the 

Canadian Beaufort Sea margin, and the geomorphological imprint of palaeo-ice streams. 

The number of Quaternary ice advances across the Canadian Beaufort Sea margin varies 

markedly between the Mackenzie Trough (two) and the Amundsen Gulf Trough (at least 

nine) . The Mackenzie Trough was probably occupied by an ice stream during the Late 

Wisconsinan and either the Illinoian or Early Wisconsinan glaciation. The Amundsen Gulf 

ice stream was initiated earlier in the Quaternary. 

The architecture of the slope beyond the Mackenzie Trough reflects this comparatively 

short history of ice advance and lacks the progradational architecture and major glacial

sedimentary depocentre that is characteristic of slopes seaward of high-latitude cross-shelf 

troughs. In contrast, trough-mouth fans ( of volumes -10,000 km.3 and -60,000 km3) are 

present beyond Amundsen Gulf and M'Clure Strait, respectively. 

The location of 75 High Arctic cross-shelf troughs is presented together with a synthesis of 

their key physiographic characteristics and available glacial-geological evidence of past 

occupation by ice streams. The dimensions and architecture of the three troughs on the 

Canadian Beaufort Sea margin are compared to those of other High Arctic troughs. The 

Amundsen Gulf and M'Clure Strait troughs were probably two of the most significant cross-



shelf troughs in the High Arctic, in terms of their dimensions and palaeo-drainage basin 

areas. 

viii 

A number of buried glacigenic landforms, including grounding-zone wedges and lateral 

moraines, are identified from the Canadian Beaufort Sea shelf, recording the former positions 

of still-stands or re-advances in the ice margin. The youngest sequence of sediment in the 

Amundsen Gulf Trough is interpreted to have been deposited by a subsidiary ice stream, the 

Anderson ice stream, subsequent to Late Wisconsinan ice retreat through the Amundsen Gulf. 

This provides evidence of dynamic ice-stream behaviour and the reorganisation of the 

north west sector of the LIS during the last de glaciation. 
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1 

Introduction 

1.1 Introduction to the chapter 

In this thesis, high-resolution two-dimensional seismic reflection data are used to 

reconstruct past ice-sheet dynamics on the Canadian Beaufort Sea margin of the Arctic Ocean 

(Fig. 1.1). Seismic reflection data have been used previously to identify and interpret 

glacigenic landforms and sediments on high-latitude continental margins (e.g. Solheim et al., 

1996; Dowdeswell et al., 2007; Dowdeswell and Fugelli, 2012). The analysis of these data 

can provide information about the history of Quaternary ice-sheet advance and retreat across 

continental margins, as well as the impact of glaciation on the architecture and sedimentology 

of the continental shelf and slope (e.g. Dowdeswell et al., 2007; Li et al., 2011; Sarkar et al, 

2011; Piper et al., 2012). 

1.2 Ice-sheet reconstruction on high-latitude continental margins 

Large ice masses, including modern, Quaternary and ancient ice sheets and ice caps, are 

partitioned into fast-flowing ice streams separated by slower flowing inter-ice stream regions 

(Bentley, 1987; Dowdeswell and Siegert, 1999; Stokes and Clark, 2001; Dowdeswell et al., 

2002a; 6 Cofaigh et al., 2003; Le Heron and Craig, 2008). Ice streams can be classified 

broadly as either topographically controlled or 'pure'; that is, where their location is not 

controlled largely by bedrock and valley-wall morphology (Bentley, 1987; Stokes and Clark, 

1999; Truffer and Echelmeyer, 2003). Thicker ice within topographic depressions facilitates 

fast flow through enhanced internal deformation and basal sliding (Clarke et al., 1977). By 

contrast, pure ice streams, which lack obvious topographic control, are often associated with 

corridors of ice which are rheologically weaker than the surrounding ice, or with locations 

that possess readily-deformable subglacial sediment, an active calving margin or a lubricated 

bed, which facilitate rapid basal motion (Bennett, 2003; Hulbe and Fahnestock, 2004; Stokes 

and Clark, 2004; Winsborrow et al., 2010) . 
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Figure 1.1. International Bathymetric Chart of the Arctic Ocean (IBCAO) sea floor 

bathymetry of the Canadian Beaufort Sea margin (100 m contours; Jakobsson et al., 2012b). 

AR = Anderson River; MD = Mackenzie Delta; MR= Mackenzie River; PI= Prince Patrick 

Island; RI = Richards Island; TC = Tuktoyaktuk Coastlands. Inset: location map. Red box 

shows Canadian Beaufort Sea margin. CAA = Canadian Arctic Archipelago. Dashed line and 

blue shading is present-day Mackenzie River drainage basin. 

Ice streams provide a mechanism for the rapid transfer of mass from large ice-sheet interior 

basins to the margin, exerting an important influence on ice-sheet stability (e.g. Overpeck et 

al., 1989; Bond et al., 1992). Modern ice streams have been shown to respond dynamically 

to perturbations over short (sub-decadal) time-scales (e.g. Anandakrishnan and Alley, 1997; 

Joughin et al., 2003), raising concern about the responses of ice streams in Greenland and 

Antarctica to rising global temperatures. Ice streams emanating from Quaternary ice sheets 

also exhibited a high degree of spatial and temporal variability (Dowdeswell et al., 2006; 

Stokes et al. , 2009; Sarkar et al., 2011) and had the potential to force abrupt climate change 

through the rapid delivery of ice and meltwater to their marine margins (MacAyeal, 1993; 

Clark, 1994; Stokes et al., 2005). A comprehensive understanding of the locations, 
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chronology and dynamics of palaeo-ice streams is therefore important in determining the 

behaviour of former ice sheets and in predicting the likely future responses of contemporary 

ice sheets to climatic change. Establishing a complete record of former ice streams is also 

essential for constraining numerical models of pastice-sheet configurations and dynamics 

(e.g. Siegert et al., 1999, 2001; Boulton and Hagdom, 2006; Stokes and Tarasov, 2010). 

3 

Ice sheets in both hemispheres have expanded across high-latitude continental shelves on 

many occasions during the glacial-interglacial cycles of the Quaternary (e.g. Anderson, 1999; 

Svendsen et al., 1999; Dyke et al., 2002) . The repeated advance and retreat of ice across 

these margins has had a significant impact on the architecture and sedimentology of the 

continental shelf and slope. Where they advanced across the shelf, fast-flowing ice streams 

formed deep bathymetric depressions ( often hundreds of metres in depth), termed cross-shelf 

troughs, which typically extend to the shelf break (Batchelor and Dowdeswell, 2014). 

Submarine sediments and landforms preserved on the sea floor of these troughs, as well as on 

shallow adjacent banks and the continental slope, can provide a comprehensive record of past 

ice activity (e.g. Ottesen et al., 2005; Mosola and Anderson, 2006; Ottesen and Dowdeswell, 

2009). 

A wide range of geophysical and geological datasets, including multi-beam swath 

bathymetry, seismic profiling and sediment cores, have been used to identify and interpret 

assemblages of glacigenic landforms and sediments on continental margins affected by 

Quaternary ice sheets (e.g. Solheim et al., 1990, 1996; Svendsen et al. , 1992; Shipp et al., 

1999; Dowdeswell et al., 2002b, 2004a; Ottesen et al., 2005, 2007; Stoker and Bradwell, 

2005; Ottesen and Dowdeswell, 2009; Dowdeswell and Vasquez, 2013). Whereas 

bathymetry and shallow acoustic data can be used to identify glacigenic landforms on the sea 

floor, these methods typically provide information concerning only the most recent ice 

advance and retreat. Seismic reflection data enable the identification of glacier-derived 

sediments and landforms on buried horizons as well as on the sea floor, providing 

information about older ice advances across a margin (Dowdeswell et al., 2007; Siegel et al., 

2012). 

Assemblages of glacigenic landforms, including subglacially produced mega-scale glacial 

lineations (MSGL) and drumlins, and ice-marginal grounding-zone wedges (GZWs) and 

moraines (Table 1.1), have been used previously to identify the locations of palaeo-ice 

streams and to reconstruct former ice configurations and dynamics (Clark, 1993; Stokes and 

Clark, 1999, 2001; Clark and Stokes, 2003; Ottesen et al. , 2005). A typical ice-stream glacial 

landform assemblage within a cross-shelf trough is illustrated in Figure 1.2A. MSGL (Table 
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1.1 and Fig. 1.2B) are streamlined, trough-parallel sedimentary ridges with typical lengths of 

a few tens of kilometres and elongation ratios greater than 10: 1 (Stokes and Clark, 2002). 

These landforms have been identified forming beneath active ice streams in West Antarctica 

(King et al., 2009) and have been described from a number of formerly-glaciated continental 

margins, where, together with their close association with areas of deformable sediment, they 

are considered diagnostic of fast ice flow within ice streams (e.g. Elverh0i et al., 1995; Shipp 

et al., 1999; Canals et al., 2000; 6 Cofaigh et al., 2002, 2005; Ottesen et al., 2005). 

Glacigenic Description Palaeo-glacial Examples landform interpretation 
Mega-scale Streamlined, trough- Found in association with Stokes and Clark, 1999; glacial parallel sedimentary areas of deformable Canals et al., 2000; 6 lineations ridges with elongation sediment. Diagnostic of Cofaigh et al., 2002, 2005; (MSGL) ratios > 10: 1. Typically fast ice flow within ice Dowdeswell et al., 2004a; several km long, a few streams. Ottesen et al., 2005, 2007; hundred m wide and 

Mackintosh et al., 2011; <10 m hiqh. 
Rebesco et al., 2011. Drumlins Trough-parallel ridges Found in association with Shipp et al., 1999; Wellner with blunt stoss sides palaeo-ice streams. May et al., 2001; 6 Cofaigh et and tapered down-flow record a former zone of ice al., 2002; King et al., 2007; lee sides. acceleration. Dowdeswell et al., 2010a. Crag-and-tails Bedrock knobs with Formed by fast ice flow Wellner et al., 2001; 

elongate sedimentary over bedrock obstacles. Ottesen et al., 2005; 6 tails. 
Cofaigh et al., 2013. Meltwater Channels and cavities Formed by erosion from 0 Cofaigh et al., 2002, channels and incised into bedrock. subglacial meltwater. 2005; Lowe and Anderson, cavities 
2003; Hogan et al., 2010. Eskers Elongate, sinuous ridges Formed by sedimentary Persson, 1974; Ottesen of sand and gravel. infilling of ice-walled and Dowdeswell, 2006; Typically <200 m wide subglacial conduits. Stokes et al. , 2006; Ottesen and <50 m thick. 
et al., 2008; Greenwood 
and Clark, 2009. Tunnel valleys Elongate, over- Formed by subglacial Woodland, 1970; 0 

deepened channels cut meltwater flowing under Cofaigh, 1996; Ghienne into bedrock or pressure, possibly during and Deynoux, 1998; sediment. Width to outburst flows from Kristensen et al., 2007; 
depth ratios of c. 1 O: 1 . subglacial lakes. Stewart and Lonergan, 

2011. Terminal Ridges of diamictic Defines the maximum Boulton, 1986; Uchupi et moraines sediments. Orientated extent of an ice mass. al., 2001; Ottesen et al., transverse to former ice 
2002, 2005. 

flow direction. 
Retreat Series of small (<10 m Record the positions of De Geer, 1940; Shipp et moraines high) transverse ridges frequent still-stands in the al., 2002; Ottesen and of diamictic sediment. ice-marqin durinq retreat. Dowdeswell, 2006, 2009. Lateral Trough-parallel ridges of Represent the former Boulton and Clark, 1990; moraines diamictic sediment. lateral extent of an ice Stokes and Clark, 2001 ; Typically several km mass. Ottesen et al., 2005; 

wide and up to 100 m 
Ottesen and Dowdeswell, thick. 
2009. Grounding- Asymmetric wedges of Formed by rapid sediment Anderson, 1999; Howat zone wedqes qlaciqenic sediment. delivery to the ice marqin and Domack, 2003; 
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(GZWs) Typically <200 m thick during still-stands in Ottesen et al., 2007; 
and <50 km long. retreat. Dowdeswell and Fugelli, 

2012. 
Iceberg keel Irregular linear to Formed by the grounding Woodworth-Lynas et al. , 
plough marks curvilinear depressions. of iceberg keels on the sea 1985; Dowdeswell et al. , 

Typically <1 km wide floor. 1993; Dowdeswell and 
and <15 m deep. Bamber, 2007. 

Slope Incised into slope Provide a pathway for Vorren et al., 1998; Shipp 
channels sediments. Higher width sediment bypassing of the et al., 1999; Mosola and 

to depth ratios than upper slope through Anderson, 2006; 
gullies. Typically <1 km turbidity currents. Dowdeswell et al., 2008a. 
wide and <10 m deep. 

Slope gullies Incised into slope Provide a pathway for O Cofaigh et al., 2003; 
sediments. Lower width sediment bypassing of the Dowdeswell et al., 2006, 
to depth ratios than upper slope through 2008a; Noormets et al., 
channels. Can reach turbidity currents. 2009; Gales et al., 2013. 
>60 m deep. 

Slope canyons Steep-sided valley Provide a pathway for Stow, 1981; Hesse, 1995; 
incised into slope sediment bypassing of the Piper et al., 2012. 
sediments. upper slope through 

turbidity currents. 

Table 1.1. Examples of glacigenic landforms used in palaeo-ice sheet reconstruction on high
latitude continental margins . 

Figure 1.2. Examples of glacigenic landforms produced by marine-t~rminating ice-streams 
(from Batchelor and Dowdeswell, 2014). A: Typical ice-stream glacial landform assemblag~ 
within a high-latitude cross-shelf trough (modified from Ottesen and Dowdeswell, 2009) . B. 
Plan-view of MSGL in Marguerite Bay Trough, Antarctic Peninsula (66°40'S, 71 °W) 

(modified from Dowdeswell et al., 2004a). C: Plan-view of drumlins (indicated b~ ~lack 
arrows) in Marguerite Bay Trough, Antarctic Peninsula (68°10'S, 70°30'W) (mod1f1ed from 
6 Cofaigh et al., 2005). D: Plan-view of lateral moraine (indicated by black arrows) at 
northern margin of Isfjorden, western Svalbard (78°N, 14 °E) (modified from Ottesen et al. , 

2007) . E: Plan-view of a GZW in Vestfjorden, Norwegian margin (67°20'N, 12°45.'E) 
(modified from Dowdeswell et al. , 2008b). F: Plan-view of transverse retreat morames from 
Yoldiabukta, western Svalbard (78°30'N, 14°30'E) (modified from Ottesen and Dowdeswell, 

2006). White arrows in B to F show inferred former ice-flow direction. 

5 
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Whereas MSGL represent the end-point of a spectrum of elongate subglacial landforms 

(Schoof and Clarke, 2008), trough-parallel ridges with lower elongation ratios, such as 

drumlins (Fig. l.2C) and crag-and-tail features (Table 1.1), are also identified in association 

with palaeo-ice streams (e.g. Shipp et al., 1999; Wellner et al., 2001; 6 Cofaigh et al., 2002, 

2005; Ottesen et al., 2005; King et al., 2007; Dowdeswell et al., 2010a). Drumlins have been 

interpreted to indicate former zones of ice acceleration (Shipp et al., 1999; Wellner et al., 

2001) and can be distinguished in the geomorphological record by their distinctive blunt stoss 

sides and tapered down-flow lee sides (Fig. l.2C). 

The lateral extent of a former ice stream is often defined by one or more lateral moraine 

ridges (Table 1.1 and Fig. 1.2D). These landforms are composed of coarse diamictic 

sediment and have been identified at the sides of cross-shelf troughs in Arctic Canada, 

Norway and Svalbard, where they are interpreted to mark the border zone between areas of 

fast- and slow-flowing ice (e.g. Boulton and Clark, 1990; Stokes and Clark, 2001; Ottesen et 

al., 2002, 2005). 

Landforms orientated transverse to the direction of former ice flow are also identified at 

the beds of palaeo-ice streams within cross-shelf troughs (Fig. 1.2A). GZWs (Table 1.1 and 

Fig. 1.2E) are produced by the accumulation of diamictic sediment at the grounding-zone of 

an ice mass and record the former positions of still-stands or readvances of the ice margin 

during deglaciation (e.g. Anderson, 1999; Shipp et al. , 1999; Ottesen et al., 2005; Mosola and 

Anderson, 2006; Berger and Jokat, 2008). GZWs are asymmetric in the ice-flow direction 

with steeper ice-distal sides, and are typically less than 200 m thick and less than 50 km in 

length (Dowdeswell and Fugelli, 2012). Series of small (typically less than 10 m high) 

transverse ridges, interpreted as retreat moraines (Table 1.1 and Fig. 1.2F), record frequent 

ice-front still-stands or oscillations during overall retreat of a grounded ice margin (Nygard et 

al., 2004; Ottesen et al., 2005; Todd et al. , 2007; Ottesen and Dowdeswell, 2009). These 

retreat moraines are similar in form, and probably also in origin, to De Geer moraines (De 

Geer, 1940; Linden and Moller, 2005). 

The style and relative rapidity of ice-stream retreat through ·a trough can be interpreted 

from diagnostic assemblages of submarine landforms (Dowdeswell et al. , 2008b). Whereas 

the preservation of unmodified MSGL on the sea floor (e.g. Fig. 1.2B) implies that 

deglaciation occurred relatively rapidly through iceberg calving, the overprinting of MSGL 

by GZWs is indicative of episodic retreat punctuated by still-stands in the grounding-line 

position. The presence of small retreat moraines overlying MSGL indicates relatively slow 
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retreat of a grounded ice margin (Dowdeswell et al. , 2008b; 6 Cofaigh et al. , 2008; Ottesen 
and Dowdeswell, 2009). 

The sediments below the sea floor within cross-shelf troughs can provide additional 
evidence of former ice-stream occupation. The upper few metres of sediment typically 
record a deglacial succession, in which acoustically transparent to chaotic subglacial till is 
overlain by acoustically stratified glacimarine sediment, beneath acoustically transparent ice
distal to open-marine deposits (Polyak and Solheim, 1994; Svendsen et al., 1996; Shipp et 
al., 1999; Kleiber et al., 2000; Dowdeswell et al. , 2004a; 6 Cofaigh et al. , 2005). 

8 

Geological and geophysical data from continental slopes beyond cross-shelf troughs can 
also provide valuable information about ice-sheet behaviour and glacial history (Fig. 1.3) 
(e.g. Laberg and Vorren, 1996a; Bart, 2001; Dowdeswell et al. , 2006; Laberg et al. , 2010; Li 
et al. , 2011). Under full-glacial conditions, ice streams supplied large volumes of deformable 
till to the ice margin; this debris is often remobilised subsequently by debris-flow processes 
on the upper-slope (Alley et al., 1989; Laberg et al. , 2000). Diamict-dominated sedimentary 
depocentres or trough-mouth fans (TMFs), composed predominantly of glacigenic-debris 
flows, developed on the slopes beyond many cross-shelf troughs (Figs. 1. lA and 1.2) (Vorren 
et al., 1988, 1989; Dowdeswell et al., 1996; Elverhy>i et al., 1997; Vorren and Laberg, 1997; 
King et al., 1998; 6 Cofaigh et al., 2003). TMFs therefore contain a record of past glacial 
activity and can provide information about palaeo-ice stream dynamics and ice discharge 
(Dowdeswell et al., 1996; Laberg and Vorren, 1996a; Vorren and Laberg, 1997; Dowdeswell 
and Siegert, 1999). 

TMFs are identified on bathymetric data by a distinctive outward bulging of slope contours 
beyond the trough-mouth, which is indicative of shelf progradation (e.g. 6 Cofaigh et al., 
2005; Dowdeswell et al., 2006, 2008b; Stokes et al., 2006). On seismic profiles, TMFs are 
composed of stacked acoustically transparent lenses representing glacigenic-debris flows 
from an episode of cross-shelf glaciation, separated by thinner acoustically stratified units 
deposited during deglacial to interglacial conditions (Fig. 1.3A and B) (Vorren et al. , 1989; 
Laberg and Vorren, 1995; King et al., 1996; 6 Cofaigh et al., 2003; Li et al. , 2011). 
Although glacigenic-debris flows are recognised as the main building blocks of high-latitude 
TMFs, considerable variation in the style of full -glacial sediment delivery has been observed, 
with hemipelagic settling, turbidity-current activity, ice-rafting, and in some cases limited 
meltwater, also acting as important processes of sediment delivery to the fan (Dowdeswell et 
al. , 1997; Hesse et al. , 1997; Taylor et al. , 2002; 6 Cofaigh et al., 2013). 
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Figure 1.3. Contrasting slope architectures beyond high-latitude cross-shelf troughs (from 
Batchelor and Dowdeswell, 2014). A: Seismic dip profile along a TMF (beyond Amundsen 
Gulf Beaufort Sea margin) (from Batchelor et al. , 2014). B: Seismic strike profile through 
stac{ed glacigenic-debris flows in a TMF (beyond Amundsen Gulf, Beaufort Sea margin) 
(from Batchelor et al. ,2014). C: Seismic dip profile of a glacial prism (beyond Godthaab 
Trough, South Greenland margin; 63°50 'N, 53°W) (modified from Nielsen ~t al., 2005!. D: 
Seismic strike profile through stacked glacigenic-debris flows in a glacial pn sm ( off M1d-
N orway; 64°N, 3°£) (modified from Dahlgren et al. , 2005). E: Seismic dip line of a slid~ . 
escarpment and slide debris (Storegga Slide, South Norwegian margin ; 64°N, 4°E) (~od1fled 
from Haflidason et al., 2004 ). F: Seismic strike line through slide debris (Storegga Slide, 
South Norwegian margin) (modified from Haflidason et al., 2004). Twt = two-way time 
(displayed in seconds). 
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A classical model of slope architecture, based on work from the Polar North Atlantic 

(Dowdeswell et al., 1996, 1998; Elverh0i et al., 1998; Vorren et al. , 1998), proposes that 

TMFs develop seaward of fast-flowing ice streams under full-glacial conditions (Fig. 1.2A), 

as a result of high debris flux (Dowdeswell and Siegert, 1999). In this model, slopes with 

lower rates of sediment delivery, beyond slower-flowing inter-ice stream areas, are often 

characterised by submarine sediment slides and slope failure. However, TMF development is 

influenced by a number of factors, including the gradient of the upper-slope, the grain-size 

distribution and supply of sediment-laden meltwater to the margin, and the stability of the 

slope sediments (6 Cofaigh et al., 2003, 2013; Piper et al., 2012). The architecture of high

latitude continental slopes is now recognised to vary significantly from the classical model; 

slopes beyond cross-shelf troughs sometimes lack TMFs and are instead characterised by 

channel and gully systems, glacial-sedimentary prisms, or mass transfer deposits resulting 

from slope failure (e.g. Dowdeswell et al., 1996; Laberg and Vorren, 2000; Mienert et al., 

2003; 6 Cofaigh et al., 2003; Dowdeswell et al., 2004b, 2006; Wilken and Mienert, 2006; 

Garcia et al., 2012; Piper et al., 2012; Hogan et al., 2013). 

TMF development is generally restricted to those locations in which the upper-slope 

gradient is less than 4° (6 Cofaigh et al., 2003; Piper and Normark, 2009). On steeper slopes, 

glacigenic-debris flows have a tendency to accelerate, entrain water and transform into 

erosive turbidity currents, producing submarine channel-levee complexes (Hampton, 1972; 

Talling et al., 2002; Piper and Normark, 2009). Turbidity-current activity can preclude TMF 

development through sediment by-pass of the upper-slope offshore of cross-shelf troughs or 

result in the incision of channels into pre-existing glacigenic-debris flows ( e.g. Wilken and 

Mienert, 2006; Dowdeswell et al., 2008b; Tripsanas and Piper, 2008; Piper et al., 2012). 

Glacial prisms, which are imaged as a series of pro grading, acoustically transparent lenses 

on seismic profiles (Fig. 1.3C and D), have been identified on the upper-slope of a number of 

high-latitude margins (e.g. Cooper et al., 1991; Kristofferson et al., 2000; Jokat and Micksch, 

2004; Dahlgren et al., 2005). Glacial prisms are composed of till that has been delivered to 

the outer-shelf by the expansion of grounded ice, resulting in seaward migration of the shelf 

break. However, these depocentres lack the substantial sediment volumes, fan-like geometry 

and shallow slope gradients of TMFs (Fig. 1.3). Glacial prisms typically develop in locations 

which have experienced shorter-term and/or more limited ice-sheet advances with reduced 

rates of overall sediment delivery (Wilken and Mienert, 2006), or in areas where mass-flow 

processes have caused the removal of glacigenic material from the upper-slope. 
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Mass transfer deposits resulting from slope failure have also been identified beyond former 

ice-stream locations as well as beyond slower-flowing inter-ice stream areas on high-latitude 

margins. Large-scale submarine slides are particularly well documented along the Barents 

Sea and Norwegian margins; for example, beyond Hinlopen Trough on the northern Barents 

Sea margin (Cherkis et al., 1999; Vanneste et al., 2006; Winkelmann et al., 2008), beyond 

Trrenadjupet Trough off North Norway (Laberg and Vorren, 2000; Dowdeswell et al., 2006), 

and on the southern edge of the Bear Island TMF in the southwestern Barents Sea (Laberg 

and Vorren, 1993, 1995). A number of controlling factors have been proposed to explain the 

occurrence of large-scale slope instabilities on high-latitude margins, including the build-up 

of excess pore pressure in fine-grained material as a result of rapid sedimentation during 

glacial periods, erosion of the outer-shelf by sub glacial meltwater during full-glacial and 

deglacial conditions, contour-current erosion of the base of the slope under interglacial 

conditions, and seismo-tectonic activity and gas hydrate disassociation (Bugge et al., 1987; 

Mosher et al., 1994; Laberg and Vorren, 2000; Mienert, 2004; Bryn et al., 2005; Vanneste et 

al., 2006; Piper et al., 2012). 

Large-scale submarine slides are identified on bathymetric data by their distinctive slide

scar morphology, which can include an arcuate headwall cut back into the margin, extended 

sidewalls, steep escarpments, detached sediment ridges and tabular sediment blocks (e.g. 

Laberg and Vorren, 2000; Vanneste et al., 2006; Batchelor et al., 2011; Hogan et al., 2013). 

On seismic profiles, slope failure is also interpreted by the presence of blocky mass-transport 

deposits, which possess a chaotic to transparent acoustic signature and are characterised by 

irregular upper and lower reflections (Fig. 1.3E and F) (Laberg and Vorren, 1993; Dahlgren 

et al. , 2002; Jenner et al., 2007; Piper et al., 2012). 

1.3 Study area: the Canadian Beaufort Sea margin 

The Canadian Beaufort Sea continental shelf of the Arctic Ocean is characterised by three 

major bathymetric depressions: the partially infilled Mackenzie Trough, and the well-defined 

Amundsen Gulf and M'Clure Strait troughs (Fig. 1.1). These three cross~shelf troughs are 

the former locations of marine-terminating ice streams which drained the north west margin of 

the Laurentide Ice Sheet (LIS) during Quaternary full-glacial periods (Sharpe, 1988; Blasco 

et al., 1990; Dyke et al. , 2002; Stokes et al., 2005, 2006, 2009). 
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The Mackenzie Trough on the western Canadian Beaufort Sea margin is a 150 km-long 

linear depression, which extends in a north-northwesterly direction from the modem 

Mackenzie River Delta to the continental shelf break at around 800 m below sea level (Fig. 

1.1 ). The Amundsen Gulf Trough, 400 km east of the Mackenzie Trough, extends in a 

northwesterly direction between Banks and Victoria islands and the Canadian mainland (Fig. 

1.1). The continental shelf between the Mackenzie and Amundsen Gulf troughs forms a 

shallow and relatively uniform low-gradient surface with a depth of less than 100 m. The 

M'Clure Strait Trough, 350 km north of Amundsen Gulf, originates as a channel between the 

islands of the Canadian Arctic Archipelago (Fig. 1.1). The M'Clure Strait Trough extends 

beyond Banks and Melville islands to the shelf break at around 400 m below sea level. 

The Amundsen Gulf and M'Clure Strait troughs on the eastern Canadian Beaufort Sea 

margin are considerably larger than the Mackenzie Trough to the west (Fig. 1.1). With 

lengths of more than 700 km, maximum widths of more than 150 km and depths of greater 

than 400 m, the Amundsen Gulf and M'Clure Strait troughs represent two of the largest 

cross-shelf troughs in the High Arctic (Batchelor and Dowdeswell, 2014). Whereas the 

Mackenzie Trough has a seaward-sloping bed, the Amundsen Gulf and M'Clure Strait 

troughs possess reverse slopes, with their deepest parts occurring on the inner-shelf (Fig. 1.1). 

Bathymetric data reveal that the Amundsen Gulf and M'Clure Strait troughs widen 

significantly towards the shelf break (Stokes et al., 2006) (Fig. 1.1). This seaward increase in 

width is probably a product of ice emerging from the constraints of the inter-island channels 

into open-shelf settings where topographic control is lost. 

The Canadian Beaufort Sea continental slope extends northwards and westwards from the 

shelf break towards the Canada Basin of the Arctic Ocean (Fig. 1.1). Between the mouths of 

the Mackenzie and Amundsen Gulf troughs, the margin is characterised by steep slopes and 

an unstable shelf edge, with evidence of slumping (Grantz et al., 1990). In contrast to the 

Alaskan Beaufort Sea margin, which is heavily incised by canyons (Fig. 1.1) (Dinter et al., 

1990; Engels et al., 2008), there is little bathymetric evidence for an extensive network of 

submarine canyons on the Canadian Beaufort Sea slope to the east of the Mackenzie Trough. 

The outward bulging of slope contours beyond the Amundsen Gulf and M'Clure Strait 

troughs (Fig. 1.1) is indicative of shelf pro gradation and suggests that glacial-sedimentary 

depocentres or TMFs may have developed in these locations (Stokes et al., 2006; Niessen et 

al., 2010). 
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1.4 Background: glacial history and stratigraphic framework 

J.4.1 Late Wisconsinan glaciation 

At its maximum Quaternary extent, the north west sector of the LIS extended westward to 

the Mackenzie Mountains in Yukon Territory and northward through the Mackenzie Valley 

to the Beaufort Sea (Fig. 1.4) (Duk-Rodkin and Hughes, 1995; Ehlers and Gibbard, 2004). 

This ice advance, which is termed the Toker Point Stade on the western Canadian Beaufort 

Sea margin, has been previously assigned variously to the Early Wisconsinan (Mackey and 

Mathews, 1983; Rampton, 1988; Vincent, 1989) and Middle Wisconsinan glaciation 

(Lemmen et al., 1994; Dallimore et al., 1997) (Fig. 1.5). However, recent evidence, 

including radiocarbon and luminescence dates from pre-glacial sands in the Tuktoyaktuk 

Coastlands (Fig. 1.1 ), suggests that the maximum ice-sheet extent was attained during the 

last, Late Wisconsinan glaciation around 20 ka ago (Figs. 1.4 and 1.5) (Murton et al., 1997; 

Dyke et al., 2002; Duk-Rodkin et al., 2004; Bateman and Murton, 2006). 
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Figure 1.4. Map of northern LIS extent during the last, Late Wisconsinan glaciation, around 
20,000 years ago, showing locations of Mackenzie Trough (MT), Anderson (AN), Amundsen Gulf, 
(AG), M'Clure Strait (MS), Lancaster Sound (LS), Cumberland Sound (CS) and Hudson Strait 
(HS) ice streams (adapted from Batchelor et al., 2014) . LIS position is from Dyke et al. (2002) , 
updated to include Banks Island as ice-covered after England et al. (2009) . Location of ice streams 
is from Winsborrow et al. (2004). Dashed blue line indicates uncertainty in the ice-margin 
position. BI= Banks Island; MC = M'Clintock Channel; MM= Mackenzie Mountains; PW= 
Prince of Wales Island; VI = Victoria Island; VMS = Viscount Melville Sound. 
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Whilst reconstructions of North American ice cover during the Late Wisconsinan have 

previously shown the islands of the western Canadian Arctic to be ice-free, (Dyke and Prest, 

1987; Dyke et al., 2002; Dyke, 2004), recent geological evidence and radiocarbon dates from 

Banks and Victoria islands suggest that these islands were covered by ice during the Late 

Wisconsinan (Fig. 1.4) (England et al., 2009). Extensive glaciation of the Canadian Beaufort 

Sea margin during the Late Wisconsinan is supported by analyses of terrestrial and marine 

landform assemblages in the western Canadian Arctic Archipelago (Blasco et al. , 2005; 

Stokes et al., 2005, 2006, 2009; MacLean et al., 2012) and through numerical ice-sheet 

modelling (Stokes and Tarasov, 2010; Stokes et al., 2012). 
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Figure 1.5. Stratigraphic table showing the North American chronostratigraphic units of the 

Pleistocene and Pliocene, alongside previously-inferred glacial events on the Beaufort Sea 

margin (adapted from Batchelor et al., 2014). MIS = Marine oxygen isotope stage; AG = 

Amundsen Gulf; MS = M'Clure Strait; MT = Mackenzie Trough. Dashed lines show that the 

MIS and North American chronostratigraphic unit boundaries are not coeval. 

The extent of the Late Wisconsinan ice advance across the Canadian Beaufort Sea 

continental shelf is currently uncertain (Fig. 1.4). However, Laurentide ice has been 

suggested previously to have extended across at least part of the shallow continental shelf to 

the west of Banks Island during this glacial period (Fig. 1.4) (England et al., 2009; Lakeman 

and England, 2013). 

The Mackenzie, Amundsen Gulf and M'Clure Strait cross-shelf troughs (Fig. 1.1) have 

been interpreted to have been occupied by ice streams during the Late Wisconsinan glaciation 
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(Fig. 1.4) (Blasco et al., 1990; Murton et al., 1997; Stokes et al., 2006, 2009; Niessen et al., 

2010). The existence of an ice stream in the Mackenzie Valley to the south of the Mackenzie 

Trough during the Late Wisconsinan has been suggested from terrestrial landform 

assemblages including eskers and MSGL (Beget, 1987; Winsborrow et al. , 2004; Brown et 

al. , 2011). The ice stream is inferred to have extended beyond the present coastline through 

the Mackenzie Trough sometime between 22 and 16 ka ago (Murton, 2009). Deglaciation of 

the extreme north west margin of the LIS was interrupted by a brief re-expansion of the ice 

margin after 16 ka, during which the ice-sheet re-advanced to the modern Mackenzie Delta 

(Fig. 1.1) (Rampton, 1988). 

Evidence for ice streams operating in the Amundsen Gulf and M'Clure Strait troughs 

during the Late Wisconsinan glaciation includes terrestrial landform assemblages of drumlins 

and MSGL, which produce convergent ice-flow patterns feeding into the troughs from Prince 

of Wales Island, Victoria Island and the Canadian mainland (Fig. 1.4) (Sharpe, 1992; 

Hodgson, 1994; Clark and Stokes, 2001 ; De Angelis and Kleman, 2005; Stokes et al., 2006, 

2009; Brown et al., 2011). Marine landform assemblages, including MSGL, drumlins and 

ice-sculpted bedrock, have also been identified on swath bathymetry and sub-bottom profiles 

from the Amundsen Gulf Trough sea floor, indicating that fast, streaming ice flow occurred 

in a north westerly direction through the trough (Blasco et al., 2005; Stokes et al. , 2006; 

MacLean et al., 2012). 

The ice streams in Amundsen Gulf and M'Clure Strait are interpreted to have extended to 

the shelf break between 21 and 16 ka ago (Stokes et al., 2009). Both ice streams are 

interpreted to have undergone rapid retreat around 15 ka ago in response to regional climatic 

warming and rapid sea-level rise (Tarasov and Peltier, 2005; Stokes et al., 2009). The 

M'Clure Strait ice stream probably ceased to flow during deglaciation and was replaced by an 

ice divide (Hodgson, 1994; Clark and Stokes, 2001; De Angelis and Kleman, 2005; Stokes et 

al., 2005, 2009). This ice divide was then removed by a short-lived phase of ice streaming in 

M'Clintock Channel (Fig. 1.4) around 13 ka ago, which lead to the development of an ice 

shelf in Viscount Melville Sound, before the eventual shut-down of the ice stream by around 

12 ka ago (Hodgson and Vincent, 1984; Hodgson, 1994; Clark and Stokes, 2001; Stokes et 

al., 2009). In contrast, the neighbouring Amundsen Gulf ice stream probably continued to 

operate during its retreat (Stokes et al. , 2009). 

Ice export events from the M'Clure Strait ice stream may have been responsible for the 

formation of distinctive layers of ice-rafted debris (IRD) in Fram Strait of the Arctic Ocean 

during regional de glaciation (Darby et al., 2002; Stokes et al. , 2005) (Fig. 1.5). Four massive 
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ice export events, with IRD provenance linked to a source region on northwestern Victoria 

Island and Banks Island (Fig. 1.4) have been interpreted to have occurred between 10 and 30 

ka (
14

C yr BP) (Darby et al., 2002). The M'Clure Strait ice stream has therefore been 

suggested to have undergone vigorous episodes of activity during the last deglaciation, 

possibly in response to reorganisation of the north west sector of the LIS (Stokes et al., 2005). 

Terrestrial evidence, including the presence of streamlined subglacial landforms, suggests 

that a subsidiary palaeo-ice stream, termed the Anderson Ice Stream, flowed in a 

northeasterly direction towards Cape Bathurst sometime during the Late Wisconsinan 

glaciation or subsequent de glaciation (Fig. 1.4) (Wins borrow et al., 2004; Brown et al., 

2011). The Anderson Ice Stream has been interpreted to have followed the course of the 

modern Anderson River (Fig. 1.1) and to have terminated close to the present-day coastline 

(Fig. 1.4). 

1.4.2 Pre-Laie Wisconsinan glacial history 

The extent and timing of pre-Late Wisconsinan ice advances on the Canadian Beaufort Sea 

margin is currently uncertain. Banks Island and the Mackenzie Delta region (Fig. 1.1) may 

have been glaciated by the Horton Plateau Ice Cap during the Late Pliocene to Early 

Pleistocene (Fig. 1.5) (Barendregt and Duk-Rodkin, 2004). The subsurface stratigraphy of 

Banks Island has been inferred previously to contain multiple pre-Late Wisconsinan till 

sheets that provide evidence of between four and seven pre-Late Wisconsinan Quaternary 

glaciations (Vincent, 1982, 1983; Barendregt et al., 1998). Magnetostratigraphy of sediments 

on Banks Island suggests that the earliest and most extensive ice advance, Banks Glaciation, 

occurred between 1.77 and 1.07 Myr ago (Fig. 1.5) (Barendregt et al., 1998). However, this 

interpretation has been challenged recently by England et al. 's (2009) revision to the Banks 

Island stratigraphy, which amalgamates multiple till sheets previously assigned to at least 

three pre-Late Wisconsinan glaciations into the Late Wisconsinan. 

The Mackenzie, Amundsen Gulf and M'Clure Strait troughs (Fig. 1.1) have been 

interpreted to have been the former locations of ice streams during Pre-Late Wisconsinan 

glaciations, as well as during the Late Wisconsinan. It has been suggested previously that the 

Mackenzie Trough was excavated by an ice stream some time during the Quaternary 

(Shearer, 1971; O'Connor, 1989; Blasco et al., 1990). Blasco et al. (1990) identified five 

seismo-stratigraphic units within the Mackenzie Trough (Fig. 1.6), including a basal unit of 

acoustically chaotic sediment (Unit Ml), which was interpreted as subglacial till deposited 

during a pre-Late Wisconsinan glaciation. This sediment is overlain by an acoustically 
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massive to poorly stratified sand (Unit M2), which was interpreted to have been deposited 

during ice retreat. The most recent ice advance through the trough, which has been 

interpreted to have deposited the silty clays of Unit M4 (Fig. 1.6), was suggested to have 

overridden and only partially eroded these underlying units (Blasco et al., 1990). 
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Evidence for ice streams in the Amundsen Gulf and M'Clure Strait troughs during multiple 

Quaternary glacial periods includes the outward bulging of slope contours beyond the troughs 

(Fig. 1.1), which indicates that TMFs, formed by the delivery of glacial sediments to the 

margin over successive glaciations, are present on the slope (Stokes et al., 2006). Several 

acoustically transparent lenses, interpreted as ice-contact sediments, have been identified on 

sub-bottom profiles of the outer-shelf of Amundsen Gulf Trough (MacLean et al., 2012), 

suggesting multiple Quaternary ice-stream advances through the trough. 
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Figure 1.6. Schematic line drawing of a seismic strike profile across the Mackenzie Trough at 

approximately 70°N, showing the distribution of the seismo-stratigraphic units of Blasco et al. 

(1990). 

Sediments recovered from cores in the Arctic Ocean may provide additional evidence for 

ice streams in the Amundsen Gulf and M'Clure Strait troughs during Pre-Late Wisconsinan 

glaciations (Stein et al., 2010). Prominent detrital-carbonate (dolomite) layers in the 

sediment cores have been interpreted to reflect IRD input from the Banks Island area during 

LIS disintegration at the end of several pre-Illinoian glaciations, including marine oxygen 

isotope stages (MIS) 16, 12, 10 and 8 (Fig. 1.5) (Stein et al., 2010). 

The ice streams in Amundsen Gulf and M'Clure Strait may have nourished ice shelves 

beyond their grounding lines during some Quaternary glaciations. A particularly extensive 

ice shelf has been suggested to have developed around the margins of the Arctic Ocean and 

over the Beaufort Sea during the penultimate, Illinoian glaciation of MIS 6 (Fig. 1.5), as a 

result of astronomical forcing combined with reduced influx of warm Atlantic water 
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(Jakobsson et al., 2010). This ice shelf is inferred to have been particularly well-developed 

over the Canadian Arctic Ocean and has been dated based on the grounding of ice-shelf keels 

on bathymetric highs, such as the Chukchi Borderlands, in the Arctic Ocean (Jakobsson et al., 

2008, 2010). 

The Alaskan Beaufort Sea margin to the west of the Mackenzie Trough (Fig. 1.1) remained 

distal to the LIS throughout the Quaternary (Hamilton, 1994; Ehlers and Gibbard, 2004). The 

Alaskan continental shelf was exposed to extensive aeolian and meltwater activity during 

glacial stages and transgressive marine conditions during warmer periods, producing a 

complex pattern of cyclic deposition (Blasco, 1990). Margin-parallel sea-floor lineations, 

interpreted to have been formed by the occasional grounding of ice-shelf keels sometime 

between the Early Wisconsinan glaciation and a cold stage within the Sangamonian 

interglacial (Fig. 1.5), provide evidence for ice-shelf flow along the upper continental slope 

of the Alaskan Beaufort Sea (Fig. 1.1) (Engels et al., 2008). The ice shelf was probably fed 

by ice streams in Amundsen Gulf and M'Clure Strait and has been interpreted to have flowed 

in a westerly direction along the margin due to an obstruction to ice flow in the central 

Canada Basin, possibly caused by a basin-wide ice shelf or an armada of icebergs (Engels et 

al., 2008). 

1.4.3 Large-scale seismo-stratigraphic framework 

The Canadian Beaufort Sea margin is underlain by a thick (up to 20 km) sedimentary 

prism, which was deposited subsequent to the opening of the Canada Basin around 150 Myr 

ago (Dixon and Dietrich, 1990). The Upper Cretaceous to Holocene strata (last -100 million 

years) comprise eleven prograding depositional sequences of fluvio-deltaic, shelf, slope and 

basinal sediments (Fig. 1.7) (Dixon and Dietrich, 1990). 

A first-order sequence boundary, the Late Miocene Unconformity (LMU) of about 5 Myr 

ago, has been identified as a high-amplitude reflection in seismic records of the continental 

shelf (Fig. 1.8) (McNeil et al., 2001). The LMU was formed by a combination of eustatic, 
I 

tectonic and climatic events, and represents a shift in depositional regime on the shelf (Dixon 

and Dietrich, 1990; McNeil et al., 2001). A substantial increase in margin progradation and 

in rates of sediment erosion and deposition are observed at this boundary. 
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Sequence Approximate age (Dixon and Dietrich, 1990) 
Shallow Bay Latest Pleistocene to Holocene ( 11. 7 ka - present day) 
loerk Latest Miocene, Pliocene and Pleistocene (5 Ma - 11.7 ka) 
Akoak Middle to Latest Miocene (13 - 5 Ma) 

LMU 

Mackenzie Bay Late Olrgocene to Middle Miocene (23 - 13 Ma) 
Kugmallit Oligocene (30 - 23 Ma) 
Kopanoar Late Eocene to Early Oligocene (34 - 30 Ma) 
Richards Middle to Late Eocene (40 - 34 Ma) 
Reindeer Middle Paleocene to Middle Eocene (60 - 40 Ma) 
Fish River Late Upper Cretaceous to Middle Paleocene (71 - 60 Ma) 
Smoking Hills Middle Upper Cretaceous to Late Upper Cretaceous (89 - 71 Ma) 
Boundary Creek Early Upper Cretaceous to Middle Upper Cretaceous (100 - 89 Ma) 

Figure 1.7. Upper Cretaceous to Holocene depositional sequences of the Canadian Beaufort 
Sea margin. LMU = Late Miocene Unconformity. 

The Mackenzie, Amundsen Gulf and M'Clure Strait cross-shelf troughs (Fig. 1.1) are 

incised into the fine-grained fluvio-deltaic Iperk Sequence of Plio-Pleistocene age that 

overlies the LMU (Figs 1.7 and 1.8) (Grantz et al., 1990). The majority oflperk Sequence 

sediment was provided to the Beaufort Sea margin by the palaeo-Porcupine River; a highly

competent river system which existed prior to the diversion and establishment of the 

Mackenzie River (Fig. 1.1) during the Late Wisconsinan (Grantz et al., 1990; Duk-Rodkin 

and Hughes, 1994). The Iperk Sequence prograded in a northward direction-into the Beaufort 

Sea; it reaches a maximum thickness of greater than 4 km in the central Beaufort Sea, yet 

thins to.less than 200 m on the eastern Canadian Beaufort Sea margin (Blasco et al., 1990; 

Dixon and Dietrich, 1990). 
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Figure 1.8. Schematic cross-section showing sequence stratigraphic relationships above and 
below the Late Miocene Unconformity on the Canadian Beaufort Sea margin (adapted from 
McNeil et al. , 2001). 
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The overlying Shallow Bay Sequence (Figs. 1.7 and 1.8) includes fine-grained marine 

sediments deposited on the shelf as a result of the last, post-Late Wisconsinan, transgression, 

as well as sediments of the modern Mackenzie Delta (Dietrich et al., 1985; Grantz et al., 

1990). The Shallow Bay Sequence reaches a maximum thickness of 400 m within the 

Mackenzie Trough, yet thins considerably on the adjacent shelf (Dixon and Dietrich, 1990). 

Whereas the western Canadian Beaufort Sea margin has experienced high rates of flu vial 

sedimentation through the Holocene, the Amundsen Gulf and M'Clure Strait troughs to the 

east (Fig. 1.1) have experienced low rates of post-glacial hemipelagic sedimentation, which 

has led to the preservation of streamlined glacigenic landforms on the sea floor (Blasco et al. , 

2005 ; Stokes et al., 2006). 

The Canadian Beaufort Sea margin is largely aseismic, with minor earthquake activity 

focused beyond the shelf edge as a result of sediment loading along the continental slope 

(Grantz et al., 1990). The LMU (Figs. 1.7 and 1.8) marks a tectono-stratigraphic boundary 

within the Beaufort Sea shelf sediments; the majority of the underlying structural features and 

faults are truncated at this unconformity surface and the overlying Iperk and Shallow Bay 

Sequences have experienced only minor deformation (Dixon and Dietrich, 1990). The 

bedrock of the Canadian Beaufort Sea margin, which is exposed in some inner-shelf regions 

of the Amundsen Gulf Trough (Blasco et al. , 2005; MacLean et al. , 2012; Batchelor et al. , 

2014), is predominantly composed of elastic and sedimentological rocks of Lower Palaeozoic 

and Cretaceous age (Dixon and Dietrich, 1990). 

1.5 Research aims 

In this thesis , high-resolution two-dimensional seismic reflection data are used to examine 

the seismic stratigraphy and architecture of the Canadian Beaufort Sea continental shelf and 

slope. The aims of this seismic investigation are to constrain the number of ice-stream 

advances through each of the three cross-shelf troughs on the Canadian Beaufort Sea margin, 

to discuss the possible timing of these events, and to examine the impact of Quaternary 

glaciation on the continental shelf and adjacent slope. Particular emphasis is placed upon the 

identification of riear-surface and buried glacigenic landforms and sediments ( e.g. Table 1.1 

and Fig. 1.2) within the seismic record, which can provide inferences about former ice 

dynamics and the style of ice retreat (e.g. Stokes and Clark, 1999; Ottesen et al. , 2005, 2007; 

Dowdeswell et al. , 2008b; Ottesen and Dowdeswell, 2009). 
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The objectives of this work are to describe and interpret the seismic sequences, facies and 

features within the Mackenzie, Amundsen Gulf and M 'Clure Strait troughs (Fig. 1.1). These 

three troughs represent the former locations of ice streams which drained the north west LIS 

margin during the last, Late Wisconsinan glacial maximum (Fig. 1.4) (Dyke et al., 2002; 

Stokes et al. , 2006) and a hitherto unknown number of earlier glacial periods. 

The implications of these data will be discussed in relation to ice dynamics at the extreme 

northwest limit of the LIS (Fig. 1.4) and the Quaternary glacial history of the Canadian 

Beaufort Sea margin of the Arctic Ocean. Comparisons will be drawn between the 

neighbouring Mackenzie, Amundsen Gulf and M' Clure Strait cross-shelf troughs (Fig. 1.1 ), 

in terms of the number of ice-stream advances through each trough and the resulting shelf 

and slope architecture. The dimensions, architecture and palaeo-glaciology of the three 

troughs will also be compared to those of other cross-shelf troughs in the High Arctic. 

Observations from the Canadian Beaufort Sea shelf and slope will be considered in relation to 

the identification of buried diagnostic glacigenic landforms within the seismic record (e.g. 

Dowdeswell et al., 2008b) and the geomorphological imprint of marine-terminating palaeo

ice streams more generally (e.g. Shipp et al. , 1999; Stokes and Clark, 2002; 6 Cofaigh et al. , 

2005; Ottesen et al. , 2005, 2007). 
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Methodology 

2.1 Two-dimensional seismic reflection data 

2.1.1 Introduction 

The seismic reflection technique utilises the principles of seismology to estimate the 

properties of the subsurface from reflected seismic waves. All media that support wave 

propagation possess an acoustic impedance, which is a measure of the resistance provided to 

seismic waves as they travel through the medium (Badley, 1985). The acoustic impedance is 

a product of the seismic wave velocity and the density of the medium. When a seismic wave 

encounters a boundary between media of differing acoustic impedance, a proportion of the 

downward-propagating energy is reflected, whilst some is refracted and transmitted through 

the boundary (Fig. 2. lA). 

Down-going seismic 
wave path Reflection 

A 

Acoustic 
~----'\,--- impedance 

boundary 

Refraction 

B Shot 2 Shot 1 C 

source source 

Coincident source and receiver 
posiron position Receiver positions * 1 

forshot1 
f------ --111--- -----+-, 

Seismic wave path 

1122211 

- Wave paths from shot 1 
- ---- Wave aths from shot 2 

Figure 2.1. Basic principles of the seismic reflection method. A: Reflection and refraction at an 
acoustic-impedance boundary. B: Schematic diagram of the zero-offset method of acquisition, 
in which a reflection point is covered by a single seismic wave. C: Schematic diagram of the 
Common-midpoint (CMP) method of acquisition, in which reflection points are covered by 
multiple seismic waves with different source-to-receiver offsets. The fold of CMP gathers starts 
to build-up even after two shots from different source positions . Red numbers in B and Care 
data folds for each subsurface reflection point. 
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In the seismic reflection method, a controlled seismic source of energy, typically from a 

seismic vibrator or dynamite in land surveys and from air guns, water guns or sparkers in 

marine surveys, is used to generate seismic waves. The seismic waves produced by the shot 

travel through the subsurface and reflect off acoustic-impedance boundaries, before returning 

to the surface to be detected by a receiver. The seismic data recorded by the receiver is 

referred to as a trace. Each trace provides a visual representation of the receiver's response to 

the reflected seismic wave; geophones record the local pattern of vertical ground motion in 

land surveys, whilst hydrophones detect pressure changes in the water in marine surveys. If 

the seismic wave velocity through the media is known, the travel time of the seismic wave 

from the source to the receiver can provide an estimate of the depth of an acoustic-impedance 

boundary below the surface. The seismic reflection method therefore allows for the mapping 

of the position of acoustic-impedance contrasts, which often correspond with boundaries 

between geological layers, within the substrate. 

The number of seismic waves which reflect from a subsurface reflection point, or mid

point, is referred to as the data fold. The fold can be calculated using Equation l, where N is 

the number of receivers in an array and n is the move-up rate (Kearey et al., 2002). The 

move-up rate is defined as the number of receiver spacings by which the array is moved 

forward between shots. 

( 1) Fold = N / 2n 

The most straightforward seismic reflection acquisition technique is the zero-offset 

method, in which a single source and receiver pair is used to profile the subsurface (Fig. 

2. lB). The zero-off set method is used to acquire single-fold data, as only one seismic trace is 

produced for each subsurface position (Fig. 2.lB) (Kearey et al., 2002). 

The common-midpoint (CMP) method is a multi-fold seismic acquisition technique that 

involves acquiring a series of traces, termed a gather, which reflect from the same common 

subsurface mid-point (Sheriff and Geldart, 1995). CMP acquisition is achieved through 

firing the source into many receivers simultaneously (Fig. 2.lC). The source position is then 

moved successively down the line of acquisition by an appropriate multiple of the receiver 

spacing, so that some of the reflection points are covered by several seismic waves with 

different angles of incidence or source-to-receiver distances (Fig. 2. lC) . Seismic traces from 

a selection of source-to-receiver positions are then stacked in order to produce an improved 

signal to noise ratio compared with the single-fold zero-offset data (Badley, 1985). 
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Two-dimensional seismic reflection data are typically displayed as seismic sections, in 

which individual stacked traces are plotted alongside and in close proximity to each other 

with their time axes arranged vertically. The correlation of seismic pulses from trace to trace 

enables the identification of reflection events on seismic sections. Seismic reflections 

primarily depict time relationships between deposits and can be used to deduce relative 

chronology (Vail et al., 1977). Seismic stratigraphy involves the subdivision of seismic 

sections into sequences of reflections that are interpreted as genetically related strata (Brown 

and Fisher, 1980). Seismic sequences are bounded by surfaces of erosion or non-deposition, 

termed unconforrnities, and/or their correlative conformities (Badley, 1985). Once a seismic 

section has been divided into its constituent sequences, each sequence can be analysed in 

terms of a number of parameters, including the amplitude, continuity and internal 

configuration of the reflection events (Table 2.1). Groups of seismic reflections which 

exhibit parameters that differ from adjacent groups are termed seismic facies. Seismic facies 

analysis can facilitate interpretations of the depositional environment, the energy of the 

depositing medium, and the lithological and depositional features of the deposit that 

generated the reflections (Mitchum et al., 1977; Damuth, 1980). 

The amplitude of a reflection is determined by the magnitude of the acoustic-impedance 

contrast across a boundary (Badley, 1985; Kearey et al., 2002). Large acous_tic-impedance 

contrasts possess high reflection coefficients and are depicted as bright reflections on seismic 

sections (Table 2.1). Smaller changes in acoustic impedance have lower reflection 

coefficients and produce duller reflections. High-amplitude, bright reflections often 

correspond with major geological changes within the substrate; for example, at the boundary 

between unconsolidated sediment and underlying bedrock. 

Seismic sections ea~ also illustrate whether a reflection represents a change from lower to 

higher acoustic impedance, or vice versa. A change from lower to higher acoustic impedance 

will produce a positive reflection coefficient, whereas a change from higher to lower acoustic 

impedance will result in a negative reflection coefficient (Tabl~ 2.1) (Badley, 1985). In 

marine seismic reflection data, the sea floor is typically imaged as a high-amplitude reflection 

with a positive reflection coefficient (Davis et al. , 1997). This reflection represents the 

boundary between a medium with relatively low acoustic impedance (water) and a medium 

that provides greater resistance to the seismic wave (sediment). Positive and negative 

acoustic-impedance contrasts are typically displayed as black peaks and red troughs, 

respectively, on colour seismic sections (Table 2.1). 



Chapter 2: Methodology 26 

Different types of reflection configuration are diagnostic of different sedimentary 

environments (e.g. Mitchum et al., 1977; Vail et al. , 1977; Damuth, 1980). Parallel stratified 

reflections (Table 2.1) indicate uniform rates of deposition in a stable setting and are often 

produced by sediments settled from suspension (Mitchum et al. , 1977). Chaotic seismic 

facies exhibit discontinuous, discordant reflections (Table 2.1), which suggest that the 

sediment was either deposited in a relatively high-energy setting or has been deformed 

subsequent to deposition (Mitchum et al., 1977; Damuth, 1980). Homogeneous or highly

disturbed deposits, which possess very low acoustic-impedance contrasts, are often imaged as 

transparent or reflection-free on seismic sections (Table 2.1) (Mitchum et al., 1977). 

Reflection parameter Reflection attribute 

Amplitude High amplitude 

Low amplitude 

Coefficient Positive reflection 
coefficient 

Continuity 

Configuration 

Termination 

Negative reflection 
coefficient 

Continuous 

Discontinuous 

Stratified 

Chaotic 

Semi-transparent 

Truncation 

Onlap 

Toplap 

Downlap 

Concordance 

Description 

Large contrast in acoustic 
impedance. 

Small contrast in acoustic 
impedance. 

Change from lower to higher 
acoustic impedance. 

Change from higher t o lower 
acoustic impedance. 

Laterally continuous acoustic
- impedance boundary. 

Laterally discontinuous acoustic
impedance boundary. 

Continuous, concordant acoustic
impedance contrasts . 

Very low acoustic-impedance 
contrasts. 

Reflections terminate along 
an unconformity, suggesting post
depositional erosion. 

Low-angle reflections terminate 
against a steeper surface. 

t-;?-~---.,~---; Inclined reflections terminate 
against an overlying lower
angle surface. 

Inclined reflections terminate 
against an underlying 

r--..=--~....:::.L:::~ horizontal or inclined surface. 

i---------i No termination. 

Table 2.1. A selection of the reflection characteristics and configurations that can provide 

information about the nature of acoustic-impedance contrasts in the subsurface. 
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Reflection terminations are the primary criteria for distinguishing boundaries between 

seismic sequences. Truncation represents the termination of a stratum resulting from post

depositional erosion; it provides evidence of an erosional hiatus (Table 2.1) (Mitchum et al., 

1977; Vail et al., 1977). Lapout is the lateral termination of a stratum at its original 

deposition limit; onlap and downlap are lapout at the lower boundary of a depositional 

sequence, whereas toplap is lapout at the upper sequence boundary (Table 2.1) (Badley, 

1985). 

Reflection seismology has been used previously to facilitate reconstructions of past ice

sheet dynamics on high-latitude continental shelves and slopes (e.g. Vorren et al., 1989; King 

et al., 1996; Dowdeswell et al., 2007; Sarkar et al., 2011). Whereas swath bathymetry and 

shallow acoustic profiling can provide information about ice-sheet configurations and 

dynamics during the most recent ice advance and retreat across a margin, marine seismic 

reflection data can enable the identification of glacigenic landforms, including GZW s, 

MSGL, iceberg-keel ploughmarks and tunnel valleys (Table 1.1 ), on buried horizons as well 

as on or close to the sea floor, allowing inferences to be made about older, more deeply 

buried ice advances (e.g. Anderson, 1999; Praeg, 2003; Mosola and Anderson, 2006; 

Dowdeswell et al., 2007; Dowdeswell and Fugelli , 2012). Distinct episodes of cross-shelf 

glaciation have been interpreted from high-amplitude erosional unconforrnities on seismic 

sections of high-latitude margins (Vorren et al. , 1991; Solheim et al., 1996; Andreassen et al., 

2004; Dowdeswell et al., 2007). A classic deglacial succession has been interpreted from 

formerly-glaciated continental shelves, in which acoustically transparent to chaotic subglacial 

till is overlain by acoustically stratified glacimarine sediment, beneath acoustically 

transparent ice-distal to open-marine deposits (Polyak and Solheim, 1994; Svendsen et al., 

1996; Shipp et al., 1999; Kleiber et al., 2000; Dowdeswell et al. , 2004a; 6 Cofaigh et al., 

2005). The location and dimensions of TMFs, major glacial-sedimentary depocentres 

composed of stacked, acoustically transparent glacigenic-debris flows, has also been inferred 

from seismic profiles of the slope (Vorren et al., 1989; Laberg and Vorren, 1995; King et al., 

1996; 6 Cofaigh et al. , 2003; Li et al., 2011). 

Limitations of the seismic reflection method include the effects of noise and velocity 

distortions. Noise is defined as any part of the seismic signal that is not related to primary 

reflections; it includes random noise, diffractions and multiples (Badley, 1985). The majority 

of noise is typically removed during data processing. Random offshore noise can be 

generated by a variety of sources, including other vessels , waves and shoals of fish. Abrupt 

interfaces within the substrate, such as those produced by faults or irregular terrain, can cause 
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diffraction of the seismic wave and the scattering of seismic energy in all directions. The 

diffraction is typically recorded as a hyperbolic trace on seismic sections, with the source of 

diffraction at its apex (Badley, 1985). 

Multiple reflections are produced when the receivers acquire signals twice from the same 

seismic reflector. Simple multiples are formed when a proportion of the returning seismic 

energy reflected from an acoustic-impedance boundary bounces back into the substrate from 

the water/sediment or air/sediment interface (Badley, 1985). The seismic wave is then 

reflected by the same acoustic-impedance boundary before returning again to the surface to 

be detected at twice the time as the primary reflected wave on seismic time sections. 

Multiples therefore occur at twice the depth of primary reflections. Consequently, when the 

reflector is dipping and the surface is flat, the multiple reflection will exhibit twice the angle 

of dip as the primary reflection (Badley, 1985). 

Velocity distortions are produced by lateral and vertical variations in seismic-wave 

velocity within the substrate. Seismic velocity tends to increase with depth due to 

compaction and diagenetic effects. This increase in velocity with depth can produce 

distortions, such as the illusory thinning of strata across faults or down-dip (Kearey et al., 

2002). Although distortions such as these can be removed through depth-converting the 

seismic section, the process of depth-conversion requires detailed knowledge of the interval 

velocities of the substrate. Reliable time-depth relationships can be constructed for a variety 

of lithologies and horizons within well-explored basins. In undrilled areas, seismic-stacking 

velocities often provide a reasonable time-depth conversion (Kearey et al., 2002). 

Velocity distortions can also be caused by changes in rock properties. For example, 

velocity anomalies associated with salt, a deposit with a very high interval velocity, are 

characterised by reflection 'pull-up', in which reflections beneath the salt are recorded sooner 

on seismic time sections than in areas where salt is absent (Badley, 1985). Conversely, the 

presence of shale diapirs or gas sands, which typically have lower velocity than the 

surrounding sediment, can result in the 'push-down' of reflections beneath these deposits. 

The frequency of the seismic signal diminishes with depth due to the attenuation of high

frequency waves as they travel through the substrate (Badley, 1985). The increase in velocity 

and decrease in frequency with depth result in a gradual increase in the seismic wavelength 

with depth. This increase in wavelength is detrimental for seismic investigations, as greater 

wavelengths decrease the horizontal and vertical resolution of seismic data and amplify the 

effects of interference (Kearey et al., 2002). 
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The interpretation of seismic reflection data includes an inherent degree of subjectivity. 

Interpretations of seismic data are non-unique; similar configurations of reflections can be 

produced by a variety of different processes and environments. Not all acoustic-impedance 

contrasts within the substrate are significant enough to be recorded on the seismic section. 

Additionally, interference of the acoustic signal can occur where boundaries are closely 

spaced (Badley, 1985). The identification of prominent reflections or features on multiple 

seismic lines is therefore essential to distinguish artefacts from genuine features and to 

increase confidence in subsurface interpretations. Knowledge of regional geology, 

sedimentology and stratigraphy, as well as analogous terrestrial and marine landforms and 

sediments, is required to translate the seismic signal into a plausible geological and 

geophysical interpretation. 

2.1.2 Data acquisition 
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This study uses newly available, high-resolution two-dimensional seismic reflection data 

collected by ION Geophysical Corporation as part of the BeaufortSPAN East survey 

(http://www.iongeo.com/Data_Library/ Arctic/BeaufortSPAN_East), supplemented by older 

seismic data, to examine the seismic stratigraphy and sedimentary architecture of a 1000-km 

long section of the Canadian Beaufort Sea margin (Fig. 2.2). The BeaufortSP AN East survey 

used the multi-fold CMP acquisition method to collect seismic reflection data from the 

marine margin (Figs. 2.lC and 2.3). 

The BeaufortSPAN East survey was collected in four phases between 2006 and 2010. It 

was designed to image down to the base crust using 18.4 second record intervals (Table 2.2 

and Fig. 2.2). The acquisition system consisted of a single airgun source received by a 9000 

m-long hydrophone streamer with 360 channels (720 channels in Phase II of acquisition) 

(Table 2.2 and Fig. 2.3). The data were acquired with a shot interval of 50 m (37.5 m in 

Phase II of acquisition) and a sampling rate of 2 ms (Table 2.2). The data is 90-fold (i.e. N is 

360, n is 2 in Equation 1) for Phases I, III and IV of acquisition and 120-fold (i.e. N is 720, n 

is 3 in Equation 1) for Phase II (Table 2.2). The position of the vessel and the seismic 

equipment was determined from global positioning systems (GPS). 

The BeaufortSP AN East survey covers an area of more than 200,000 km2 and comprises 

around 22,000 line-km of seismic reflection data (Table 2.2 and Fig. 2.2) . The data were 

acquired in water depths ranging from 20 m to around 2000 m and as far west and north as 

ice c_onditions and environmental considerations permitted during each collection season 

(Fig. 2.2). Although the acquisition of seismic data from the Beaufort Sea margin has been 
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hindered previously by sea ice coverage, the difficulties associated with sea ice were reduced 

during the BeaufortSPAN East survey by using an ice breaker to clear first-year ice for the 

survey vessel (Dinkelman et al., 2011). 

140°w 

BeaufortEAST Phase I 

BeaufortEAST Phase 11 

BeaufortEAST Phase Ill 

BeaufortEAST Phase IV 

Heritage lines 

130°w 

Banks Island 

100 km ,..._ 
120°w 

Figure 2.2. The distribution of seismic lines analysed in this study, overlying grey-scale IBCAO 
bathymetry (100 m contours; Jakobsson et al., 2012b). 
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Sea floor 
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Tail buoy 
I - Streamer 

depth 

\ f \ I \ I 

---JLI -..'..' !._I -~' j_,' __ ------i -- - - Ray paths to sea floor reflector 
- - - - Ray paths to sub-surface reflector 1 
- - - - Ray paths to sub-surface reflector 2 

Figure 2.3. Schematic diagram showing the acquisition of marine seismic reflection data using 
an air gun source and towed streamer. 

Recording periods Phase I: September - October 2006 
Phase II: August - October 2007 
Phase Ill : August - October 2008 
Phase IV: August September 201 O · 

Km acquired Phase I: -3500 
Phase II: -5500 
Phase Ill: -7000 
Phase IV: 5500 

Survey vessels MN Discover, BINHAI 517, BOS Atlantic 
Nominal fold 90 (120 in Phase 11) 
Source type Air qun 
Number of quns 1 
Shot interval 50 m (37.5 m in Phase 11) 
Source depth 6.5 m below sea level (8 m in Phase II) 
Number of streamers 1 
Streamer lenath 9000 m 
Receivers per streamer 360 (720 in Phase 11) 
Receiver interval 25 m (12.5 m in Phase II) 
Streamer depth 9 m below sea level (9.5 m in Phase 11) 
Trace lenqth/ record interval 18.4 s 
Sample rate 2 ms (0.002 s) 

Table 2.2. Acquisition parameters for the BeaufortSPAN East survey. 
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The extensive grid of BeaufortSP AN East data are supplemented by a smaller amount of 

older seismic data (Fig. 2.2). The use of the heritage seismic data served to increase the data 

coverage and to decrease gaps between seismic lines (Fig. 2.2). The heritage data are of 

inferior quality to the BeaufortSPAN East data; the heritage lines have coarser resolution, 

exhibit wider reflections and possess more artefacts and data gaps (Fig. 2.4). No well data 

were made available through the seismic sections in the Beaufort Sea. 

Line D-81-26A (VE= 10) 3000m 

Figure 2.4. A comparison of data quality between processed BeaufortSP AN East data and 
processed heritage data. A: Seismic profile of a heritage dip line through the Mackenzie Trough. 
B: Seismic profile of a BeaufortSPAN East dip line through the same section of the Mackenzie 
Trough. Black arrows indicate the basal reflection of the Mackenzie Trough. 

Chapter 2: Methodology 33 

2.1.3 Data processing 

The objectives of seismic data processing are to improve the vertical resolution of the 

seismic traces and to produce a seismic section with a high signal to noise ratio (Kearey et 

al., 2002). The processing of two-dimensional seismic reflection data involves a number of 

steps, including frequency filtering, deconvolution, velocity analysis, stacking and migration. 

Frequency filtering 

Any coherent or random noise that contains frequencies outside the range of those of 

primary arrivals can be suppressed through frequency filtering; for example, vessel-generated 

noise can be attenuated by low-cut filtering, whereas wind noise can be significantly reduced 

by high-cut filtering (Kearey et al., 2002). Time variable bandpass filtering, in which 

different filters are applied for different two-way times, is widely used to take account of the 

rapid absorption of high-frequency energy in the substrate with depth (Jones, 1999). 

Although seismic data are recorded in the time domain, it is often easier to identify noise 

types and design a filter to remove noise with the data transformed into a new domain. Many 

processing operations, including bandpass frequency filtering, are performed after the time 

domain signal has been transformed into the frequency domain using a Fourier Transform. 

Whereas, in the time domain, wave amplitude is expressed as a function of time, in the 

frequency domain, the amplitude and phase of the constituent sine waves ofa waveform are 

expressed as a function of frequency (Kearey et al., 2002). 

Deconvolution 

Many components of seismic noise have the same frequencies as the primary reflections 

and are unable to be removed by frequency filtering. Inverse filters, applied during 

deconvolution, can increase signal characteristics through using criteria other than simply 

frequency (Kearey et al., 2002). Deconvolution is an algorithm-based process that 

counteracts a previous convolution action. In seismic reflection data, the signal recorded at 

the surface can be modelled as the convolution of the sequence of acoustic-impedance 

contrasts in the substrate, termed the reflectivity series, with the input seismic wavelet 

· (Kearey et al., 2002). This is illustrated in Equation 2, in which y(t) is the recorded 

seismogram, f(t) is the reflectivity series, g(t) is the seismic wavelet, and t is time. 

(2) y(t) = g(t) * f(t) 
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Deconvolution is used to recover the reflectivity series, which contains information about 

the nature of acoustic-impedance boundaries within the substrate. The reflectivity series can 

be isolated through using an inverse filter to remove the effect of the source wavelet, and its 

associated reverberations and multiples, from the recorded seismic trace (Yilmaz, 2001). 

When convolved with the input seismic wavelet, the inverse filter yields a series of spikes 

with amplitudes given by the reflection coefficients at each acoustic-impedance boundary, 

and with each spike positioned at a two-way time corresponding to its subsurface seismic 

reflection (Jones, 1999). 

Two main types of deconvolution are used in seismic reflection data processing: 

deterministic and predictive (Badley, 1985). Deterministic deconvolution requires 

knowledge of the form of the input seismic wavelet and can be achieved through the use of 

matched filters, which cross-correlate the output with the known input signal (Kearey et al., 

2002). Where the waveform is not known, as is common in marine seismic surveys, 

predictive deconvolution is required to design suitable inverse filters . This method attempts 

to estimate and remove the predictable parts of a seismic trace, such as multiples, by using 

knowledge of event shapes and occurrences obtained from statistical studies (Badley, 1985). 

A wide range of inverse filters, each designed to remove a specific adverse effect of the 

convolution of the reflectivity series with the input seismic wavelet, is available for seismic 

reflection data processing. Examples include de-reverberation filters , which use auto

correction functions to remove ringing associated with multiple reflections in the water layer, 

and de-ghosting filters, which remove some types of short-path multiples (Kearey et al., 

2002). 

Predictive deconvolution involves many assumptions, including that the reflection series is 

random and that the input composite waveform is minimum delay; i.e. that its energy is 

concentrated at the front end of the seismic pulse (Badley, 1985). Although inverse filters are 

always approximations to the ideal filter that would isolate the reflectivity series from the 

recorded seismic trace, predictive deconvolution can significantly improve the quality of a 

seismic section through suppressing multiple reflections. In addition to attenuating noise, 

extracting the reflectivity series from the seismic trace shortens the pulse length on processed 

seismic sections, increasing the vertical resolution of the data (Jones, 1999). 

Velocity Analysis 

Detailed knowledge of velocity is required for applying normal moveout (NMO) 

corrections, or dynamic corrections, to the different seismic traces before they are stacked. 
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The NMO correction is applied to reflection times in order to remove the effect of the source

to-receiver distance, termed the offset, on the arrival time of a reflection (Kearey et al., 

2002). Velocity is commonly derived using the x2 - t2 method, shown in Equation 3, which 

calculates the velocity of the medium above a reflecting interface v when the offset distance x 

and two-way travel times at zero offset ta and non-zero offset tare known (Jones, 1999). 

(3) 

The NMO correction (~t) is a function of velocity and offset distance, as well as reflector 

depth, and can be derived using Equation 4. 

(4) .t.t = to - t(x) with t(x) = -V (ta2 + (x2
/ v2)) 

NMO corrections are typically calculated over a large number of time windows down the 

entire seismic trace, as well as for a range of velocities, to produce a velocity spectrum that 

describes the stacking velocity as a function of reflection time (Kearey et al., 2002). The 

suitability of each velocity value is measured through calculating the correlation, or 

semblance, between the corrected traces (Jones, 1999). Velocity functions, which describe 

the increase in velocity with depth, can be obtained through picking the locarions of 

semblance peaks on the velocity spectrum plot (Kearey et al., 2002). 

Although NMO velocities are not geological interval velocities, they closely approximate 

real velocities in cases where subsurface layers are horizontal and offset distances are small 

compared with reflector depths (Kearey et al., 2002) . In addition to providing NMO velocity 

values for use in NMO correction, velocity analysis enables the approximation of interval 

velocities and the con':'ersion of the seismic section from the time domain to the depth 

domain. 

In the CMP method, seismic traces are reflected from a common mid-point for horizontal 

acoustic-impedance boundaries (Fig. 2.1 C). However, in cases when the subsurface interface 

is dipping, the reflection point moves up-dip by a distance determined by the dip angle, the 

offset distance and the length of the normal between the source-to-receiver midpoint and the 

interface (Jones, 1999). Stacking without correcting for this displacement will produce 

stretching or smearing of the arriving reflections (Jones, 1999). A dip moveout (DMO) 

correction, calculated using finite-difference techniques, is therefore typically applied to the 

individual seismic traces prior to stacking. 
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Stacking 

Stacking describes the process of combining reflections originating from the CMP (Fig. 

2.lC) into a single trace. It is performed after NMO correction has adjusted the two-way 

travel times of the different reflections to those which would have been observed at the zero 

offset position (Jones, 1999). The effectiveness of stacking is therefore greatly dependant on 

the accuracy of the seismic velocities used for calculating the NMO and DMO corrections. 

Stacking is performed in order to enhance primary reflections and to reduce spatially random 

noise through destructive interference. The number of seismic traces which are added 

together during stacking is referred to as the data fold. 

Migration 

The subsurface reflection point of a seismic wave will only lie directly beneath the mid

point of the CMP gather (e.g. Fig. 2.1 C) if the acoustic-impedance boundaries are horizontal. 

When an interface is dipping, the reflection points are shifted down-dip (Fig. 2.5). The 

recorded surface will therefore have a shallower dip compared with the actual reflector 

surface (Fig. 2.5). Migration can be defined as the process of reorganising a seismic section 

so that reflection events are repositioned beneath their correct surface locations. 

Reflector surface 
Record surface 

.............. /. .... 

Figure 2.5. Schematic diagram showing the principles of seismic data migration for the case 
of a coincident source and receiver on the surface of a medium of uniform velocity (from 
Kearey et al., 2002). The reflection events are mapped to lie directly below the source
receiver. The actual reflection points are offset in the up-dip direction. 
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Migration can be performed pre-stack or post-stack. The basic principle of migration is to 

construct arcs, termed wavefront segments, through the recorded reflection points, enabling 

the actual reflector surface to be mapped (Fig. 2.5). In addition to permitting the mapping of 

reflector geometries, this process increases the resolution of the seismic data and removes any 

patterns caused by diffraction (Kearey et al., 2002). 

Kirchhoff, or diffraction stack migration is a widely-used migration technique in which 

continuous reflectors are assumed to be composed of numerous point reflectors, each of 

which is a source of diffractions (Fig. 2.6A) (Hagedoom, 1954). The two-way travel times 

from the point reflection to different surface locations form a hyperbola, termed the curve of 

maximum convexity, to which the dipping reflection event is assumed to be tangential (Fig. 

2.6B). A wavefront chart, which describes the velocity-depth relationship of the medium 

above the point reflector, can be used to draw a wavefront segment through the reflection 

event and migrate it back to its diffraction point (Fig. 2.6C) (Kearey et al., 2002). The 

migrated position of the event occurs at the intersection of the wavefront with the apex of the 

curve of maximum convexity (Fig. 2.6C). 
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Figure 2.6. Principles of Kirchhoff migration for a uniform-velocity medium (from Kearey et al., 
2002). A: Reflection paths from a point reflector. B: Migration of individual reflection events 
back to the position of the point reflector. C: The reflection event is tangential to the appropriate 
curve of maximum convexity. The migrated position of the event lies at the intersection of the 
wavefront with the apex of the curve . 

Processing of BeaufortSPAN East data 

Processing of the BeaufortSPAN East seismic reflection data was performed to a depth of 

40 km by ION's GX Technology group (Table 2.3). The seismic data, which was recorded at 

a sampling rate of 2 ms (Table 2.2), was resampled to 4 ms to increase processing speeds and 

decrease the amount of disk space required to store data. Acquiring the data at 2 ms and then 

resampling to 4 ms may have also prevented aliasing, which is a distortion of the data that 
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occurs when the sample interval is not sufficiently short to capture the higher range of 

frequencies in a signal (Sheriff and Geldart, 1995). 
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The effects of noise were reduced during a number of processing steps, including noise 

attenuation, surface multiple attenuation, APEX shifted multiple attenuation, de-noising and 

residual noise attenuation (Table 2.3). Time variable frequency filtering was performed pre

stack and post-stack (Table 2.3). Static corrections were applied to the two-way travel times 

of each trace in order to compensate for the depth below mean sea level of the gun and towed 

cable. Spherical divergence compensation, which adjusts the amplitude of the data to 

account for the loss of amplitude due to wavefront spreading and attenuation with distance 

from the source, was completed prior to the velocity analysis (Table 2.3) (Sheriff and 

Geldart, 1995). Velocity analyses were performed every 2 km along each seismic line. 

Step Description 
1 Reformat SEG-D field tape data to ProMAX® format 
2 Resample from 2 ms to 4 ms and navigation merqe 
3 Gun and cable static correction/ trace decimation 
4 Spherical divergence compensation 
5 Noise attenuation 
6 Channel amplitude correction 
7 Surface multiple attenuation 
8 Velocity analysis (2 km spacing) 
9 Tau-p deconvolution 
10 Residual statics 
11 APEX shifted multiple attenuation (ASMA) 
12 TVF (time variable filter)/ de-noise/ residual noise attenuation 
13 Pre-stack time miqration 
14 Stack/ qain/ TVF (time variable filter) 

Table 2.3. The processing steps applied by ION GX to the BeaufortSP AN East seismic 

reflection data. 

Predictive deconvolution was performed in the Tau-p domain prior to stacking (Table 2.3). 

The seismic data was transformed using a Tau-p transform, which decomposed the data as a 

series of straight lines that mapped to points in the Tau-p domain (Stoffa, 1989). 

Transforming the data into the Tau-p domain facilitated the identification of noise properties, 

such as the periodicity of multiples, and enabled the design of a filter to remove noise. 

Kirchhoff migration was performed on the seismic reflection data prior to stacking (Table 

2.3). Although post-stack migration is typically more expensive than pre-stack migration, in 

which the number of traces to be migrated is reduced by a factor equal to the survey fold, it 

can lead to significant improvements in the quality of seismic sections (Jones, 1999). 
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A number of seismic lines acquired during Phases III and IV of the BeaufortSP AN East 

survey were reprocessed by the geophysical services company CGGVeritas following the 

steps in Table 2.4. 

Step Description 
1 Designature and datum corrections 
2 Noise removal 
3 Channel amplitude corrections 
4 Shallow water demultiple 
5 Phase-only Q compensation 
6 Common offset binning 
7 Hiqh-resolution Radon 
8 Surface consistent residual statics corrections 
9 PSDM Kirchhoff with isotropic velocity model 

10 Mute and stack 
11 Stretch to time with isotropic velocity mode 
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Table 2.4. The processing steps applied by CGGVeritas to some seismic lines acquired during 

Phases III and IV of the BeaufortSPAN East survey. 

2.1.4 Data interpretation and visualisation 

The aim of the data interpretation process used in this thesis was to produce structure 

maps, showing the depth below the sea floor of each sequence boundary, together with a 

series of isopach maps, illustrating the spatial variation in thickness for each sequence. Line 

drawings, showing the distribution of seismic sequences, facies and features, were also 

constructed for a number of key lines. The flowchart in Figure 2.7 illustrates the different 

software and processes which were used to produce these outputs. 

The interpretation of the seismic data involved picking, tracing and correlating along 

continuous reflections throughout the dataset. Interpretations were made on processed two

way time seismic sectlons in SeisWorks® Interpretation Software (Fig. 2.7) . Sequence 

boundaries were defined by the positions of unconformities and/or their correlative 

conformities within the Beaufort Sea margin sediments. Megasequences were defined by the 

position of prominent erosional unconformities . Seismic facies were differentiated by the 

configuration and amplitude of their internal reflections, as well as their external geometry 

(e.g. Table 2.1). Where facies changes occurred within a sequence, the aerial distribution of 

each facies was mapped through recording its occurrence on the seismic lines and then 

constructing a zone-controlled polygon around this area. The distribution of seismic features, 

including asymmetric wedges and positive-relief ridges, was also mapped using this 

technique. 
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Interpretations were made using the black-white-red visualisation scheme, in which energy 

peaks are black, troughs are red and zero-crossings are white (Fig. 2.8A). Although some 

features, including residual artefacts, such as hyperbolae, may be more easily identified using 

a greyscale visualisation scheme (Fig. 2.8A), the black-white-red scheme is the most 

appropriate for distinguishing changes in acoustic impedance within the substrate (Fig. 2.8B). 

Due to the inferior quality of the older seismic data (Fig. 2.4), all interpretations were 

performed initially on the BeaufortSP AN East data before being transposed onto the heritage 

lines. Mis-ties between seismic lines were corrected manually in SeisWorks®. 

I Pick horizons in SeisWorks® I 
7 I ~ 

Structure maps lsopach maps Line drawings 

Smooth horizons in SeisWorks® 

Depth-convert horizons in SeisWorks® 

Subtract horizons in 
SeisWorks TM to make 
isopach maps 

Grid in Z-MAP Plus™ 

Structure maps lsopach maps 
Mackenzie Trough base structure Amundsen Gulf Trough base to 

maP. sea floor isol'.)ach 

Depth below 
sea level (m) 

0 

1320 

Import .tiffs of seismic 
profiles into CorelDRAW 

Use screen-grabs of 
interpreted seismic 
profiles to identify facies 
changes and sequence 
boundaries 

Line drawin s 
Distribution of sequences and 
facies in Mackenzie Trough 

Figure 2.7. Flowchart of the steps taken during data interpretation in this thesis. 
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After the required sequence boundaries were picked and traced across the dataset a 
' 

smoothing filter (smoothing factor of 21) was applied to the horizons (Fig. 2.7). The 

horizons were then depth-converted using an industry three-dimensional velocity model built 

from the pre-stack time migration (PSTM) stacking velocities calculated during velocity 

analysis. These stacking velocities provide a reasonable time-depth conversion, especially 

over the relatively shallow interval of interest (0 to 2 seconds). 

3000 m Line 5000 (VE = 10) 

Figure 2.8. Images illustrating two different ways of visualisin,g seismic data. A: Seismic 

section of a strike line through the Mackenzie Trough using the black-white-red visualisation 

scheme. B: The same seismic section displayed using the greyscale visualisation scheme in 

which _energy peaks are black and troughs are white. Some features, such as hyperbolic 

reflect10ns (arrowed), are more easily identifiable in the greyscale image. 

A 
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A map of sequence thickness can be produced from two structure maps through subtracting 

the depth below the sea floor of the lower sequence boundary from that of the upper sequence 

boundary. This principle was used to construct isopach maps from the smoothed and depth

converted horizons using the 'computations' function in SeisWorks® (Fig. 2.7). 

The structure maps and isopach maps were then gridded in Z-MAP Plus™ using the 

parameter values shown in Table 2.5 . The extrapolation distance corresponded to the 

approximate size of the largest gap in the data coverage (Fig. 2.2). Seismic data from the 

Mackenzie Trough (Fig. 2.2) were gridded at 1 km by 1 km (Table 2.5). Due to the wider 

line spacing and larger area of data coverage, seismic data from the Amundsen Gulf and 

M'Clure Strait troughs was gridded at 2.5 km by 2.5 km. The gridded structure and isopach 

maps were exported as .ascii files into ArcMap, together with the aerial distribution of 

seismic facies and features . 

Parameter Mackenzie Trough Amundsen Gulf and M'Clure Strait troughs 

Search radius 100 km 100 km 
Extrapolation 10 km 10 km 

distance 
X Inc 1 km 2.5 km 
Y Inc 1 km 2.5 km 

Refinements 2 2 
Flex passes 4 4 
Concave hull 5km 20 km 

Table 2.5. Parameter values used during gridding of seismic data in Z-MAP Plus. 

In this project, seismic sections and their corresponding schematic line drawings are 

generally visualised with a vertical exaggeration of at least 10. Applying a vertical 

exaggeration to the seismic sections accentuates the dip of the reflections (Fig. 2.9). 

Vertically exaggerating the data enables an entire seismic line to be displayed on a single 

page, allowing regional patterns of sedimentation to be interpreted (Fig. 2.9). However, it is 

important to recognise that the true dips of the reflections on the Beaufort Sea margin are 

much shallower than those displayed on the vertically exaggerated images. 

Chapter 2: Methodology 43 

2000 m Line 3350 (VE= 10) A 

Figure 2.9. Images illustrating the effects of vertical exaggeration on seismic data. A: Seismic 
section of~ dip line through the Mackenzie Trough with a vertical exaggeration (VE) of 10. The 
yell?w h~nzon and black arrows show the base of the Mackenzie Trough. B: The same seismic 
sect10n displayed with no vertical exaggeration. 

2.2 Multi-beam swath bathymetry data 

2.2.1 Introduction 

In swath bathymetry systems, an acoustic signal, or 'ping ' , is transmitted towards the sea 

floor from a transducer source on a vessel. The acoustic energy is then reflected and returned 

from the sea floor to be detected by a receiver. If information about the sound-velocity 

profile of the water column is known, the two-way time of the acoustic signal can be 

converted into a measurement of sea-floor depth. Whereas single-beam echo sounders only 

return bathymetry along the track line of a survey vessel, multi-beam swath bathymetry 

systems (Fig. 2.10) transmit a large number of energy beams during each ping, allowing the 
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depth to the sea floor to be measured in discrete angular increments across the swath (Hughes 

Clarke et al., 1996). Multi-beam echo sounders therefore enable broader widths of the sea 

floor to be imaged at a greater resolution than single-beam echo sounders. 

Multi-beam echo sounder systems utilise a variety of acoustic signal frequencies 

depending on the depth of the sea floor; for example, low frequency systems can collect 

swath bathymetry at ocean depths of up to 10,000 m, whereas high frequency systems are 

typically used to collect data in shallower depths. Although wider swaths of the sea floor can 

be imaged at greater water depths, the accuracy and resolution of most multi-beam echo 

sounder systems decreases with water depth due to the increased angles of the acoustic 

beams. 

Survey vessel 

Water column 

Figure 2.10. Schematic diagram of a multi-beam echo-sounding system (modified from 

Renard and Allenou, 1979). 

The speed of the acoustic signal through the water column is measured by constructing a 

series of location-specific sound-velocity profiles. These profiles describe the changing 

speed of the acoustic pulse with water salinity, temperature and pressure, and are typically 

acquired using expendable bathythermograph instruments deployed from the survey vessel. 

Suitable sound-velocity profiles are applied to the dataset during data processing. Poor 

sound-velocity profiles disproportionately affect the accuracy of outer beam depths, 

producing data 'stripes' along the edges of each swath track. 
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A number of external factors, including sea ice, wind and waves, can disrupt the motion of 

the survey vessel and have a detrimental effect on the quality of the reflected acoustic signal. 

Motion sensors and positioning systems are therefore generally used to correct for the pitch, 

roll and yaw of the vessel. Erroneous data points. can also be caused by rotation of the echo 

sounder system during vessel turns . These artefacts are typically imaged as rosette-shaped 

speckles on bathymetry maps and can be manually or automatically removed during data 

processmg. 

Multi-beam swath bathymetry can be used to compile high-resolution maps of sea-floor 

depth and morphology. Maps produced from swath bathymetry data have facilitated the 

identification and interpretation of a wide range of submarine glacigenic landforms, including 

MSGL, GZWs and moraines, in the marine record (e.g. Fig. 1.2) (Solheim et al., 1990; Shipp 

et al., 1999; Dowdeswell et al., 2002b, 2008b; Ottesen et al., 2005, 2007; Ottesen and 

Dowdeswell, 2009). This geomorphological data can provide a record of ice-sheet 

configurations and dynamics during the most recent ice advance and retreat across the 

continental shelf. 

2.2.2 Data acquisition and processing 

Two types of multi-beam swath bathymetry data were utilised in this thesis; International 

Bathymetric Chart of the Arctic Ocean (IBCAO) data (Version 3.0; Jakobsson et al., 2012b), 

and ArcticNet data (http://www.omg.unb.ca/Projects/Arctic/). 

The IBCAO data were used to analyse the large-scale sea-floor morphology of the 

Canadian Beaufort Sea margin (Fig. 2.2) and to provide a regional bathymetric context for 

the seismic reflection data. The IBCAO data were gridded from a large source database that 

contains all available bathymetry data north of 64° North (Jakobsson et al., 2012b). This 

database includes datasets collected by circum-Arctic nations, fishing vessels, US Navy 

submarines and research ships of various nationalities (Jakobsson et al., 2012b). Although 

the base grid is compiled at a resolution of 2 x 2 km on a polar. stereographic projection, the 

higher-resolution source data, which consist primarily of Olex sea-floor mapping, navigation 

and fishery system data, have been merged onto the base grid at a resolution of 500 x 500 m 

using the remove-restore technique (e.g. Hell and Jakobsson, 2011). 

The smaller quantity of high-resolution ArcticNet swath bathymetry data (Fig. 2.11) were 

used to supplement the seismic reflection data and to support analyses of sea-floor landforms 

and sediments. The ArcticNet data were collected by the Ocean Mapping Group, University 

of New Brunswick, Canada, between 2003 and 2011 . The data were acquired from the 
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Canadian Coast Guard Ship (CCGS) Amundsen using a Kongsberg-Simrad EM300 multi
beam sonar system (Bartlett et al., 2004). The Simrad EM300 is a shallow- to mid-ocean 
depth system (10 to 5000 m) with a nominal frequency of 30 kHz. The system's transmit fan 
is split into several frequency coded sectors ranging from 27 to 34 kHz, with 3 to 9 sectors 
depending on the depth-dependant operating mode (Bartlett et al., 2004) . This multi-sectored 
system allowed for active motion compensation of the vessel's pitch, roll and yaw, with each 
sector capable of being independently steered in order to maintain uniform sampling. The 
multi-beam echo sounding system is accurate to 17 cm or 0.2% of the water depth, whichever 
is greater (Bartlett et al., 2004). Sound-velocity profiles were collected using a MVP-300 
moving vessel profiler, which acquired water column information from a position towed 

behind the survey vessel. The multi-beam data were processed onboard the CCGS 
Amundsen using the Ocean Mapping Group's 'SwathEd' software (Bartlett et al., 2004). 

Depth 

Orn 

1000 m 140°w 

MT 
130°w 

MS 

70°N 
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Figure 2.11. The distribution of ArcticNet multi-beam swath bathymetry data in the 
Canadian Beaufort Sea (adapted from www.omg.unb.ca/Projects/Arctic/google/) . 
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Mackenzie Trough: evidence for two Quaternary ice 
advances and limited fan development on the 
western Canadian Beaufort Sea Margin 3 
3.1 Introduction to the chapter 

This chapter provides an analysis of the seismic sequences, facies and features identified 
from processed two-dimensional seismic reflection data from the Mackenzie Trough on the 
western Canadian Beaufort Sea margin (Fig. 3.lA). The key findings of this work are 

presented in a paper in the journal Quaternary Science Reviews, which details the seismic 
stratigraphy, sedimentary architecture and palaeo-glaciology of the Mackenzie Trough 
(Batchelor et al., 2013b). A grid of seismic reflection data covering approximately 30,000 
km2 was analysed from the Mackenzie Trough and adjacent continental slope, with spacing 
of 5 to 15 km between seismic lines (Fig. 3.lB). 

I 
137' W 136' W 135' W 13J.W 138'W 137'W 136' W 135' W 

Figure 3.1. A: IBCAO bathymetry of Mackenzie Trough, western Canadian Beaufort Sea 
(100 m contours; Jakobsson et al., 2012b). B: Distribution of the seismic lines analysed from 
Mackenzie Trough, overlying IBCAO bathymetry. Scale for height is the same as Part A. 
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3.2 Mackenzie Trough results: seismic facies and features 

Five unique seismic facies, differentiated by their internal-reflection configuration and 

external geometry, are described from seismic profiles of the Mackenzie Trough (Fig. 3.2) 

and form the building blocks for seismic sequences (Fig. 3.3). Facies Ci and Cii are 

acoustically chaotic with high- and low-amplitude internal reflections, respectively (Fig. 3.2). 

Seismic 
facies 

Ci 

Cii 

Ti 

M 

Example Description Seismic 
feature 

Acoustically chaotic Large 
with low-amplitude indentations 
reflections 

Acoustically semi
transparent with 
low-amplitude 
chaotic to weakly
stratified reflections 

Small 
indentations 

~---!--.:...::,,,."--= --+-A-c-ou-s-ti-ca-l-ly_s_e_m_i_--1 with berms 

L 

Si 

Sii 

Siii 

transparent with 
weakly-stratified 
reflections and 
lobate geometry 

Acoustically 
stratified with high
amplitude reflections 

_...._.,. Acoustically 
stratified with low-
amplitude reflections Hyperbolae 

Acoustically 
stratified with low
amplitude reflections 

"!;..;~=-;::;:;:;:::;.i and asymmetric 
wedge geometry 

Example Description 

Large 
indentations on 
trough's basal 
reflection. 

Widths <800 m, 
depths <20 m. 

Small V-shaped 
indentations on 
upper reflections of 
Sequences 3 and 4. 

Widths <300 m, 
depths of a few m. 
Berms either side of 
central depression. 

Figure 3.2. The different seismic facies and seismic features identified from two-dimensional 
seismic profiling of the Mackenzie Trough ( adapted from Batchelor et al., 2013b ). 
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Facies Tii has a semi-transparent acoustic character with low-amplitude chaotic to weakly

stratified reflections. Facies M contains high-amplitude chaotic reflections and occurs as 

discrete deposits with mounded geometry (Fig. 3.2). Facies Lis acoustically semi

transparent with weakly-stratified reflections and a lobate geometry. Facies Si, Sii and Siii 

have a stratified acoustic character. Facies Si and Sii possess high- and low-amplitude 

reflections, respectively. Facies Siii is differentiated by its low-amplitude internal reflections 

and its asymmetric wedge geometry (Fig. 3.2). 

Three seismic features, differentiated by their dimensions and morphology, are described 

from seismic profiles of the Mackenzie Trough (Fig. 3.2). Large indentations truncate 

underlying reflections and have widths of up to 800 m and depths of up to 20 m. Small 

indentations have maximum widths of 300 m and depths of up to 10 m, with berms a few 

metres high either side of a central depression. Hyperbolic reflections are present on the 

basal reflection of the trough (Fig. 3.2). 

3.3 Mackenzie Trough results: seismic sequences 

The base of the Mackenzie Trough is identified on seismic records as a continuous, high

amplitude unconformity that truncates underlying reflections on the continental shelf (Fig. 

3.3). This prominent reflection marks the lower limit of the sediments analysed in this study 

and is referred to subsequently as the Mackenzie Trough basal reflection. The Mackenzie 

Trough basal reflection can be traced across the entire study area (Fig. 3.lB) and reaches a 

maximum depth of around 1 OOO m below sea level on the upper continental slope beyond the 

trough (Fig. 3.3E). 

The Mackenzie Trough is partially infilled by up to 500 m of sediment (Fig. 3.4A). This 

sediment is divided into five genetic sequences, 1 to 5, bounded by unconformities and their 

correlative conformities (Fig. 3.3A to D). Two megasequences, A and B, are identified from 

the fill of the Mackenzie Trough and are defined by the position of prominent erosional 

unconformities within the trough stratigraphy. Megasequence A contains two sequences, 1 

and 2, and Megasequence B contains three sequences, 3 to 5 (Fig. 3.3A to D). 
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Crossing 

C 

5000 m 

~]:~~il~~~S?-~~~?:~~=--==~~~~s~~===--_,,___~ Sea floor reflection ~ ~ 

D Pre-glacial 

D High-amplitude chaotic (Ci) 

D Low-amplitude chaotic (Cii) D Low-amplitude stratified (Sii) 

D Asymmetric stratified wedge (Siii) 

Figure 3.3. Profiles showing the distribution of seismic 
sequences (1 to 5), megasequences (MSA and MSB) 
and facies in the Mackenzie Trough ( adapted from 

0 Batchelor et al., 2013a). A: Seismic profile of strike 
~~~~l~~L....--___!~so~k~m~,.....,~

0
..1.J line across Mackenzie Trough. B: Line drawing of the 

profile shown in A. C: Seismic profile of dip line 
through Mackenzie Trough. D: Line drawing of the 
profile shown in C. E: Map of Mackenzie Trough basal 
reflection (m below sea level) . 
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3.3.1 Megasequence A - Sequence 1 

Description 

Sequence 1 is confined to the trough's central axis and reaches a maximum thickness of 
270 m (Fig. 3.4B). Sequence 1 is composed predominantly of two chaotic seismic facies, 

Facies Ci and Cii (Figs. 3.2 and 3.3). A gradual seaward transition from high-amplitude 
(Facies Ci) to low-amplitude (Facies Cii) chaotic facies occurs on the outer-shelf in 

association with a substantial increase in the width of Sequence 1 sediments (Figs. 3.4B and 

3.5). 

Several large indentations with widths of up to 800 m and depths of up to 20 m (Fig. 3.2) 
are present on the Mackenzie Trough basal reflection. These indentations occur below Facies 
Ci on the inner-shelf yet are not identified below Facies Cii on the outer-shelf. A number of 
hyperbolic reflections are also present on the trough's basal reflection below Facies Ci (Figs. 

3.2 and 3.3A). 

Figure 3.4. A: Contoured isopach map of the Mackenzie Trough basal reflection to the sea 
floor, showing the composite thickness of sediment within the trough. B to F: Contoured 
isopach maps of Sequences 1 to 5, respectively, overlying present-day IBCAO sea-floor 
bathymetry (200 m contours; Jakobsson et al., 2012b). Maps B to F have the same scale bar as 
shown on B (adapted from Batchelor et al. , 2013a). 
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A wedge of acoustically stratified sediment, Facies Siii (Fig. 3.2), is identified overlying 

the chaotic facies in the middle- to outer-shelfregion of the trough (Figs. 3.3C, D and 3.6). 

This feature has a length of 14 km, an across-trough width of 25 km and a maximum 

thickness of 100 m. The wedge of Facies Siii exhibits an asymmetric shape in long-profile 

with a steeper land-distal side (Fig. 3.6B). 

Line 3300 (VE= 10) 2000 m 

Seq. 5 (Sii) 

a 
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Figure 3.5. Seismic profile of a dip line through the Mackenzie Trough showin~ the 
· · f F · c· to c1·1· Inset depth of Mackenzie Trough basal reflect10n below sea trans1t10n rom ac1es 1 . . 

level (200 m contours). 
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Figure 3.6. A: Map of plan-form distribution of Facies Ci, Cii and Siii within Sequence 1 
(adapted from Batchelor et al., 2013b). B: Seismic profile of a dip line through the 
Mackenzie Trough GZW (Siii). C: Scatter-plot of length against thickness for GZWs on 
high-latitude continental margins (Dowdeswell and Fugelli, 2012). 
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The Mackenzie Trough is interpreted to have been excavated by an ice stream that 

traversed the continental shelf sometime during the Quaternary (Shearer, 1971; O'Connor, 

1989; Blasco et al. , 1990). The stratigraphic position of the Mackenzie Trough basal 

reflection, underlying acoustically chaotic sediment, together with its smooth, continuous and 

erosional character (Fig. 3.3), suggest that this unconformity is an erosion surface formed by 

the earliest Quaternary ice advance across the continental shelf. 

The Mackenzie Trough basal reflection is incised into the fine-grained fluvio-deltaic 

sediments of the Iperk Sequence, which exhibit seaward-pro grading clinoforms on seismic 

profiles of the continental shelf (Fig. 3 .3) (Blasco et al., 1990; Grantz et al., 1990). The 
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LMU, which marks the base of the Plio-Pleistocene Iperk Sequence (Fig. 1.7), is identified as 

a high-amplitude unconformity (Fig. 3.3). The Iperk Sequence has been completely removed 

from the deepest parts of the trough's central axis (Fig. 3.3). In these locations, the 

Mackenzie Trough basal reflection is incised below the LMU into the sediments of the 

underlying Akpak or Mackenzie Bay Sequences (Figs. 1.7, 1.8 and 3.3) (Dixon and Dietrich, 

1990). 

The stratigraphic position of Sequence 1 above a prominent erosion surface, together with 

its chaotic acoustic character (Fig. 3.3), suggests that this sequence is composed of subglacial 

till. Subglacial till has been described previously to exhibit an internally structureless to 

chaotic texture on seismic records, reflecting a lack of sediment sorting beneath the ice sheet 

(Alley et al., 1989; King, 1993; Shipp et al., 1999). 

Whereas the effects of compaction typically produce sediments with higher acoustic 

impedance with depth (Badley, 1985), the Mackenzie Trough basal reflection has a negative 

(red) reflection coefficient (Fig. 3.3). The change from higher to lower acoustic impedance at 

this boundary is consistent with the interpretation of Sequence 1 as subglacial till, which 

typically possesses relatively high acoustic impedance due to its compaction beneath an ice 

mass (Kearey et al., 2002). The high-amplitude Mackenzie Trough basal reflection is, 

therefore, probably produced by subglacial till overlying the less consolidated marine clays 

and sands of the Iperk, Akpak and Mackenzie Bay Sequences. 

The distribution of Sequence 1 demonstrates that the initial ice advance that excavated the 

Mackenzie Trough extended to the continental shelf break (Fig. 3.4B). Sequence 1 

corresponds with Unit Ml of Blasco et al. (1990) (Fig. 1.6). Whereas Blasco et al. (1990) 

interpreted this basal unit to be a 70 m-thick deposit of subglacial till confined to a narrow V

shaped valley, this investigation demonstrates that Sequence 1 reaches a thickness of around 

270 m and is more than 70 km wide on the outer-shelf (Fig. 3.4B). 

The seaward transition from high- to low-amplitude chaotic facies within Sequence 1 

(Figs. 3.3 and 3.5) does not result from attenuation of the acoustic signal, as both facies are 

overlain by sediments of a similar thickness and acoustic character; it is probably caused by 

differences in the sedimentological properties of the tills. The reduced acoustic-impedance 

contrasts within Facies Cii suggest that the outer-shelf till has a more homogeneous texture 

than till on the inner-shelf. It is possible that the inner-shelf till (Facies Ci) retains some 

original structures, such as internal bedding, or is less deformed than the outer-shelf till 

(Facies Cii). 
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The large indentations on the Mackenzie Trough basal reflection, which are up to 800 m 

wide and 20 m deep (Fig. 3.2), may provide evidence for subglacial meltwater incision and 

the existence of a channelised meltwater network beneath at least some parts of the fonner 

ice stream. On the outer-shelf, where large indentations are absent, subglacial meltwater may 

have been routed through smaller channels which are not resolved on the seismic data, or 

may have become incorporated into underlying sediment. 

Hyperbolic reflections, including those identified on the Mackenzie Trough basal 

reflection below Facies Ci (Fig. 3.2), are artefacts produced by the radial scattering of 

acoustic energy from a point source, such as irregular topography or large clasts (Damuth, 

1980). The presence of hyperbolic reflections below Facies Ci suggests that the trough's 

basal reflection is less smooth on the inner-shelf compared to the outer-shelf, possibly as a 

result of channel incision in this area. 

The geometry and dimensions of Facies Siii within Sequence 1 (Figs. 3.3 and 3.6) suggest 

that this feature is a GZW produced by the supply of till to the ice margin during a still-stand 

in retreat (Dowdeswell and Fugelli, 2012) . The wedge of Facies Siii occurs in association 

with a slight topographic high in the underlying sediment, which may have provided a 

pinning point for ice stabilisation (Dowdeswell and Siegert, 1999; Venteris, 1999; 

Dowdeswell and Fugelli, 2012). GZWs exhibit a characteristically asymmetric shape in the 

direction of ice-flow, with steeper ice-distal sides. The geometry of Facies s·iii is therefore 

consistent with ice flowing in a north-northwesterly direction through the Mackenzie Trough 

towards the shelf break (Fig. 3.6A). 

The lengths and thicknesses of GZWs on the continental margins of Greenland, Norway 

and Antarctica have been observed to scale approximately linearly (Fig. 3.6C). With an 

observed length of 14 km and a thickness of 100 m, the GZW identified within the 

Mackenzie Trough possesses similar dimensions to those documented off Antarctica, west 

Greenland and the Norwegian-Svalbard margin (Howat and Domack, 2003; Ottesen et al., 

2007; Dowdeswell and Fugelli, 2012; Jakobsson et al., 2012a): The Mackenzie Trough 

GZW is, however, smaller than several large, possibly composite, GZWs identified off East 

Greenland (Fig. 3.6C), which possess lengths of more than 30 km and are more than 150 m 

thick (Dowdeswell and Fugelli, 2012). . 

I. 
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3.3.2 Megasequence A - Sequence 2 

Description 

Sequence 2 is composed of a single seismic facies, Facies Si, which is acoustically 

stratified with high-amplitude reflections and conformable geometry (Fig. 3.2 and 3.3). 

Sequence 2 reaches a maximum thickness of 110 m in the Mackenzie Trough and does not 

exhibit any coherent pattern of sediment thinning or thickening (Fig. 3.4C). Sequence 2 has a 

limited distribution within the trough, covering an area roughly half the size of Sequence 1 

and occurring only at the southeast side of the trough (Fig. 3.4C). Internal reflections within 

Sequence 2 are truncated by the basal reflection of Sequence 3 (Fig. 3.3A). 

Interpretation 

The stratigraphic position and acoustically stratified character of Sequence 2 suggest that 

this sequence represents glacimarine sediment deposited predominantly during deglaciation 

(e.g. King et al., 1996; Shipp et al., 1999; Kleiber et al., 2000; Stoker et al., 2006; Hjelstuen 

et al., 2009). Megasequence A (Fig. 3.3) is therefore interpreted to record a deglacial 

succession from subglacial till (Sequence 1) to ice-proximal glacimarine sediment (Sequence 

2). The horizontal acoustic-impedance contrasts within Facies Si (Fig. 3.2) are probably 

produced by layers of coarser material, such as sand, within fine-grained material (Taylor et 

al., 2000; Barrie and Conway, 2002). These variations result from differences in the 

composition of suspended meltwater sediment and IRD released by a retreating ice stream 

during deglaciation. The truncation of internal reflections within Sequence 2, combined with 

its limited spatial distribution in the Mackenzie Trough (Fig. 3.4C) suggests that the unit was 

subjected to post-depositional erosion, possibly by a subsequent ice advance. 

3.3.3 Megasequence B - Sequence 3 

Description 

Sequence 3 is composed predominantly of Facies Ti, an acoustically semi-transparent 

facies with very low-amplitude, chaotic to weakly-stratified reflections (Figs. 3.2, 3.3 and 

3.7). The distribution of Sequence 3 is confined to the Mackenzie Trough, where it reaches a 

maximum thickness of 240 m towards the trough's central axis (Fig. 3.4D). The lower 

boundary of Sequence 3 is defined by a high-amplitude hummocky reflection that truncates 

underlying reflections. 

Chapter 3: Mackenzie Trough 57 

The upper reflection of Sequence 3 is characterised by irregular topography and a number 

of small indentations (Figs. 3.2 and 3.7). Small indentations are up to 300 m wide and 10 m 

deep, with berms a few metres high either side of a central depression (Figs. 3.2 and 3.7). 
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Figure 3.7. A: Scatterplot of small indentation width and depth. B: Enlarged image of a small 
indentation on the upper reflection of Sequence 3. C: Seismic profile of part of a dip line 
through the Mackenzie Trough showing the irregular upper reflection of Sequence 3, which is 
incised by a number of small indentations. 

Two trough-parallel, positive relief ridges of Facies M (Fig. 3.2) are identified overlying 

Facies Ti in the landward region of the trough (Fig. 3.8). Each ridge is approximately 5 km 

wide and 50 km long, producing elongation ratios of 10: 1. Both ridges have a maximum 

thickness of 90 m (Fig. 3.8). On-lapping reflections are present either side of the ridges of 

Facies M. The two trough-parallel ridges become less pronounced in a seaward direction, 

decreasing in height until only a high-amplitude reflection remains on the upper reflection of 

Sequ·ence 3 (Fig. 3.8A). 
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Line 5500 (VE = 15) A 
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Figure 3.8. A: Seismic profile of a strike line across the 
Mackenzie Trough. B: Line drawing of seismic sequences 
(1 to 5), megasequences (MSA and MSB), and facies in the 

0 profile shown in A. C: Map showing the ~la~-form 
0 distribution of Facies M (hatched lines) withm Sequence 3 · 

~~O!__ _ _L.__i~------_i....., The thickness of Sequence 3 is shown. 

Interpretation 
Sequence 3 corresponds with Unit M2 of Blasco et al. (1990) (Fig. 1.6), which was 

interpreted as sand deposited during ice-stream retreat. The thickness of this sequence (24.0 

m), its shelf geometry, which is limited to the Mackenzie Trough (Fig. 3.4D), and the sem1-

transparent to chaotic acoustic character of Facies Ti (Figs. 3.2 and 3.3) are, however, . 
suggestive of subglacial till. The truncation of underlying reflections by the basal. reflection 

of Sequence 3 (Fig. 3.7C) is also indicative of an erosion surface produced by an ice advance 

across the continental shelf. Subglacial till has been observed to exhibit a structureless to 

d ( All t z 1989· King 1993· Shipp et al., 1999; chaotic signature on seismic recor s e.g. ey e a ·, , , , 
Li et al., 2011) as a result of its homogeneous texture, which reflects a lack of sediment 
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sorting and the destruction of pre-existing sediment structures. Facies Ti within Sequence 3 
is therefore interpreted as subglacial till deposited during a second ice-stream advance 

through the Mackenzie Trough to the shelf break. The semi-transparent acoustic character of 
the Sequence 3 till suggests that it contains fewer acoustic-impedance contrasts than the 

Sequence 1 till, which has higher-amplitude reflections (Fig. 3.3). This variation could be 

due to comparatively reduced internal bedding or increased sediment deformation within the 

Sequence 3 till. 

The small indentations identified on the upper reflection of Sequence 3 (Fig. 3.7) are 

interpreted as ploughmarks formed by the action of iceberg keels grounding on the sea floor. 

The dimensions and geometry of these indentations, which include distinctive raised berms 

(Figs. 3.2 and 3.7B), are consistent with an origin as ploughmarks and preclude their 

interpretation as meltwater channels. Iceberg keel ploughmarks can exhibit widths of up to 1 

km and depths of over 15 m and are characterised by V-shaped cross-sections, often with 

raised berms at either side of a central depression (Woodworth-Lynas et al., 1985; 

Dowdeswell et al., 1993; Dowdeswell and Bamber, 2007). Iceberg keel ploughmarks are 

widespread on high-latitude continental shelves and have also been identified from palaeo

surfaces on seismic records (Dowdeswell et al., 2007). The stratigraphic position of the 

small indentations, above acoustically semi-transparent sediment interpreted as subglacial till 

(Fig. 3.7C), suggests that these features record grounding events from icebergs produced 

during deglaciation of the Mackenzie Trough ice stream and the surrounding region. Some 

of these .indentations may have been formed by grounding events from larger, possibly 

tabular icebergs (Dowdeswell and Bamber, 2007). 

Facies M probably corresponds with Unit M3 of Blasco et al. (1990) (Fig. 1.6), which was 

interpreted as either a deformation structure related to ice loading or a medial moraine. In 

this study, the map of tp.e distribution of Facies M reveals that this facies occurs as two 

trough-parallel ridges in the landward region of the Mackenzie Trough (Fig. 3.8A). Trough

parallel landforms can be formed by a wide range of processes within glacial and 

glaciofluvial environments, and include subglacially produced MSGL and drumlins, ice

marginal lateral moraines, and meltwater-derived tunnel valleys, channels and eskers (Table 
1.1) (6 Cofaigh, 1996; Ottesen et al. , 2008; Ottesen and Dowdeswell, 2009). 

With lengths of over 50 km and widths of about 5 km, however, the dimensions of the two 

buried trough-parallel ridges of Facies M (Fig. 3.8) are remarkable and preclude their 

interpretation as MSGL, drumlins or eskers (Table 1.1). These features also lack the extreme 
elongation ratios of MSGL, which are typically greater than 10: 1 (Stokes and Clark, 2002). 
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The positive-relief geometry of the trough-parallel ridges precludes their interpretation as 

meltwater channels. With width to depth ratios of around 50: 1, the ridges of Facies M do not 

exhibit the characteristic geometry of tunnel valleys (Table 1.1 ), which typically have width 

to depth ratios of around 10: 1 (Ghienne and Deynoux, 1998). The trough-parallel ridges of 

Facies M (Fig. 3.8) are probably lateral moraines produced during a still-stand of the ice 

margin during retreat. The dimensions of the trough-parallel ridges in the Mackenzie Trough 

are comparable with those of lateral moraines identified from other high-latitude continental 

margins (Boulton and Clark, 1990; Stokes and Clark, 2001; Ottesen et al., 2002, 2005; 

Rydningen et al., 2013). This interpretation is also consistent with the stratigraphic position 

of the buried ridges, which overlie acoustically semi-transparent sediment (Facies Ti) that has 

been interpreted as subglacial till (Fig. 3.8). 

3.3.4 Megasequence B - Sequence 4 

Description 
Sequence 4 is composed of Facies Si (Figs. 3.2 and 3.3) and reaches a maximum thickness 

of about 130 m in the landward region of the trough (Fig. 3.4E). Sequence 4 decreases in 

thickness in a seaward direction and internal reflections are observed to down-lap onto its 

basal reflection. The upper surface of Sequence 4 is defined by a high-amplitude, 

continuous, undulating reflection containing a number of small indentations (Fig. 3.2). With 

maximum widths of about 100 m and depths of up to 5 m, these indentations possess similar 

dimensions to the small indentations observed on the upper reflection of Sequence 3 (Fig. 

3.7C). 

Interpretation 
Facies Si, observed within Sequence 2, has been interpreted as ice-proximal glacimarine 

sediment deposited during ice-stream retreat. The stratigraphic position of Facies Si within 

Sequence 4, overlying a semi-transparent facies interpreted as subglacial till (Figs . 3.3 and 

3.7), is consistent with this interpretation, suggesting that Sequence 4 was deposited during 

retreat of the second ice stream to occupy the Mackenzie Trough. In contrast with Sequence 

2, which has a limited spatial distribution, Sequence 4 sediments are preserved within the 

trough (Fig. 3.4) and have not been subjected to significant post-depositional erosion. 

The small indentations on the upper reflection of Sequence 4 (Fig. 3.2) were probably 

formed by the ploughing action of iceberg keels on the sea floor during regional deglaciation 
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(Dowdeswell et al., 2007; Ottesen and Dowdeswell, 2009). The indentations on the upper 

reflection of Sequence 4 have smaller dimensions than those on the upper reflection of 

Sequence 3 (Fig. 3.7C), suggesting that sediment reworking by large, possibly tabular 

icebergs was a relatively significant process during the earlier stages of regional deglaciation 

yet decreased in significance over time. This may reflect a temporal transition from iceberg 

to meltwater dominated sedimentation during deglacial warming (Siegert and Dowdeswell, 

2002), or could also simply record the increasingly ice-distal setting of the trough as 

deglaciation proceeded. 

3.3.5 Megasequence B - Sequence 5 

Description 

Sequence 5 is composed of a single facies, Facies Sii (Figs. 3.2, 3.3 and 3.9). The 

boundary between Sequences 4 and 5 is defined by a change in the nature of the internal 

reflections, from high-amplitude, discontinuous reflections within Sequence 4, to low

amplitude, continuous reflections within Sequence 5 (Figs. 3.3, 3.7 and 3.9). The surface of 

the sea floor is defined by the smooth, high-amplitude upper reflection of Sequence 5. 

Sequence 5 is present as a thin (less than 50 m) sediment drape over most of the study area 

yet reaches a maximum thickness of about 200 m in the landward region of the Mackenzie 

Trough (Fig. 3.4F). Where it occurs at the sides of the trough, Sequence 5 exhibits gently

dipping progradational-aggradational clinoforms (Fig. 3.9). 

Interpretation 

The draping geometry of Facies Sii, combined with its low-amplitude, parallel internal 

reflections and position at the top of the Mackenzie Trough stratigraphy (Figs. 3.3, 3.7 and 

3.9), suggests that Sequence 5 was deposited in an ice-distal to open-marine environment 

dominated by the vertical accretion of suspended sediments (Elverh!Zli et al., 1980; 

Dowdeswell et al. , 1997; Shipp et al., 1999; Kleiber et al., 2000). The gently-dipping 

clinoforms observed within the thickest deposits of Sequence 5 (Fig. 3.9) probably reflect 

pro gradation of sediment within the Holocene Mackenzie River delta, which has been 

observed to preferentially infill the trough towards the east (Hill et al. , 1991; Hill, 1996). 
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Polyak and Solheim, 1994; Svendsen et al., 1996; Shipp et al., 1999; Kleiber et al., 2000). 

The absence of small indentations from the upper reflection of Sequence 5 (Figs. 3.3, 3.7 and 

3.9) suggests that the present-day sea floor sediments have not been greatly reworked by 

iceberg keels. 

3.4 Mackenzie Trough results: continental slope 

3.4.1 Description 

Bathymetric data demonstrate that the continental slope beyond the Mackenzie Trough is 

incised by a series of sub-parallel topographic depressions, separated by ridges (Fig. 3. lOA 

and B). Some of these depressions indent the shelf break and can be traced for distances of 

several kilometres across the outer-shelf (Fig. 3. lOA). A seismic line across one of these 

features on the outer-shelf shows that it has a width of more than 4 km and a depth of around 

200 m (Fig. 3 .1 OC). The acoustic character and geometry of several of the depressions and 

ridges on the continental slope is shown in Figure 3.10D. The ridges are imaged in cross

section as distinct blocks of sediment that rise 200 to 300 m above the surrounding sea floor. 

These ridges possess largely undisturbed internal acoustic character and exhibit irregular 

upper reflections (Fig. 3.10D). 

Less disturbed areas of the continental slope are capped by a 30 to 60 m-thick 

accumulation of acoustically semi-transparent to weakly-stratified sediment, Facies L (Figs. 

3.2 and 3. lOE). This deposit thins in a seaward direction and can be traced for a horizontal 

distance of at least 40 km beyond the shelf break. The base of Facies L is defined by a high

amplitude, smooth and continuous reflection on the upper continental slope, which transitions 

into a more irregular surface on the middle to lower slope (Fig. 3.lOE). 

Figure 3.10. The architecture of the slope beyond the Mackenzie Trough (adapted from 

Batchelor et al., 2013b) . A: IBCAO bathymetry of the Mackenzie Trough and adjacent 
continental slope (50 m contours; J akobsson et al., 2012b) showing locations of Parts B to E. B: 
High-resolution bathymetry of canyons on the upper slope beyond Mackenzie Trough. From 

University of New Brunswick's online ArcticNet 15' x 30' Basemap Series, 2003 - 2011. The 
location of the seismic line presented in Part D is shown in red. C: Seismic profile of a strike 
line across a large depression on the outer-shelf. D: Seismic profile of a strike line across the 

Mackenzie Trough and adjacent slope, showing the location of the inter-canyon ridges imaged 
in Part B. E: Seismic profile of a dip line through the Mackenzie Trough and an undisturbed 
area of the adjacent slope. The base of the trough may correspond with the high-amplitude basal 
reflection of Facies L (dashed red line). 
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3.4.2 Interpretation 

The topographic depressions identified on the sea floor bathymetry and seismic profiles 

seaward of the Mackenzie Trough (Fig. 3. lOA to D) are interpreted as submarine canyons 

incised into slope sediments, separated by inter-canyon ridges. The undisturbed internal 

character of the ridges is consistent with this interpretation, as is their highly-irregular upper 

reflection, which probably records incision by smaller, superimposed canyons (Fig. 3. lOD). 

It is possible that the inter-canyon ridges contain preserved glacigenic-debris flow deposits 

produced by the supply of deformable till to the slope from the Mackenzie Trough ice stream. 

The lack of overlying sediment within the canyons (Fig. 3.10B to D) suggests that the most 

recent episode of canyon incision post-dates any full-glacial delivery of debris to the 

continental slope. Submarine canyons provide pathways for the transfer of sediment from the 

continental margin to the deep sea; they have been identified seaward of cross-shelf troughs 

on a number of high-latitude margins, including the Laurentian, North East, and Hopedale 

Saddle Fans on the eastern Canadian margin (Stow, 1981; Hesse, 1995; Piper et al., 2012). 

The canyons were produced by one or more of the following processes : the delivery of turbid 

meltwater to the margin during deglaciation; active delivery of deforming sediments at the 

ice-sheet margin to the shelf break; debris flows on the upper slope; or brine-rejection and 

densewater formation during sea ice production under interglacial conditions (Dowdeswell et 

al., 2008a). It is also possible that the canyons were formed by one or more glacial lake 

outbursts that delivered large volumes of water to the continental shelf and slope. It has been 

hypothesised that an outburst from glacial Lake Agassiz may have triggered the Younger 

Dryas cold interval around 11 ka ago through suppressing the Atlantic meridonal overturning 

circulation (Broecker et al. 1989). A regional erosion surface and gravels on northeast 

Richards Island (Fig. 1.1 ), and a regional unconformity on the western Canadian Beaufort 

Sea shelf, have been suggested to provide evidence that the main flood route passed through 

the Mackenzie River system, along the Mackenzie Trough and into the Arctic Ocean (Murton 

et al., 2010). 

The basal reflection of Facies L, which is present on less disturbed areas of the slope, is 

interpreted to be synonymous with the Mackenzie Trough basal reflection .(Fig. 3.lOE), 

suggesting roughly contemporaneous formation. The transparent acoustic character, lobate 

geometry and stratigraphic position of Facies L suggest that it represents glacigenic-debris 

flow deposits. Although post-glacial drapes of hemipelagic sediment can exhibit a 

transparent acoustic signature on seismic records (Damuth, 1980; Dowdeswell et al., 1997; 

I I 
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h h. kn f Facies L (60 m) and its location on the continental slope Shipp et al., 1999), t e t ic ess o 

preclude this interpretation. 
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younger of the two ice-stream advances through the Mackenzie Trough, illustrated by 

Sequence 3 till (Fig. 3.3), probably occurred during the last, Late Wisconsinan, glacial period 

(Fig. 3.11), which has been inferred to be synonymous with the Toker Point Stade (Murton et 

al., 1997; Dyke et al. , 2002; Duk-Rodkin et al. , 2004; Bateman and Murton, 2006). The 

earlier ice-stream advance through the Mackenzie Trough, which is represented by the 

subglacial till of Sequence 1 (Fig. 3.3), probably occurred sometime during either the Early 

Wisconsinan or Illinoian glaciation (Fig. 3.11). The Eurasian Ice Sheet and much of the 

Laurentide have been interpreted to have been particularly widespread during the 

penultimate, Illinoian (Saalian) glaciation (Svendsen et al., 2004). Although the thickness of 

the till sheets indicate that they were formed over thousands of years, it is possible that the 

two till sheets were deposited during two advances of the ice margin during the Late 

Wisconsinan (MIS 2), rather than during separate full-glacial periods. However, the only 

major re-expansion of the ice margin to have occurred after 16 ka has been interpreted to 

have only advanced as far as the modem Mackenzie Delta (Rampton, 1988). 

The interpretation of grounded ice extending to the shelf break beyond the Mackenzie 

Trough during the Late Wisconsinan and either the Early Wisconsinan or Illinoian glaciation 

(Fig. 3.11) is in broad agreement with a number of ice-sheet reconstructions which provide 

marine evidence of large ice volumes and extensive ice shelves on the Beaufort Sea margin 

during the late Quaternary (Stokes et al. , 2005; Engels et al., 2008; England.et al., 2009; 

Jakobsson et al., 2010). An extensive ice shelf, fed by ice streams emanating from the 

north west LIS, has been hypothesised to have developed around the margin of the Arctic 

Ocean, including over the Beaufort Sea, during the Illinoian glaciation (Figs. 1.5 and 3.11), as 

a result of astronomical forcing combined with reduced influx of warm Atlantic water 

(Jakobsson et al., 2010). Margin-parallel sea floor lineations, interpreted to have been 

formed by occasional grounding of ice-shelf keels sometime between the Early Wisconsinan 

glaciation and the Sangamonian interglacial (Figs. 1.5 and 3.11), provide evidence for ice

shelf flow along the Alaskan Beaufort Sea margin to the west of the Mackenzie Trough 

(Engels et al., 2008). A recent numerical ice-sheet model of the LIS also suggests that 

grounded ice did not extend onto the western Canadian Beaufort Sea shelf until the Early 

Wisconsinan, around 65 ka (Figs. 1.5 and 3.11) (Stokes et al., 2012). Sediment cores from 

the Alaskan margin show that the Late Wisconsinan glaciation (Figs. 1.5 and 3.11) is 

characterised by a unique IRD signature, consisting of sedimentary clasts and coals with 

provenance from the Mackenzie Trough region (Polyak et al., 2009). The IRD is interpreted 
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to have been eroded and transported by the LIS to the marine margin at low sea levels during 

the last, Late Wisconsinan, glacial period. 

The western Canadian Beaufort Sea margin is suggested, therefore, to have remained free 

of Laurentide ice for most of the Quaternary. The onset of cross-shelf glaciation was 

probably initiated during either the Early Wisconsinan or Illinoian glaciation (Fig. 3.11). In 

contrast, further to the east, the initiation of the Lancaster Sound ice stream of the eastern 

Canadian Arctic Archipelago (Fig. 1.4) has been interpreted to have occurred during a pre

Illinoian Stage of the Early Pleistocene, about 1.6 Myr ago (Fig. 3.11), in association with the 

first appearance of glacigenic-debris flows on the Lancaster Sound TMF (Li et al., 2011). 

3.5.2 Geomorphological ice-stream signature 
The large-scale architecture of the Mackenzie Trough differs considerably from the classic 

model of high-latitude cross-shelf troughs. Cross-shelf troughs in the High Arctic typically 

record evidence of numerous Quaternary ice advances to the shelf break, in the form of 

several stacked till sheets, which transition into major glacigenic depocentres composed of 

numerous glacigenic-debris flows on the continental slope (Fig. 3.12A) (e.g. Vorren et al., 

1988; Dowdeswell et al., 1997; 6 Cofaigh et al., 2003; Li et al., 2011). In contrast, the 

comparatively short history of Quaternary ice advance across the western Canadian Beaufort 

Sea shelf (Fig. 3.11) resulted in the formation of a relatively young glacially-excavated cross

shelf trough, which contains sub glacial till from only two glacial events and lacks a major 

glacial-sedimentary progradational depocentre or fan on the adjacent slope (Fig. 3.12B). The 

Mackenzie Trough continental margin also lacks the convex plan-form shape and 

progradational architecture that is characteristic of glacier-influenced TMFs (Vorren et al., 

1998). The slope beyond the Mackenzie Trough is incised by canyons (Figs. 3.10 and 

3.12B), indicating sediment bypassing of the upper slope and erosion of the margin. 

Although the flux of glacigenic sediment was insufficient to build a major TMF on the 

slope beyond the Mackenzie Trough, the western Canadian Beaufort Sea margin is not a 

sediment-starved environment and has intermittently experienced high rates of flu vial 

sedimentation through the Quaternary. The Quaternary sedimentary history of the western 
Canadian Beaufort Sea margin was, in fact, probably characterised largely by fluvial activity. 

Prior to the initiation of the first Mackenzie Trough ice stream, large quantities of fluvio 

deltaic sediment were provided to the Beaufort Sea shelf by the palaeo-Porcupine River, 

which was initiated in the Tertiary and persisted until its diversion by the LIS in the late 

Quaternary (Duk-Rodkin and Hughes, 1994). 
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Figure 3.12. Three-dimensional schematic models of contrasting shelf and slope architectures 
landforms and sediments in developed and less-developed cros~-shelf troughs (adapted from ' 
Batchelor et al., 2013b). A: A typical High-Arctic cross-shelf trough with typical ice-stream glacial 
landform_ assemblage (e.g. Ottesen and Dowdeswell, 2009). Red line marks base of trough. Multiple, 
stacked till sheets (purple) on the shelf transition into a TMF composed of glacigenic-debris flows 
on the slope. Low rates of post-glacial sedimentation enable the identification of glacigenic 
landform~ on the sea floor. B: A less-developed cross-shelf trough, such as represented by the 
Mackenzie Trough on the wes~ern Canadian Beaufort Sea margin. Two till sheets (purple) are 
present on th~ shelf _and the_ adJacent slope is incised by canyons. High rates of deglacial (brown) 
and post-glacial sedimentation (yellow) have partially infilled the trough. 
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The majority of the fine-grained sediments of the lperk, Akpak and Mackenzie Bay 

sequences (Figs. 1.7 and 1.8), into which the Mackenzie Trough basal reflection is incised 

(Fig. 3.3), were deposited by the palaeo-Porcupine River (Grantz et al. , 1990). Subsequent to 

the retreat of late Quaternary ice, the margin has again become dominated by flu vial 

sedimentation provided by the modem Mackenzie River system, which has a drainage basin 

of about 1.8 million km2 (Fig. 1.1). In contrast, the Alaskan Beaufort Sea margin to the west, 

which remained outside the maximum limit of the LIS (Fig. 1.4 ), experienced limited 

sediment delivery to the shelf by alpine rivers and represents a more sediment-starved margin 

(O'Grady and Syvitski, 2002). 

The Mackenzie Trough lacks many characteristic geomorphological features of an ice 

stream (Ottesen et al., 2005; Ottesen and Dowdeswell, 2009). Whereas formerly-glaciated 

cross-shelf troughs in both the Arctic and Antarctic typically display a seaward transition 

from crystalline bedrock to sedimentary sea-floor substrate (Shipp et al. , 1999; 6 Cofaigh et 

al., 2002; Ottesen et al., 2005, 2008; Livingstone et al., 2012), the Mackenzie Trough is 

underlain entirely by fluvio-deltaic sedimentary strata (Figs. 3.3 and 3.12). Streamlined 

glacigenic landforms that are typically identified within cross-shelf troughs (Figs. 1.1 and 

3.12A) have been buried by post-glacial, fluvial sediment and are lacking from the sea floor 

of the Mackenzie Trough (Fig. 3.12B). 

3.5.3 Diagnostic glacigenic landforms and sediments 
Although the sea floor of the Mackenzie Trough lacks a characteristic ice stream signature, 

a number of buried glacigenic landforms and sediments (Figs. 3.12B and 3.13A), which 

provide information about past ice dynamics, have been identified from the trough. Large 

indentations at the base of the trough (Fig. 3.2) are suggested to represent subglacial 

meltwater channels, suggesting that channelised drainage of meltwater occurred beneath the 

inner-shelf region of the ice stream. Small indentations on the upper reflections of Sequences 

3 and 4 (Figs. 3.2 and 3.7) are interpreted as iceberg keel ploughmarks that record iceberg 

grounding events during regional deglaciation. An asymmetric wedge of sediment with a 

volume of approximately 13 km3 (Figs. 3.3, 3.6 and 3.13) is interpreted as a GZW, produced 

by a still-stand of the margin during,retreat of the Early Wisconsinan or Illinoian ice stream 

(Fig. 3.11). The trough-parallel ridges of Facies M (Figs. 3.2, 3.8 and 3.13) are probably 

lateral moraines formed during a still-stand or readvance of the ice margin during retreat of 

the last, Late Wisconsinan, Mackenzie Trough ice stream. 
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Two sequences of chaotic to semi-transparent facies are interpreted as subglacial till within 

the Mackenzie Trough (Fig. 3.13). Although these facies possess a chaotic to semi

transparent acoustic signature, differences are apparent in the amplitude of their internal 

reflections, suggesting variations in internal acoustic impedance between the deposits. The 

high-amplitude acoustic-impedance contrasts ide~tified within Facies Ci (Figs. 3.2, 3.3 and 

3.5) are probably indicative of a relatively inhomogeneous till which has retained some 

internal bedding or original sediment structures, In contrast, Facies Cii, which is 

characterised by lower-amplitude acoustic-impedance contrasts (Figs. 3.2, 3.3 and 3.5), may 

represent a more homogeneous and, possibly, more deformed till . 

The reason for this variation in till homogeneity is currently uncertain. The seaward 

transition from Facies Ci to Facies Cii is not produced by sedimentological differences in 

source materials due to the contemporaneous formation of the two facies, as demonstrated by 

the continuous upper and lower reflections of Sequence 1 (Figs. 3.3 and 3.5). The transition 

does not result from differences in the nature of underlying sediments as no significant 

changes in substrate occur across the shelf. It may be associated with increased sediment 

deformation and/or ice stream velocity across the shelf or with the length of time during 

which sediment was transported beneath the ice stream. 

Facies Ti within Sequence 3 is characterised by a semi-transparent acoustic signature 

(Figs. 3.2, 3.3 and 3.7) and is suggested to represent a massive till which is largely devoid of 

significant bedding or internal structures. The identification of streamlined glacigenic 

landforms, including MSGL, of inferred Late Wisconsinan age, in the Mackenzie Valley to 

the south of the trough (Beget, 1987; Winsborrow et al., 2004; Stokes et al., 2006; Brown et 

al., 2011), provides evidence of fast ice-stream flow during this glaciation (Clark, 1993; 

Stokes and Clark, 1999). It is possible that the onset zone of ice steaming occurred further 

inland during this you~ger ice advance through the Mackenzie Trough compared with the 

earlier ice advance that deposited Sequence 1, resulting in the formation of a massive and 

pervasively deformed Sequence 3 till on the shelf. 

II 
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This chapter provides an analysis of the seismic sequences, facies and features identified 

from processed two-dimensional seismic reflection data from the Amundsen Gulf and 

M'Clure Strait troughs on the eastern Canadian Beaufort Sea margin (Fig. 4. lA). A grid of 

seismic reflection data covering approximately 200,000 km2 was analysed from the 

Amundsen Gulf Trough and adjacent slope, as well as from the shallow continental shelf to 

Figure 4.1. A: IBCAO bathymetry of the Amundsen Gulf and M'Clure Strait troughs on the 
eastern Canadian Beaufort Sea margin (100 m contours; Jakobsson et al., 2012b). B: 
Distribution of the seismic lines which were analysed from the eastern Canadian Beaufort Sea 
margin, overlying IBCAO bathymetry. PP= Prince Patrick Island. 
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features, differentiated by their dimensions and morphology, are described from seismic 

profiles of the Amundsen Gulf Trough (Fig. 4.2). Large indentations truncate underlying 

reflections and have widths of 450 to 700 m and depths of 25 to 60 m. Small indentations 

have widths of 60 to 350 m and are typically less than 10 m deep. Small indentations possess 

berms a few metres high either side of a central depression (Fig. 4.2). 

4.3 Amundsen Gulf Trough results: inner-shelf and transition 

4.3.J Description 

Seismic reflection data reveal that the inner-shelf of the Amundsen Gulf Trough, east of 

about 126°W, is composed predominantly of acoustically impenetrable Facies N (Figs. 4.2 

and 4.3). Facies N is capped by a thin (less than 50 m) spatially-discontinuous veneer of 

acoustically transparent Facies D (Figs. 4.2 and 4.3). Accumulations of acoustically stratified 

sediment of Facies Sii (Fig. 4.2), up to 200 m thick, occur within several large (more than 10 

km long) depressions on the inner-shelf (Fig. 4.3A). The sub-parallel low-amplitude 

reflections within Facies Sii onlap against the sides of the depressions (Fig. 4.3A). A number 

of trough-parallel, elongate ridges with blunt, steeper landward sides and tapered seaward 

sides are identified on high-resolution swath-bathymetric data from the inner-shelf sea floor 

(Fig. 4.3C). These landforms are up to a few kilometres long and about 10 m high. A 

transition from Facies N to stacked sequences of Facies Ti (Fig. 4.2) occurs at about 126°W 

in the Amundsen Gulf Trough (Fig. 4.3B). A high-amplitude, laterally continuous, smooth 

reflection is identified truncating underlying reflections within the trough stratigraphy (Fig. 

4.3B and E). This prominent reflection is interpreted as the base of the stacked acoustically 

semi-transparent sediments (Fig. 4.3B). This reflection marks the base of the sediments 

analysed in this study and is referred to subsequently as the Amundsen Gulf Trough basal 

reflection. The basal reflection can be traced across the entire study area (Fig. 4.lB) and 

reaches a maximum depth of 800 m below sea level on the outer-shelf (Fig. 4.3E). In 

contrast to the very thin sediment cover of most of the inner-shelf, the Amundsen Gulf 

Trough basal reflection is overlain by up to 500 m of sediment on the outer-shelf (Fig. 4.3F). 

4.3.2 Interpretation 

The acoustically highly-impenetrable character of Facies N (Figs. 4.2 and 4.3) suggests 

that the inner-shelf of the Amundsen Gulf Trough, east of around 126°W, is composed 
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predominantly of bedrock. The thin veneer of acoustically transparent Facies D that 

discontinuously overlies the inner-shelf bedrock (Figs. 4.2 and 4.3A) probably represents 

fine-grained glacimarine to open-marine sediment deposited subsequent to the retreat of the 

Late Wisconsinan Amundsen Gulf ice stream (Stokes et al., 2006; MacLean et al., 2012). 

Pre-Late Wisconsinan material may be preserved within several bedrock depressions, which 

contain thick (up to 200 m) accumulations of acoustically stratified sediment of Facies Sii 

(Figs. 4.2 and 4.3A). 
The trough-parallel elongate ridges imaged in Figure 4.3C have been identified previously 

on bathymetric and sub-bottom profiles from the trough. They are interpreted as bedrock 

drumlins and crag-and-tail features (Table 1.1) produced beneath the Late Wisconsinan 

Amundsen Gulf ice stream (Stokes et al. , 2006; Bennett et al., 2007; MacLean et al., 2012). 

It has been speculated previously that the major sea-floor bathymetric ridge which extends 

across Amundsen Gulf north of Parry Peninsula at around 400 m below sea level (R in Fig. 

4.3D) represents a large morainal bank produced during a still-stand in ice-stream retreat 

through the trough (Stokes et al., 2006). However, a seismic profile through this ridge (R in 

Fig. 4.3A) shows that it is composed of bedrock rather than glacigenic sedimentary material, 

and is capped by only a thin veneer of glacimarine to open-marine sediment. 

There is a clear seaward transition from acoustically impenetrable material of Facies N to 

stacked sequences of acoustically semi-transparent sediment, Facies Ti, at about 126°W 

(Figs. 4.2, 4.3B and D). This transition is interpreted as a change in substrate from 

predominantly exposed or near-surface bedrock on the inner-shelf to a thick (up to 500 m), 

outer-shelf pro grading wedge of unconsolidated sediment of mainly glacigenic origin. 

Similar seaward transitions from exposed bedrock to unconsolidated glacigenic material have 

been identified from many other high-latitude cross-shelf troughs in the Arctic and Antarctic 

and have been interpreted to mark a change from predominantly ice-stream erosion on the 

inner-shelf to glacial and glacially-influenced sediment deposition on the outer-shelf (Wellner 

et al., 2001; 6 Cofaigh et al., 2002; Ottesen et al ., 2005; Graham et al., 2009; Laberg et al., 

2010). 
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The stratigraphic position of the Amundsen Gulf Trough basal reflection, underlying 

stacked outer-shelf sequences of acoustically semi-transparent sediment, together with its 

smooth, continuous and erosional character (Fig. 4.3B), suggest that this unconformity is an 

erosion surface formed by the first Quaternary ice advance through the Amundsen Gulf 

Trough. The basal reflection is therefore interpreted as the base of Quaternary glacigenic 

sediments in the trough. The ice was probably able to cut further down into the substrate 

west of 126°W (Fig. 4.3B) due to a change from hard Palaeozoic carbonates on the inner

shelf to more recent deltaic deposits that are less resistant to erosion on the outer-shelf. 

4.4 Amundsen Gulf Trough results: outer-shelf 

The sediments overlying the Amundsen Gulf Trough basal reflection were divided into 

eight genetic sequences, 1 to 8, bounded by unconformities (Fig. 4.4). Four megasequences, 

A to D, were defined by the position of particularly widespread, high-amplitude erosional 

unconformities within the trough stratigraphy. Three of these megasequences, A to C, are 

present on the outer-shelf and adjacent continental slope (Fig. 4.5). Megasequence A 

contains two sequences (1 and 2), Megasequence B contains one sequence (3) and 

Megasequence C contains four sequences (4 to 7) (Fig. 4.4). 

4.4.1 Megasequence A (Sequences 1 and 2) 

Description 

Megasequence A reaches a maximum thickness of around 400 m close to the present-day 

shelf break (Fig. 4.5A). Nine large indentations (Fig. 4.2) are present along the Amundsen 

Gulf Trough basal reflection, which is synonymous with the basal reflection of 

Megasequence A. These indentations are spaced 1 to 3 km apart and are located close to the 

present-day shelf break at the northern margin of the trough (Figs. 4.4C and 4.6A). The large 

indentations have widths of between 450 and 700 m and depths of up to 60 m (Fig. 4.6). 

Figure 4.4. Profiles showing the distribution of seismic sequences (1 to 8) , megasequences 
(A to D) and facies in the Amundsen Gulf Trough (from Batchelor et al. , 2014). A: Seismic 
profile of a dip line through the Amundsen Gulf Trough. B: Schematic drawing of the dip 
line shown in B. C: Seismic profile of a strike line across the Amundsen Gulf Trough. D: 
Schematic drawing of the strike line shown in C. E: Contoured isopach map of total 
sediment thickness above the Amundsen Gulf Trough basal reflection (100 m contours), 
overlying present-day IBCAO sea floor bathymetry (100 m contours; Jakobsson et al. , 

2012b). Dashed red line is present-day shelf break. 
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Sequence 1 within Megasequence A is composed predominantly of Facies Ti (Figs. 4.2 

and 4.4). Three distinct units of Facies Ti, separated by high-amplitude reflections, are 

identified within Sequence 1 on the upper-slope, yet the upper units are truncated from the 

thinner Sequence 1 sediments on the shelf (Fig. 4.4A and B). A near-vertical normal fault is 

identified within Sequence 1 and overlying sequences on multiple seismic profiles close to 

the shelf break (Figs. 4.4 and 4.7). This feature is interpreted as a fault, rather than an 

artefact caused by a data gap, due to its presence on multiple seismic profiles of the outer

shelf (Fig. 4.7). This fault has resulted in the vertical displacement of around 100 m of 

sediment. The sediment on the downthrown side of the fault is up to 50 m thicker than the 

correlative strata of the upthrown side (Fig. 4.7) . 

Two near-surface asymmetric wedges of Facies Tii sediment (Fig. 4.2) occur close to the 

present-day shelf break to the west of Banks Island (Fig. 4.8A and B). The southern of the 

two wedges is located at the northern lateral margin of the Amundsen Gulf Trough. It has a 

length of 50 km and a maximum thickness of 200 m (Fig. 4.8C). Internal reflections within 

this wedge dip in a northerly direction. The northern wedge of Facies Tii occurs at the 

southern lateral margin of the M'Clure Strait Trough (Fig. 4.8). This wedge is 40 km long, 

has a maximum thickness of 150 m, and contains internal reflections that dip to the south 

(Fig. 4.8D). 

Figure 4.7. A: IBCAO sea floor bathymetry of the Amundsen Gulf Trough (100 m contours; 
Jakobsson et al., 2012b), showing the locations of the seismic profiles in Band C (adapted from 
Batchelor et al., 2014 ). Red circles show location of fault. B and C: Seismic profiles of sub

parallel dip lines through the outer-shelf of the Amundsen Gulf Trough, showing the position of a 

possible normal growth fault within the stratigraphy. 
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Figure 4.8. A: Seismic profile of a strike line through two near-surface, asymmetric 

sedimentary wedges of Facies Tii within Sequence 1 on the continental shelf between 

Amundsen Gulf and M'Clure Strait (adapted from Batchelor et al ., 2014). B: The location of 

the seismic profile shown in A, overlying present-day IBCAO sea floor bathymetry (100 m 

contours; Jakobsson et al., 2012b). C and D: Enlarged seismic profiles through the southern 

and northern wedges, respectively, showing the acoustically semi-transparent character, 

dipping internal reflections and asymmetric geometry of the wedges. 

Sequence 2 within Megasequence A is composed of Facies Tii and is located in the 

middle-shelf region of the Amundsen Gulf Trough (Figs. 4.4A, B and 4.9). An isopach map 

reveals that this deposit is around 50 km long and 30 km wide, with a maximum thickness of 

127 m (Fig. 4.9B). Sequence 2 has an asymmetric wedge-like geometry with a steeper 

north west, seaward side (Fig. 4.9C). The wedge of Facies Tii contains low-amplitude 

internal reflections that dip to the northwest. 

Chapter 4: Amundsen Gulf and M'Clure Strait troughs 

A 

Former 
ice flow 
direction 

20km 

83 

B 

C 

Figure 4.9; A: Contoured isopach map showing the location of the Sequence 2 wedge of Facies 

Tii in Amundsen Gulf, overlying present-day IBCAO sea floor bathymetry (100 m contours; 

Jakobsson et al., 2012b) (adapted from Batchelor et al., 2014). CB= Cape Bathurst. B: 

Contoured isopach map showing the thickness and geometry of Sequence 2 (20 m contours). C: 

Seismic profile of a dip line through the Sequence 2 wedge, showing its asymmetric shape and 

dipping internal reflections. 

Interpretation 

The stratigraphic position of the topset deposits within Sequence 1 above a prominent, 

smooth erosion surface, together with its semi-transparent, chaotic to weakly-stratified 

seismic character (Fig. 4.4 ), suggests that this sequence is composed of till. Till has been 

described previously to exhibit a semi-transparent structureless to chaotic signature on 

seismic records, indicating a lack of sediment sorting beneath the ice sheet (Alley et al., 

1989; King, 1993; Shipp et al., 1999). Although the majority of Sequence 1 till was probably 

' i, 

! 
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deposited subglacially, the outer parts of this sequence may include sediment that was 

redistributed by gravity flows in an ice-marginal setting. The presence of three distinct units 

of Facies Ti within Sequence 1 on the upper-slope (Fig. 4.4A and B) suggests that this 

sequence represents at least three glacial advances, separated by erosional unconformities. 

Two of these till sheets are interpreted to have been removed from the shelf, probably by 

subsequent ice advances, leaving only one till sheet within Sequence 1 preserved on the shelf 

(Fig. 4.4A and B). Similar stratigraphic sequences, in which prograding wedges of till are 

truncated by erosion surfaces from subsequent ice advances, have been described from the 

formerly-glaciated mid-Norwegian shelf and many other polar shelves (Srettem et al., 1992; 

Dowdeswell et al., 2007; Cooper et al., 2008). Each of the three till sheets within Sequence 1 

(Fig. 4.4B) is interpreted to have been deposited during an ice-stream advance to the shelf 

break and its subsequent retreat; however, it is uncertain whether the till sheets were 

deposited during separate full-glacial periods or ice-front oscillations during a single 

glaciation. 
The stratigraphic thickness change across the prominent normal fault within the outer-shelf 

sediments (Figs. 4.4A, B and 4.7) indicates that this feature is a growth fault formed 

contemporaneously and continuously with the delivery of glacigenic sediment to the margin. 

This feature is unlikely to be a data artefact due to its occurrence on multiple seismic profiles 

across the outer-shelf (Fig. 4.7). 

The large indentations on the Amundsen Gulf Trough basal reflection (Figs. 4.4C and 4.6) 

are interpreted as buried gullies which developed along the palaeo-shelf break. With widths 

of up to 700 m, depths of up to 60 m and spacing of 1 to 3 km, these features have similar 

dimensions, spacing and morphology to gullies identified on other high-latitude slopes 

beyond palaeo-ice streams (e.g. Shipp et al., 1999; 6 Cofaigh et al., 2003; Dowdeswell et al., 

2006, 2008a; Wellner et al., 2006; Noormets et al., 2009; Gales et al., 2013). 

The position of the gullies on the basal reflection of the Amundsen Gulf Trough (Figs. 

4.4C and 4.6) suggests that they developed quasi-contemporaneously with the first 

Quaternary ice advance to the shelf break. The gullies were probably eroded by sediment

laden meltwater released from beneath an ice margin grounded at the shelf edge (Wellner et 

al., 2001; 6 Cofaigh et al., 2003; Dowdeswell et al. , 2008a; Noormets et al., 2009; Gales et 

al., 2013). The location of the gullies at the northern margin of the trough (Figs. 4.4C and 

4.6A) may reflect the focusing of sub glacial meltwater flow in front of the trough's lateral 

margins due to subglacial hydraulic gradients caused by variations in ice thickness inside and 

outside the trough, as well as additional heat generated by friction at the trough margin 
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(Noormets et al., 2009; Gales et al., 2013). However, the gullies could have been formed by 

several other processes, including debris-flow processes on the upper-slope, and cascading 

dense water produced during sea ice formation under interglacial conditions (Dowdeswell et 

al., 2008a). 

The geometry and dimensions of the two near-surface asymmetric wedges of Facies Tii 

(Fig. 4.8) suggest that these landforms are GZWs produced by the supply of till to an ice 

margin during a former ice-front still-stand (Dowdeswell and Fugelli, 2012). However, the 

locations of the wedges, at the lateral margins of the Amundsen Gulf and M'Clure Strait 

troughs (Fig. 4.8B), imply that these landforms are not classic GZWs formed at the respective 

termini of the ice streams. 

Lateral shear zone moraines up to 22 km long and 50 m thick have been identified in the 

terrestrial record, where they have been interpreted to mark the border zone between areas of 

fast- and slow-flowing ice (e.g. Dyke and Morris, 1988; Stokes and Clark, 2002). Lateral 

ridges, interpreted as shear zone moraines, have also been identified at the sides of cross-shelf 

troughs in Arctic Canada, Norway and Svalbard (e.g. Boulton and Clark, 1990; Stokes and 

Clark, 2001; Ottesen et al., 2002, 2005; Rydningen et al., 2013). Lateral shear zone moraines 

have been suggested to form through the squeezing of diamictic, ice-stream derived 

sediments into longitudinal cracks and crevasses that develop along the boundary between 

fast- and slow-flowing ice at ice-stream margins (Stokes and Clark 2002· Ry· dninge t l , , n e a., 

2013). However, with lengths of 50 km and 40 km, and maximum thicknesses of 200 m and 

150 m, respectively, the two asymmetric wedges on the Canadian Beaufort Sea margin (Fig. 

4.8) are too large to be lateral shear-zone moraines. Instead, they are interpreted to represent 

lateral GZWs that developed through the delivery of till to the lateral ice-stream margins. 

Similar lateral wedges have been identified at the sides of Anvers Trough and Boyd Strait on 

the Antarctic Peninsula, where they were interpreted to mark the lateral margins of former ice 

streams (Larter and Vanneste, 1995; Vanneste and Larter, 1995). The low-amplitude dipping 

reflections within each wedge illustrate the direction of former sediment pro gradation; the 

more southern of the two wedges (Fig. 4.8C) pro grades to the north and is interpreted to have 

been formed by the ice stream in Amundsen Gulf, whilst the more northern of the two 

wedges (Fig. 4.8D) progrades to the south and is probably formed by the ice stream in 

M'Clure Strait. 

It is possible that the wedges represent the boundary between fast, ice-streaming flow in 

the Amundsen Gulf and M'Clure Strait troughs and slower, cold-based ice on the adjacent 

shelf. Cold-based Laurentide ice has been interpreted previously to have extended across at 
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least part of the shallow shelf between the two troughs during the Late Wisconsinan 

glaciation (Fig. 1.4) (England et al., 2009). However, if the wedges were formed at the 

margin between fast- and slow-flowing ice, the net sediment transfer direction would 

probably be predominantly from the region of slow-flowing ice and higher elevation toward 

the region of fast ice flow within the deeper troughs. In contrast, the dipping internal 

reflections within the two wedges of Facies Tii demonstrate that sediment was transported 

predominantly from the troughs towards the adjacent shallow shelf (Fig. 4.8). The wedges of 

Facies Tii may have formed where streaming ice flow within the two troughs diverged as it 

entered an ice shelf. The ice streams in Amundsen Gulf and M'Clure Strait have been 

suggested to have flowed into ice shelves beyond their grounding lines during some 

Quaternary glaciations (Engels et al., 2008; Jakobsson et al., 2010) . However, it is also 

possible that the wedges formed at the boundary between ice in the troughs and an ice-free 

zone on the adjacent shelf. 

The dimensions of the Amundsen Gulf and M'Clure Strait wedges (Fig. 4.8) are 

considerably larger than the majority of GZWs on the east and west Greenland, Norwegian

Svalbard and Antarctic margins (Howat and Domack, 2003; Ottesen et al. , 2007; Jakobsson 

et al., 2012a), which are typically less than 125 m thick and less than 20 km long 

(Dowdeswell and Fugelli, 2012). However, GZWs with comparable dimensions have been 

identified in the Ross Sea of West Antarctica and in Prydz Bay, East Antarctica (Vanneste 

and Larter, 1995; Domack et al., 1998; Mosola and Anderson, 2006). The two wedges on the 

Canadian Beaufort Sea margin are probably composite features which experienced several 

phases of build-up over successive glaciations (e.g. Laberg et al., 2007). The pinching out of 

younger sequences against the ice-proximal sides of the wedges (Fig. 4.8A) provides further 

evidence for their development over several glaciations. The Amundsen Gulf Trough basal 

reflection forms the base of both asymmetric wedges and can be traced continuously between 

the two landforms (Fig. 4.8A), suggesting roughly contemporaneous formation. This implies 

that the ice streams in Amundsen Gulf and M'Clure Strait may have started delivering basal 

sediment to their outer-shelf lateral margins at a similar time in the Quaternary, responding to 

the same regional environmental forcing. 

The asymmetric geometry of Sequence 2 within Megasequence A, together with its semi-

transparent seismic character and internal dipping reflections (Fig. 4.9C), suggests that it is a 

GZW formed by the delivery of till during a still-stand in retreat of the Amundsen Gulf ice 

stream. The considerable dimensions of the Sequence 2 wedge, which has a length of 50 km, 

a width of 30 km, a maximum thickness of 127 m, and a volume of around 90 km3, imply that 
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the ice-stream grounding-zone remained relatively stable in this position for at least decades 

and probably for centuries (Dowdeswell and Fugelli, 2012). Stabilisation of the ice-front 

position was probably influenced by the width of the trough (e.g. Gudmundsson et al., 2012; 

Jamieson et al., 2012), with the position of Banks Island and Cape Bathurst (Fig. 4.9A) 

providing middle-shelf lateral pinning points for stabilisation of the Amundsen Gulf ice 

stream during retreat. 

4.4.2 Megasequence B (Sequence 3) 

Description 

Sequence 3 within Megasequence Bis composed entirely of Facies Ti (Figs. 4.2 and 4.4). 

This sequence thickens in a seaward direction and reaches a maximum thickness of around 

200 m on the outer-shelf (Fig. 4.5B). The basal reflection of Sequence 3 truncates underlying 

reflections on the outer-shelf, including the high-amplitude reflections within Megasequence 

A (Figs. 4.4A and 4.10). Low-amplitude seaward-dipping reflections with gradients of 

between 0.1 and 1 ° are present within Sequence 3 on the outer-shelf (Figs. 4.4A and 4.10) 

Interpretation 

The semi-transparent, chaotic to weakly-stratified seismic character of Sequence 3, 

together with its position above a high-amplitude erosional unconformity (Figs: 4.4 and 4.10), 

indicates that it is composed of till deposited during an ice advance to the shelf break (Alley 

et al., 1989; King, 1993; Shipp et al., 1999). The sheet-like geometry of Sequence 3 (Figs. 

4.4 and 4.10) suggests that it represents a thick (up to 200 m) outer-shelf till sheet. The 

truncation of underlying reflections by the Sequence 3 basal reflection (Fig. 4.10) indicates 

that this ice advance probably removed sediments deposited during preceding glaciations 

from the shelf. Similar examples of till-sheet erosion and preservation have been described 

from seismic profiles of the mid-Norwegian margin (Dowdeswell et al., 2007). The low

amplitude dipping reflections within Sequence 3 (Figs. 4.4A and 4.10) demonstrate that the 

sediment prograded in a seaward, northwesterly direction through the Amundsen Gulf 

Trough. 
I 
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Sea-floor reflection 
Small indentation 

~ 
Line 6590 (VE = 10) 

2000 m 

Figure 4.10. Section of a dip line through the outer-shelf of Amundsen Gulf ~rou~h, ~h~wing 
the semi-transparent acoustic character and dipping internal reflections of Fac1es T1 w1thm 

Sequence 3. Location of profile shown in Fig. 4.4A. 

4.4.3 Megasequence C (Sequences 4 to 7) 

Description 
Megasequence C contains four stacked sequences, Sequences 4 to 7, of Facies Ti (Figs. 

4.2, 4.4 and 4.10). The four sequences are each between 20 and 50 m thick on the outer-shelf 

and are separated by high-amplitude reflections that truncate underlying reflections and 

sequences (Figs. 4.4 and 4.10). Sequences 4 to 7 reach a cumulative thickness of around 100 

m on the outer-shelf and increase in thickness substantially beyond the palaeo-shelf break 

(Figs. 4.4A and 4.5C). The upper reflection of Sequence 7 merges with the Amundsen Gulf 

sea-floor reflection over some parts of the outer-shelf (Fig. 4.4C and D). 

In water depths of less than 400 m, the sea-floor reflection is incised by a number of small 

indentations (Figs. 4.2, 4.4 and 4.11). The small indentations are typically less than 200 m 

wide, less than 15 m deep, and possess berms a few metres high either side of a central 

depression (Figs. 4.2 and 4.11) . 
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Figure 4.11. A: Scatterplot of the width and depth of the small indentations on the sea-floor 
reflection of the Amundsen Gulf Trough. B to E: Close-up images of some of the small 
indentations, showing their geometry and variation in dimensions. 

Interpretation 

E 

The semi-transparent seismic character and erosional basal reflections of Sequences 4 to 7 

(Figs. 4.4 and 4.10) suggest that these sequences are composed of till (Alley et al., 1989; 

King, 1993; Shipp et al. , 1999). With individual thicknesses of between 20 and 50 m on the 

shelf, the four till sheets within Megasequence C are considerably thinner than the Sequence 

3 till sheet, which is more than 200 m thick on the outer-shelf (Figs. 4.4 and 4.5) . Some of 

the sediment originally deposited within Sequences 4 to 7 was probably removed by 

subsequent ice advances across the shelf. This interpretation is supported by evidence of 

erosion within Megasequence C; for example, Sequence 5 sediments are truncated in a 

landward direction by Sequence 6 sediments, which are, in tum, truncated by Sequence 7 

sediments (Fig. 4.4) . 

With typical widths of less than 200 m, depths of less than 15 m and berms a few metres 

high, the dimensions and geometry of the small indentations on the sea-floor reflection of the 

Amundsen Gulf Trough (Figs. 4.2 and 4. 11) suggest that these features are iceberg keel 

II 
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ploughmarks formed by the grounding of iceberg keels on the sea floor. Iceberg keel 

ploughmarks have been identified previously on swath bathymetry and sub-bottom profiles of 

the Amundsen Gulf Trough sea floor (MacLean et al., 2012), as well as from a number of 

other high-latitude continental margins (Woodworth-Lynas et al. , 1985; Dowdeswell et al., 

1993; Dowdeswell and Bamber, 2007). With grounding depths to around 400 m below 

present-day sea level, the majority of the iceberg keel ploughmarks on the sea floor of the 

Amundsen Gulf Trough were probably produced during the last, Late Wisconsinan 

deglaciation. Some the larger indentations on the sea-floor reflection, which have widths of 

up to 350 m and depths of up to 35 m (e.g. Fig. 4.1 lD), may have been formed by grounding 

events from larger, possibly tabular icebergs (Dowdeswell and Bamber, 2007). 

4.5 Amundsen Gulf Trough results: continental slope 

4.5.1 Description 
The shelf break at the mouth of the Amundsen Gulf Trough occurs at around 400 m below 

present-day sea level (Fig. 4. lA); the adjacent continental slope has a sea-floor gradient of 

around 1 °. The Amundsen Gulf Trough basal reflection reaches a depth of more than 4000 m 

below present-day sea level on the slope beyond the trough (Fig. 4.3E). Six sequences of 

acoustically semi-transparent sediment of facies Ti (Fig. 4.2), Sequences 1 and 3 to 7 within 

Megasequences A to C, are present on the slope above the basal reflection, and form a 

sedimentary depocentre with a maximum thickness of around 1300 m (Figs. 4.3F and 4.12). 

Seismic profiles, isopach maps and bathymetry data suggest that the depocentre beyond the 

Amundsen Gulf Trough covers a minimum area of 12,000 km2
, has an average thickness of 

around 800 m (Figs. 4.3F and 4.12), and a volume of at least 10,000 km3 (Batchelor et al., 

2013a). 

4.5.2 Interpretation 

This seismic investigation provides evidence for a major TMF on the continental slope 

beyond the Amundsen Gulf Trough (Fig. 4.12). The semi-transparent acoustic character of 

the sediments which comprise this depocentre (Fig. 4.12), together with their stratigraphic 

position on the slope and lateral continuity with outer-shelf sediments that have been 

interpreted as till, suggest that the depocentre is composed of stacked glacigenic-debris flows, 
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formed by the remobilisation of deformable till by debris-flow processes (Alley et al. , 1989; 

Laberg et al., 2000). Individual glacigenic-debris flow lenses are not resolved on the seismic 

- ... -

Line 25600 (VE = 30) A 

Trough basal 
reflection 

-- D Pre-glacial D Chaotic to weakly-stratified semi-transparent (Ti) 

Figure 4.12. A: Seismic profile of a dip line down the continental slope beyond the 

Amun~sen Gulf Trou_gh. Inset: Contoured isopach map of total sediment thickness above the 

trough s basal reflection (100 m contours), overlying present-day IBCAO sea floor 

bathymetry (100 m contours; Jakobsson et al., 2012b) (adapted from Batchelor et al 2014) 

D~sh~d red line is present-day shelf break. B: Schematic drawing illustrating distrib~tion of. 

se1snnc sequences 1 and 3 to 8, megasequences A to D, and facies. 
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data. Additional, indirect evidence for TMF development beyond Amundsen Gulf includes 
the low sea-floor slope gradient of about 1 ° and the outward bulging of slope contours 
beyond the trough-mouth (Fig. 4. lA), which is a result of shelf pro gradation (Stokes et al., 

2006). 
TMFs develop seaward of fast-flowing ice streams under full-glacial conditions, as a result 

of high debris flux (Dowdeswell et al ., 1996; Elverh0i et al., 1998; Vorren et al. , 1998), and 
have been identified on the slopes beyond numerous formerly-glaciated cross-shelf troughs in 
the Arctic and Antarctic (e.g. Vorren et al., 1988, 1989; Dowdeswell et al., 1996, 2008a; 
Elverh0i et al., 1997; Vorren and Laberg, 1997; King et al., 1998; 6 Cofaigh et al., 2003). 
With an area of around 12,000 km2 and a minimum volume of 10,000 km3, the Amundsen 
Gulf TMF is of the same order of magnitude as other Arctic and Antarctic fan systems, such 
as the Scoresby Sund Fan in the Greenland Sea, which has a volume of about 15,000 km

3 

(Dowdeswell et al., 1997). 

4.6 Amundsen Gulf Trough results: Megasequence D (Sequence 8) 

4.6.1 Description 
Whereas Megasequences A to C increase in thickness in a seaward direction and form a 

major sedimentary depocentre on the slope beyond the Amundsen Gulf Trough (Figs. 4.5 and 
4.12), Megasequence D reaches its maximum thickness north of Cape Bathurst, thins in a 
northeasterly direction, and is not present on the slope (Fig. 4.13). Megasequence D is 
composed entirely of Facies Ti (Fig. 4.2) and reaches a maximum thickness of 290 mat the 
southern margin of the Amundsen Gulf Trough (Fig. 4.13A). Seismic profiles through 
Megasequence D reveal that it contains low-amplitude internal reflections that dip in a 

northeasterly direction (Figs. 4.4C, 4.13C and D). 
The high-amplitude basal reflection of Megasequence D truncates reflections within 

underlying sequences on the outer-shelf (Figs. 4.4C, 4.13C and D). The upper reflection of 
Megasequence D, which coincides with the sea-floor reflection over the majority of the outer 
shelf, is incised by a number of small indentations (Figs. 4.2 and 4.11 ). 
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4.6.2 Interpretation 

The semi-transparent seismic character of Megasequence D, together with its erosional 

basal reflection (Figs. 4.4, 4.13C and D), suggest that it is composed of till. Whereas the 

distribution of Megasequences A to C (Fig. 4.5) implies that these sediments were deposited 

by successive ice streams that extended through the Amundsen Gulf Trough to the shelf 

break, the Megasequence D isopach map (Fig. 4.13A) suggests that this till was directed into 

the southern side of the trough from a source on the shelf north of Cape Bathurst. This 

interpretation is supported by the northeasterly direction of the low-amplitude dipping 

reflections within Megasequence D (Fig. 4.13D), which illustrate sediment progradation to 

the northeast. It is therefore possible that the youngest sequence of till in the Amundsen Gulf 

Trough, represented by Megasequence D, was deposited by an ice mass which terminated at 

the shelf break north of Cape Bathurst, rather than by the Amundsen Gulf ice stream. 

Terrestrial evidence, including the presence of streamlined subglacial landforms, suggests 

that a subsidiary palaeo-ice stream, termed the Anderson ice stream, flowed in a northeasterly 

direction towards Cape Bathurst sometime during the Late Wisconsinan glaciation or 

subsequent deglaciation (Figs. 1.4 and 4.13) (Winsborrow et al., 2004; Brown et al., 2011). 

It is possible that the Anderson ice stream deposited the Megasequence D till at the southern 

margin of the Amundsen Gulf Trough (Fig. 4.13) subsequent to the retreat of the last, Late 

Wisconsinan Amundsen Gulf ice stream. The small indentations on the upper reflection of 

Megasequence D (Figs. 4.2 and 4.11) are interpreted as iceberg keel ploughmarks produced 

during the last, Late Wisconsinan deglaciation of the Amundsen Gulf Trough. 

4.7 Amundsen Gulf Trough palaeo-glaciology: reconstructing form and 

flow 

4. 7.1 The Amundsen Gulf palaeo-ice stream 

Nine till sheets are identified from seismic reflection profiles of the Amundsen Gulf 

Trough, providing evidence for at least nine Quaternary ice-stream advances to the shelf 

break (Fig. 4.4). The eight till sheets within Megasequences A to C (Figs. 4.4 and 4.5) are 

interpreted to have been formed during eight advances of an ice stream which flowed through 

the Amundsen Gulf Trough in a northwesterly direction. Although it is possible that some of 

these eight till sheets were deposited during oscillations of the ice-front rather than during 
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separate full -glacial periods, the interpretation of multiple Quaternary ice-stream advances 

through the trough is supported by the contemporaneous growth of a major TMF on the 

adjacent slope (Fig. 4.12). The Amundsen Gulf ice stream therefore probably provided a 

major route for the transfer of ice and sediment to the Arctic Ocean through much of the 

Quaternary. 
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The interpretation of multiple Quaternary ice-stream advances through the Amundsen Gulf 

Trough supports previous assertions that ice streams in Amundsen Gulf and M'Clure Strait 

may have been responsible for discharging IRD into the Arctic Ocean during several pre

Illinoian Quaternary glacial periods, including MIS 16, 12, 10 and 8 (Stein et al., 2010). It is 

possible that the oldest prominent detrital carbonate (dolomite) layer identified in sediment 

cores from the Arctic Ocean, which has been tentatively correlated to MIS 16 (Stein et al., 

2010), represents IRD discharge from the first major Quaternary ice advance across the 

Amundsen Gulf margin. The ice stream in Amundsen Gulf may also have been responsible 

for the discharge of IRD during LIS disintegration at the end of several subsequent 

Quaternary glaciations, including MIS 12, 10 and 8 (Stein et al., 2010), as well as during the 

last deglaciation (Stokes et al., 2005). Whereas the onset of cross-shelf glaciation on the 

Amundsen Gulf margin was probably initiated during a pre-Illinoian Stage, the neighbouring 

Mackenzie Trough, 400 km west of Amundsen Gulf (Fig. 3.1), has a shorter history of ice 

advance and has been interpreted to have remained free of Laurentide ice prior to either the 

Illinoian or Early Wisconsinan glaciation (Fig. 3.11) (Stokes et al., 2012; Batchelor et al., 

2013a, b). The Amundsen Gulf ice stream (Fig. 1.4) therefore probably represented the most 

northwesterly marine-terminating ice stream of the LIS through much of the Quaternary. 

4. 7.2 Ice-sheet reorganisation during the last deglaciation 

The youngest, and ninth till sheet within the Amundsen Gulf Trough, represented by 

Megasequence D, prograded in a northeasterly direction into the trough and is interpreted to 

have been deposited by the Anderson ice stream (Figs. 1.4A an~ 4.13B). The stratigraphic 

position of Megasequence D (Fig. 4.13C) suggests that it was formed subsequent to the 

retreat of the last, Late Wisconsinan ice stream through the Amundsen Gulf Trough (Stokes 

et al., 2006, 2009; MacLean et al., 2012). There is no seismic evidence of sustained sediment 

input into the southern side of the trough prior to the deposition of Megasequence D, 

suggesting only one Quaternary advance of the Anderson ice stream to this position. 

However, it is possible that evidence for earlier advances of the Anderson ice stream may 

have been removed from the shelf by subsequent glaciations. 

I 
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The Anderson ice stream (Figs. 1.4 and 4.13B) may have been an ephemeral ice stream 

that operated during the last deglaciation in response to the reorganisation of ice dynamics at 

the northwest LIS margin. Ephemeral ice streams can develop in response to rapid ice break

up and calving events in adjacent marine areas (Kleman et al., 2006), or in locations where 

thinning ice becomes increasingly influenced by underlying topography, resulting in fast, ice

streaming flow into marine embayments (Stokes et al., 2009). Terrestrial evidence for 

ephemeral ice streams, which indicate different flow patterns from older semi-stable ice 

streams, has been identified previously in several locations in the Canadian Arctic, including 

on Prince of Wales Island (Dyke et al., 1992; Kleman et al., 2006) and in the Richard 

Collinson Inlet on northwest Victoria Island (Fig. 1.1) (Stokes et al., 2009). The inferred 

short-lived advance of the Anderson ice stream (Fig. 4.13) may provide further evidence of 

dynamic ice-sheet behaviour at the northwest sector of the LIS during the last deglaciation. 

4. 7.3 Geomorphological ice-stream signature 

The large-scale architecture of the Amundsen Gulf Trough is similar to the classic model 

of high-latitude cross-shelf troughs, in which stacked till sheets formed during multiple 

Quaternary ice advances to the shelf break transition into major glacigenic depocentres 

composed of numerous glacigenic-debris flows on the continental slope (Fig. 4.14A and B) 

(Vorren et al., 1988; Dowdeswell et al. , 1997; 6 Cofaigh et al ., 2003 ; Li et al. , 2011). The 

Amundsen Gulf Trough continental margin possesses the convex plan-form shape and 

progradational architecture that is characteristic of glacier-influenced TMFs (Fig. 4.14B) 

(Vorren et al., 1998). In contrast to the continental slope beyond the Mackenzie Trough, 

which is characterised by submarine canyons incised into slope sediments (Fig. 3.10), no 

major gullies, canyons or channels were identified on the sea floor beyond the mouth of the 

Amundsen Gulf Trough. 

The Amundsen Gulf Trough exhibits a clear seaward transition from exposed or near

surface bedrock on the inner-shelf to a thick outer-shelf prograding wedge of unconsolidated 

sediment of mainly glacigenic origin (Fig. 4. 14A) . The majority of formerly-glaciated cross

shelf troughs in both the Arctic and Antarctic display a similar seaward transition from 

crystalline bedrock to sedimentary sea-floor substrate (Fig. 4.14B). This transition typically 

marks a change from predominantly ice-stream erosion on the inner-shelf to till deposition on 

the outer-shelf (Shipp et al., 1999; Wellner et al ., 2001; 6 Cofaigh et al., 2002; Ottesen et al. , 

2005, 2008; Livingstone et al., 2012). Low rates of post-glacial sedimentation within the 
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Amundsen Gulf Trough enable the identification of glacigenic landforms on the sea floor 

(Fig. 4.14D and E) , as well as on buried horizons within the trough stratigraphy. 

4.7.4 Diagnostic glacigenic landforms and sediments 
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The Amundsen Gulf Trough has many characteristic geomorphological features of an ice 

stream (Fig. 4.14A and B) (Ottesen et al., 2005; Ottesen and Dowdeswell, 2009). Elongate 

subglacial landforms, including inner-shelf sea-floor drumlins and crag-and-tail features 

(Figs. 4.3C and 4.14D), indicate that fast, ice-streaming flow occurred in a northwesterly 

direction through the trough during the last, Late Wisconsinan glaciation (Blasco et al. , 2005; 

Stokes et al., 2006; MacLean et al., 2012). Iceberg keel ploughmarks, with typical widths 

and depths of 50 to 200 m and 5 to 15 m, respectively, are also preserved on the sea floor of 

the Amundsen Gulf Trough (Fig. 4.11). 

A number of glacigenic landforms are described from buried horizons within the 

Amundsen Gulf Trough stratigraphy (Fig. 4.14A). Gullies are identified along the palaeo

shelf break (Figs. 4.4C, 4.6 and 4.14A) and are interpreted to have formed quasi

contemporaneously with the first Quaternary ice advance through the trough. Two types of 

GZW are identified from two-dimensional seismic profiling of the margin (Figs. 4.8 and 4.9). 

A classic GZW (Dowdeswell and Fugelli, 2012), interpreted to have been formed at the 

terminus of an ice stream during a still-stand in retreat, is described from the middle-shelf of 

the Amundsen Gulf Trough (Figs. 4.9 and 4.14A). The position of Banks Island and Cape 

Bathurst (Fig. 4.9A) probably provided middle-shelf lateral pinning points for stabilisation of 

the Amundsen Gulf ice stream in this location. Two lateral GZW s, interpreted to have been 

formed through the delivery of till to the lateral ice-stream margins, are identified at the 

northern and southern. sides of the Amundsen Gulf and M 'Clure Strait troughs, respectively 

(Figs. 4.8 and 4.14A). 

Figure 4.14. A: Map showing zones of erosion (exposed bedrock, limited sediment cover, 

isolated sedimentary basins) and deposition (multiple stacked till sheets) derived from two

dimensional seismic reflection data in Amundsen Gulf (AG), overlying IBCAO sea floor 

bathymetry (100 m contours; Jakobsson et al., 2012b). MS = M'Clure Strait Trough. Green lines 

are sea-floor drumlins and crag-and-tail features, and red lines are sea floor ridge-and-groove 

lineations from MacLean et al. (201 2). Dashed red line is present-day shelf break. B: Schematic 

drawing of an idealised developed cross-shelf trough system. C: Seismic profiles of dip lines 

along the Amundsen Gulf Trough showing the transition from inner-shelf exposed bedrock, to 

outer-shelf till-sheets and a TMF. D: High-resolution swath bathymetry of sea-floor drumlins 

and crag-and-tail features in middle-shelf of AG. E: High-resolution swath bathymetry of sea

floor ridge-and-groove lineations in the inner-shelf of AG. D and E are from University of New 

Brunswick's online ArcticNet 15 ' x 30' Basemap Series, 2003 - 2011. 
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The lateral GZWs (Fig. 4.8) are probably composite features that formed when ice streams 

in Amundsen Gulf and M'Clure Strait repeatedly expanded their outer-shelf lateral margins 

onto the adjacent shallow continental shelf. The lateral GZW s may have been formed where 

streaming ice flow diverged as it entered an ice shelf. Alternatively, the wedges may 

represent a boundary between fast, ice-streaming flow in the troughs and slower, cold-based 

ice on the shelf, or a boundary between ice in the troughs and an ice-free zone on the adjacent 

shelf. 

4.8 M'Clure Strait Trough results: seismic facies and features 

One seismic facies, overlying an outer-shelf unconformity, is identified from the c.800 

line-km of seismic data from the M'Clure Strait Trough (Figs. 4.18, 4.15 and 4.16). Facies 

Ti has a semi-transparent acoustic character, low-amplitude chaotic to weakly-stratified 

internal reflections and sheet-like geometry (Figs. 4.15 and 4.16). Facies Tii is semi

transparent acoustically and is differentiated from Facies Ti by its low-amplitude dipping 

internal reflections and its asymmetric wedge geometry. 

Seismic Example Description Seismic Example 
facies feature 

Sea-floor 10000m ~ Acoustically semi- Sea-floor 
300m ~ 

reflection I~ transparent, with low- Berm~~ 
amplitude chaotic to 

Ti 
weakly-stratified internal Small 
reflections. Sheet-like indentations 
geometry. 

10000m ~ Acoustically semi-

Dippin~~ 
Sea-floor 4000m 

Sea-floor transparent, with low- I~ reflection amplitude dipping reflection 
reflections reflections. Asymmetric 

Tii wedge geometry (wedge Hyperbolic 
reflections base arrowed). 

Figure 4.15. The different seismic facies and seismic features identified from two

dimensional seismic profiling of the M'Clure Strait Trough. 

Description 

Small 
indentations 
on sea-floor 
reflection. 
Berms either 
side of central 
depression. 
Widths <150 m, 
de ths<15m. 
Hyperbolic 
reflections on 
sea-floor 
reflection 
(apexes 
arrowed) 

Two seismic features are described from the M'Clure Strait Trough (Fig. 4.15). Small 

indentations, with widths of up to 150 m and depths of up to 15 m, are identified on the sea-
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floor reflection. The small indentations have berms a few meters high either side of a central 

depression. A number of hyperbolic reflections are also identified on the sea-floor reflection 

(Fig. 4.15). 

4.9 M'Clure Strait Trough results: outer-shelf 

4.9.1 Description 

A high-amplitude, smooth and continuous reflection is identified from seismic profiles of 

the outer-shelf of the M'Clure Strait Trough (Fig. 4.16). This reflection has an erosional 

character; it is observed to truncate underlying reflections on the continental shelf (Fig. 4.16). 

One sequence, Sequence 1, is identified above this prominent erosional reflection. Sequence 

1 is composed predominantly of Facies Ti and reaches a maximum thickness of 150 m. 

An asymmetric wedge of Facies Tii occurs within Sequence 1 at the south western side of 

the M'Clure Strait Trough (Fig. 4.16D). The wedge of Facies Tii, which has been described 

previously in Section 4.4.1 of this thesis, is around 40 km long and up to 150 m thick. The 

wedge contains internal dipping reflections that dip in a southwesterly direction (Figs. 4.8A 

and 4.16D). The wedge ofFacies Tii at the southwest side of the M'Clure Strait Trough has 

similar acoustic character, geometry and dimensions to the asymmetric wedge of Facies Tii 

described from the northeast side of the Amundsen Gulf Trough (Fig. 4.8). The basal 

reflection of the M'Clure Strait wedge correlates with the basal reflection of the Amundsen 

Gulf wedge (Fig. 4.8A). 

The upper reflection of Sequence 1, which corresponds with the M'Clure Strait sea-floor 

reflection, is incised by a number of small indentations (Figs. 4.15 and 4.16). These 

indentations have widths of between 50 and 150 m, depths of between 3 and 15 m, and raised 

berms a few metres high either side of a central depression. 

4.9.2 Interpretation 

The smooth, continuous and erosional character of the high-amplitude reflection within the 

M'Clure Strait Trough stratigraphy (Fig. 4.16) suggests that it was formed by an ice advance 

through the trough. The stratigraphic position of the high-amplitude reflection, underlying an 

outer-shelf sequence of acoustically semi-transparent sediment and truncating inclined 

reflections, suggests that this unconformity may have been formed by the first Quaternary ice 
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advance across the M'Clure Strait margin. However, it is possible that evidence for earlier 

ice advances has been removed from the shelf by subsequent glaciations. 

Line 49758 (VE = 30) 

Steeper 
side 

Banks 
Island 

20 OOO m A ,~ 

Figure 4.16. A: Seismic profile of a strike line 

across the M'Clure Strait Trough, showing the 

distribution of Sequence 1 sediments. B: Seismic 

profile of a dip line through the M'Clure Strait 

Trough. C: Close-up of a section of a dip line, 

showing the geometry and acoustic character of 

Sequence 1. D: Seismic profile of a strike line across 
the southwest side of the M'Clure Strait Trough, 

showing the location of an asymmetric wedge of 

Facies Tii. E: Greyscale IBCAO sea floor 

bathymetry of the M'Clure Strait Trough (100 m 

contours; Jakobsson et al., 2012b), showing the 

location of the profiles shown in A to D. 
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The high-amplitude unconformity marks the base of the sediments analysed in the M'Clure 

Strait Trough and is referred to subsequently as the M'Clure Strait Trough basal reflection 

(Fig. 4.16). The underlying inclined reflections, which are truncated by the M'Clure Strait 

Trough basal reflection, are interpreted as fluvio-deltaic, shelf, slope and basinal sediments of 

the Iperk and older sequences (Fig. 1.7). 

The stratigraphic position of Sequence 1 above a prominent erosional unconformity, 

together with its semi-transparent acoustic character (Figs. 4.15 and 4.16), suggests that this 

sequence is composed of till (Alley et al., 1989; King, 1993; Shipp et al. , 1999). The 

geometry of Sequence 1, which increases in thickness at the southwestern side of the trough 

and is very thin (less than 20 m) in some areas of the outer-shelf (Fig. 4.16), precludes its 

interpretation as post-glacial sediment, which typically exhibits conformable draping 

geometry (Elverh0i et al., 1980; Dowdeswell et al ., 1997; Shipp et al., 1999). 

As discussed in Section 4.4.8 of this thesis, the asymmetric wedge of Facies Tii at the 

southwest side of the M'Clure Strait Trough (Fig. 4.16D) is interpreted as a lateral GZW 

formed at the lateral outer-shelf margin of an ice stream in M'Clure Strait. The dimensions 

of this wedge suggest that it is a composite feature which experienced several phases of 

build-up over successive glaciations. The lateral GZW may have formed where streaming ice 

flow within M'Clure Strait diverged as it entered an ice shelf. Alternatively, the wedge may 

mark the boundary between an ice stream in M'Clure Strait and cold-based ice on the 

adjacent shelf, or the boundary between an ice stream and an ice-free region on the shelf. 

The M'Clure Strait Trough basal reflection forms the base of the wedge of Facies Tii at the 

southwest side of the trough (Fig. 4.16D). This reflection corresponds with the basal 

reflection of the GZW at the northeast side of the Amundsen Gulf Trough (Fig. 4.8), 

suggesting roughly contemporaneous formation of the two lateral GZWs. The M'Clure Strait 

Trough basal reflection is therefore also interpreted to be synonymous with the Amundsen 

Gulf Trough basal reflection. It is possible that the Amundsen Gulf and M'Clure Strait 

troughs were excavated by ice at a similar time in the Quaternary, possibly responding to the 

same regional environmental forcing. 

The dimensions and geometry of the small indentations described from the sea-floor 

reflection of the M'Clure Strait Trough (Figs. 4.15 and 4.16) suggests that these features are 

iceberg keel ploughmarks formed by the action of iceberg keels grounding on the sea floor. 

With widths of up to 150 m and grounding depths to around 550 m below present-day sea 

level, the majority of these iceberg keel ploughmarks were probably produced during the last, 

Late Wisconsinan deglaciation. Iceberg keel ploughmarks of similar dimensions and 
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morphology to those in M'Clure Strait Trough have been described from the sea-floor 

reflection of the Amundsen Gulf Trough (Fig. 4.2) , from buried horizons within the 

Mackenzie Trough (Fig. 3.2), and from a number of other high-latitude continental margins 

(Woodworth-Lynas et al., 1985; Dowdeswell et al., 1993; Dowdeswell and Bamber, 2007). 

Hyperbolic reflections are artefacts produced by the radial scattering of acoustic energy from 

a point source, such as irregular topography or large clasts. The hyperbolic reflections 

identified on the sea-floor reflection of the M'Clure Strait Trough (Fig. 4.15) may have been 

produced by the changes in sea-floor slope associated with small iceberg keel ploughmarks or 

subglacial landforms. 

4.10 M'Clure Strait Trough palaeo-glaciology: reconstructing form and 

flow 

4.10.1 The M'Clure Strait palaeo-ice stream 

The M'Clure Strait trough has been suggested previously to have been occupied by an ice 

stream during the last, Late Wisconsinan glaciation (Fig. 1.4) (Dyke et al., 2002; Winsborrow 

et al., 2004; Stokes et al., 2006, 2009; Niessen et al., 2010). Evidence for a Late 

Wisconsinan M'Clure Strait ice stream includes streamlined terrestrial landform assemblages 

indicating convergent ice-flow patterns feeding into the trough from Prince ;f Wales Island 

and Victoria Island (Fig. 1.4) (Sharpe, 1992; Hodgson, 1994; Clark and Stokes, 2001; Stokes 

et al., 2009), and acoustically transparent units, interpreted as ice-contact sediments, on sub

bottom echosounder profiles from the M'Clure Strait Trough (Niessen et al., 2010). 

Evidence for an ice stream in the M'Clure Strait Trough during multiple Pre-Late 

Wisconsinan glaciations, as well as during the Late Wisconsinan, includes the outward 

bulging of slope contours beyond the trough (Fig. 4.1), which indicates that a TMF is present 

on the slope (Stokes et al ., 2006). Sediments recovered from cores in the Arctic Ocean may 

provide additional evidence for the operation of an ice stream in the M'Clure Strait Trough 

during several pre-Illinoian glaciations, including MIS 16, 12, 10 and 8 (Fig. 1.5) (Stein et 

al., 2010). 

The limited seismic reflection data analysed from the M'Clure Strait margin in this study 

(Fig. 4. lB) provide additional evidence for the operation of an ice stream in the M 'Clure 

Strait Trough during multiple Quaternary glaciations. A sequence of acoustically semi

transparent facies, interpreted as till, is identified overlying a prominent erosional 
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unconformity on the outer-shelf (Fig. 4.16). This unconformity is interpreted as the base of 

the glacigenic sediments within the trough and was possibly formed by the first Quaternary 

ice advance across the margin. 

A lateral GZW is identified at the southwest side of the M'Clure Strait Trough (Fig. 

4.16D), indicating that an ice stream in M'Clure Strait delivered basal sediment to its outer

shelf lateral margins during at least one Quaternary glaciation. With a length of around 40 

km and a maximum thickness of 150 m (Fig. 4.16D), the dimensions of the M'Clure Strait 

lateral GZW suggest that it is probably a composite feature which experienced several phases 

of build-up over successive Quaternary glaciations. The roughly contemporaneous 

development of the lateral GZW s at the northeast and south west margins of the Amundsen 

Gulf and M'Clure Strait troughs, respectively (Fig. 4.8), suggests that cross-shelf glaciation 

of the Amundsen Gulf and M'Clure Strait margins may have been initiated at a similar time 

in the Quaternary. 

4.10.2 Geomorphological ice-stream signature 

The large-scale architecture of the M'Clure Strait Trough has many similarities to that of 

the Amundsen Gulf Trough (Fig. 4.17). Both cross-shelf troughs possess a number of 

characteristic features of an ice stream (Stokes and Clark, 1999, 2002; Ottesen et al., 2005; 

Ottesen and Dowdeswell, 2009). Streamlined terrestrial landforms, which have been 

interpreted to produce convergent ice-flow patterns feeding into the Amundsen Gulf and 

M'Clure Strait troughs, have been identified from Prince of Wales Island, Victoria Island and 

the Canadian Mainland (Fig. 1.4) (Sharpe, 1992; Hodgson, 1994; Clark and Stokes, 2001; 

Stokes et al ., 2009). The outer-shelf of both troughs is underlain by a prominent erosional 

unconformity which is interpreted to have been produced by the first Quaternary ice advance 

across the margin. Sequences of acoustically semi-transparent sediment, interpreted as till, 

have been identified above prominent erosional unconformities in both troughs (Fig. 4.17). 

Lateral GZW s, indicating the deli very of basal sediments to the outer-shelf lateral margins, 

are present at the northeast and south west sides of the Amundsen Gulf and M'Clure Strait 

troughs, respectively (Fig. 4.17). Seismic data reveal the presence of a major TMF, with a 

volume of at least 10,000 km3, on the slope beyond the Amundsen Gulf Trough (Fig. 4.12). 

Evidence for a TMF beyond the M'Clure Strait Trough includes the outward bulging of slope 

contours beyond the trough-mouth (Fig. 4. lA) and the identification of acoustically 

transparent sediments, interpreted as glacigenic-debris flows, on the continental slope (Stokes 

et al. , 2005; Niessen et al., 2010). Bathymetric data from the M'Clure Strait margin suggest 
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that a major TMF, with an area of around 75, OOO km2, is present beyond the M'Clure Strait 

Trough. Assuming that this fan has the same average thickness as the TMF beyond the 

Amundsen Gulf Trough (800 m), this produces an estimated volume of around 60, OOO km3 

for the M'Clure Strait fan (Fig. 4.17 A). The M'Clure Strait and Amundsen Gulf troughs are 

both characterised by low rates of post-glacial sedimentation, which enable the identification 

of landforms, such as iceberg keel ploughmarks, on the sea floor. 

A number of important differences exist between the M'Clure Strait and Amundsen Gulf 

margins (Fig. 4.17). Whereas the outer-shelf of the Amundsen Gulf Trough is characterised 

by multiple sequences of acoustically semi-transparent sediment, interpreted as multiple 

stacked till sheets deposited over successive Quaternary glaciations (Fig. 4.4), only one 

seismic sequence of acoustically semi-transparent sediment is identified overlying the outer

shelf basal reflection of the M'Clure Strait Trough (Fig. 4.16). The stacked till sheets in the 

Amundsen Gulf Trough reach a maximum thickness of around 500 m on the outer-shelf (Fig. 

4.3F), whereas the till in the M'Clure Strait Trough reaches a maximum thickness of 150 m 

and is very thin (less than 20 m) over some parts of the outer-shelf (Fig. 4.16). 

• Palaeo-shelf ll Buried grounding-
break gullies zone wedge 

Till-sheet f Near-surface t . 
deposition grounding-zone wedge 

Figure 4.17. A comparison of the distribution of glacigenic landforms and sediments in the 
neighbouring Amundsen Gulf and M'Clure Strait troughs. A: Map showing the zone of 
deposition (till) and the position of glacigenic landforms in the M'Clure Strait Trough, 
overlying IBCAO sea floor bathymetry (100 m contours; Jakobsson et al., 2012b). B: Map 
showing the locations of glacigenic landforms, and zones of erosion ( exposed bedrock, 
limited sediment cover, isolated sedimentary basins) and deposition (multiple stacked till 
sheets) in the Amundsen Gulf Trough, overlying IBCAO sea floor bathymetry (100 m 
contours; Jakobsson et al., 2012b). Dashed red line is present-day shelf break. Green lines 
are sea-floor drumlins and crag-and-tail features, and red lines are sea-floor ridge-and
groove lineations from MacLean et al. (2012). 
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Although it is possible that the thicker till sequences in the Amundsen Gulf Trough reflect 

a greater number of ice advances through this trough compared with the M'Clure Strait 

Trough, the identification of a large, probably composite, GZW at the lateral margin of the 

M'Clure Strait Trough (Figs. 4.16D and 4.17 A) supports an interpretation of multiple ice 

advances through the M'Clure Strait Trough. The outward bulging of slope contours beyond 

the trough-mouth (Fig. 4. lA), which indicates shelf pro gradation and TMF development, 

together with its large estimated volume, are also indicative of a relatively long history of 

Quaternary cross-shelf glaciation on the M'Clure Strait margin. 

The area of till deposition may be located further seaward in the M'Clure Strait Trough 

compared with the Amundsen Gulf Trough, in which thick sequences of till are deposited 

seaward of around 126°W (Figs. 4.3 and 4.17B). It is possible that the majority of the till 

deposited during ice-stream advances through the M'Clure Strait Trough was deposited at or 

close to the shelf break, whereas, in the Amundsen Gulf Trough, a larger proportion of the till 

was deposited on the outer-shelf. Thicker deposits of till may therefore exist seaward of the 

limited seismic reflection data analysed from the M'Clure Strait Trough (Fig. 4. lB). 

The physiography of High Arctic cross-shelf 
troughs 

5.1 Introduction to the chapter 
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In this chapter, IBCAO bathymetric data (v. 3.0; Jakobsson et al., 2012b) is used to 

produce a complete inventory of High Arctic glacially-excavated cross-shelf troughs. The 

troughs are interpreted to have been occupied intermittently and eroded by marine

terminating ice streams that traversed the shelf during at least one, and often many 

Quaternary full-glacial periods. The locations of 75 High Arctic cross-shelf troughs is 

presented alongside a synthesis of their key physiographic characteristics and available 

glacial-geological evidence for past occupation by ice streams. Establishing a complete 

record of marine-terminating palaeo-ice streams is essential for constraining numerical 

models of past ice-sheet configurations and dynamics (e.g. Siegert et al., 1999, 2001; Boulton 

and Hagdom, 2006; Stokes and Tarasov, 2010; Jakobsson et al., In Press). The key findings 

of this work are presented in a paper in the journal Quaternary Science Reviews (Batchelor 

and Dowdeswell, 2014). The inventory presented in this chapter enables interpretations 

derived from the newly-available seismic reflection data from the Mackenzie, Amundsen 

Gulf and M'Clure Strait troughs, presented in Chapters 3 and 4 of this thesis, to be placed 

within a wider context, in terms of the glacial history of the High Arctic and the 

geomorphological signature of palaeo-ice streams more generally. 

5.2 Quaternary ice-sheet extent in the High Arctic 

The Quaternary glacial history of the High Arctic involves the repeated expansion and 

retreat of marine-based ice sheets on the continental shelves. Although many studies have 

attempted to resolve the glacial history of the Arctic using information gained from fieldwork 

and chronological studies (e.g. Dyke, 2004; Funder et al ., 2004; Hjort et al., 2004; Kauman 

and Manley, 2004; Svendsen et al., 2004; Zazula et al. , 2004; Jakobsson et al., In Press) , 

I 
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there are still many data gaps and uncertainties about Quaternary ice-sheet extent in the High 

Arctic. 

5.2.1 Eurasia 

Large-scale expansion of the Eurasian Ice Sheet (Fig. 5 .1) has been suggested to have 

occurred from around 2.7 Myr ago (Fig. 5.2) (Ruddiman and Raymo, 1988; Cronin et al., 

1996; Solheim et al., 1998; Eidvin and Rundberg, 2001; Knies et al ., 2009). The glacial 

history of the Barents Sea region (Fig. 5.1) is probably the best known in the High Arctic. 

Although glaciations of limited extent probably began in the Plio-Pleistocene, between 3.5 

and 2.4 Myr ago, the first well-documented cross-shelf glaciation of the western and northern 

Barents Sea margin occurred during the Early Pleistocene around 1.5 Myr ago, inferred from 

the earliest persistent appearance of IRD in Ocean Drilling Program (ODP) Site 986 off 

western Svalbard (Fig. 5.1) and from seismic profiles of the continental slope (Solheim et al., 

1998; Forsberg et al., 1999; Butt et al., 2000; Andreassen et al., 2004; Sejrup et al ., 2005; 

Knies et al., 2009; Laberg et al., 2010) . Repeated advances of the Eurasian Ice Sheet to the 

Norwegian and Arctic Ocean shelf edge are interpreted to have occurred after around 1 Myr 

ago (Fig. 5.2) (Sejrup et al., 1995; Solheim et al., 1998; Forsberg et al., 1999; Butt et al ., 

2000; Hjelstuen et al., 2007; Knies et al ., 2007, 2009; Vorren et al., 2011), interpreted to be a 

response to Mid-Pleistocene intensification of Northern Hemisphere glaciation (Ravelo et al., 

2004; Mudelsee and Raymo, 2005) . 

Figure 5.1. Maximum Quaternary extent of the Eurasian, Greenland, Laurentide, 
Innuitian and Cordilleran ice sheets in the High Arctic displayed on IBCAO bathymetric 
data (Jakobsson et al., 2012b) (adapted from Batchelor and Dowdeswell, 2014). Marine 
ice-sheet margins investigated in this study are in red. The Eurasian Ice Sheet shown is 
the Late Saalian (MIS 6) from Svendsen et al. (2004). The Laurentide and Innuitian ice 
sheets are the Late Wisconsinan (MIS 2) from Dyke et al . (2002) and England et al. 
(2009). The Cordilleran Ice Sheet is the Pleistocene maximum from Manley and Kaufman 

(2002). The Greenland Ice Sheet is the Late Wisconsinan (MIS 2) from Ehlers and 
Gibbard (2004). Yellow circles are Ocean Drilling Program (ODP) site locations. BB = 
Baffin Bay; CB = Chukchi Borderlands; FS = Fram Strait; FJL = Franz Josef Land; LR = 
Lomonosov Ridge; NS = Nares Strait; QEI = Queen Elizabeth Islands; MR = Mendeleev 
Ridge; SZ = Sevemaya Zemlya; TP = Taymyr Peninsula; WI = Wrangel Island; YP 

= Y ermak Plateau. 
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At its maximum Quaternary extent, the Eurasian Ice Sheet reached the shelf break west of 

Norway, north and west of the Barents Sea, and north of the Kara Sea (Fig. 5.1) (Svendsen et 

al., 2004). The ice sheet may have also extended across the Yermak Plateau beyond 

northwest Svalbard (Flower, 1997; Kristoffersen et al., 2004; Knies et al., 2007; Dowdeswell 

et al., 2010b). The ice boundary to the east is defined by a series of moraines along the 

western Laptev Sea margin (Fig. 5.1) (Niessen et al., 1997), suggesting that the adjacent 

Laptev Sea shelfremained free of grounded ice during the Quaternary (Fig. 5.1) (Kleiber and 

Niessen, 1999; Svendsen et al., 1999, 2004). 

The ice limit depicted in Fig. 5 .1 was attained during the Late Saalian glaciation of MIS 6, 

between 160 and 140 ka (Fig. 5.2) (Mangerud et al., 1998; Svendsen et al., 1999, 2004; 

Knies et al., 2001). Ice-sheet configurations similar to those proposed for the Late Saalian, 

with ice terminating at the shelf break beyond Norway, Svalbard, Franz Josef Land and 

Severnaya Zernlya, were probably reached during a number of Quaternary glaciations since 

about 1 Myr ago (Srettem et al., 1992; Laberg and Vorren, 1996a; Solheim et al., 1996; 

Andreassen et al., 2004). A range of geophysical and geological data, including the 

distribution of streamlined subglacial landforms on the shelf (Polyak et al., 1997; Ottesen et 

al., 2005, 2007) and radiocarbon dates suggesting high sedimentation rates of glacigenic 

debris on the slope (Svendsen et al., 1992, 1996; Elverh0i et al., 1995; Landvik et al., 1998, 

2005; Dowdeswell and Elverh0i, 2002), indicates that the Eurasian Ice Sheet expanded to the 

western and northern Barents Sea shelf edge (Fig. 5.1) during the Last Glacial Maximum 

(LGM) around 20 ka ago. The extent of the LGM Barents-Kara Ice Sheet was, however, 

smaller than preceding glaciations including the Late Saalian (Svendsen et al. , 1999, 2004) ; 

ice did not cover Severnaya Zemlya during the LGM and a large section of the Kara Sea shelf 

to the north, east and south of this archipelago remained ice-free (Knies et al., 2000; Kleiber 

et al ., 2001; Stein et al ., 2002; Raab et al. , 2003). In addition to its reduced extent in the 

Kara Sea and over mainland Russia and Siberia, the presence of a near-surface grounding

zone deposit off the north west coast of Svalbard suggests that the Eurasian Ice Sheet 

probably failed to extend across the Yermak Plateau during the LGM (Ottesen and 

Dowdeswell, 2009; Dowdeswell et al., 2010b). 

The glacial history of the East Siberian Sea is poorly investigated. Geological evidence 

from Wrangel Island (Fig. 5.1), including pre-LGM exposure ages on bedrock, pre-LGM 

raised marine deposits , and radiocarbon dates that span the LGM, suggest that the East 

Siberian continental shelf was ice-free during the LGM (Brigham-Grette et al., 2003; 
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Gualtieri et al., 2005). Ice was probably instead restricted to valley-glaciers and ice-field 

complexes in the Siberian mountains (Stauch et al., 2007; Barr and Clark, 2011). 

Glacigenic landforms, including assemblages of streamlined glacial lineations, have been 

identified from recent acoustic profiles and bathymetric maps of the East Siberian continental 

margin (Fig. 5.1) (Niessen et al., 2013). These landforms are interpreted to provide evidence 

for the development of a thick (up to 1 km) ice sheet over the Siberian shelf and parts of the 

Arctic Ocean during several pre-LGM Quaternary glaciations (Niessen et al., 2013). Sea

floor lineations on bathymetric highs, including the Chukchi Borderlands, Lomosonov Ridge 

and Mendeleev Ridge (Fig. 5.1), provide additional evidence of ice grounding events in the 

Arctic Ocean (Polyak et al., 2001, 2007; Jakobsson et al., 2008, 2010; Niessen et al., 2013). 

These lineations are interpreted to have been formed by occasional grounding of ice-keels 

from ice shelves that developed around the margins of the Arctic Ocean during multiple 

Quaternary glaciations (Jakobsson et al., 2010). 

Period Epoch Age (Ma) MIS Barents/Kara Sea North America/ Canada Greenland 
Holocene 0-0.012 1 

Last Glacial Maximu m Maximum Quaternary Maximum Quaternary 
0.012 - 0.03 2 (Late Weichselian) Laurentide and lnnuitian ice-sheet extent during 

ice-sheet extent during LGM 
Late LGM (Late Wisconsinan) 

Pleistocene 0.03 - 0.065 3 Ice-sheet expansion Smaller but persistent LIS 
0.065 - 0.08 4 Ice-sheet expansion Ice-sheet expansion 

0.08 - 0.13 5 
--------

C' Maximum Extensive lllinoian 
ro 0.13 - 0.3 6 Quaternary ice-sheet glaciation C ... extent occurs during Q) 

cii Mid~ Late Saalian 
::, Pleistocene 0 glaciation 

0.3 - 0.8 6 - 22 Repeated expansions Repeated expansions Repeated expansions 
of ice sheet to shelf of ice sheet to shelf of ice sheet to shelf 
break break break -- ---- --
Repeated expansions Continental-scale Large IRD peak may 
of ice sheet to shelf glaciation of North correlate with ice-sheet 

Early 
Pleistocene 0.8 - 2.6 . 22 - 104 break (after 1 Ma) America (after 1 Ma) expansion in response 

Cross-shelf glaciation Cross-shelf glaciation to Mid-Pleistocene 
of Barents Sea initiated in Canadian Transition (0.9 Ma) 
margin (1 .6 Ma) Arctic (by 1.6 Ma) 
Large-scale Large-scale expansion 

Pliocene 2.6 - 5.3 
expansion of of Laurentide Ice Sheet 

Q) Eurasian Ice Sheet (2.4 Ma) C 
Q) (2.7 Ma) 
0) 
0 
Q) Glaciers large enough to z 

Miocene 5.3 - 23 reach sea level? (7 Ma) 

Glaciers large enough to 
reach sea level? (18 Ma) 

Figure 5.2. Stratigraphic table showing notable inferred expansions of ice sheets over the 
Barents/Kara Sea, North America/ Canada and Greenland during the Neogene and Quaternary 
(see text for references). MIS= marine oxygen isotope stage. 
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5.2.2 North America 

Three major ice sheets existed in North America during a number of Quaternary glacial 

periods; the LIS, centred on the Canadian Shield; the Cordilleran Ice Sheet, a complex 

assemblage of mountain glaciers and ice caps; and the Innuitian Ice Sheet, which covered the 

Queen Elizabeth Islands (QEI) of the Canadian Arctic Archipelago (Fig. 5.1) (Prest, 1969; 

Blake, 1970; Dyke, 2004; England et al., 2006). The first major Quaternary expansion of the 

LIS occurred around 2.4 Myr ago (Fig. 5.2), depositing the Atlanta Till of northern Missouri 

(Balco and Rovey, 2010). Subsequent ice-sheet advances to this latitude did not occur until 

after around 1.3 Myr ago (Balco and Rovey, 2010). Cross-shelf glaciation was probably 

initiated in the Canadian Arctic by around 1.6 Myr ago (Fig. 5.2), as based on the first 

appearance of glacigenic-debris flows on TMFs and the onset of ice rafting at ODP Site 645 

in Baffin Basin (Fig. 5.1) with a source in the QEI (Hiscott et al., 1989; Li et al., 2011). 

Whereas Early Pleistocene glaciations in North America were characterised by eastern and 

western ice masses separated by a north-south ice-free corridor, continental-scale glaciations, 

with continuous ice cover from the Atlantic to the Pacific, occurred after the Mid-Pleistocene 

climate transition around 1 Myr ago (Fig. 5.2) (Barendregt and Irving, 1998; Clark and 

Pollard, 1998; Refsnider and Miller, 2010). 

At its maximum Quaternary extent, the LIS merged with the Cordilleran Ice Sheet to the 

west and the Innuitian Ice Sheet to the north (Fig. 5.1). The Innuitian Ice Sheet was also fully 

coalescent with the Greenland Ice Sheet along Nares Strait (Blake, 1970; England, 1999; 

Dyke et al., 2002; England et al., 2006). The LIS reached the shelf break beyond Baffin 

Island and in the Canadian Beaufort Sea (Piper, 1988; Blasco et al., 1990; Stokes et al., 2005, 

2006; Batchelor et al., 2013a), whilst the Innuitian Ice Sheet probably extended to the shelf 

break beyond the margins of the QEI (Fig. 5.1) (Dyke et al., 2002; England et al., 2006). The 

Quaternary Laurentide and Cordilleran ice sheets did not reach the interior or northern 

margin of Alaska and did not extend onto the subaerially-exposed Chukchi Sea shelf (Fig. 

5.1) (Hamilton, 1994; Ehlers and Gibbard, 2004; Briner and Kaufman, 2008). 

Whilst the maximum extent of the Cordilleran Ice Sheet was probably attained during the 

Early Pleistocene (Dyke and Prest, 1987; Barendregt et al., 1996; Froese et al., 2000; Duk

Rodkin et al., 2004), the maximum Laurentide and Innuitian ice-sheet limit (Fig. 5.1) was 

reached during MIS 2, between 22 and 14 ka (Fig. 5.2) (Dyke et al. , 2002; England et al. , 

2009). Ice-sheet configurations similar to those proposed for MIS 2, with ice terminating at 

the shelf break, were probably reached off Baffin Island and in the eastern Canadian Beaufort 

Sea during a number of preceding Quaternary glaciations (Piper, 1988; Briner et al ., 2003 ; 
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Stokes et al., 2006; Stein et al., 2010). Although the pre-LGM glacial history of the QEI is 

currently uncertain, there is no terrestrial evidence to support a more extensive advance of the 

Innuitian Ice Sheet prior to MIS 2 (England et al., 2006). 

5.2.3 Greenland 

The presence of IRD in deep-sea sediment cores in the Norwegian-Greenland Sea and in 

Fram Strait has been inferred to suggest that glaciers in Greenland may have been large 

enough to reach sea level during the Early Miocene, around 18 Myr ago (Fig. 5.2) (Wolf and 

Thiede, 1991; Myhre et al., 1995), and possibly as early as the Eocene, around 48 Myr ago 

(St. John, 2008; Tripati et al., 2008). Alternatively, a Late Miocene glacial onset in 

Greenland, around 7 Myr ago, has been proposed, based on the first significant increase of 

IRD at ODP Sites 918 and 987 in the Norwegian-Greenland Sea (Fig. 5.1) (Larsen et al., 

1994; Myhre et al., 1995; Solheim et al., 1998; St. John and Krissek, 2002). Southeast 

Greenland has been proposed to have been an important nucleation site of the Greenland Ice 

Sheet (Larsen et al., 1994; St. John and Krissek, 2002), with seismic profiles and sediment 

cores from this margin providing evidence of multiple episodes of cross-shelf glaciation 

through the Pliocene and Pleistocene (Larsen et al., 1994; Jansen et al., 1996; Lykke

Andersen, 1998; St. John and Krissek, 2002). Increased iceberg rafting, as represented by a 

large IRD peak at around 0.9 Myr ago, may have occurred as a response to the Mid

Pleistocene climate transition (St. John and Krissek, 2002). 

The Quaternary maximum limit of the Greenland Ice Sheet is located at the shelf break 

(Fig. 5.1). Whereas the ice sheet had been interpreted previously not to have crossed the 

shelf during the LGM of MIS 2 (Dowdeswell et al., 1994, 1996; Funder et al., 1994, 1998; 

Solheim et al., 1998; Wilken and Mienert, 2006), it is now generally accepted that ice 

advanced to the shelf break during this glaciation (Bennike et al., 2002; Evans et al., 2002, 

2009; 6 Cofaigh et al., 2004, 2013; Weidick et al., 2004; Ehlers and Gibbard, 2007; Roberts 

et al. , 2009; Dowdeswell et al., 2010c, In Press; Winkelmann et al., 2010; Garcfa et al., 2012; 

Hogan et al., 2012), as well as during a number of preceding Quaternary full -glacial periods. 

5.2.4 Central Arctic Ocean 

Early ideas about the extent of Quaternary ice cover in the central Arctic Ocean ranged 

from a continuous 1000 m-thick ice shelf covering the Arctic Ocean during Quaternary full

glacial periods, including the LGM (Mercer, 1970, Hughes et al., 1977), to sea-ice free 

conditions (Donn and Ewing, 1966). Although Hughes et al. 's (1977) hypothesis of a 
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continuous 1000 m-thick ice shelf is now generally rejected, recent observations of ice

grounding events on bathymetric highs, including Mendeleev Ridge, the Chukchi 
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Borderlands and Lomosonov Ridge (Fig. 5.1) (Polyak et al., 2001, 2007; Jakobsson et al ., 

2005, 2010), provide some evidence for the development of ice shelves around the margins of 

the Arctic Ocean during several Quaternary glacial periods. 

Glacial lineations on Mendeleev Ridge (Fig. 5.1) have been interpreted as MSGL and/ or 

iceberg keel ploughmarks formed by thick ice shelves or local ice sheets during several 

Quaternary glacial cycles (Jakobsson et al., 2010; Niessen et al., 2013). Sediments cored 

from Mendeleev Ridge show an increase in the coarse fraction content during the Mid

Pleistocene (Phillips and Grantz, 2001; Darby et al. , 2006; Polyak et al., 2009; Stein et al., 

2010). Prominent detrital-carbonate (dolomite) layers in these sediment cores have been 

interpreted to reflect IRD input from the Canadian Arctic Archipelago at the end of several 

Mid- and Late-Pleistocene glaciations, including MIS 16, 12, 10 and 8 (Stein et al., 2010). 

The lineations on the neighbouring Chukchi Borderlands are also interpreted to have been 

formed by occasional grounding of ice-keels from ice shelves that developed around the 

margins of the Arctic Ocean (Jakobsson et al ., 2010) . A particularly extensive ice shelf has 

been suggested to have developed around the margins of the Arctic Ocean and over the 

Canadian Beaufort Sea during the penultimate, Illinoian glaciation of MIS 6, as a result of 

astronomical forcing combined with reduced influx of warm Atlantic water (Jakobsson et al., 

2010). 

Lineations on Lomonosov Ridge (Fig. 5.1) (Jakobsson et al ., 1999; Polyak et al ., 2001) 

may have been formed by the grounding of ice-keels from armadas of icebergs or from an ice 

shelf that extended from the Barents-Kara Sea Ice Sheet during a number of Quaternary 

glaciations including MIS 6 (Kristoffersen et al ., 2004; Spielhagen et al ., 2004; Jakobsson et 

al ., 2008). 

5.3 An inventory of High Arctic cross-shelf troughs: methodology 

A comprehensive inventory of High Arctic cross-shelf troughs, compiled from IBCAO 

bathymetric data (Jakobsson et al ., 2012b), is presented in Fig. 5.3 and Table 5.1. Cross-shelf 

trough locations are determined from available accounts of palaeo-ice streams (e.g. Vorren 

and Laberg, 1997; Dowdeswell and Siegert, 1999; Stokes and Clark, 2001; O'Grady and 

Syvitski, 2002), in addition to independent analysis of bathymetric data. In this inventory, all 

over-deepened elongate cross-shelf depressions that extend to the shelf break, are separated 
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by shallower banks, and have a roughly U-shaped geometry in cross-profile are categorised 

as glacially-excavated cross-shelf troughs. All of the U-shaped cross-shelf depressions which 

were identified on High Arctic continental margins were at least 150 m deep. 

The area of each cross-shelf trough shown in Fig. 5.3 is not determined by a fixed sea floor 

depth. Troughs on the Canadian Beaufort Sea, Baffin Island and Barents-Kara Sea margins 

are delimited by the -200 m contour, with the exception of troughs 8, 9, 11 to 16 and 60, 

which have shallower outer-shelf depths and are bounded by the -150 m contour. Troughs on 

the Greenland and QEI margins are defined by the -300 m contour, with the exception of 

troughs 19, 23, 44 and 48, which are bordered by the -150 m contour. Using a fixed sea floor 

depth to define troughs throughout the High Arctic would have resulted either in the 

exclusion of shallower troughs from the inventory, or, alternatively, the inclusion of large 

inter-trough regions of the shelf. Whilst this issue is largely avoided in locations where 

troughs originate at the coastline or within fjords, it is significant when examining the 

dimensions of large troughs that exist within an epicontinental sea, such as the Bear Island, 

Franz Victoria and St. Anna troughs in the Barents Sea (nos. 18, 6, and 4, respectively, in Fig. 

5.3), which are particularly sensitive to the choice of delimiting contour depth. 

A synthesis of the key physiographic data for each High Arctic cross-shelf trough, as 

determined from analysis of bathymetric data, is presented in Table 5.2. Trough lengths are 

measured from the shelf break to the most landward point of the over-deepened trough, 

including any distance that a trough extends inland as a fjord. Shelf width is the distance 

from the shelf break beyond the trough to the coastline. For locations in which an immediate 

coastline is absent, such as where a trough extends through an epicontinental sea or an inter

island channel, the shelf width equals the trough length. Approximate palaeo-ice stream 

drainage basin areas (Table 5.2) were estimated from reconstructions of former ice-sheet 

drainage patterns and ice divides (e.g. Dyke and Prest, 1987; Siegert et al., 1999; Marshall, 

2002; Briner et al., 2006; England et al., 2006; Dowdeswell et al. , 2010a). 

Slopes beyond cross-shelf troughs are categorised into three types based on their 

bathymetric and long-profile data (Fig. 5.3); Type 1 slopes exhibit an outward bulging of 

contours beyond the trough-mouth and have upper-slope gradients ofless than 4°; Type 2 

slopes exhibit an outward bulging of contours beyond the trough-mouth and have upper-slope 

gradients of greater than 4°; Type 3 slopes do not exhibit any outward bulging of contours 

beyond the trough-mouth. Slopes that possess gradients of greater than 4 ° are probably too 

steep to support TMFs (6 Cofaigh et al. , 2003; Piper and Normark, 2009). 
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Bathymetric and topographic tints (Metres above and below Mean Sea Level) 
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Type 1 slope (bulge in 
slope contours, angle <4°) 

Figure 5.3. Locations of High Arctic cross-shelf troughs (red) displayed on IBCAO 
bathymetric data (Jakobsson et al., 2012b) (from Batchelor and Dowdeswell, 2014). Scale bar 
and abbreviations of place names are the same as in Fig. 5 .1. The area of each trough on the 
Beaufort Sea, Baffin Island and Barents-Kara Sea margins is delimited by the -200 m contour, 
with the exception of troughs 8, 9, 11 to 16 and 60, which are defined by the -150 m contour. 
The area of each trough off Greenland and on the QEI margin is delimited by the -300 m 
contour, with the exception of troughs 19, 23, 44 and 48, which are bordered by the -150 m 
contour. The numbers refer to the corresponding references and evidence in Table 5 .1 and the 

physiographic data in Table 5.2. 
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Trough (Fig. 5.3) Margin 

(1) Vi lkitsky- Northern Barents-
Khatanga Kara 

(2) Shokalsky Strait Northern Barents
Kara 

(3) Voronin Northern Barents
Kara 

(4) St. Anna Northern Barents
Kara 

(5) British Channel Northern Barents
Kara 

(6) Franz Victoria Northern Barents
Kara 

(7) Kvit0ya Northern Barents
Kara 

(8) Albertini Northern Barents
Kara 

(9) Unnamed Northern Barents
Kara 

(10) Hinlopen Northern Barents
Kara 

(11) Woodfjorden 

(12) Kongsfjorden 

(13) lsfjorden 

Northern Barents
Kara 

Western Barents 
Sea 

Western Barents 
Sea 

Glacial-geological 
evidence 

TMF on slope (28,000 km2) 

Bathymetry only 

Streamlined bedforms 
Ti ll in trough 
TMF on slope 
Inner-shelf moraine 

Streamlined bedforms 
Moraines 
Till in trough 
TMF on slope 

Bathymetry only 

Till in trough 
Moraines 
TMF on slope 

Crudely streamlined 
bedforms 
Glacigenic-debris flows and 
glacial prism on slope 

Streamli ned bedforms 
Recessional moraines 
G'M 
Glacigenic-debris flows on 
slope 

Bathymetry only 

Streamlined bedforms 
Ti ll in trough 
TMF on slope (13.5 km3) 

Streamlined bedforms 
Recess ional moraines 
Lateral moraines 

Streamlined bedforms 
TMF on slope 
Lateral moraine 
Terminal moraine 
Recessional moraines 
G'M 

Streamlined bedforms 
TMF on slope 
Lateral moraines 
GZW 

117 

References 

Kleiber et al. , 2001 

O'Grady and Syvitski, 2002 

Vagnes, 1996 
Polyak et al., 2008 

Vagnes, 1996 

1

11 ! 

Polyak et al., 1997 

Kleiber et al., 2000 

Landvik et al. , 1998 
Ottesen et al., 2007 
Hogan et al., 2010 

Noormets et al., 2012 

Cherkis et al. , 1999 
Kor;: et al., 2002 
Vanneste et al., 2006 
Ottesen et al. , 2007 
Winkelmann et al., 2008 
Batchelor et al., 2011 
Hogan et al., 2013 

Ottesen et al., 2007 

Landvik et al. , 2005 
Ottesen et al., 2005, 2007 
Sarkar et al., 2011 
Henriksen et al., In Press 

Svendsen et al., 1992, 1996 
Elverh0i et al. , 1995, 1998 
Andersen et al., 1996 
Vorren et al., 1998 
Dowdeswell and Elverh0i, 
2002 
Ottesen et al., 2005, 2007 

I 



Chapter 5: The physiography of High Arctic cross-shelf troughs 118 Chapter 5: The physiography of High Arctic cross-shelf troughs 119 

(14) Bellsund Western Barents Streamlined bedforms Cadman, 1996 (29) Kangerdlugssu- East Greenland Streamlined bedforms Funder and Larsen, 1989 

Sea TMF on slope Ottesen et al., 2007 aq TMF on slope Mienert et al., 1992 
Funder and Hansen, 1996 

Lateral moraines Jennings et al. , 2002 
Recessional moraines Dowdeswell et al. , 201 Oc 

(15) Hornsund Western Barents Bathymetry only Ottesen et al., 2007 

Sea 
(30) Angmagssalik South Greenland* Bathymetry only 

(16) Storfjorden Western Barents Streamlined bedforms Hjelstuen et al., 1996 (31) Sermilik South Greenland* Bathymetry only 

Sea G"Z:N Laberg and Vorren, 1996b 
TMF on slope (115,000 km3

) Landvik et al., 1998 (32) Gyldenl0ves South Greenland* Bathymetry only Johnson et al., 1975 

Vorren et al., 1998 Larsen et al. , 1994 II 
Pedrosa et al. , 2011 Lykke-Anderson, 1998 I, 
Lucchi et al. , 2012 

(33) llertakajik South Greenland* Bathymetry only Johnson et al. , 1975 

(17) Kveithola Western Barents Streamlined bedforms Vorren et al., 1998 

Sea TMF on slope Pedrosa et al. , 2011 (34) Skjoldungen South Greenland* Bathymetry only Johnson et al. , 1975 

G"Z:N Rebesco et al. , 2011 
Bjarnad6ttir et al., 2013 (35) Tingmiarmiut South Greenland* Bathymetry only Johnson et al., 1975 

(18) Bear Island Western Barents Streamlined bedforms Vorren et al., 1988, 1989 (36) Napassorssuaq South Greenland* Bathymetry only Johnson et al., 1975 

Sea TMF on slope (350,000 km3
) Laberg and Vorren, 1993, 

(37) 1995, 1996a Anoritup South Greenland* Bathymetry only Johnson et al., 1975 
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Vogt et al., 1993 
(38) Avarqat Faleide et al. , 1996 South Greenland* Bathymetry only Johnson et al. , 1975 

Hjelstuen et al., 1996 
(39) Patussoq Elverh0i et al., 1998 South Greenland* Bathymetry only Johnson et al., 1975 

Laberg and Vorren, 2000 
(40) Andreassen et al., 2008 Lindenow South Greenland* Bathymetry only Johnson et al., 1975 

Andreassen and Winsborrow, 
2009 (41) Julianehab Dyb South Greenland* Bathymetry only Roksandic, 1979 

Ruther et al., 2011 
(42) Frederikshab South Greenland* Bathymetry only Roksandic, 1979 

(19) Westwind East Greenland Streamlined bedforms Evans et al. , 2009 Dyb 

Moraines Winkelmann et al., 201 O 
Glacigenic-debris flows on 

(43) Ravns Dyb South Greenland* Bathymetry only Roksandic, 1979 

slope (44) Danas Dyb South Greenland* Bathymetry only Roksandic, i 979 

(20) Norske East Greenland Glacigenic-debris flows on Garcia et al., 2012 

slope 
(45) Fiskences Dyb South Greenland* Bathymetry only Roksandic, 1979 

(21) Store Koldewey East Greenland Bathymetry only Garcia et al., 2012 (46) Godthaab Dyb South Greenland* Bathymetry only Roberts et al., 2009 

(22) Dove Bugt East Greenland Bathymetry only 6 Cofaigh et al., 2004 (47) Sukkertop Dyb South Greenland* Bathymetry only Roberts et al. , 2009 

Hakansson et al., 2007 
Garcia et al., 2012 (48) Holsteinsborg West Greenland Moraines Roberts et al., 2009 

Dyb II 
(23) Unnamed East Greenland Bathymetry only 6 Cofaigh et al., 2004 

(49) Hakansson et al., 2007 Disko West Greenland Streamlined bedforms Funder and Hansen, 1996 I 
Garcia et al., 2012 Till in trough Roberts and Long, 2005 

TMF on slope lijeidick and Bennike, 2007 

(24) Kaiser Franz East Greenland Mid-shelf moraine Evans et al. , 2002 0 Cofaigh et al., 2010, 2013 ]I 

Josef 
6 Cofaigh et al., 2004 Hogan et al., 2012 

, I 

Hakansson et al. , 2007 
Garcia et al. , 2012 (50) Uummannaq West Greenland Streamlined bedforms 9 Cofaigh etal., 2010 

TMF on slope 0 Cofaigh etal., 2013 

(25) Kong Oscar East Greenland Bathymetry only Hakansson et al. , 2007 Dowdeswell et al., In Press 

(26) Scoresby Sund East Greenland Moraines Dowdeswell et al., 1994, 1996, (51) Unnamed West Greenland Bathymetry only 6 Cofaigh et al., 2013 

TMF on slope (15,000 km3
) 1997 

Hakansson et al., 2007 (52) Melville Bugt West Greenland Bathymetry only 6 Cotaigh et al., 2013 

(27) Barclay Bugt East Greenland Bathymetry only 
(53) Unnamed West Greenland Bathymetry only 

(28) Wiedemann East Greenland Bathymetry only 
(54) Smith Sound QEI Terrestrial landforms Blake, 1977, 1992 

suggest convergent flow England et al., 2006 
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(55) Lancaster QEI Streamlined bedforms 

Sound TMF on slope 

(56) Buchan Gulf Baffin Island Bathymetry only 

(57) Scott Inlet Baffin Island Bathymetry only 

(58) Sam Ford Baffin Island Bathymetry only 

(59) Clyde Baffin Island Bathymetry only 

(60) McBeth Baffin Island Bathymetry only 

(61) Home Bay Baffin Island Bathymetry only 

(62) Okoa Bay Baffin Island Bathymetry only 

(63) Unnamed Baffin Island Bathymetry only 

(64) Broughton Baffin Island Bathymetry only 

(65) Merchants Bay Baffin Island Bathymetry only 

(66) Cumberland Baffin Island TMF on slope 

Sound 

(67) Hudson Strait Baffin Island Terrestrial landforms 
suggest convergent flow 
Streamlined bedforms 
TMF and channels on slope 

(68) Nares Strait QEI Terrestrial landforms 
suggest convergent flow 

(69) M'Clintock Inlet QEI Bathymetry only 

(70) Nansen Sound QEI Bathymetry only 

(71) Peary Channel QEI Terrestrial landforms 
suggest convergent flow 

(72) Prince Gustav QEI Bathymetry only 

Adolf Sea 

(73) M'Clure Strait Beaufort Lateral GZW 
Till in trough 
TMF on slope 
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Briner et al., 2006 
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Briner et al., 2006 

Briner et al., 2006 

Kaplan et al., 1999, 2001 
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Funder and Larsen, 1989 
Blake, 1999 
England, 1999 
England et al. , 2006 
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Reeh , 1984 
Atkinson, 2003 
England et al. , 2006 

Stokes et al., 2005, 2006, 2009 
Niessen et al. , 2010 
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(74) Amundsen Gulf Beaufort 

(75) Mackenzie Beaufort 

Streamlined bedforms 
Lateral GZW 
Buried GZW 
Till in trough 

Buried lateral moraines 
Buried GZW 
Till in trough 

Sharpe, 1988 
Blasco et al., 2005 
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Stokes et al. , 2005, 2006, 2009 
Bennett et al., 2007 
Maclean et al., 2012 
Batchelor et al. , 2013a, 2014 

Shearer, 1971 
O'Connor, 1989 
Blasco et al., 1990 
Murton et al., 1997 
Murton, 2009 
Batchelor et al., 2013a, b 

Table 5.1. High Arctic cross-shelf troughs and the glacial-geological evidence used to infer 

former occupation by Quaternary ice streams (adapted from Batchelor and Dowdeswell 

2014). Numbers in brackets refer to their location in Fig. 5.3 and corresponding ' 

physiographic data in Table 5.2. *South Greenland is south of 65° N. GZW = grounding

zone wedge; QEI = Queen Elizabeth Islands; TMF = trough-mouth fan. 
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(29) Kangerdlugssu- 370 100 
aq 

700 300 60,000 1.89 

Trough (Fig. 5.3) Trough Trough Max. Shelf Approx. Upper-slope Slope {30) Angmagssalik 140 70 700 220 30,000 6.37 2 
length width 1 trough width (km) palaeo-ice gradient 2 'type' 3 

(km) (km) depth stream (0) {31) Sermilik 220 100 750 220 30,000 5.50 
(m) drainage 

2 

basin (km2) {32) Gyldenl0ves 130 40 1000 130 15,000 9.93 2 

(1) Vilkitsky- 350 80 350 200 100,000 1.42 

Khatanga 
(33) llertakajik 35 15 500 55 5,000 6.01 3 I ' 

1111 

(2) Shokalsky 280 40 100 450 30,000 2.41 {34) Skjoldungen 100 25 550 55 5,000 7.94 2 'I 

(3) Voronin 450 100 400 450 130,000 1.55 (35) Tingmiarmiut 155 40 650 100 10,000 8.57 2 j, 11 

(4) St. Anna 600 150 600 600 300,000 1.15 (36) Napassorssuaq 110 12 450 70 3,000 6.55 3 

(5) British Channel 280 60 370 150 35,000 3.28 {37) Anoritup 100 12 450 70 3,000 9.04 3 

(6) Franz Victoria 300 70 510 300 170,000 2.20 (38) Avarqat 100 25 550 60 6,000 6.70 3 

(7) Kvit0ya 190 25 500 190 15,000 5.56 3 (39) Patussoq 60 20 600 60 4,000 7.36 3 

(8) Albertini 100 35 220 110 6,000 1.74 3 (40) Lindenow 120 15 550 75 4,000 9.84 3 
I 

(9) Unnamed 110 20 300 110 6,000 2.91 (41) Julianehab Dyb 170 30 600 80 18,000 10.00 3 1 / i 
I 
I 

(10) Hin/open 180 22 430 70 18,000 6.79 3 ( 42) Frederikshab 50 20 350 55 9,000 8.88 3 : i 11 

Dyb 

(11) Woodfjorden 150 35 200 70 6,000 3.13 'I I 

(43) Ravns Dyb 35 15 450 40 7,000 4.69 
I 

3 
(12) Kongsfjorden 90 35 350 60 8,000 2.29 lj1I I 

(44) Danas Dyb 65 15 350 65 7,000 8.72 3 
I 111 (13) lsfjorden 180 60 400 75 14,000 3.60 

(45) Fiskena,s Dyb 60 15 500 60 10,000 13.27 3 
(14) Bellsund 160 45 250 70 8,000 2.98 111 1 

(46) Godthaab Dyb 200 35 550 100 25,000 6.22 3 
/ 111 I 

(15) Hornsund 80 25 250 55 4,000 3.48 
(47) Sukkertop Dyb 200 20 500 70 20,000 9.45 2 

/.I 1 1 

(16) Storfjorden 250 125 420 250 60,000 1.68 
( 48) Holsteinsborg 170 100 400 140 20,000 2.12 

(17) Kveithola 90 20 400 90 10,000 2.30 Dyb 1
1 I 

I 

(18) Bear Island 700 260 500 700 500,000 0.74 (49) Disko 420 170 500 250 100,000 0.34 
I I I 
11,I 

(19) Westwind 220 60 400 220 45,000 2.92 3 (50) Uummannaq 400 90 650 300 95,000 1.59 : 111 

(20) Norske 400 70 500 400 45,000 2.58 (51) Unnamed 200 60 700 200 45,00.0 2.48 /111' 

(21) Store Koldewey 260 40 400 220 25,000 2.79 3 (52) Melville Bugt 320 100 750 250 45,000 2.94 i 11 

(22) Dove Bugt 350 50 450 130 45,000 3.49 (53) Unnamed 160 45 750 180 25,000 2.85 
/ 11 I 

(23) Unnamed 230 40 350 130 30,000 3.48 3 (54) Smith Sound 600 60 650 600 75,000 1.02 
/1,11 , 

(24) Kaiser Franz 400 70 500 160 30,000 4.66 2 (55) Lancaster 1300 250 950 1300 350,000 0.50 11
1 

Josef 
Sound 

(25) Kong Oscar 350 50 550 140 35, 000 2.41 3 (56) Buchan Gulf 160 35 700 55 30,000 1.77 

(26) Scoresby Sund 480 150 600 130 60,000 2.11 {57) Scott Inlet 160 30 800 65 12,000 3.31 

(27) Barclay Bugt 80 20 500 80 5,000 4.79 2 

(28) Wiedemann 150 40 550 150 5,000 2.40 

I , 

111 
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(58) Sam Ford 180 30 250 60 12,000 3.36 

(59) Clyde 140 40 350 50 12,000 3.04 

(60) McBeth 180 25 250 65 12,000 3.65 

(61) Home Bay 200 50 650 120 30,000 2.70 

(62) Okoa Bay 105 20 400 75 6,000 3.06 3 

(63) Unnamed 65 15 350 50 5,000 3.74 

(64) Broughton 120 15 550 70 7,000 3.17 

(65) Merchants Bay 100 40 350 120 7,000 4.36 2 

(66) Cumberland 470 130 350 470 70,000 0.58 1 

Sound 

(67) Hudson Strait 1400 250 650 1400 2,000,000 1.82 1 

(68) Nares Strait 570 300 500 570 120,000 4.08 2 

(69) M'Clintock Inlet 150 45 900 100 7,000 3.78 

(70) Nansen Sound 450 70 700 160 60,000 3.00 1 

(71) Peary Channel 630 130 600 630 78,000 1.70 

(72) Prince Gustav 550 150 600 550 60,000 1.20 

Adolf Sea 

(73) M'Clure Strait 1200 250 500 1200 500,000 1.75 

(74) Amundsen Gulf 700 150 450 700 500,000 1.13 

(75) Mackenzie 180 70 400 180 250,000 3.10 3 

Table 5.2. Physiographic data for High Arctic cross-shelf troughs, as derived from IBCAO 
(v. 3.0) bathymetric data in this study (from Batchelor and Dowdeswell, 2014) . Numbers in 
brackets refer to trough locations in Fig. 5.3 and corresponding glacial-geological evidence 
and references in Table 5 .1. 1 The trough width is the width of the trough at the shelf break. 
2The upper-slope gradient is averaged from a long profile extracted along the axial length of 
the slope beyond the trough using the IBCAO data. The upper-slope gradient was calculated 
for the upper third of the slope's vertical height. 3Slope type categorised according to the 
criteria in Fig. 5.3. 

5.4 An inventory of High Arctic cross-shelf troughs: results 

5.4.1 Cross-shelf trough locations 

A total of 75 cross-shelf troughs, including several troughs which have not been recognised 

previously, is identified from IBCAO bathymetric data of the High Arctic (Fig. 5.3 and Table 

5.1). The palaeo-ice steams which occupied these troughs, as demonstrated by observations 

of streamlined subglacial bedforms in some locations (e.g. Polyak et al ., 1997; De Angelis 
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and Kleman, 2005; Stokes et al., 2006; Andreassen et al., 2008) (Table 5.1), collectively 

discharged ice and sediment from the Quaternary Eurasian, Laurentide, Innuitian and 

Greenland ice sheets into the Arctic and North Atlantic oceans, the Norwegian-Greenland 

Sea and Baffin Bay (Fig. 5.1) during at least one, and often many, Quaternary glacial period. 

Although evidence of ice grounding has been identified from Mendeleev Ridge, Lomosonov 

Ridge and the Chukchi Borderlands (Polyak et al., 2007; Jakobsson et al., 2008, 2010; 

Niessen et al., 2013), glacially-excavated cross-shelf troughs are absent from the Laptev, East 

Siberian, and Chukchi continental shelves (Figs. 5.1 and 5.3). 

High Arctic glacially-excavated troughs are shown to be elongate, quasilinear depressions 

that typically widen towards the shelf break (Figs. 5 .4 to 5 .6). The seaward increase in width 

is probably a product of ice emerging from the constraints of fjords or inter-island channels 

into open-shelf settings in which topographic control is lost. Troughs are typically composed 

of a single trunk, yet can include several tributaries which converge on a central trough in the 

mid- to outer-shelf (e.g. Figs. 5.4E and 5.6E). Cross-shelf troughs often represent 

continuations of major fjords; troughs off Svalbard and on the western and eastern Greenland 

and Baffin Island margins are associated strongly with the locations of fjords (Fig. 5.3). This 

relationship is less obvious on the southern Greenland margin, where troughs do not appear 

to be closely associated with particular fjord systems (Nielsen et al., 2005). 

A number of High Arctic cross-shelf troughs, including the Amundsen Gulf and M'Clure 

Strait troughs on the eastern Canadian Beaufort Sea margin, extend along marine channels 

between islands (Fig. 5.3). Other troughs, such as the Bear Island and St. Anna troughs, exist 

within the shallow epicontinental Barents Sea. A number of cross-shelf troughs on the 

southern and western Greenland and Baffin Island margins occur in association with 

overdeepened, land-marginal troughs that are parallel to the coastline (Figs. 5.5C, E and 

5.6C). These depressions were probably excavated by ice and have been suggested to have 

formed in association with the transition from inner-shelf bedrock to less resistant outer-shelf 

sedimentary substrate (Nielsen et al., 2005). 

Figure 5.4. High Arctic cross-shelf troughs with Type 1 slopes (IBCAO bathymetry, 50 m 
contours; Jakobsson et al., 2012b) (adapted from Batchelor and Dowdeswell, 2014). Red lines 
mark locations oflong-profiles in Part G. A: Voronin and St. Anna troughs, northern Barents
Kara Sea (nos. 3 and 4 in Fig. 5.3). B: Kveithola Trough, western Barents Sea (no. 17 in Fig. 
5.3). C: Amundsen Gulf Trough, Canadian Beaufort Sea (no. 74 in Fig. 5.3). D: M'Clure Strait 
Trough, Canadian Beaufort Sea (no. 73 in Fig. 5.3). E: Home Bay Trough, Baffin Island (no. 
61 in Fig. 5.3). F: An unnamed trough off West Greenland (no. 51 in Fig. 5.3). Parts B to F 
have the same scale bar as shown on A. G: Long-profiles showing upper-slope gradients of 
troughs in Parts A to F. 
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Figure 5.5. High Arctic cross-shelf troughs with Type 2 slopes (IBCAO bathymetry, 50 m 
contours; Jakobsson et al., 2012b) (from Batchelor and Dowdeswell, 2014). Red lines mark 
locations of long-profiles in Part G. A: Kaiser Franz Josef Trough, East Greenland (no. 24 in 
Fig. 5.3). B: Tingmiarmiut Trough, South Greenland (no. 35 in Fig. 5.3). C: Angmagssalik 
and Sermilik troughs, South Greenland (nos. 30 and 31 in Fig. 5.3). D: Merchants Bay 
Trough, Baffin Island (no. 65 in Fig. 5.3). E: Sukkertop Trough, South Greenland (no. 47 in 
Fig. 5.3). F: Skjoldungen Trough, South Greenland (no. 34 in Fig. 5.3). Parts B to F have the 
same scale bar as shown on A. G: Long-profiles showing upper-slope gradients of troughs in 
Parts A to F. 

Figure 5.6. High Arctic cross-shelf troughs with Type 3 slopes (IBCAO bathymetry, 50 m 
contours; Jakobsson et al., 2012b) (adapted from Batchelor and Dowdeswell, 2014). Red lines 
mark locations of long-profiles in Part G. A: Hinlopen Trough, northern Barents-Kara margin 
(no. 10 in Fig. 5.3). B: Fiskenres Trough, South Greenland (no. 45 in Fig. 5.3). C: Godthaab 
Trough, South Greenland (no. 46 in Fig. 5.3). D: Frederikshab Trough, South Greenland (no. 
42 in Fig. 5.3). E: Julianehab Trough, South Greenland (no. 41 in Fig. 5.3). F: Mackenzie 
Trough, Canadian Beaufort Sea (no. 75 in Fig. 5.3). Parts C to F have the same scale bar as 
shown on B. G: Long-profiles showing upper-slope gradients of troughs in Parts A to F. 

Many of the troughs identified in Fig. 5.3 have been interpreted previously to have been 

the sites of former ice streams (Vorren and Laberg, 1997; Dow des well and Siegert, 1999; 

Stokes and Clark, 2001; O'Grady and Syvitski, 2002). Analyses of geophysical and 

geological datasets have enabled the identification of glacial landforms and sediments (e.g. 

Table 1.1 and Fig. 1.2) in a number of these locations (Table 5 .1 ), allowing inferences to be 

made about former ice-stream extent, chronology and dynamics. The majority of previous 

research has focused on the western and northwestern Barents Sea margins, as well as on 

large troughs such as the Kangerdlugssuaq, Scoresby Sund, Uumrnannaq, and Disko troughs 

off Greenland, the Hudson Strait and Cumberland Sound troughs off Baffin Island, and the 

Lancaster Sound Trough off the QEI (Table 5.1). The results pres~nted in Chapters 3 and 4 

of this thesis, and in their corresponding publications (Batchelor et al., 2013a, b, 2014), 

provide additional evidence for the former operation of ice streams in the Mackenzie, 

Amundsen Gulf and M'Clure Strait troughs on the Canadian Beaufort Sea margin (Table 

5.1). This new evidence includes the identification of GZWs and lateral moraines within the 

troughs, as well as major TMFs on the slope beyond the Amundsen Gulf and M'Clure Strait 

troughs . Comparatively less is known about troughs on the northern margin of the Kara Sea 

(e.g. in the British Channel of Franz Josef Land and Vilkitsky-Khatanga Strait of Severnaya 

I 
I 
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Zemlya), on the QEI margin (e.g. in Prince Gustav Adolf Sea and Nansen Sound), and the 

small troughs off South Greenland and Baffin Island. The locations of several troughs which 

have not previously been recognised as former ice-stream locations, and for which direct 

glacial-geological evidence is lacking (Table 5.1), are also identified in Fig. 5.3. In these 

cases, evidence of former ice-stream occupation is provided solely by the presence of 

distinctive cross-shelf bathymetric troughs. 

5.4.2 Cross-shelf trough dimensions 

Description 

The histogram in Fig. 5.7 A shows the distribution of trough length for the 75 High Arctic 

cross-shelf troughs. More than 50% of the troughs are between 50 and 200 km long, and the 

modal value is 150 to 200 km. With the exception of those emanating from Hudson Strait, 

Lancaster Sound and M'Clure Strait, all troughs are less than 700 km long (Table 5.2 and 

Fig. 5.7 A). Considerable variations in trough length are recognised along each continental 

margin, with the exception of southern Greenland, in which all troughs are less than 250 km 

long. 

High Arctic cross-shelf troughs have shelf-break widths of between 12 and 260 km (Fig. 

5.7B). The majority of cross-shelf troughs are less than 100 km wide and the modal width is 

20 to 40 km. Five troughs have widths of 250 km or greater; the M'Clure Strait, Lancaster 

Sound, Nares Strait, Hudson Strait, and Bear Island troughs (Table 5.2 and Fig. 5.3). Only 

two troughs on the southern Greenland margin have widths of more than 40 km; the Sermilik 

and Angmagssalik troughs (Table 5.2; Figs. 5.5C and 5.7B). The scatter plot shown in Fig. 

5.7C demonstrates that trough width has a strong positive correlation with trough length; a 

least-squares regression fit to these data produces a correlation coefficient, R, of 0.87, which 

is significant at a 99% level of probability. The slope and fit of the regression line imply that 

trough width and length scale approximately linearly. 

High Arctic cross-shelf troughs possess depths of between 200 and 1000 m; the majority 

(-80%) are between 300 and 700 m deep (Fig. 5.7D). A trough's depth has no correlation 

with its width or length; for example, the deepest surveyed trough, Gyldenl0ves on the 

southern Greenland margin (depth of 1000 m) , has a width of 40 km and a length of only 140 

km, whereas Bear Island Trough on the western Barents Sea margin has considerable width 

(260 km) and length (700 km) , yet is only 500 m deep (Table 5.2). 
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Figure 5.7. High Arctic cross-shelf trough dimensions, coloured by margin, as calculated from 
IBCAO bathymetric data (Jakobsson et al., 2012b) in this study (from Batchelor and 
D~wdesw~ll, 2014). A: Histogram of High Arctic cross-shelf trough length. B: Histogram of 
High Arctic cross-shelf trough width. C: Scatter-plot with linear regression of the relationship 
between cross-shelf trough length and width. D: Histogram of High Arctic cross-shelf trough 
depth. 

Interpretation 

The length of a trough is constrained, in part, by the width of the continental shelf. This 

association has been inferred previously in a number of studies (e.g. O'Grady and Syvitski, 

2002; 6 Cofaigh et al., 2013) and has been invoked to explain the ~xistence of relatively long 

troughs on the wide western Greenland margin and shorter troughs on the narrower shelf off 

Baffin Island (Table 5.2 and Fig. 5.3) (6 Cofaigh et al., 2013). Trough lengths are often 

greater than shelf widths (Table 5.2) because many troughs extend inland as fj ords for several 

tens or hundreds of kilometres beyond the outer coastline; for example, Kaiser Franz Josef 

Trough on the East Greenland margin (Fig. 5.5A) and Hinlopen Trough on the northern 

Barents-Kara Sea margin (Fig. 5.6A). 
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The longest troughs in the High Arctic are those that originate as inter-island channels or 

traverse an epicontinental sea (e.g. Fig. 5.4A, C and D). The 10 longest High Arctic troughs 

are present in these 'unconstrained' locations (Fig. 5.8); the Amundsen Gulf, M'Clure Strait, 

Lancaster Sound, Prince Gustav Adolf Sea, Peary Channel, Nares Strait, Smith Sound, and 

Hudson Strait troughs all extend through inter-island channels, whilst the St. Anna and Bear 

Island troughs are located in the epicontinental Barents Sea, where they were unconstrained 

by the coastline (Table 5.1 and Fig. 5.3). The strong positive correlation between trough 

width and trough length (Fig. 5. 7C) is probably related to the volume of ice which could be 

directed through the trough. Longer troughs typically capture ice from further inland and, 

consequently, possess larger drainage basins, resulting in a greater volume of ice and 

sediment being transferred from the ice-sheet interior to the margin, widening the trough. 

The lack of correlation between a trough's depth and its width or length suggests that 

trough depth is not related directly to drainage basin area and the flux of sediment through the 

trough. It has been suggested that, globally, the deepest cross-shelf troughs are located off 

Greenland and Antarctica, possibly due to the more prolonged glaciation of these margins 

(Nielsen et al., 2005). However, there is no obvious relationship between glacial history and 

trough depth in the High Arctic. Considerable variations in trough depth are recognised 

along each continental margin (Fig. 5.7D), suggesting that local geology, rather than margin 

tectonic setting, may be an important control. 

5.4.3 Upper-slope gradient and architecture 

Description 

Long profiles of continental slopes beyond High Arctic cross-shelf troughs show upper-

slope gradients of between 0.3° (Disko Trough, western Greenland margin) and 13° 

(Fiskemes Trough, southern Greenland margin), with a modal value of 2 to 3° (Fig. 5.9A). 

Upper-slope gradients beyond troughs are less than 6° for all High Arctic margins except for 

the South Greenland margin (Fig. 5.9A). 
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In this inventory, continental slopes beyond High Arctic troughs are categorised into three 

distinctive 'types' based on their bathymetry and upper-slope long-profile data (Table 5.2; 

Figs. 5.4 to 5.6). Type 1 slopes (n = 44), which include the slopes beyond the Amundsen 

Gulf and M'Clure Strait troughs on the eastern Canadian Beaufort Sea margin (Fig. 5.4C and 

D), exhibit an outward bulging of bathymetric contours beyond the trough-mouth and possess 

gradients of less than 4 ° (Fig. 5.4 and Table 5.2). Slopes of this category are not identified 

seaward of cross-shelf troughs off South Greenland but are present on all other High Arctic 

margins (Fig. 5.3). Type 1 slopes occur beyond troughs with a wide range of dimensions and 

palaeo-ice stream drainage basin areas (Fig. 5.9B); for example, Type 1 slopes are identified 

beyond both Hornsund Trough on the western Barents Sea margin and Hudson Strait Trough 

on the southern Baffin Island margin, which have markedly different palaeo-ice stream 

drainage basin areas of approximately 4000 km2 and 2,000,000 km2
, respectively (Fig. 5.3 

and Table 5.2). 

Type 2 slopes (n = 10) exhibit outward bulging of bathymetric contours and have gradients 

of greater than 4 ° (Fig. 5.5). Although the majority of Type 2 slopes are located off South 

Greenland, they are also identified beyond troughs on the Baffin Island, QEI, and East 

Greenland margins (Fig. 5.3 and Table 5.2). Only one Type 2 slope, beyond Nares Strait on 

the QEI margin, occurs seaward of a trough with a palaeo-ice stream drainage basin area 

greater than 50,000 km2 (Fig. 5.9B). 

Type 3 slopes (n = 21) possess a range of upper-slope gradients, yet do not exhibit any 

obvious outward bulging of bathymetric contours beyond the trough-mouth (Fig. 5.6). Type 

3 slopes are identified beyond troughs on the Barents-Kara Sea, eastern Greenland, southern 

Greenland, Baffin Island, and Canadian Beaufort Sea margins (Fig. 5.3 and Table 5.2). The 

slope beyond the Mackenzie Trough on the western Canadian Beaufort Sea margin (Fig. 

5.6F) is the only Type 3 slope that occurs beyond a trough which was occupied by a palaeo

ice stream with a drainage basin area greater than 50,000 km2 (Fig. 5.9B and Table 5.2). 
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Interpretation: Type 1 slopes 

The gentle gradients (less than 4 °) and outward bulging bathymetric contours exhibited by 

Type 1 slopes (Figs. 5.3 and 5.4) imply that the shelf has prograded in a seaward direction 

and that TMFs (e.g. Fig. 1.3A and B), composed primarily of glacigenic-debris flows, have 

built up on the upper-slope beyond the trough-mouth. The presence of TMFs suggests that 

Type 1 slopes experienced rapid delivery of glacial sediments over successive glaciations 

when fast-flowing ice streams reached the shelf edge (Vorren et al., 1998; Dowdeswell and 

Siegert, 1999). Many Type 1 slopes correspond with known locations of major TMFs with 

volumes of several tens to hundreds of km3; for example, the Bear Island, Storfjorden, and St. 

Anna TMFs on the Barents Sea margin (Laberg and Vorren, 1993, 2000; Hjelstuen et al., 

1996; Polyak et al., 1997; Vorren et al., 1998; Pedrosa et al., 2011; Lucchi et al., 2012) and 

the Uummannaq and Disko TMFs on the western Greenland margin (6 Cofaigh et al., 2010, 

2013 ; Hogan et al., 2012; Dowdeswell et al., In Press) (Fig. 5.3 and Table 5.2). The Type 1 

slope beyond the M'Clure Strait Trough on the Canadian Beaufort Sea margin (Fig. 5.40) 

has also been interpreted to possess a major TMF with a volume of around 60,000 km3 (Fig. 

4.17A) (Batchelor et al., 2013a). 

A number of Type 1 slopes are recognised as the sites of smaller TMFs that have volumes 

of around 10,000 km3. These depocentres have been inferred previously to exist on the 

slopes beyond the Norske, Dove Bugt, and Scoresby Sund troughs on the eastern Greenland 

margin (Dowdeswell et al., 1994, 1997; 6 Cofaigh et al., 2004; Hakansson et al., 2007; 

Garcia et al., 2012), seaward of cross-shelf troughs on the eastern Baffin Island margin (6 

Cofaigh et al ., 2013), and beyond Amundsen Gulf Trough on the Canadian Beaufort Sea 

margin (Stokes et al., 2006; Batchelor et al., 2013a, 2014) (Figs. 5.3 and 4.17B; Table 5.2). 

Previously unrecognised TMFs, of at least some degree of development, probably exist 

beyond several other High Arctic troughs with Type 1 slopes, including Wiedemann, Prince 

Gustav Adolf Sea, and Scott Inlet troughs on the East Greenland, QEI, and Baffin Island 

margins, respectively (nos . 28, 72, and 57 in Fig. 5.3). 

Interpretation: Type 2 slopes 

The outward bulging of bathymetric contours observed on Type 2 slopes (Fig. 5.5) implies 

that shelf pro gradation has occurred as a result of ice streams extending to the shelf break. 

Four of the Type 2 slopes have gradients that are only marginally greater than 4 ° (nos. 24, 27, 

65 and 68 in Fig. 5.3 and Table 5.2); it is possible that these slopes support some form of 

TMF. However, the six Type 2 slopes identified off South Greenland (nos. 30 to 32, 34, 35 

Chapter 5: The physiography of High Arctic cross-shelf troughs 137 

and 47 in Fig. 5.3 and Table 5.2) possess gradients that are considerably greater than 4 ° and 

are, consequently, probably too steep to support TMFs (6 Cofaigh et al., 2003; Piper and 

Normark, 2009). 

It is possible that major glacial-sedimentary depocentres were removed from Type 2 slopes 

by sediment failure. Alternatively, TMFs may have been prevented from developing by steep 

upper-slope gradients, which encouraged the transition of debris-flows into turbidity currents 

and consequently sediment bypassing of the upper-slope (Pudsey and Camerlenghi, 1998; 6 
Cofaigh et al., 2003; Dowdeswell et al., 2004b). It is also possible that TMFs did not 

develop on some Type 2 slopes due to the relatively small palaeo-ice stream drainage basins 

associated with these locations (Fig. 5.9B), which may not have produced a large enough flux 

of sediment to the shelf break. However, Fig. 5.9B demonstrates that the palaeo-ice stream 

drainage basin sizes associated with Type 2 slopes are not consistently smaller than those 

drainage basins which supported TMFs on other High Arctic margins; for example, K veithola 

Trough (no. 17 in Fig. 5.3 and Table 5.2; Fig. 5.4B) possesses a small palaeo-ice stream 

drainage basin of around 10,000 km2
, yet the Type 1 slope beyond the trough is recognised as 

the site of a TMF (Pedrosa et al., 2011; Rebesco et al., 2011). 

Interpretation: Type 3 slopes 

Type 3 slopes lack any outward bulging of bathymetric contours beyond the trough-mouth 

(Fig. 5.6) and possess slope gradients of between 2 and 13°. Evidence of slope failure (e.g. 

Fig. 1.3E and F) is identified from bathymetric data of a number of Type 3 slopes; for 

example, the steep gradient and slide-scar morphology of the slope beyond Hinlopen Trough 

on the northern Barents-Kara Sea margin (no. 10 in Fig. 5.3; Fig. 5.6A) was produced by a 

large submarine slide that occurred around 30 ka (Cherkis et al., 1999; Vanneste et al., 2006; 

Winkelmann et al., 2008; Batchelor et al., 2011). Similar slide-scar morphologies , consisting 

of steep headwalls and scarps, are identified beyond Fiskernes, Frederikshab and Julianehab 

troughs on the South Greenland margin (nos. 45, 42 and 41 in Fig. 5.,3; Fig. 5.6B, D and E), 

suggesting that slope failure may be at least partially responsible for the lack of TMFs in 

these locations. 

The reason for the observed lack of pro gradation or TMF development beyond other Type 

3 troughs is more ambiguous; evidence of slope failure may exist below the resolution of the 

bathymetric data, or, alternatively, glacial-sedimentary depocentres may have been prevented 

from developing as a result of limited palaeo-ice stream drainage basin areas, steep slope 

gradients which resulted in sediment bypass of the upper-slope, or a short history of ice-
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stream advance across the shelf. The lack of major TMF development beyond Kong Oscar 

Trough on the northeast Greenland margin (no. 25 in Fig. 5.3) has been interpreted to reflect 

low sediment entrainment and delivery rates over igneous bedrock, and/or the tendency of 

coarser sediments to more readily transition into turbidity currents on the upper-slope (6 
Cofaigh et al., 2004). However, the presence of glacigenic-debris flows on slopes to the 

north, for example, beyond Store Koldewey Trough (no. 21 in Fig. 5.3), suggests a relatively 

high sediment supply to at least some parts of the East Greenland margin during the LGM 

(Garcia et al., 2012). The lack of a major glacial-sedimentary depocentre beyond the 

Mackenzie Trough on the western Canadian Beaufort Sea margin (Fig. 5.6F) may be a 

consequence of a relatively short history of Quaternary ice advance across this margin 

(Blasco et al., 1990; Batchelor et al., 2013a, b; Chapter 3 of this thesis). 
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The relationship between slope gradient and both palaeo-ice stream drainage basin area 

and trough length is weaker for troughs located off South Greenland compared with other 

High Arctic margins. Slopes off South Greenland are shown to be considerably steeper than 

slopes beyond troughs with similar palaeo-ice stream drainage basins areas on other margins 

(Fig. 5 .1 OB ). For example, K veithola Trough on the western Barents Sea margin (no. 17 in 

Fig. 5.3) has a palaeo-drainage basin size of approximately 10,000 km2 and a shallow upper

slope gradient of 2.3°, whereas Fiskemes Trough off South Greenland (no. 45 in Fig. 5.3) has 

a similar sized drainage basin and a considerably steeper upper-slope gradient of 13° (Table 

5.2). 

Interpretation 

The gradient of the upper-slope beyond a cross-shelf trough can be considered a product of 

the amount of time over which sub glacial sediment has been transferred from the ice-sheet to 

the continental slope (i.e. the glacial history of the margin), and the rate of sediment delivery 

to the margin (O'Grady and Syvitski, 2002). For example, the shallow slopes beyond the . 

Amundsen Gulf and M'Clure Strait troughs on the eastern Canadian Beaufort Sea margin, 

which have gradients of 1.1 ° and 1.8°, respectively (Fig. 5.4G and Table 5.2), reflect TMF 

development resulting from a long Quaternary history of sediment delivery to the margin by 

fast-flowing ice streams (Batchelor et al., 2013a, 2014; Chapter 4 of this thesis). 

The negative relationship between slope gradient and palaeo-ice stream drainage basin size 

(Fig. 5. lOA) probably reflects the dependency of the slope gradient on the rate of sediment 

delivery; ice streams with larger drainage basins will have a significantly greater sediment 

source for basal ice-sheet erosion, resulting in higher rates of sediment delivery to the shelf 

edge. The relationship between slope gradient and palaeo-ice stream drainage basin area is 

stronger for troughs with associated palaeo-ice stream drainage basin areas that are smaller 

than 100,000 km2 (Fig. 5. lOB). This is probably due to the omission of several extremely 

large drainage basin values, including those associated with the ice streams that occupied the 

Hudson Strait and Bear Island troughs, which had drainage basin areas of approximately 

2,000,000 km2 and 500,000 km2, respectively (Fig. 5.lOA and Table. 5.2). 

The negative relationship between slope gradient and trough length (Fig. 5 .1 OC) is also 

probably related to the rate of sediment delivery to the margin. Longer troughs provide a 

greater sediment source for ice-stream erosion than their shorter counterparts (6 Cofaigh et 

al., 2013). However, the slopes beyond cross-shelf troughs on the South Greenland margin 
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are considerably steeper than slopes beyond troughs of similar lengths, widths, and palaeo

drainage basin areas on other margins (Figs. 5.9 and 5.10). This suggests that factors 

additional to the size of the available sediment source, such as sediment bypassing of the 

upper-slope through slope failure, may prevent the development of glacial-sedimentary 

depocentres and influence the gradient of the upper-slope beyond troughs on this margin. 

5.5 An inventory of High Arctic cross-shelf troughs: discussion 

5.5.1 Controls on cross-shelf trough dimensions 

The length and width of a cross-shelf trough is controlled by the total volume of ice and 

sediment directed through the trough. This volume is related to the drainage basin size of the 

palaeo-ice stream and to the combined length of time over which the ice stream traversed the 

shelf in this position (i.e. the duration of glaciation on the margin). A positive feedback 

probably exists between trough width and palaeo-ice stream drainage basin size, with larger 

drainage basins leading to the formation of wider troughs, which are, in turn, capable of 

capturing ice from a larger drainage basin area. The length and width of a cross-shelf trough 

are also constrained by its geographical and tectonic location; long troughs generally exist on 

wide shelves on passive continental margins that are distant from major sea floor spreading 

ridges (O'Grady and Syvitski, 2002; 6 Cofaigh et al., 2013). Whereas relatively short 

troughs exist on the narrow (less than 80 km) shelf off western Spitsbergen (e.g. nos. 12 to 15 

in Fig. 5.3 and Table 5.1), longer troughs (e.g. nos. 19 to 25 in Fig. 5.3 and Table 5.1) are 

present on the wider (130 to 400 km) northeast Greenland shelf, which is located further from 

the Knipovich sea floor spreading ridge in the Norwegian-Greenland Sea. 

The most significant cross-shelf troughs in the High Arctic, in terms of their dimensions 

and palaeo-drainage basin areas, are the Hudson Strait, Lancaster Sound, M'Clure Strait, 

Bear Island, Amundsen Gulf, and St. Anna troughs (nos. 67, 55, 73, 18, 74 and 4, 

respectively, in Fig. 5.3 and Tables 5.1 and 5.2). The palaeo-ice steams which occupied these 

troughs, as demonstrated by observations of streamlined subglacial bedforms in some 

locations (e.g. Polyak et al., 1997; De Angelis and Kleman, 2005; Stokes et al., 2006; 

Andreassen et al., 2008) (Table 5.1), were probably at least 600 km long, more .than 100 km 

wide, and possessed drainage basin areas greater than 100,000 km2, draining significant 

proportions of the High Arctic Quaternary ice sheets (Figs. 5.2 and 5.3) . The longest and 

widest High Arctic palaeo-ice streams occupied the cross-shelf troughs which extend through 
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the inter-island channels of the eastern Canadian Beaufort Sea and the QEI, and through the 

epicontinental Barents Sea, where they were unconstrained by the coastline (Figs. 5.3 and 

5.8). Ice streams in these locations were able to capture ice from a wider area of the shelf and 

from further into the ice-sheet interior compared with those located on narrower shelves 

constrained by the coastline (O'Grady and Syvitski, 2002). 

5.5.2 Controls on upper-slope architecture 

In this study, the large-scale architecture of the upper-slope beyond each High Arctic 

cross-shelf trough is categorised into three distinct types based on bathymetric and long

profile data (Table 5.2; Figs. 5.3 to 5.6). Type 1 slopes (e.g. Fig. 5.4), which include the 

slopes beyond the Amundsen Gulf and M'Clure Strait troughs on the eastern Canadian 

Beaufort Sea margin, are interpreted as the probable locations of TMFs which developed over 

successive glaciations through the rapid delivery of deformable till to the slope by ice 

streams. Type 2 slopes (e.g. Fig. 5.5) display evidence of shelf progradation yet are probably 

too steep to support TMFs. Glacial-sedimentary prisms, prograding wedges which lack the 

substantial sediment volumes, fan-like geometry and shallow slope gradients of TMFs (Fig. 

1.3A to D), may instead be present on the upper-slope. Morphological evidence of shelf 

progradation is largely absent from Type 3 slopes (e.g. Fig. 5.6); these locations may be 

unfavourable sites for the accumulation of glacigenic material as a result of limited sediment 

supply to the margin or, alternatively, TMFs or glacial prisms may have been removed 

through mass wasting, resulting in sediment bypassing of the upper-slope. 

Glacial history 

The large-scale architecture of the upper-slope is controlled by the total volume of 

sediment delivered to the margin. TMFs typically develop seaward of cross-shelf troughs 

that have experienced high rates of sediment delivery to the margin over multiple glacial 

periods (Fig. 5.11) (Dowdeswell et al., 1996, 1998; Elverh0i et al., 1998; Vorren et al., 1998; 

Dowdeswell and Siegert, 1999). Long histories of occupation during successive full-glacial 

periods may also allow the construction of relatively wide continental shelves by sedimentary 

progradation into the adjacent ocean basin. A short history of ice advance may, conversely, 

preclude TMF development; for example, a TMF is absent from the Type 3 upper-slope 

beyond the Mackenzie Trough on the western Canadian Beaufort Sea margin (no. 75 in Fig. 

5.3; Fig. 5.6F), which has been interpreted to have been occupied by an ice stream during 
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only two Quaternary glaciations (Blasco et al., 1990; Batchelor et al., 2013a, 2013b; Chapter 

3 of this thesis). 

6. Low (<4 °) upper-slope 
gradient: 
Enables glacigenic-debris 
flows to accumulate on 
the upper-slope 

Glacigenic
debris flows 

1. Long glacial history: 
Multiple ice-stream 
advances deliver significant 
quantities of glacigenic 
debris to the marine margin 

2. Large palaeo-ice stream 
drainage basin area: 
Significant source for basal 
ice-sheet erosion 

Sedimentary 
substrate 

Subglacial 
till 

3. Long trough/ wide 
continental shelf" 
Significant source for basal 
ice-sheet erosion 

4. Sedimentary substrate: 

5. Minimal sediment removal from 
the upper-slope: 
Enables glacigenic-debris flows to 
accumulate on the upper-slope 

Conducive to subglacial erosion 

Figure 5.11. Diagram illustrating the idealised glacial-geological conditions f~r TMF 

development beyond cross-shelf troughs in the High Arctic (from Batchelor and Dowdeswell, 

2014). 

Palaeo-ice stream drainage basin area 

The volume of sediment transported to the upper-slope by an ice stream is also dependent 

on the palaeo-ice stream drainage basin area (Fig. 5.11). Although TMFs have been 

identified beyond glacially-excavated troughs with a range of drainage basin sizes, these 

depocentres are likely to be present on almost all the slopes in the High Arctic which are 

adjacent to troughs with large (greater than 50,000 km2) palaeo-ice stream drainage basin 

areas (Fig. 5.9B). This reflects the significant volumes of sediment delivered to the margin in 

these locations. The negative relationship (significant at a 95% level of probability) between 

slope gradient and palaeo-ice stream drainage basin area (Fig. 5 .1 OA and B) probably reflects 

the dependency of slope gradient on the size of the available sediment source for basal ice-
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sheet erosion (6 Cofaigh et al., 2004). In the High Arctic, slope gradients less than 1.5° are 

only identified seaward of cross-shelf troughs that were occupied by ice streams with 

drainage basin areas greater than 60,000 krn2 (Table 5.2 and Fig. 5.10A and B). Similarly, 

the 18 High Arctic troughs with adjacent upper-slope gradients greater than 5° are all 

associated with relatively small palaeo-ice stream drainage basins ofless than 30,000 krn2
• 

Although the drainage basin area is not the only control on slope architecture beyond a cross

shelf trough (Fig. 5 .11 ), it is possible that an insufficient supply of sediment to the slope 

prevented the development of TMFs beyond several of the smaller High Arctic troughs. The 

absence of a TMF on the slope beyond Kvit0ya Trough on the northern Barents Sea margin 

(no. 7 in Fig. 5.3) has been attributed to the relatively small (around 15,000 krn2
) palaeo

drainage basin area of the ice within the trough, which led to the development of a glacial

sedimentary prism, rather than a TMF, on the adjacent slope (Dowdeswell et al., 2010a; 

Hogan et al., 2010). 

Shelf width/trough length 

Continental-shelf width exerts a strong control on the architecture of the upper-slope (Fig. 

5.11); for example, wider shelves, such as off West Greenland, enable longer troughs and a 

greater sediment source for ice-stream erosion on the shelf and TMF development on the 

slope compared with narrower shelves, such as off Baffin Island (O'Grady and Syvitski, 

2002; 6 Cofaigh et al., 2013). The longest cross-shelf troughs in the High Arctic are shown 

to be those which extend through inter-island channels and are unconstrained by the 

coastline, for example, between the islands of the eastern Canadian Beaufort Sea, QEI and 

Barents-Kara Sea margins (Figs. 5.3 and 5.8). The palaeo-ice streams which extended 

through these troughs had the potential to capture ice and erode sediment from large ice-sheet 

interior drainage basins, providing a significant sediment source for ice-stream erosion on the 

shelf and TMF development on the adjacent slope. 

It is unclear as to whether particularly long ice streams developed in pre-existing inter

island channels or whether these channels were formed, or at least partially-excavated, by ice 

streams. The inter-island channels of Arctic Canada (Fig. 5.1) have been attributed to either 

over-deepening of a fluvial drainage system by Quaternary glaciation (Pelletier, 1966; 

Sugden, 1978), or to fracturing of a Tertiary fluvial landscape by subsequent block faulting 

(England, 1987). 
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Geology 

The total volume of sediment supplied to the margin beyond a cross-shelf trough is also 

influenced by the geology of the shelf (Fig. 5.11) (Solheim et al. , 1998; 6 Cofaigh et al. , 

2003, 2004). For example, it has been suggested that the igneous bedrock of the northeast 

Greenland shelf (Escher and Pulvertaft, 1995) may be less conductive to subglacial erosion 

by ice streams than the sedimentary substrate of the western Barents Sea (6 Cofaigh et al., 

2004). This difference in geology may be responsible for the absence of significant glacial

sedimentary depocentres beyond many troughs off northeast Greenland north of the Scoresby 

Sund TMF (e.g. nos. 19, 21 and 23 to 25 in Fig. 5.3) (Dowdeswell et al., 1997), compared 

with the existence of major TMFs on the western Barents Sea margin (nos. 12 to 18 in Fig. 

5.3) (6 Cofaigh et al., 2004). The geology of the shelf may also influence the downslope 

distance at which debris-flows transition into turbidity currents on the slope beyond an ice 

stream; tills formed from igneous bedrock have been interpreted to possess coarser-grained 

texture and shorter debris-flow run-out distances compared with tills produced from a 

sedimentary substrate (Talling et al., 2002; 6 Cofaigh et al., 2004). 

External mechanisms for the removal of glacigenic material from the upper-slope 

TMF development can be prevented by the removal of glacigenic material from the upper

slope (Fig. 5.11). Bathymetric and long-profile data provide evidence of slope failure beyond 

several High Arctic cross-shelf troughs, including Hinlopen Trough on the northern Barents 

Sea margin (no .. 10 in Fig. 5.3; Fig. 5.6A), and Fiskemes, Frederikshab and Julianehab 

troughs on the South Greenland margin (nos. 45, 42 and 41 in Fig. 5.3; Fig. 5.6B, D and E). 

It is possible that glacigenic depocentres, such as TMFs or glacial-sedimentary prisms (e.g. 

Fig. 1.3), developed in these locations, yet were subsequently removed from the slope by 

slope failure; for example, due to seismic activity, gas hydrate disassociation or strong 

bottom currents. Hinlopen Slide on the northern Barents Sea margin has been suggested to 

have occurred in response to the rapid onset of Late Weichselian glaciation, which resulted in 

sea-level lowering and asymmetric ice loading, with a strong earthquake as the final trigger 

for the slide (Winkelmann and Stein, 2007). Similarly, the Tnenadjupet Slide on the 

Norwegian margin (Fig. 5.1), has been interpreted to have occurred as a result of the build-up 

of excess pore pressure caused by rapid sedimentation during glacial maxima, with one or 

more earthquakes acting as the final trigger (Laberg and Vorren, 2000). Post-glacial isostatic 

rebound can also contribute towards slope instability through earthquake perturbation 

(Vanneste et al., 2006). 
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Strong along-slope bottom currents may have triggered slope failure beyond several cross

shelf troughs on the South Greenland margin (e.g. Fig. 5.6B, D and E) through undercutting 

the lower-slope and promoting mass wasting (Nielsen et al., 2005). A number of large 

sedimentary drift mounds, including Eirik Ridge (Johnson and Schneider, 1969), have been 

identified on the lower-slope and rise beyond cross-shelf troughs off South Greenland. These 

are interpreted to have been formed by strong contour currents during interglacial conditions 

(Nielsen et al., 2005). It is possible that glacigenic debris accumulated on the slopes of South 

Greenland during Quaternary glaciations, yet was removed subsequently and re-deposited on 

the lower-slope by strong along-slope currents and mass failures during interglacial periods. 

Internal mechanisms for the removal of glacigenic material from the upper-slope 

Slope failure and the removal of glacigenic material from the upper-slope can also be 

triggered by a range of internal ice-sheet mechanisms, including the volume and rate of 

sediment and meltwater delivery to the margin. Sediment slides on the slope can be caused 

by the build-up of excess pore pressure in fine-grained material as a result of rapid 

sedimentation during full -glacial periods (e.g. Bugge et al., 1987; Dimakis et al., 2000; Bryn 

et al ., 2005). A combination of earthquakes and a high sedimentation rate are probably 

responsible for the reduction in shear strength which caused the large Late Pleistocene 

submarine slide on the southern edge of the Bear Island TMF (no. 18 in Fig. 5.3) (Vorren et 

al., 1989; Laberg and Vorren, 1993, 1995). 

The discharge of subglacial meltwater has been suggested to exert a major control on the 

architecture of the slope beyond some cross-shelf troughs (Piper et al., 2012). Erosional 

undercutting of upper-slope sediments by meltwater channels produced from relatively 

sediment-rich dense meltwater flow can result in slope failure and the deposition of blocky 

mass-transport deposits (e.g. Piper et al., 2007; Mosher and Campbell, 2011). Although it is 

possible that the incision of meltwater channels may have contributed to slope failure in the 

High Arctic, the relative importance of meltwater on slope architecture is greater at lower 

than at higher latitudes within the polar regions (Siegert and Dowdeswell, 2002; Piper et al., 

2012). 

Slope gradient 

The gradient of the upper-slope exerts a major control on slope architecture; TMFs 

typically only develop beyond cross-shelf troughs with shallow (less than 4°) upper-slope 

gradients (Fig. 5.11) (O'Grady and Syvitski, 2002; 6 Cofaigh et al., 2003; Piper and 

Chapter 5: The physiography of High Arctic cross-shelf troughs 147 

Normark, 2009). Steeper slopes prevent the build-up of glacigenic material on the slope and 

encourage the formation of turbidity currents, which can result in channel incision and 

sediment bypass of the upper-slope (e.g. Wilken and Mienert, 2006; Tripsanas and Piper, 

2008; Dowdeswell et al., 2008a; Garcia et al., 2012; Piper et al., 2012). Whilst evidence of 

shelf progradation exists beyond many South Greenland cross-shelf troughs (e.g. Fig. 5.5), 

the absence of TMFs on this margin (Fig. 5.3) is probably related to the steep slope-gradient. 

It is unclear from morphological evidence alone whether the steep slope off South Greenland 

prevented initial TMF development, or if the high slope angles observed in this study (Table 

5.2) represent scarp slopes produced by slope failure and the removal of glacigenic material 

from the upper-slope. 

Conversely, shallow slope-gradients encourage the development of TMFs beyond cross

shelf troughs, provided that a sufficient volume of sediment is delivered to the margin over 

successive glacial periods and that this material is not removed from the upper-slope by slope 

failure (Fig. 5 .11 ). It has been suggested that the considerable size and shallow gradient of 

the TMFs off West Greenland (Fig. 5.3 and Table 5.2) are a consequence of initial fan 

development as a result of fluvial delivery of sediment in the Tertiary, prior to enlargement 

through the supply of glacigenic material during the Quaternary (Weidick and Bennike, 

2007). 
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Discussion 6 
6.1 Introduction to the chapter 

In this chapter, interpretations derived from newly-available seismic reflection data from 

the Mackenzie, Amundsen Gulf and M'Clure Strait cross-shelf troughs, presented in Chapters 

3 and 4 of this thesis, are discussed in relation to the glacial history of the Arctic Ocean and 

the architecture, landforms and sediments produced by palaeo-ice streams. The construction 

of an inventory of High Arctic cross-shelf troughs, presented in Chapter 5, enables 

comparisons to be made between the history of ice-sheet advance across the Canadian 

Beaufort Sea shelf and the glacial history of other High Arctic continental margins, including 

the Greenland and Barents-Kara Sea margins. The difference in large-scale architecture 

between the three cross-shelf troughs in the Canadian Beaufort Sea is explained by the 

variable history of Quaternary ice-sheet advance across this margin, as well as the 

geographical locations of each trough and their associated palaeo-ice stream drainage basin 

size. 

6.2 The glacial history of the Canadian Beaufort Sea margin: a variable 

history of Quaternary ice-sheet advance 

6.2.1 Summary of results 

Evidence for two Quaternary ice-stream advances to the shelf break beyond the Mackenzie 

Trough on the western Canadian Beaufort Sea margin (Fig. 3.1) is provided by two sequences 

of acoustically chaotic to semi-transparent facies, interpreted as till (Fig. 3.3). Correlation 

with the terrestrial record, which suggests that glaciation of the Mackenzie Delta region 

became progressively more extensive through the Quaternary (Murton et al., 1997; Dyke et 

al. , 2002), implies that the younger of the two ice-stream advances, illustrated by Sequence 3 

till, probably occurred during the last, Late Wisconsinan glacial period (Fig. 6.1). The older 

of the two ice-stream advances, represented by Sequence 1 till, probably occurred sometime 

during .either the Illinoian or Early Wisconsinan glaciation (Fig. 6.1 ). 
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By contrast, nine till sheets are identified from seismic reflection profiles of the Amundsen 

Gulf Trough on the eastern Canadian Beaufort Sea margin (Figs. 4.1 and 4.4), providing 

evidence for at least nine Quaternary ice-stream advances to the shelf break. The eight till 

sheets within Megasequences A to C (Sequences 1 and 3 to 7) (Figs. 4.4 and 4.5) are 

interpreted to have been formed during eight advances of an ice stream which flowed through 

the Amundsen Gulf Trough in a north westerly direction. The first Quaternary ice-stream 

advance through the Amundsen Gulf Trough probably occurred sometime during a pre

Illinoian Stage (Fig. 6.1). The presence of a major TMF beyond M'Clure Strait on the 

eastern Beaufort Sea margin (Fig. 4.17 A) (Stokes et al., 2005; Niessen et al., 2010), 350 km 

north of Amundsen Gulf, implies that the M'Clure Strait Trough probably also has a long 

history of Quaternary ice-stream advance. The youngest, and ninth till sheet within the 

Amundsen Gulf Trough, represented by Megasequence D (Sequence 8), is interpreted to have 

been deposited by a subsidiary ice stream, the Anderson ice stream (Fig. 4.13), subsequent to 

retreat of the last, Late Wisconsinan Amundsen Gulf ice stream (Fig. 6.1). 
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Seq. 1 
?3 Ice streams in AG and MS 
!> 

till ~ 
(Jakobsson et al., 2010). 

a> IRD from BI area in Arctic 
,::. 
,:;;; Ocean sediment cores 

(Stein et al. , 2010). 
Proposed Banks Island 
Glaciation 1.77 - 1.07 Ma 
(Vincent, 1983). 

Figure 6.1. Stratigraphic table showing the North American chronostratigraphic units of the 

P1eistocene and Pliocene, alongside previously-inferred glacial events on the Beaufort Sea margin and 

contrasting interpretations of ice advances through the Mackenzie (M) and Amundsen Gulf (AG) 

troughs based on results in this study. Red shading is chaotic facies Ci and Cii (Fig. 3.3), purple 

shading is semi-transparent facies Ti (Figs. 3.3 and 4.4). BI = Banks Island; IRD = ice rafted debris; 

LIS = Laurentide Ice Sheet; MD = Mackenzie Delta; MIS = marine oxygen isotope stage; MS = 

M'Clure Strait; Dashed lines show that the MIS and chronostratigraphic unit boundaries are not coeval. 
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6.2.2 Inferences 

The results derived from the Mackenzie, Amundsen Gulf and M'Clure Strait troughs 

enable a number of inferences to be made about the glacial history of the Canadian Beaufort 

Sea margin and the Arctic Ocean. 

An extensive northwest LIS during the Late Wisconsinan glaciation 

The data presented in this thesis provide evidence for the extension of ice streams to the 

shelf break through the Mackenzie, Amundsen Gulf and M'Clure Strait troughs during the 

last, Late Wisconsinan glaciation around 20 ka ago (Fig. 6_2A)_ This interpretation is in 

agreement with a number of ice-sheet reconstructions which suggest that large ice volumes 

and extensive ice shelves existed on the Canadian Beaufort Sea margin during the late 

Quaternary (e.g. Stokes et al., 2005; Engels et al., 2008; Jakobsson et al., 2010)_ Extensive 

Late Wisconsinan glaciation of the Canadian Beaufort Sea margin is supported through 

numerical modelling (Stokes and Tarasov, 2010; Stokes et al., 2012) and by recent geological 

evidence and radiocarbon dates from Banks and Victoria islands (Fig. 6.2) (England et al., 

2009). The presence of ice streams in the Mackenzie, Amundsen Gulf and M'Clure Strait 

troughs during the Late Wisconsinan has been interpreted previously from terrestrial and 

marine landform assemblages, including drumlins, MSGL and eskers (Beget, 1987; Sharpe, 

1992; Hodgson, 1994; Clark and Stokes, 2001; Winsborrow et al., 2004; Blasco et al., 2005; 

De Angelis and Kleman, 2005; Stokes et al., 2006, 2009; Brown et al., 2011; MacLean et al., 

2012), and from layers of IRD in sediment cores from the Alaskan margin and Fram Strait 

(Fig. 6.3), which have provenance from the Mackenzie Trough region and Victoria Island, 

respectively (Darby et al., 2002; Stokes et al., 2005; Polyak et al. , 2009). 

Figure 6.2. A: Map of northwestern LIS extent during the last, Late Wisconsinan glaciation, 

around 20 ka ago, showing the locations of the Mackenzie Trough (MT), Amundsen Gulf 

(AG) and M'Clure Strait (MS) ice streams, as inferred from Dyke· et al. (2002), England et al_ 

(2009) and results in this thesis . The Anderson ice stream (AN) was probably initiated 

subsequent to the LGM, during the last deglaciation. Similar ice-sheet configurations, with 

ice streams in the Mackenzie, Amundsen Gulf and M'Clure Strait troughs, were probably 

attained during either the Early Wisconsinan or Illinoian glaciation. B: Map of possible 

minimum northwestem LIS extent during the pre-Illinoian. C: Map of possible maximum 

northwestern LIS extent during the pre-Illinoian. BI = Banks Island; MD= Mackenzie Delta; 

MI= Melville Island; PP= Prince Patrick Island; PW= Prince of Wales Island; VI = Victoria 
Island_ 
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This model of extensive Late Wisconsinan glaciation on the Canadian Beaufort Sea margin 
(England et al., 2009) replaces previous reconstructions of North American ice cover during 
the Late Wisconsinan, which show ice-free land distal to the northwest LIS on Melville and 
Banks islands (Dyke and Prest, 1987; Dyke et al., 2002; Dyke, 2004). The Canadian 
Beaufort Sea margin was previously interpreted to have been too arid to have supported 
widespread glaciation during the Late Wisconsinan, and was hypothesised to have 
represented the northeast extremity of Beringia; the land bridge that connected Russia to 
Alaska and acted as a wildlife refugium during the last glacial period (Harington, 2005). 

The extent of the Quaternary ice sheets during the LGM of MIS 2 is equal to the 
Quaternary maximum ice-sheet limit on the majority of High Arctic margins, including the 
Canadian Beaufort Sea margin (Fig. 6.3). Extensive glaciation of the Canadian Beaufort Sea 
margin during the Late Wisconsinan (Fig. 6.2A) is compatible with reconstructions of the 
Innuitian Ice Sheet to the north, which inundated the QEI during the Late Wisconsinan 
(Blake, 1970; England, 1999; Dyke et al., 2002; England et al., 2006), and with 
reconstructions of the Eurasian Ice Sheet on the western and northern Barents Sea margin, 
which reached the shelf break during this glacial period (Fig. 6.3) (Svendsen et al., 1992, 
2004; Elverh!Zli et al., 1995; Polyak et al., 1997; Landvik et al., 1998, 2005; Dowdeswell and 
Elverhpi, 2002; Ottesen et al., 2005, 2007; Hughes et al., 2013; Hughes and Gibbard, In 
Press). The Quaternary maximum southwest limit of the LIS has also been inferred to have 
been attained during the LGM (Hughes et al., 1981; Morlan et al. , 1990; Duk-Rodkin and 
Hughes, 1991; Zazula et al., 2004). By contrast, the Greenland Ice Sheet had been 
interpreted previously not to have crossed much of the adjacent shelf during the LGM 
(Dowdeswell et al., 1994, 1996; Funder et al., 1994, 1998; Solheim et al., 1998; Wilken and 
Mienert, 2006). However, the ice sheet is now generally accepted to have advanced to the 
shelf break during this glaciation (Fig. 6.3) (Bennike et al., 2002; Evans et al., 2002, 2009; 6 
Cofaigh et al., 2004, 2013; Weidick et al., 2004; Ehlers and Gibbard, 2007; Roberts et al., 
2009; Dowdeswell et al. , 2010c, In Press; Winkelmann et al., 2010; Garcia et al., 2012; 
Hogan et al., 2012). The largest discrepancy between the LGM and Quaternary maximum 
ice-sheet limits in the High Arctic exists over western Siberia and the Kara Sea (Fig. 6.3), 
where the Quaternary maximum ice-sheet extent was attained during the Lat.e Saalian 
glaciation of MIS 6 (Svendsen et al. , 1999, 2004; Knies et al. , 2000; Stein et al., 2002; 
Jakobsson et al., In Press). 
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Bathymetric and topographic tints (Metres above and below Mean Sea Level) 

.1; .. ~ 

Figure 6.3. Maximum Quaternary extent of Eurasian, Greenland, Laurentide, Innu~tian and 

Cordilleran ice sheets in the High Arctic (red line) displayed on IBCAO bathymetnc data 

(Jakobsson et al., 2012b). The Eurasian Ice Sheet is the Late Saalian (MIS 6) l~mit fr~m 

Svendsen et al. (2004). The Laurentide and Innuitian ice sheets are the Late W1sconsman (MIS 

2) from Dyke et al. (2002) and England et al. (2009). The Cordilleran Ice Sheet is the 

Quaternary maximum from Manley and Kaufman (2002). The Greenland Ice Sheet _is the Late 

Wisconsinan (MIS 2) from Ehlers and Gibbard (2004). White lines show the LGM ice-sheet 

limit where different from the Quaternary maximum. White shading is speculative MIS 6 ice

shelf extent (Jakobsson et al., 2010). Orange arrows are hypothesised iceberg drift direction. 

Red arrows are major ice streams. AG = Amundsen Gulf; BB = Baffin Bay; CB = Chukchi 

Borderlands; FS = Fram Strait; FJL = Franz Josef Land; LS = Lancaster Sound; LR = 

Lomonosov Ridge; MR= Mendeleev Ridge; MS= M'Clure Strait; MT= Mackenzie Trough; 

QEI = Queen Elizabeth Islands; SZ = Severnaya Zemlya; YP = Y ermak Plateau. 
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Ephemeral ice streams may have operated during the last deglaciation 

The youngest, and ninth till sheet within the Amundsen Gulf Trough, represented by 

Megasequence D, is interpreted to have been deposited by the Anderson ice stream (Figs. 

4.13B and 6.2A). The stratigraphic position of Megasequence D (Fig. 4.13C) suggests that 

the Anderson ice stream operated subsequent to retreat of the last, Late Wisconsinan ice 

stream through the Amundsen Gulf Trough (Fig. 6.1). Additional evidence for an ice stream 

in this location includes terrestrial assemblages of streamlined subglacial landforms which 

indicate that fast ice-flow occurred in a northeasterly direction towards Cape Bathurst 

(Winsborrow et al., 2004; Brown et al., 2011). 

The Anderson ice stream is interpreted to have been an ephemeral ice stream that 

developed during the last deglaciation in response to reorganisation of ice dynamics at the 

northwest LIS margin. Ephemeral ice streams can develop in response to rapid ice break-up 

and calving events in adjacent marine areas, or as a result of the increased influence of 

underlying topography on thinning ice (Kleman et al., 2006; England et al., 2009). It is 

possible that the development of the Anderson ice stream was influenced by deglaciation of 

the ice stream in the Amundsen Gulf Trough, which allowed for the onset of fast ice

streaming flow towards the ice-free trough. 

The northwest LIS margin has been interpreted previously to have undergone highly 

dynamic changes during the last deglaciation (Stokes et al., 2005, 2009). The Amundsen 

Gulf and M'Clure Strait ice streams (Fig. 6.2A) exhibited highly asynchronous behaviour; 

whereas the M'Clure Strait ice stream probably ceased to flow during deglaciation and was 

replaced by an ice divide, the neighbouring Amundsen Gulf ice stream continued to operate 

during its retreat (Stokes et al., 2009). The dynamic behaviour of these ice streams resulted 

in the punctuated delivery of icebergs into the Arctic Ocean (Stokes et al., 2005). Ice export 

events from these ice streams may have been responsible for the formation of distinctive 

layers of IRD in sediment cores in the Arctic Ocean (Darby et al., 2002; Stokes et al., 2005). 

The inferred development of deglacial ephemeral ice streams on Prince of Wales Island 

(Dyke et al ., 1992; Kleman et al., 2006) and northwest Victoria Island (Fig. 6.2A) (Stokes et 

al., 2009) provides additional evidence for dynamic ice-sheet behaviour at the northwest 

sector of the LIS during the last de glaciation. 

Ice-sheet reorganisation and the initiation of ephemeral ice stream have also been 

interpreted to have occurred on the Barents Sea margin (Fig. 6.3) during the last deglaciation. 

Ice-stream retreat through cross-shelf troughs in the western Barents Sea, including in 

Isfjorden· and Kongsfjorden troughs in Svalbard (Fig. 5.3), occurred prior to deglaciation of 
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adjacent inter-trough areas (Mangerud et al., 1992; Svendsen et al., 1996; Landvik et al., 

2005; Ottesen et al., 2007; Farwick and Vorren, 2009, 2010; Henriksen et al., In Press). 
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De glaciation in the troughs has been suggested to have triggered the onset of topographically 

constrained tributary or ephemeral ice streams draining towards the ice-free troughs 

(Henriksen et al., In Press). 

Cross-shelf glaciation of the western Canadian Beaufort Sea margin occurred relatively late 

in the Quaternary 

The seismic stratigraphy of the Mackenzie Trough, which provides evidence for only two 

ice-stream advances to the shelf break (Fig. 3.3), suggests that cross-shelf glaciation of the 

western Canadian Beaufort Sea margin occurred relatively late in the Quaternary, probably 

during either the Early Wisconsinan or Illinoian glaciation (Fig. 6.1). This interpretation of a 

short history of ice-stream advance through the Mackenzie Trough is in agreement with the 

work of Blasco et al. (1990), who suggested that the trough was occupied by ice during a Mid 

to Late Wisconsinan glaciation and one other Quaternary glacial period, possibly the Early 

Wisconsinan. 

Recent numerical ice-sheet modelling suggests that the LIS may have advanced to the 

Mackenzie Trough during the Early Wisconsinan glaciation of MIS 4 (Fig. 6.1) (Stokes et al., 

2012). This model could not produce extensive ice cover over the western Canadian 

Beaufort Sea margin, or an ice stream in the Mackenzie Trough, prior to 65 ka ago (Stokes et 

al., 2012). Further evidence for extensive Early Wisconsinan ice cover on the Canadian 

Beaufort Sea margin includes an ice erosional event on the Chukchi Borderlands, which may 

be associated with Laurentide-sourced ice during MIS 4 (Polyak et al., 2007). Margin

parallel sea-floor lineations, interpreted to have been formed by the occasional grounding of 

ice-shelf keels sometime between the Early Wisconsinan glaciation and a cold stage within 

the Sangamonian interglacial (Fig. 6.1), provide evidence for ice-shelf flow in a westerly 

direction along the upper continental slope of the Alaskan Beaufort Sea (Fig. 6.3) (Engels et 

al., 2008). This ice shelf may have been fed by ice streams in the Mackenzie, Amundsen 

Gulf and M'Clure Strait troughs (Engels et al., 2008). 

Alternatively, it is possible that the Mackenzie Trough was excavated by an ice stream 

during the Illinoian glaciation of MIS 6 (Fig. 6.1 ). The Eurasian Ice Sheet and much of the 

Laurentide have been suggested to have been particularly widespread during the Illinoian 

(Saalian) glaciation (Svendsen et al., 2004). A particularly extensive ice shelf complex has 

been interpreted to have developed around the margins of the Arctic Ocean, including over 
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the Beaufort Sea, during MIS 6 (Fig. 6.3), as a result of astronomical forcing combined with 

reduced influx of warm Atlantic water (Colleoni, 2009; Jakobsson et al., 2010). This ice 

shelf may have been nourished by large ice streams in the Mackenzie, Amundsen Gulf and 

M'Clure Strait troughs, as well as by ice streams on the northern Barents-Kara Sea and QEI 

margins (Fig. 6.3) (Jakobsson et al., 2010). The ice shelf has been dated to MIS 6 based on 

the grounding of ice-shelf keels on bathymetric highs, including Mendeleev Ridge, the 

Chukchi Borderlands and Lomosonov Ridge, in the Arctic Ocean (Fig. 6.3) (Polyak et al., 

2001, 2007; Jakobsson et al., 2005, 2008, 2010). 

Cross-shelf glaciation of the eastern Canadian Beaufort Sea margin probably occurred 

during a pre-Illinoian Stage 

The eight till sheets interpreted from the Amundsen Gulf Trough stratigraphy (Fig. 4.4), 

together with the major TMF on the adjacent slope (Fig. 4.12), suggest that the Amundsen 

Gulf Trough has a long history of Quaternary ice-stream advance to the shelf break. The 

inferred presence of a major TMF beyond M'Clure Strait (Fig. 4.17 A) (Stokes et al., 2006; 

Niessen et al., 2010) implies that this margin has also been glaciated multiple times during 

the Quaternary. Cross-shelf glaciation of the eastern Canadian Beaufort Sea margin is 

therefore interpreted to have occurred during a pre-Illinoian Stage (Fig. 6.1) . 

Although ice streams are interpreted to have occupied the Amundsen Gulf and M'Clure 

Strait troughs during multiple Quaternary full -glacial periods (Fig. 6.1), there is uncertainty 

regarding the extent of the LIS on the eastern Canadian Beaufort Sea margin. It is possible 

that the islands of the Canadian Arctic, including Banks and Victoria islands, were inundated 

by the LIS during Quaternary full-glacial periods, including during the pre-Illinoian (Fig. 

6.2C). Alternatively, ice streams may have operated in the troughs whilst the adjacent islands 

remained ice-free (Fig. 6.2B). The subsurface stratigraphy of Banks Island (Fig. 6.2) has 

been interpreted previously lo record evidence of the earliest LIS advance onto the eastern 

Canadian Beaufort Sea margin, which is interpreted to have occurred during the pre-Illinoian, 

between 1.77 and 1.07 Myr ago (Fig. 6.1) (Vincent, 1982, 1983; Hodgson, 1994; Barendregt 

et al., 1998). Banks Island has been suggested to have been covered by the LIS during a 

further four to seven Quaternary full-glacial periods, including during the last, Late 

Wisconsinan glaciation (Barendregt et al., 1998). However, this interpretation has been 

challenged recently by England et al. 's (2009) revision to the Banks Island stratigraphy, 

which amalgamates multiple till sheets into the Late Wisconsinan. 
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The interpretation of a long history of Quaternary ice-stream advance through the 

Amundsen Gulf and M'Clure Strait troughs (Fig. 6.1) is compatible with the inferred age of 

onset of cross-shelf glaciation on the eastern Canadian Arctic margin. Ice streams on the 

eastern Canadian Arctic margin, including the Lancaster Sound ice stream (Fig. 6.3), are 

interpreted to have first advanced to the shelf break during the pre-Illinoian, around 1.6 Myr 

ago, as based on the first appearance of glacigenic-debris flows on TMFs and the onset of ice 

rafting in Baffin Basin with a source in the QEI (Hiscott et al., 1989; Li et al., 2011). The 

onset of cross-shelf glaciation on the western and northern Barents Sea margins (Fig. 6.3) 

also occurred during the pre-Illinoian, around 1.6 Myr ago, inferred from the earliest 

persistent appearance of IRD off western Svalbard and from seismic profiles of the 

continental slope (Solheim et al., 1998; Forsberg et al., 1999; Butt et al., 2000; Andreassen et 

al. , 2004; Sejrup et al., 2005; Knies et al., 2009; Laberg et al. , 2010). 

The large-scale expansion of the Eurasian and Laurentide ice sheets around 1.6 Myr ago 

was probably a response to Pleistocene cooling at high-latitudes and the intensification of 

Northern Hemisphere glaciation (Ravelo et al., 2004; Mudelsee and Raymo, 2005). Whereas 

modest 41 ka orbital cycles operated after around 2.8 Myr ago, a shift toward cooler 

conditions and higher-amplitude 41 ka orbital cycles occurred around 1.8 to 1.6 Myr ago; this 

is often referred to as the Early Pleistocene climate transition (Shackleton et al., 1984, 1990; 

Ruddiman et al., 1989; Raymo, 1994). A shift toward even larger 100 ka orbital glacial 

cycles occurred after around 1.2 to 0.8 Myr ago, during the Mid-Pleistocene climate 

transition (Ravelo et al ., 2004; Mudelsee and Raymo, 2005 ; Head and Gibbard, 2005). 

Repeated advances of the Eurasian Ice Sheet to the Norwegian and Arctic Ocean shelf edge 

occurred after the Mid-Pleistocene climate transition (Sejrup et al ., 1995; Solheim et al. , 

1998; Forsberg et al., 1999; Butt et al., 2000; Hjelstuen et al. , 2007; Knies et al. , 2007, 2009; 

Vorren et al., 2011). Continental-scale glaciations, with continuous Laurentide ice cover 

from the Atlantic to the Pacific, also occurred after around 1 Myr ago (Fig. 6.3) (Barendregt 

and Irving, 1998; Clark and Pollard, 1998; Refsnider and Miller, 2010). 

The onset of cross-shelf glaciation on the Amundsen Gulf and M'Clure Strait margins is 

interpreted to have occurred considerable earlier in the Quaternary compared with the 

Mackenzie Trough to the west (Fig. 6.1 ). This variable history of Quaternary ice-sheet 

advance across the Canadian Beaufort Sea margin reflects the progressive increase in size of 

the LIS through the Quaternary (Murton et al., 1997; Dyke et al., 2002) . The Amundsen 

Gulf and M'Clure Strait troughs had a more central ice-sheet location compared with the 

Mackenzie Trough (Fig. 6.2); they were therefore inundated by Laurentide ice significantly 
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earlier in the Quaternary (Fig. 6.1). The Amundsen Gulf ice stream on the eastern Canadian 

Beaufort Sea margin probably represented the most northwesterly marine-terminating ice 

stream of the LIS through much of the Quaternary (Fig. 6.2B and C) . In contrast, the western 

Canadian Beaufort Sea margin is suggested to have remained free of Laurentide ice for most 

of the Quaternary and to instead have been characterised by the delivery of large quantities of 

fluvial-deltaic sediment to the margin by the palaeo-Porcupine River (Duk-Rodkin and 

Hughes, 1994). The Mackenzie Trough ice stream was situated at the extreme northwest ice

sheet margin during the last, Late Wisconsinan glacial period (Fig. 6.2A), which represents 

the maximum Quaternary extent of the northwest LIS. The extreme northwestern limit of the 

LIS was probably also located at the Mackenzie Trough during either the Illinoian or Early 

Wisconsinan glaciation (Fig. 6.1). 

6.3 Cross-shelf trough physiography 

The neighbouring Mackenzie, Amundsen Gulf and M'Clure Strait troughs on the 

Canadian Beaufort Sea margin are characterised by markedly different large-scale 

architectures (Figs. 6.4 and 6.5). 

The Mackenzie Trough, which is 180 km long and 70 km wide (Table 5.2 and Fig. 6.4A), 

lacks many characteristic geomorphological features of an ice stream (Ottesen et al. , 2005; 

Ottesen and Dowdeswell, 2009). This trough records evidence for only two Quaternary ice 

advances to the shelf break and there is no evidence for a major glacial-sedimentary 

progradational depocentre or TMF on the adjacent slope (Fig. 6.4A). The slope beyond the 

Mackenzie Trough, which is categorised as Type 3 in the inventory of High Arctic cross

shelf troughs presented in Chapter 5 (Fig. 5.3), is instead incised by canyons (Fig. 3.10), 

indicating sediment bypassi?g of the upper-slope and erosion of the margin. Streamlined 

glacigenic landforms, which are typically identified within formerly-glaciated cross-shelf 

troughs in the Arctic and Antarctic (Table 5.2) (Polyak et al., 1997; Canals et al. , 2000; 

Wellner et al., 2001; 6 Cofaigh et al. , 2005 ; Ottesen et al., 2005, 2007), have been buried by 

post-glacial, flu vial sediment and are not apparent from the sea floor of the Mackenzie 

Trough (Fig. 6.4A). 

The Amundsen Gulf and M'Clure Strait troughs on the eastern Canadian Beaufort Sea 

margin represent more developed cross-shelf trough systems and have a more characteristic 

signature of an ice stream compared with the Mackenzie Trough to the west. With a length 
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of 700 km and a width of 150 km (Table 5.2 and Fig. 6.4B), the Amundsen Gulf Trough is 

one of the largest cross-shelf troughs in the High Arctic (Figs. 5.3 and 5.7). The large-scale 

architecture of the Amundsen Gulf Trough (Figs. 6.4B and 6.5) is similar to the classic model 

of high-latitude cross-shelf troughs, in which stacked till sheets formed during multiple 

Quaternary ice advances to the shelf break transition into a TMF composed of numerous 

glacigenic-debris flows on the continental slope (Vorren et al., 1988; Dowdeswell et al. , 

1997; 6 Cofaigh et al. , 2003; Li et al., 2011). The gentle gradient (1.1 °) and convex plan

form shape of the Type 1 slope beyond Amundsen Gulf (Figs. 5.3 and 6.4B) reflect the rapid 

delivery of glacial sediments over successive glaciations when fast-flowing ice streams 

reached the shelf edge (Vorren et al. , 1998; Dowdeswell and Siegert, 1999). The Amundsen 

Gulf Trough exhibits a clear seaward transition from exposed or near-surface inner-shelf 

bedrock, which is interpreted as a zone of predominantly ice-stream erosion, to a thick outer

shelf prograding wedge of unconsolidated sediment of mainly glacigenic origin (Figs. 6.4B 

and 6.5). The majority of formerly-glaciated cross-shelf troughs display a similar seaward 

transition from crystalline bedrock to sedimentary sea-floor substrate (Shipp et al. , 1999; 

Wellner et al., 2001; 6 Cofaigh et al., 2002; Ottesen et al., 2005, 2008; Livingstone et al. , . 

2012). The Amundsen Gulf Trough is characterised by low rates of post-glacial 

sedimentation, which enable the identification of glacigenic landforms, including a lateral 

GZW (Fig. 4.8), iceberg keel ploughmarks (Fig. 4.11) and crag-and-tail features (Fig. 4.14D 

and E) on or close to the sea floor (Figs. 6.4B and 6.5). 

Figure 6.4. Three-dimensional schematic models of contrasting shelf and slope 

architectures, landforms and sediments produced by Quaternary ice-stream advances 

through the Mackenzie, Amundsen Gulf and M'Clure Strait troughs, derived from two

dimensional seismic reflection data analysed in this thesis. A: The Mackenzie Trough on 

the western Canadian Beaufort Sea margin. The red line marks the base of the trough. Two 

till sheets (purple) are present on the shelf and the adjacent slope is incised by canyons. 

High rates of deglacial (brown) and post-glacial sedimentation from the Mackenzie River 

(yellow) have partially infilled the trough. B: The Amundsen Gulf Trough on the eastern 

Canadian Beaufort Sea margin. Multiple, stacked till sheets (purple) on the shelf transition 

into a TMF composed of glacigenic-debris flows on the slope. Low rates of post-glacial 

sedimentation enable the identification of glacigenic landforms on the sea floor. C: The 

M 'Clure Strait Trough on the eastern Canadian Beaufort Sea margin. A till sheet on the 

shelf transitions into a TMF composed of glacigenic-debris flows on the slope. 
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Figure 6.5. Map showing the locations of glacigenic landforms and the zones of erosion 

(exposed bedrock, limited sediment cover, isolated sedimentary basins) and deposition (till 

sheets) in the Mackenzie, Amundsen Gulf and M'Clure Strait troughs, derived from two

dimensional seismic reflection data analysed in this thesis, overlying IBCAO sea floor 

bathymetry (100 m contours; Jakobsson et al., 2012b). Dashed red line is present-day shelf 

break. Green lines are sea-floor drumlins and crag-and-tail features, and red lines are sea-floor 

ridge-and-groove lineations from MacLean et al. (2012). CB = Cape Bathurst; MI = Melville 

Island; PP = Prince Patrick Island; VI = Victoria Island. 
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The large-scale architecture of the M'Clure Strait Trough has many similarities to that of 

the Amundsen Gulf Trough (Figs. 6.4 and 6.5). Both cross-shelf troughs are characterised by 

exposed or near-surface inner-shelf bedrock, defined outer-shelf lateral margins and low

gradient TMFs on the slope (Stokes et al., 2005 ; Niessen et al., 2010). Lateral GZW, 

interpreted to have been produced by the roughly contemporaneous delivery of basal 

sediment to the lateral margins of the Amundsen Gulf and M 'Clure Strait ice streams, are 

identified at the northern and southern lateral margins of the Amundsen Gulf and M'Clure 

Strait troughs, respectively (Figs. 4.8 and 6.5). Together with the Hudson Strait, Lancaster 

Sound, Bear Island and St. Anna troughs (Fig. 5.3), the M'Clure Strait and Amundsen Gulf 

troughs were probably two of the most significant cross-shelf troughs in the High Arctic, in 

terms of their dimensions and palaeo-ice stream drainage basin areas (Table 5.2). The 

M'Clure Strait palaeo-ice stream, which has been suggested to have operated during multiple 

full-glacial Quaternary periods, may have been up to 1200 km long and 250 km wide (Fig. 

6.4C), draining significant proportions of the LIS (Fig. 6.2). 

The differences in large-scale architecture between the neighbouring Mackenzie, 

Amundsen Gulf and M'Clure Strait troughs (Figs. 6.4 and 6.5) are largely explained by the 

variable history of Quaternary ice-sheet advance across the Canadian Beaufort Sea margin. 

TMFs typically develop seaward of cross-shelf troughs that have experienced high rates of 

sediment delivery to the margin over multiple glacial periods (Fig. 5.11) (Dowdeswell et al., 

1996, 1998; Elverh!Z)i et al., 1998; Vorren et al., 1998; Dowdeswell and Siegert, 1999). The 

long history of Quaternary ice-stream advance across the Amundsen Gulf and M'Clure Strait 

margins (Fig. 6.1) enabled the development of major TMFs on the slope beyond these 

troughs (Figs. 6.4 and 6.5). In contrast, the build-up of a major glacial-sedimentary 

depocentre beyond the Mackenzie Trough was precluded by the short history of Quaternary 

ice-stream advance across this margin, which has been interpreted to have been initiated 

during either the Illinoian or Early Wisconsinan glaciation (Fig. 6.1). 

The drainage basin size of a palaeo-ice stream can also exert an influence on the large

scale architecture of the adjacent slope (Fig. 5.11). The palaeo-ice. streams which extended 

through the Amundsen Gulf and M'Clure Strait troughs were unconstrained by the coastline 

and had the potential to capture ice and erode sediment from a wider area of the shelf and 

from further into the ice-sheet interior compared with ice streams located on narrower shelves 

constrained by the coastline (O'Grady and Syvitski, 2002). The palaeo-ice stream which 

occupied the Mackenzie Trough had a smaller drainage basin area (around 250,000 km2
) 
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compared with the Amundsen Gulf and M'Clure Strait palaeo-ice streams to the east (both 

500,000 km.2) (Table 5.2 and Fig. 6.2). However, the drainage basin area associated with the 

Mackenzie Trough is larger than the majority of palaeo-ice stream drainage basin areas in the 

High Arctic, many of which have Type 1 slopes that probably support TMFs (Fig. 5.9B). 

The Quaternary glacial history of the Mackenzie Trough was therefore probably the dominant 

control on the architecture of the adjacent slope. 

6.4 Glacigenic landforms and sediments 

Seven seismic facies, categorised into eleven sub-facies, are identified from two

dimensional seismic reflection profiles of the Canadian Beaufort Sea margin (Fig. 6.6). 

6.4.1 Till 

Three acoustically chaotic to semi-transparent sub-facies, Facies Ci, Cii and Ti, are 

interpreted as till deposited during the advance and retreat of ice,-streams across the 

continental shelf (Figs. 6.6 and 6.7). Acoustically chaotic Facies Ci and Cii are only 

identified within Sequence 1 of the Mackenzie Trough stratigraphy, whereas Facies Ti, which 

has an acoustically semi-transparent character, is described from the Mackenzie, Amundsen 

Gulf and M'Clure Strait troughs (Figs. 6.6 and 6.7). Facies Ci, Cii and Ti occur as laterally

continuous, sheet-like deposits within the troughs, where they form the building blocks for 

sequences that are between 20 and 270 m thick (Figs. 3.4, 4.4 and 4.16). Facies Ci, Cii and 

Ti are interpreted as till due to their internally structureless to chaotic texture on seismic 

records, which reflects a lack of sediment sorting beneath the ice sheet (Alley et al., 1989; 

King, 1993; Shipp et al. , 1999). The stratigraphic position of these facies, overlying 

prominent erosional unconformities within deep cross-shelf troughs (Figs. 3.3, 4.4 and 4.16), 

suggests that the till was deposited by fast-flowing ice streams that occupied the troughs 

during Quaternary full-glacial periods, rather than by slow-flowing and perhaps even cold-

based ice. 

Although Facies Ci, Cii and Ti are all interpreted as till, the difference in amplitude and 

reflection configuration between these three facies (Fig. 6.7) suggests that sedimentological 

variations exist between the deposits. The high-amplitude acoustic-impedance contrasts of 

Facies Ci on the inner-shelf of the Mackenzie Trough (Figs. 6.6 and 6.7) are probably 
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indicative of a relatively inhomogeneous till that has retained some original sediment 

structures, such as internal bedding. 

Facies 

Ci 

Cii 

Ti 

Tii 

M 

L 

Si 

Sii 

Siii 

N 

D 

Example Description 

Acoustically chaotic with 
low-amplitude reflections. 

Acoustically semi-
transparent with low-
amplitude chaotic to 
weakly-stratified 
reflections. 

Acoustically semi-
transparent with low-
amplitude dipping 
reflections. Asymmetric 
wed e eometry. 

Acoustically chaotic with 
high-amplitude reflections 
and mounded geometry. 

Acoustically semi
transparent with weakly
stratified reflections and 
lobate geometry. 

Acoustically stratified 
with high-amplitude 
reflections 

:MMl!'!laii,11111ii Acoustically stratified 

MT 

X 

X 

X 

X 

X 

X 

with low-amplitude 
reflections X 

Acoustically stratified 
witl:I low-amplitude 
reflections and X 
asymmetric wedge 

, :;. geometry (base arrowed). 
Highly acoustically
impenetrable, with 
incoherent reflections. 

Acoustically transparent. 
Draping geometry. 

.. ~. -..,. ., Overlies Facies N . .,,.,, .. 
..... * . ~ 

Location 
AGT MST 

X X 

X X 

X 

X 

X 

Interpretation 

Till deposited during ice advance 
and retreat across the margin. 

Till deposited during ice advance 
and retreat across the margin. 

Till deposited during ice advance 
and retreat across the margin. 

Glacigenic-debris flows produced by 
the supply of deformable debris to the 
slope beyond the Amundsen Gulf. 

Grounding-zone wedge formed by 
the supply of till to an ice-stream 
margin during a former ice-front 
still-stand. 

Lateral moraine ridge formed by 
the supply of till to a lateral ice 
margin. 

Glacigenic-debris flows produced 
by the supply of deformable debris 
to the slope beyond the Mackenzie 
Trough . 

Glacimarine sediment deposited 
during deglaciation. 

Glacimarine sediment deposited 
during deglaciation of Mackenzie 
Trough . 
Till or deglacial material preserved in 
inner-shelf basins in Amundsen Gulf. 

Grounding-zone wedge formed by 
the supply of till to an ice-stream 
margin during a former ice-front 
still-stand . 

Inner-shelf exposed to near-surface 
"bedrock. 

Thin veneer of fine-grained 
glacimarine to open-marine sediment. 

Figure 6.6. The different seismic facies and sub-facies identified from two-dimensional seismic 

profiling of the Canadian Beauf01t Sea margin. 

I' ' 

Ii 

Iii, I 

I 

11' 
1' 

I 

ii I 
11 

I 

, I 



Chapter 6: Discussion 166 

Figure 6.7. Examples of the seismic facies interpreted as till on the Canadian Beaufort Sea 
. margin. A: Facies Ci in Sequence 1 of the Mackenzie Trough. B: Facies Cii in Sequence 1 
of the Mackenzie Trough. C: Facies Ti in Sequence 3 of the Mackenzie Trough. D: Facies 
Ti in Sequence 3 of the Amundsen Gulf Trough. E: Facies Ti in Sequence 1 of the M'Clure 

Strait Trough. 
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In contrast, Facies Cii, which is characterised by lower-amplitude acoustic-impedance 

contrasts and is described from the outer-shelf of the Mackenzie Trough (Figs. 6.6 and 6.7), 

may be a more homogeneous or deformed till. Facies Ti, which occurs within the 

Mackenzie, Amundsen Gulf and M'Clure Strait troughs, is characterised by a semi

transparent acoustic signature (Figs. 6.6 and 6.7) and is interpreted to represent a massive till 

that is largely devoid of significant bedding or internal structures. 

The reasons for this variation in till homogeneity are currently uncertain. It is unlikely that 

variations in lithology account for the sedimentological differences between the tills, as 

Facies Ci, Cii and Ti are all described from the Mackenzie Trough (Fig. 6.6). The variations 

between the tills may be associated with increased sediment deformation and/or ice velocity 

across the shelf or with the length of time during which sediment was transported beneath the 

ice stream. The onset zone of ice streaming may have occurred further inland during the 

younger ice advance through the Mackenzie Trough, which deposited the more pervasively 

deformed Facies Ti till of Sequence 1, compared with the earlier ice advance that deposited 

the Facies Ci and Cii tills of Sequence 3 (Fig. 3.3). 

6.4.2 Glacigenic-debris flows 

Two seismic facies interpreted as glacigenic-debris flows are described from the Canadian 

Beaufort Sea margin (Fig. 6.6). Facies L, which is present on some areas of the upper-slope 

beyond the Mackenzie Trough (Fig. 3.10), is interpreted as a 30 to 60 m-thick glacigenic

debris flow deposit produced by the supply of deformable sediment to the slope by an ice 

stream in the trough (Fig. 6.6). The short history of Quaternary ice-stream advance through 

the Mackenzie Trough (Fig. 6.1) precluded the development of a TMF, composed of 

numerous glacigenic-debris flows, in this location. Sediment interpreted as glacigenic-debris 

flows is also described from the slope beyond the Amundsen Gulf Trough, where it 

comprises a major TMF (Fig._ 6.5). This sediment exhibits low-amplitude chaotic to weakly

stratified reflections on seismic profiles and lacks the lobate geometry of Facies L; it is 

therefore categorised as Facies Ti (Fig. 6.6) . Individual glacigenic-debris flow lenses are not 

resolved on the seismic data. 

Glacigenic-debris flows, interpreted to have been formed during an episode of cross-shelf 

glaciation, have been identified previously from seismic profiles of many high-latitude 

margins, where they are described as stacked, acoustically transparent to semi-transparent 

lenses on the continental slope (Vorren et al., 1988, 1989; Dowdeswell et al., 1996; Elverhoi 

et al., 1997; Vorren and Laberg, 1997; King et al., 1998; 6 Cofaigh et al., 2003). Stacked 
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acoustically transparent glacigenic-debris flow deposits, interpreted as predominantly LGM 

in age, have also been described from shallow acoustic profiles of the upper-slope beyond the 

M'Clure Strait Trough on the eastern Canadian Beaufort Sea margin (Niessen et al., 2010). 

6.4.3 Deglacial sediment 

One stratified seismic facies, categorised into sub-facies Si and Sii, is interpreted as 

glacimarine sediment deposited during deglaciation of the ice stream in the Mackenzie 

Trough (Fig. 6.6). Facies Si is characterised by high-amplitude stratified reflections (Fig. 

6.6) and is interpreted as ice-proximal glacimarine sediment. The acoustic-impedance 

contrasts within Facies Si are probably produced by layers of coarser debris, such as sand, 

within fine-grained material (Taylor et al., 2000; Barrie and Conway, 2002). The draping 

geometry of Facies Sii, combined with its low-amplitude stratified reflections (Fig. 6.6), 

suggests that it was deposited in an ice-distal to open-marine environment dominated by the 

vertical accretion of suspended sediments (Elverh0i et al., 1980; Dowdeswell et al. , 1997; 

Shipp et al., 1999; Kleiber et al., 2000). Together, Facies Si and Sii probably record a typical 

deglaciation sequence in which ice-proximal glacimarine sediment is overlain progressively 

by ice-distal to open-marine sediment (Fig. 3.3) (e.g. Polyak and Solheim, 1994; Svendsen et 

al. , 1996; Shipp et al., 1999; Kleiber et al., 2000). 

Facies Sii is also described from the Amundsen Gulf Trough, where it exists as thick (up to 

200 m) deposits within several large depressions on the inner-shelf (Fig. 4 .3A). This 

sediment is interpreted to have been deposited during pre-LGM ice advances through the 

trough. It is uncertain as to whether these accumulations of Facies Sii were deposited during 

full-glacial , deglacial and/or open-marine conditions. Additional evidence of acoustically 

stratified, deglacial sediment is absent from outer-shelf seismic profiles of the Amundsen 

Gulf and M'Clure Strait troughs, although deglacial sediment layers may exist below the 

resolution of the seismic data. The lack of significant deglacial sediment within the 

Amundsen Gulf and M 'Clure Strait troughs may reflect rapid ice-stream retreat through the 

troughs or the absence of meltwater-influenced sedimentation where mass loss may have 

been mainly by iceberg production. Rapid ice retreat through the Amundsen Gulf and 

M'Clure Strait troughs during the last deglaciation is supported by the lack of GZWs, which 

indicate episodic ice-stream retreat (Dowdeswell et al., 2008b), on or close to the sea floor. 
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6.4.4 Exposed and near-surface bedrock 

One seismic facies, Facies N, is interpreted as bedrock on the Canadian Beaufort Sea 

margin (Fig. 6.6). Facies N is highly acoustically-impenetrable with incoherent reflections; it 

is identified at or close to the sea floor in the inner-shelf of the Amundsen Gulf Trough (Fig. 

4.3A and B). Here, Facies N is overlain by a thin (up to 50 m) spatially-discontinuous veneer 

of acoustically transparent Facies D, which is interpreted as ice-distal to open-marine 

sediment. Post-glacial drapes of hemipelagic sediment have been interpreted previously to 

exhibit a transparent acoustic signature on seismic records (Damuth, 1978; Dowdeswell et 

al., 1997; Shipp et al., 1999). In contrast to the Mackenzie Trough, which has been partially 

infilled by post-glacial fluvial sediment from the Mackenzie River, the Amundsen Gulf and 

M 'Clure Strait troughs have experienced low rates of post-glacial sedimentation, which has 

led to the preservation of streamlined landforms near the sea floor and the exposure of 

bedrock on the sea floor (Figs. 6.4 and 6.5) (Blasco et al., 2005; Stokes et al., 2006). 

6.4.5 Laieral moraines 

One seismic facies, Facies M, is interpreted as a lateral moraine ridge formed by the supply 

of till to a lateral ice margin (Fig. 6.6) . Facies Mis characterised by high-amplitude chaotic 

reflections and occurs as two 50 km-long and 5 km-wide ridges in the inner-shelf of the 

Mackenzie Trough (Figs. 3.8 and 6.5). 

Trough-parallel landforms can be formed by a wide range of processes within glacial and 

glaciofluvial environments. However, the large dimensions and positive-relief geometry of 

the ridges of Facies M (Fig. 6.5) preclude their interpretation as MSGL, drumlins, eskers, 

meltwater channels or tunnel valleys (6 Cofaigh, 1996; Ghienne and Deynoux, 1998; Ottesen 

et al. , 2008; Ottesen and Dowdeswell, 2009). The dimensions of the trough-parallel ridges in 

the Mackenzie Trough are comparable with those of lateral moraines identified at the sides of 

cross-shelf troughs in Arct~c Canada, Norway and Svalbard (Boulton and Clark, 1990; Stokes 

and Clark, 200 1; Ottesen et al., 2002, 2005 ; Rydningen et al., 2013). Lateral moraines up to 

22 km long and 50 m thick have also been identified in the terrestrial record, where they 

appear to mark the border zone between areas of fast- and slow-flowing ice (Dyke and 

Morris, 1988; Stokes and Clark, 2002) . 

6.4.6GZWs 

Four asymmetric wedges of Facies Tii and Siii, interpreted as GZW (Fig. 6.6), are 

identified from seismic profiling of the Canadian Beaufort Sea margin (Fig. 6.5). GZWs are 
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interpreted to have been produced by the supply of subglacial till to an ice-stream margin 

during a former ice-front still-stand (Dowdeswell and Fugelli, 2012). 
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Whereas the three wedges on the Amundsen Gulf and M'Clure Strait margins possess low

amplitude seaward-dipping internal reflections (Facies Tii), the wedge on the Mackenzie 

Trough margin is characterised by low-amplitude parallel reflections (Facies Siii) (Fig. 6.6). 

This difference in GZW architecture may reflect the increased influence of meltwater for the 

wedge in the Mackenzie Trough, which could have produced the stratified reflections within 

the deposit (Dowdeswell and Fugelli, 2012). However, it is also possible that the difference 

in internal-reflection configuration between the wedges is an artefact of the angle at which 

the seismic profile intersected the wedge in the Mackenzie Trough (Fig. 3.6). 

The four GZW s on the Canadian Beaufort Sea margin (Fig. 6.5) possess larger dimensions 

than the majority of GZWs on high-latitude continental margins, which are typically less than 

125 m thick and less than 20 km long (Fig. 6.8) (Dowdeswell and Fugelli, 2012). However, 

GZW s with comparable dimensions have been identified off Greenland and West Antarctica 

(Fig. 6.8) (Domack et al., 1998; Mosola and Anderson, 2006; Dowdeswell and Fugelli, 

2012). With lengths of 50 km and 40 km, and maximum thicknesses of 200 m and 150 m, 

respectively, the wedges identified at the lateral outer-shelf margins of the Amundsen Gulf 

and M'Clure Strait troughs (Figs. 6.5 and 6.8) are probably composite features formed during 

several phases of build-up over successive glaciations. 

The GZW s on the Canadian Beaufort Sea margin can be categorised into two different 

types (Fig. 6.9). The wedges described from the middle-shelf of the Mackenzie and 

Amundsen Gulf troughs (Figs. 3 .6, 4.9 and 6.5) are interpreted as classic GZW s formed at the 

terminus of an ice stream during a still-stand in retreat (Dowdeswell and Fugelli, 2012). The 

GZWs identified at the northern and southern sides of the Amundsen Gulf and M'Clure Strait 

troughs, respectively (Figs. 4.8 and 6.5), are interpreted as lateral GZWs formed through the 

delivery of till to the lateral ice-stream margins. The classic and lateral GZWs possess 

similar geometry, dimensions and acoustic character and are differentiated solely by their 

position on the shelf (Fig. 6.9). 
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Figure 6.8. Scatter-plot of length against thickness for GZW s on high-latitude continental 
margins (Anderson et al., 1992; Larter and Vanneste, 1995; Vanneste and Larter, 1995; O'Brien 
et al., 1999; Lowe and Anderson, 2002; 6 Cofaigh et al., 2005; Ottesen et al., 2005, 2007, 
2008; Mosola and Anderson, 2006; Laberg et al., 2007, 2009; Graham et al., 2009; Hogan et 

al., 2010; Winsborrow et al., 2010, 2012; Forwick and Vorren, 2011; Rebesco et al., 2011; 
Dowdeswell and Fugelli, 2012; Bjarnad6ttir et al., 2013; Rydningen et al., 2013). Red circles 
are GZWs identified in this study. 

The lateral GZWs were probably formed when ice streams in the Amundsen Gulf and 

M'Clure Strait troughs repeatedly expanded their outer-shelf lateral margins onto the adjacent 

shallow continental shelf during Quaternary full-glacial periods. The position of the lateral 

GZWs suggests that the ice streams in the two troughs underwent a significant increase in 

width on the outer-shelf; a d!stance of only 80 km exists between the crests of the two 

wedges (Fig. 4.8). The majority of troughs in the High Arctic widen significantly towards the 

shelf break as a result of ice emerging from the constraints of fjords or inter-island channels 

into open-shelf settings in which topographic control was lost (Figs .. 5.4 to 5.6). The seaward 

increase in the width of the Amundsen Gulf ice stream was probably caused by ice emerging 

from the topographic constraints of Banks and Victoria Islands and the Canadian mainland 

(Fig. 6.5). The ability of the Amundsen Gulf and M'Clure Strait ice streams to expand their 

outer-shelf lateral margins to such an extent suggests that they may have been buttressed by 

ice shelves during some Quaternary glacial periods. This suggestion is supported by marine 

I I 
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evidence for the grounding of ice-shelf keels along the nearby Alaskan Beaufort Sea margin 

sometime between MIS 4 and 5, as well as deep ice grounding events in the central Arctic 

Ocean during MIS 6 (Fig. 6.1) (Engels et al ., 2008; Jakobsson et al., 2010). 

Classic grounding-zone wedge Lateral grounding-zone wedge 

Inter reted to have been formed at ice-stream terminus Inter reted to have been formed at lateral ice-stream mar in 

Geometry: asymmetric in former ice-flow direction with Geometry: asymmetric in former ice-flow direction with 

steeper ice-distal side steeper ice-distal side 

Acoustic character: semi-transparent with low- Acoustic character: semi-transparent with low-amplitude 

amplitude dipping reflections of gradient 0.1 to 1 ° dipping reflections of gradient of 0.1 to 1 ° 

Dimensions: 50 km long, 30 km wide,127 m thick Dimensions: 50 km long, 200 m thick 

Position in stratigraphy: buried beneath up to 300 m Position in stratigraphy: near-surface, no significant 

of glacigenic sediment (till sheets) overlying sediment 

Location: middle-shelf of Amundsen Gulf Trough Location: northern outer-shelf lateral margin of Amundsen 

Gulf Trough 

Figure 6.9. A comparison of the classic and lateral GZW s identified from two-dimensional 

seismic profiling of the Amundsen Gulf margin. Yellow lines show GZW outlines. 

6.4. 7 Seismic features 

Three seismic features are described from seismic profiles of the Canadian Beaufort Sea 

margin (Fig. 6.10). Hyperbolic reflections are identified on the basal reflection of the 

Mackenzie Trough and on the sea-floor reflection of the M'Clure Strait Trough (Fig. 6.10). 

These hyperbolae are produced by the radial scattering of acoustic energy from a point 

source, such as irregular topography (Damuth, 1980). The hyperbolae on the basal reflection 

of the Mackenzie Trough may have been produced by meltwater channels or large clasts at 

the base of the former ice stream. It is possible that the hyperbolae on the sea-floor reflection 

of the M'Clure Strait Trough were produced by changes in sea-floor slope associated with 

small iceberg keel ploughmarks or subglacial landforms. 

Small indentations, with widths of less than 350 m and depths of less than 35 m, are 

described from the upper reflections of Sequences 3 and 4 in the Mackenzie Trough (Fig. 3. 7) 

and from the sea-floor reflection of the Amundsen Gulf and M'Clure Strait troughs (Figs. 

4.11 and 4.15). These small indentations, which have characteristic berms a few metres high 

either side of a central depression, are interpreted as iceberg keel ploughmarks formed by the 

grounding of iceberg keels on the sea floor (Fig. 6.6). Iceberg keel ploughmarks have been 

identified previously from a number of high-latitude continental margins ( e.g. Woodworth-
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Lynas et al. , 1985; Dowdeswell et al. , 1993; Dowdeswell and Bamber, 2007). With 

grounding depths to around 400 m and 550 m below present sea level, respectively, the 

majority of iceberg keel ploughrnarks on the sea floor of the Amundsen Gulf and M'Clure 

Strait troughs were probably produced during the last, Late Wisconsinan deglaciation. 

Iceberg keel ploughmarks are not identified on the sea-floor of the Mackenzie Trough; this is 

probably due to the high rates of post-glacial, fluvial sedimentation in this region. 

Feature 

Large 
indentations 

Small 
indentations 
with berms 

Hyperbolae 

Example Description 

Widths 300 - 800 m, 
depths 10 - 20 m on 
inner-shelf 
Mackenzie Trough 
basal reflection. 

Widths 450 - 700 m, 
depths 25 - 60 m on 
palaeo-shelf break 
beyond Amundsen 
Gulf Trough. 

Widths < 350 m, 
depths< 35 m. 
Berms a few metres 
high either side of a 
central depression 

On upper reflections 
of Seqs. 3 and 4 
in Mackenzie Trough 
and sea-floor 
reflection in 
Amundsen Gulf and 
M'Clure Strait. 

Location Interpretation 
MT AGT MST 

X X 

X X X 

X X 

Possible subglacial 
meltwater channels 
on Mackenzie 
Trough basal 
reflection . 

Palaeo-shelf break 
gullies beyond 
Amundsen Gulf 
Trough. 

Iceberg keel 
ploughmarks 
formed by the action 
of iceberg keels 
grounding on the 
sea floor. 

Artefacts produced 
by the radial 
scattering of 
acoustic energy 
from a point source, 
such as irregular 
topography or large 
clasts. 

Figure 6.10. The different seismic features identified from two-dimensional seismic profiling of 

the Canadian Beaufort Sea margin. 
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Large indentations, with widths of between 300 and 800 m, and depths of between 10 and 

20 m, are described from the basal reflection of the Mackenzie Trough. These indentations 

may provide evidence for subglacial meltwater incision beneath at least some parts of the 

former ice stream (Fig. 6.10). Large indentations, with widths of between 450 and 700 m, 

and depths of between 25 and 60 m, are identified on the basal reflection of the Amundsen 

Gulf Trough (Fig. 4.6) and are interpreted as buried gullies that developed along the palaeo

shelf break (Fig. 6.6). The buried gullies on the Amundsen Gulf margin (Fig. 4.6) have 

similar dimensions, spacing and morphology to gullies identified on other high-latitude 

slopes beyond palaeo-ice streams (Shipp et al., 1999; 6 Cofaigh et al., 2003; Dowdeswell et 

al., 2006, 2008a; Wellner et al., 2006; Noormets et al ., 2009; Gales et al., 2013). The gullies 

on the basal reflection of the Amundsen Gulf Trough were probably eroded by sediment

laden meltwater released from beneath an ice margin grounded at the shelf edge (Wellner et 

al., 2001; 6 Cofaigh et al., 2003; Dowdeswell et al., 2008a; Noormets et al., 2009; Gales et 

al., 2013). However, the gullies could have been formed by several other processes, 

including debris-flow processes on the upper-slope, and cascading dense water produced 

during sea ice formation under interglacial conditions (Dowdeswell et al., 2008a). 
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Conclusions 7 
In this thesis, two-dimensional seismic reflection data are used to examine the seismic 

stratigraphy and sedimentary architecture of a 1000 km-long section of the Canadian 

Beaufort Sea continental shelf and slope (Figs. 1.1 and 2.2). The objectives of this work were 

to determine the hitherto unknown number of Quaternary ice-stream advances through the 

Mackenzie, Amundsen Gulf and M'Clure Strait troughs on the Canadian Beaufort Sea 

margin, to discuss the possible timing of these events, and to examine the impact of 

Quaternary glaciation on the architecture of the continental shelf and slope. Dynamics of the 

palaeo-ice streams on the Canadian Beaufort Sea margin influenced ice-sheet configuration 

and may have forced abrupt climatic change through delivery of ice and freshwater to the 

Arctic Ocean (Stokes et al., 2005). A comprehensive understanding of ice-stream geometry 

and dynamics is crucial for understanding the behaviour of former ice streams and in 

constraining numerical models of the LIS. 

7.1 The history of Quaternary ice-stream advance through the Mackenzie, Amundsen Gulf 

and M'Clure Strait troughs 

The results derived from two-dimensional seismic reflection profiles of the Mackenzie, 

Amundsen Gulf and M'Clure Strait troughs (Figs. 3.3, 4.4 and 4.16) enable a number of 

interpretations to be made about ice dynamics at the extreme northwest limit of the LIS and 

the Quaternary glacial history of the Canadian Beaufort Sea margin of the Arctic Ocean. 

Two sequences of aco~stically chaotic to semi-transparent facies , interpreted as till , 

provide evidence for two Quaternary ice-stream advances to the shelf break through the 

Mackenzie Trough on the western Canadian Beaufort Sea margin (Figs. 3.3 and 6.4A). The 

younger of the two ice advances through the Mackenzie Trough probably occurred during the 

last, Late Wisconsinan glaciation (Fig. 6.1). The older ice advance through the Mackenzie 

Trough is interpreted to have occurred during either the Early Wisconsinan or Illinoian 

glaciation (Fig. 6.1 ). This interpretation is in agreement with a number of previous ice-sheet 

reconstructions , which suggest that large ice volumes, and perhaps extensive ice shelves too, 

existed on the Canadian Beaufort Sea margin during the late Quaternary (Stokes et al. , 2005, 
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2006; Engels et al., 2008; England et al., 2009; Stokes and Tarasov, 2010; Jakobsson et al., 

2012; Stokes et al., 2012). 

By contrast, nine till sheets were identified from seismic profiles of the Amundsen Gulf 

Trough on the eastern Canadian Beaufort Sea margin (Fig. 4.4). The eight till sheets within 

Megasequences A to C (Figs. 4.4 and 4.5) provide evidence for at least eight advances of an 

ice stream to the shelf break through the Amundsen Gulf Trough. The onset of cross-shelf 

glaciation on the Amundsen Gulf margin is therefore interpreted to have occurred relatively 

early in the Quaternary, probably during a pre-Illinoian Stage (Fig. 6.1). The inferred 

presence of a major TMF beyond M'Clure Strait on the eastern Canadian Beaufort Sea 

margin (Fig. 4.17) (Stokes et al., 2005; Niessen et al., 2010) suggests that this margin also 

experienced rapid delivery of glacial sediments by fast-flowing ice streams over successive 

Quaternary glaciations (Vorren et al., 1998; Dowdeswell and Siegert, 1999). 

The interpretation of multiple Quaternary ice-stream advances through the Amundsen Gulf 

and M'Clure Strait troughs supports previous assertions that ice streams on the eastern 

Canadian Beaufort Sea margin may have been responsible for discharging large quantities of 

IRD into the Arctic Ocean during several pre-Illinoian glaciations, including MIS 16, 12, 10 

and 8, (Fig. 6.1) (Stein et al., 2010), as well as during the last deglaciation (Darby et al., 

2002; Stokes et al., 2005). A long history of Quaternary ice-stream advance across the 

Amundsen Gulf and M'Clure Strait margins is compatible with the inferred age of onset of 

cross-shelf glaciation on the eastern Canadian Arctic margin and the western and northern 

Barents Sea margins (Fig. 6.3), which has been proposed to have occurred around 1.6 Myr 

ago (Fig. 5.2) (Solheim et al., 1998; Forsberg et al., 1999; Butt et al., 2000; Andreassen et 

al., 2004; Sejrup et al., 2005; Knies et al., 2009; Laberg et al., 2010; Li et al., 2011), possibly 

as a response to the intensification of Northern Hemisphere glaciation after the Early 

Pleistocene climate transition (Raymo, 1994; Ravelo et al., 2004; Mudelsee and Raymo, 

2005). 

The youngest, and ninth till sheet within the Amundsen Gulf Trough (Megasequence D in 

Fig. 4.13) is interpreted to have been deposited by the Anderson ice stream (Wins borrow et 

al., 2004; Brown et al., 2011) (Fig. 4.13B) subsequent to retreat of the last, Late Wisconsinan 

Amundsen Gulf ice stream (Fig. 6.1 ). The Anderson ice stream is suggested to have been an 

ephemeral ice stream (e.g. Kleman et al., 2006; England et al., 2009) that developed in 

response to ice-sheet reorganisation at the north west LIS margin during the last deglaciation. 
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7.2 The architecture of cross-shelf troughs in the Canadian Beaufort Sea and the High 

Arctic 
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The neighbouring Mackenzie, Amundsen Gulf and M'Clure Strait troughs on the Canadian 

Beaufort Sea margin are characterised by markedly different large-scale architectures (Figs. 

6.4 and 6.5). The partially-infilled Mackenzie Trough on the western Canadian Beaufort Sea 

margin lacks many characteristic geomorphological fe~tures of an ice stream (Ottesen et al., 

2005; Ottesen and Dowdeswell, 2009); the trough records evidence for only two Quaternary 

ice advances to the shelf break and there is no major glacial-sedimentary depocentre on the 

adjacent slope (Fig. 6.4A). 

The Amundsen Gulf Trough on the eastern Canadian Beaufort Sea margin represents a 

more developed cross-shelf trough system and has a characteristic signature of an ice stream 

(Fig. 6.4B and C). The Amundsen Gulf Trough exhibits a clear seaward transition from 

exposed or near-surface inner-shelf bedrock (Fig. 4.3), which is interpreted as a zone of 

predominantly ice-stream erosion, to a thick outer-shelf pro grading wedge of unconsolidated 

sediment, which is interpreted as stacked till sheets formed during multiple Quaternary ice 

advances to the shelf break (Figs. 6.4B and 6.5). A TMF, composed of numerous glacigenic

debris flows (Fig. 4.12), is present on the low-gradient (1.1 °) slope beyond the trough. 

The large-scale architecture of the M'Clure Strait Trough on the eastern Canadian Beaufort 

Sea margin has many similarities to that of the Amundsen Gulf Trough (Figs. 6.4 and 6.5); 

both cross-shelf troughs are characterised by exposed or near-surface inner-shelf bedrock 
. ' 

well-defined outer-shelf lateral margins and low-gradient TMFs on the slope (Stokes et al., 

2005; Niessen et al. , 2010). The Amundsen Gulf and M'Clure Strait troughs have 

experienced low rates of post-glacial sedimentation, which enable the identification of 

glacigenic landforms, including lateral GZWs (Figs. 4.8 and 4.16D) and iceberg keel 

ploughmarks (Figs. 4.11 and 4.15), on the sea floor (Figs. 6.4B and 6.5). 

In this thesis, the dimens~ons and architectures of the three cross-shelf troughs on the 

Canadian Beaufort Sea margin (Figs. 6.4 and 6.5) were compared with those of other High 

Arctic cross-shelf troughs. The locations of 75 High Arctic troughs were presented (Fig. 5.3), 

alongside a synthesis of their key physiographic characteristics (Table 5.2) and available 

glacial-geological evidence of past occupation by ice streams (Table 5.1). Establishing a 

complete record of marine-terminating palaeo-ice streams is important in determining the 

behaviour of former ice sheets and in constraining numerical models of past ice-sheet 

configurations and dynamics (e.g. Siegert et al., 1999, 2001; Boulton and Hagdom, 2006; 

Stokes and Tarasov, 2010; Jakobsson et al., In Press). 

I I II 

I 11 



Chapter 7: Conclusions 178 

Considerable variation in cross-shelf trough physiography is shown to exist in the High 

Arctic (Table 5.2); trough lengths range between 35 and 1400 km (Fig. 5.7 A), widths from 12 

to 260 km (Fig. 5.7B), maximum depths from 200 to 1000 m (Fig. 5.7D), and associated 

palaeo-ice stream drainage basin areas from 3000 km2 to 2,000,000 km2 (Fig. 5.9B). The 

longest troughs in the High Arctic are those that extend through inter-island channels; for 

example, through the Amundsen Gulf and M'Clure Strait troughs on the eastern Canadian 

Beaufort Sea margin (Fig. 6.3). Ice streams which occupied troughs in unconstrained 

locations (Fig. 5.8) had the potential to capture ice from further into the ice-sheet interior 

compared with those located on narrower shelves constrained by the coastline. With lengths 

of 700 km and 1200 km, and widths of 150 km and 250 km, respectively, the Amundsen Gulf 

and M'Clure Strait troughs were probably two of the most significant cross-shelf troughs in 

the High Arctic (Fig. 5.3 and Table 5.2). 

In this study, the large-scale architecture of the upper-slope beyond each High Arctic 

cross-shelf trough was categorised into one of three types, based on bathymetric and upper

slope long-profile data (Figs. 5.3 to 5.6; Table 5.2). Type 1 slopes (Fig. 5.4), which include 

the slopes beyond the Amundsen Gulf and M'Clure Strait troughs on the eastern Canadian 

Beaufort Sea margin, exhibit a marked outward bulging of bathymetric contours beyond the · 

trough-mouth, possess gradients of less than 4°, and are interpreted as the probable locations 

of TMFs. Type 2 slopes (Fig. 5.5) display evidence of shelf pro gradation and possess upper

slope gradients greater than 4 ° that are probably too steep to support TMFs. Evidence of 

shelf progradation beyond the trough-mouth is absent from Type 3 slopes (Fig. 5.6), 

including the slope beyond the Mackenzie Trough on the western Canadian Beaufort Sea 

margm. 

The architecture of the slope beyond a High Arctic cross-shelf trough is controlled by a 

number of factors, including the glacial history of ice advance across the margin, the palaeo

ice stream drainage basin size, the trough length, the nature of the substrate, the gradient of 

the slope, and the amount of sediment removed from the upper-slope by slope failure (Fig. 

5.11). 

The differences in large-scale architecture between the neighbouring Mackenzie, 

Amundsen Gulf and M'Clure Strait troughs (Figs. 6.4 and 6.5) are largely explained by the 

variable history of ice-sheet advance across the Canadian Beaufort Sea margin (Fig. 6.1) , 

which reflects the progressive increase in size of the LIS through the Quaternary. The 

Amundsen Gulf and M'Clure Strait troughs had a more central ice-sheet location and drained 
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larger ice-sheet interior basins compared with the Mackenzie Trough to the west (Fig. 6.2); 

they were therefore inundated by Laurentide ice significantly earlier in the Quaternary (Fig. 

6.1 ). The long history of Quaternary ice-stream advance across the Amundsen Gulf and 

M'Clure Strait margins enabled the development of TMFs on the slope beyond the these 

troughs (Figs. 6.4 and 6.5). In contrast, the build-up of a major glacial-sedimentary 

depocentre beyond the Mackenzie Trough was precluded by the short history of Quaternary 

ice-stream advance across this margin (Fig. 6.1 ). 

7.3 The geomorphological signature of palaeo-ice streams 

Submarine sediments and landforms preserved on buried horizons within the shelf 

stratigraphy, as well as on or close to the sea floor, can be used to identify the locations of 

palaeo-ice streams and to reconstruct former ice configurations and dynamics (e.g. Ottesen et 

al., 2005; Mosola and Anderson, 2006; Dowdeswell et al., 2007, 2008b; Ottesen and 

Dowdeswell, 2009; Sarkar et al., 2011). A number of diagnostic glacigenic landforms and 

sediments, which provide information about past ice dynamics, were identified from seismic 

profiles of the Canadian Beaufort Sea margin (Figs. 6.4 and 6.5). 

Four GZWs, produced by the supply of till to an ice-stream margin during a still-stand in 

retreat, were described from the Mackenzie and Amundsen Gulf troughs (Figs. 3.6, 4.8, 4.9 

and 6.5). The four GZW s were categorised into two different types; classic GZW s formed at 

the terminus of an ice stream during a still-stand in retreat (Dowdeswell and Fugelli, 2012), 

and lateral GZWs formed through the delivery of till to the ice-stream lateral margin (Fig. 

6.9). The classic and lateral GZWs on the Canadian Beaufort Sea margin possess similar 

acoustic signature, geometry and dimensions and are differentiated solely by their position on 

the shelf (Fig. 6.9). 

With lengths of 50 km and 40 km, and maximum thicknesses of 200 m and 150 m 
' 

respectively, the lateral GZW ~ identified at the lateral outer-shelf margins of the Amundsen 

Gulf and M'Clure Strait troughs (Figs. 6.5 and 6.8) are likely to be composite features formed 

during several phases of build-up over successive glaciations. The lateral GZWs were 

probably formed when ice streams in the Amundsen Gulf and M'Clur~ Strait troughs 

repeatedly expanded their outer-shelf lateral margins onto the adjacent shallow continental 

shelf during Quaternary full -glacial periods. A high-amplitude reflection forms the base of 

both asymmetric wedges and can be traced continuously between the two landforms (Fig. 

4.8A), suggesting roughly contemporaneous formation . This implies that the ice streams in 

Amundsen Gulf and M'Clure Strait may have started delivering basal sediment to their outer-
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shelf lateral margins at a similar time in the Quaternary, possibly responding to the same 

regional environmental forcing. 
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Small indentations, interpreted as iceberg keel ploughmarks (Fig. 6.10), were identified 

from buried horizons within the shelf stratigraphy as well as on the sea floor (Figs. 3.7 and 

4.11). These small indentations, which are characterised by distinctive berms a few metres 

high either side of a central depression (Figs. 3.7 and 4.11), are interpreted to record the 

grounding of iceberg keels in sea floor sediments during the last deglaciation. 

Large indentations, with widths of up to 700 m and depths of up to 60 m, were described 

from the basal reflection of the Amundsen Gulf Trough (Fig. 4.6) and are interpreted as 

gullies formed along a palaeo-shelf break (Fig. 6.5). The stratigraphic position of the gullies 

(Figs. 4.4C and 4.6) suggests that they may have developed quasi-contemporaneously with 

the first Quaternary ice advance to the shelf break beyond the Amundsen Gulf Trough. It is 

possible that the gullies were eroded by sediment-laden meltwater released from beneath an 

ice margin grounded at the shelf edge or by debris-flow processes on the upper-slope 

(Wellner et al., 2001; 6 Cofaigh et al., 2003; Dowdeswell et al., 2008a; Noormets et al., 

2009; Gales et al., 2013). 

Whilst landforms diagnostic of former ice-stream activity are absent from the sea floor of 

the Mackenzie Trough, probably as a result of the high rates of post-glacial, fluvial 

sedimentation in this region, a number of buried glacigenic landforms were identified from 

seismic reflection profiles of the trough (Fig. 6.4A). Two trough-parallel ridges, interpreted 

as lateral moraines, are present on the inner-shelf of the Mackenzie Trough (Figs. 3.8 and 

6.5). These ridges were probably formed by the delivery of till to the lateral margins of an 

ice stream during a still-stand in ice-front position. 

7.4 Recommendations for further work 

In this thesis, two-dimensional seismic reflection data are used to make interpretations 

about past ice-sheet dynamics on the Canadian Beaufort Sea margin and the architecture, 

landforms and sediments produced by palaeo-ice streams. The glacial history of the margin 

is inferred from the description and interpretation of seismic facies and sequences within the 

Mackenzie, Amundsen Gulf and M'Clure Strait troughs (Figs. 3.3, 4.4 and 4.16). Sequences 

of acoustically chaotic to transparent sediment, interpreted as till (Fig. 6.6), provide evidence 

for two Quaternary ice-stream advances to the shelf break through the Mackenzie Trough and 

at least eight Quaternary ice-stream advances through the Amundsen Gulf Trough. A 

tentative chronology for the ice advances across the Canadian Beaufort Sea margin (Fig. 6.1) 
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is suggested based on the terrestrial record of LIS advance (Murton et al., 1997; Dyke et al., 

2002), numerical ice-sheet modelling (Stokes et al. , 2012) and evidence for ice-grounding 

and ice-rafting events in the Arctic Ocean (Stokes et al., 2005; Engels et al., 2008; Jakobsson 

et al., 2010; Stein et al., 2010). 

However, the precise number and timing of the ice advances through the Mackenzie, 

Amundsen Gulf and M'Clure Strait troughs cannot be constrained without direct dating 

techniques. There is currently an absence of long drill cores from the Canadian Beaufort Sea. 

Further investigations could build upon the results of this thesis through the analysis of long 

sediment cores from the continental shelf and slope. The dating of material collected from 

sediment cores could allow the derivation of an absolute chronology of Quaternary ice 

advance on the Canadian Beaufort Sea margin. 

One suggestion for future scientific drilling on the Canadian Beaufort Sea margin is to 

construct transects along each of the three cross-shelf troughs (O'Regan et al., 2012). There 

are several locations on the Canadian Beaufort Sea margin where the basal reflection of the 

troughs could be penetrated by long sediment cores. The thin (30 to 60 m) accumulations of 

Facies Lon the upper-slope of the Mackenzie Trough (Fig. 3. lOE) may provide one such 

location. Sediment preserved on inter-canyon ridges on this slope (Fig. 3. lOD) may also 

contain information about the history of ice advance across this margin. The pro grading 

wedge of unconsolidated sediment which is deposited seaward of around 126° Win the 

Amundsen Gulf Trough (Figs. 4.3 and 6.5) is relatively thin (less than 200 m) over some 

parts of the middle-shelf of the trough (Fig. 4.3F); analysis of sediment from future cores in 

this area could allow the timing of the ice advances through the trough to be constrained. 

Future scientific drilling on the Canadian Beaufort Sea margin could also aim to elucidate the 

different sedimentological properties of the acoustically chaotic to semi-transparent sediment 

that has been interpreted as till within the three troughs (Fig. 6.7). 

Further investigations cou~d also build upon the results of this thesis through the collection 

of additional seismic reflection data from the M'Clure Strait Trough (Fig. 4. lB). Seismic 

reflection profiles from the outer-shelf of the M'Clure Strait Trough, as well as from the 

continental slope beyond the trough-mouth, which has been suggested to be the site of a 

major TMF (Fig. 4.17 A) (Stokes et al., 2005; Niessen et al., 2010; Chapter 4 of this thesis), 

may provide further information about the number of Quaternary ice-stream advances across 

the M'Clure Strait margin. 
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