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Abstract 

 

Mass loss from the Greenland Ice Sheet remains the largest uncertainty in projections of sea 

level rise for the 21
st
 century. Reconstructing the former history of the Greenland Ice Sheet 

during the Late Quaternary provides important constraints on how the ice sheet will behave in 

response to future environmental change. In order to improve our understanding of the extent, 

dynamics and deglacial retreat of the Greenland Ice Sheet during and after the Last Glacial 

Maximum (LGM), this study used geophysical bathymetric data to investigate the 

geomorphology of the continental margins of Southern Greenland. In particular, Olex data, 

which consist of multiple single-beam echo-sounder lines, were utilised.  

Turbidity current-channel systems and gullies on the continental slopes, and moraines on the 

continental shelf edge of Southern Greenland indicate that the Greenland Ice Sheet extended 

to the continental shelf edge during the LGM. Drumlins and crag-and-tails, located in 

troughs, suggest that twenty ice streams drained the ice sheet in Southern Greenland at this 

time. After the LGM, the deglacial response of the Greenland Ice Sheet was spatially 

variable. Grounding-zone wedges in some troughs suggest that ice sheet retreat was 

punctuated by still-stands. In other troughs, the absence of sedimentary depocentres indicates 

that ice sheet retreat was rapid. In Southeast Greenland, iceberg ploughmarks suggest that 

initial retreat from the shelf edge was characterised by the calving of deep-keeled icebergs. In 

contrast, gullying offshore of inter-ice stream areas and evidence of meltwater sedimentation 

in Southwest Greenland, indicate that initial deglaciation was characterised predominantly by 

surface melting.  
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1. Introduction 

The Earth’s climate is changing (IPCC, 2007) and the response of the Greenland Ice Sheet to 

warmer air and oceanic temperatures is a major issue in the debate surrounding future sea 

level change (Lenton et al., 2008). A comprehensive understanding of the dynamics of the 

Greenland Ice Sheet in response to past environmental change is therefore crucial for 

predicting its response to present and future environmental change. 

Ice sheets respond dynamically to climate change over glacial-interglacial cycles through 

changes in their extent and spatial configuration. When ice advances and retreats across high-

latitude continental margins, landforms are produced (Fig. 1.1). The relatively low energy 

marine environments in which these landforms are formed, means that they are often 

preserved on the sea floor, and provide comprehensive records of past glacial activity 

(Dowdeswell et al., 1998). 

This thesis aims to investigate the morphology and distribution of submarine landforms on 

the continental margins of Southern Greenland
1 

(Fig.1.2) in order to improve our 

understanding of the extent, dynamics and deglacial retreat of the Greenland Ice Sheet during 

and after the Last Glacial Maximum
2
 (LGM). To do this, geophysical bathymetric data will 

be used to provide imagery of the sea floor. In particular, the Olex database will be utilised. 

The Olex database consists mainly of voluntarily contributed single-beam echo-sounder data 

from commercial fishing vessels. The database has been used for a number of 

geomorphological studies (e.g. Bradwell et al., 2008; Shaw et al., 2009, 2012; Spagnolo and 

Clark, 2009) but has yet to be critically analysed. A further aim of this thesis, therefore, is to 

assess the usefulness of the Olex database for identifying submarine landforms.  

After a brief introduction to the modern Greenland Ice Sheet, this chapter reviews the current 

literature regarding the extent, dynamics and deglacial retreat of the ice sheet in Southern 

Greenland during the Late Quaternary.  

                                                      
1
 In this thesis, Southern Greenland is defined as the area south of Holsteinsborg Trough in 

Southwest Greenland and south of Kangerlussuaq Fjord in Southeast Greenland. The 

definition of ‘Southwest’ and ‘Southeast’ Greenland is shown in Figure 1.2. 

 
2
 In this thesis, the Last Glacial Maximum (LGM) is defined as the period when the 

Greenland Ice Sheet attained its maximum extent. This is thought to have happened towards 

the end of the last glacial period at around 21,000 years before present (Alley et al., 2010). 



 

2 

 

 

 

 

 

 

 

1.1. The Greenland Ice Sheet 

The island of Greenland has an area of 2,166,086 km². About 83% of its landmass is covered 

by the Greenland Ice Sheet which covers an area of 1,801,000 km² (Fig. 1.2) (Kargel et al., 

2012). The Greenland Ice Sheet is the second largest ice mass on the planet, accounting for 

around 11% of the total global ice surface area. The ice sheet is composed of two separate 

domes. The southern dome contains about 15% of the ice volume and is a climatically 

sensitive, highland ice cap, resting on bedrock about 500 m a.s.l (Fig. 1.3) (Funder et al., 

2011).  

Figure 1.1. An idealised high-latitude continental margin 

with the locations of interglacial (dark shading) and full-

glacial (lighter shading) ice sheets shown. As the ice sheet 

extends onto the shelf edge and retreats to the 

mountainous hinterland, a number of landforms are 

produced which are often preserved on the seafloor. 

Adapted from Dowdeswell et al., (2002). 
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Figure 1.2. (A) Map of Greenland, the Greenland Ice 

Sheet and the bathymetry surrounding Greenland 

displayed with a Polar Stereographic projection. Black 

boxes show the study area and definition of ‘Southwest’ 

and ‘Southeast’ Greenland in this thesis. Bathymetric 

data is from IBCAO Version 3.0 (Jakobsson et al., 2012), 

and is discussed in Section 2.1.3. Greenland is displayed 

with a 250m resolution MODIS mosaic (Kargel et al., 

2012). (B) Location map of Greenland in a Polar 

Stereographic projection. 
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1.2. The Greenland Ice Sheet during the Late Quaternary 

1.2.1. Extent of the LGM Greenland Ice Sheet in Southern Greenland 

Accurate reconstructions of the Greenland Ice Sheet during the Late Quaternary are necessary 

in order to constrain and improve models of ice sheet volume change and the associated 

global eustatic sea level rise. For example, a more extensive LGM Greenland Ice Sheet would 

make a higher contribution to deglacial global eustatic sea level rise than a smaller 

reconstructed extent. The reconstructed extent of the Greenland Ice Sheet in Southern 

Greenland during the LGM has, however, been the focus of much debate (e.g. Funder and 

Hansen, 1996; Funder et al., 2011).  

Evidence from cosmogenic surface exposure dating and trimlines suggest that the Greenland 

Ice Sheet had a maximum ice thickness of around 500 to 810 metres above sea level (m a.s.l.) 

in the Sisimiut region, Southwest Greenland (Fig. 1.3) (Kelly, 1985; Rinterknecht et al., 

2009; Roberts et al., 2009, 2010; Funder et al., 2011). This was used to argue that the 

Greenland Ice Sheet was relatively thin in Southwest Greenland during the LGM and that the 

ice sheet only extended to the inner continental shelf (Funder et al., 2011). This view was 

also taken by Nielsen and Kuijpers (2013), who interpreted five glacigenic debris flow units 

on the Davis Strait Drift Complex (Fig. 1.3) as evidence that the Greenland Ice Sheet 

extended to the shelf edge five times since the Early Pliocene and only to the mid-shelf 

during the LGM.  

However, large isostatic uplift rates on the narrow continental shelf around Greenland’s 

southern tip and fresh erosional features on coastal hills suggest that the Greenland Ice Sheet 

was up to 1500 m thick in the Nanortalik region (Fig. 1.3) (Bennike et al., 2002). This was 

used to argue that the ice sheet was thick enough to extend to the shelf edge during the LGM 

(Weidick et al., 2004). A new ice sheet model also predicts that the western sector of the 

Greenland Ice Sheet achieved at least a mid-shelf position in Southwest Greenland, with ice 

possibly extending as far as the Outer Hellefisk moraines at the shelf edge during the LGM 

(Fig. 1.3) (Simpson et al., 2009). Finally, a number of glacigenic debris flows on the 

continental slopes offshore of the Uummannaq and Egedesminde troughs have now been 

identified (Fig. 1.3) (Ó Cofaigh et al., 2013a, 2013b; Dowdeswell et al., In Press). These 

debris flows indicate that, during the LGM, large volumes of sediment were supplied to the 

continental slopes of West Greenland when ice streams extended to the continental shelf edge 

(Ó Cofaigh et al., 2013a; Dowdeswell et al., In Press). If the Greenland Ice Sheet extended 
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this far during the LGM, it suggests that the ice sheet could have also extended across the 

narrower shelf of Southwest Greenland.  

In Southeast Greenland, traditional ice sheet reconstructions indicate that the Greenland Ice 

Sheet extended to the continental shelf edge during the LGM (Funder and Hansen, 1996; 

Funder et al., 2011). Turbidite sedimentation and glacigenic debris flows on the continental 

slope offshore of Kangerlussuaq Trough (Fig. 1.3) suggest that ice streams supplied sediment 

to the shelf edge (Jennings et al., 2002, 2006; Dowdeswell et al., 2010). Cosmogenic surface 

exposure dating from Sermilik Fjord indicates that the ice sheet reached thicknesses of at 

least 740 m a.s.l. (Roberts et al., 2008). This was used to argue that the ice sheet was thick 

enough to extend to the shelf edge during the LGM (Roberts et al., 2008).  

In summary, the Greenland Ice Sheet probably extended to the shelf edge of Southeast 

Greenland. Whether it extended to the shelf edge of Southwest Greenland remains contested.  

1.2.2. Dynamics of the LGM Greenland Ice Sheet in Southern Greenland 

Ice streams drained ice sheets in the both Hemispheres during the LGM (Stokes and Clark, 

2001; Ottesen et al., 2005; Livingstone et al., 2012a). Ice streams are important in controlling 

ice, fresh water and sediment flux to the oceans and significantly influence ice sheet mass 

balance and response to environmental forcing (Bennett, 2003; Ó Cofaigh et al., 2003). The 

identification of ice streams in the geological record is therefore important for assessing past 

and future dynamics of the Greenland Ice Sheet. In Southern Greenland, relatively little is 

known about the influence of ice streams on overall ice sheet dynamics during the Late 

Quaternary (Funder, 1989).  

Onshore, a number of studies have attempted to reconstruct ice stream behaviour using 

glacial landforms and cosmogenic surface exposure dating (e.g. Long and Roberts, 2003; 

Roberts and Long, 2005; Weidick and Bennike, 2007; Rinterknecht et al., 2009; Roberts et 

al., 2009, 2010). In the marine environment, Kangerlussuaq Trough, in Southeast Greenland, 

and the Egedesminde and Uummannaq troughs, in West Greenland, are the only troughs 

south of 70° N which have been the subject of offshore geophysical and sedimentological 

investigations (Fig. 1.3) (Dowdeswell et al., 2010, In Press; Hogan et al., 2011, 2012; Ó 

Cofaigh et al., 2013a, 2013b). The International Bathymetric Chart of the Arctic Ocean 

Version (IBCAO) 3.0 suggests that twenty cross-shelf troughs exist on the continental shelf 

of Southern Greenland (Jakobsson et al., 2012; Batchelor and Dowdeswell, In Press) (Fig. 
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1.3). Several authors have suggested that the morphology of these troughs is likely to have 

been shaped by large ice streams during the LGM (Roberts and Long, 2005; Weidick and 

Bennike, 2007; Roberts et al., 2010). There is, however, no conclusive evidence to confirm 

this interpretation.  

1.2.3. Deglaciation of the LGM Greenland Ice Sheet in Southern Greenland 

1.2.3.1. Initial retreat from continental shelf 

Since the LGM, the Greenland Ice Sheet has lost about 40% of its area and volume (Funder et 

al., 2011). This is much less than that of the warmer Laurentide and Fennoscandian ice sheets 

(100% loss) but is much more than the colder Antarctic Ice Sheet (Alley et al., 2010). 

Understanding the nature of Greenland Ice Sheet deglaciation since the LGM is important for 

understanding the response of the modern Greenland Ice Sheet to increasing oceanic and air 

temperatures (Joughin et al., 2004; Rignot and Kanagaratnam, 2006; Shepherd and Wingham, 

2007; Holland et al., 2008; Christoffersen et al., 2011).  
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Figure 1.3. Map of Greenland showing the extent of the 

continental shelf around Southern Greenland and the 

regions and features mentioned in this chapter. 
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To date, there is only a limited chronological control on the deglaciation of the Greenland Ice 

Sheet since the LGM in Southwest Greenland (Alley et al., 2010). Cosmogenic exposure 

dating from coastal mountains in the Sisimiut region suggests that thinning began 21,000 

years before present (BP) (Figs. 1.3, 1.4) (Roberts et al., 2009). Initial retreat from the 

continental shelf, however, may not have taken place until 15,000 years BP and could have 

occurred as recently as 10,000 years BP (Ingólfsson et al., 1990; Funder and Hansen, 1996; 

Roberts et al., 2009). North of Disko Bay, radiocarbon dating of benthic foraminifera from 

glacimarine mud above glacial till suggests that retreat from the outer continental shelf edge 

began at least 14,880 cal. years ago in this region (Fig. 1.3) (Ó Cofaigh et al., 2013b). South 

of Disko Bay, similar techniques suggest that retreat from the outer shelf edge began by 

13,800 cal. years BP (Figs. 1.3, 1.4) (Ó Cofaigh et al., 2013b).  

 

 

 

 

 

 

In Southeast Greenland, there is general agreement that initial retreat from the continental 

shelf edge began at around 17,000 years BP. This is much earlier than Southwest Greenland. 

Radiocarbon dating of foraminifera and molluscs in Kangerlussuaq Trough and cosmogenic 

exposure dating in Sermilik Fjord suggest that ice may have retreated from the shelf edge 

shortly after 17,000 cal. years BP (Figs. 1.3, 1.4) (Mienert et al., 1992; Roberts et al., 2008). 

Figure 1.4. Trend of temperature development since the 

LGM, compiled from Greenland ice-core records 

(Dansgaard et al. 1984; Dahl-Jensen et al. 1998; 

Dansgaard 2004). The main events discussed in this 

thesis and their timings are labelled. Adapted from 

Weidick and Bennike (2007).  
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This is backed-up by pronounced decreases in planktonic foraminiferal δ
18

O concentrations 

in sediment cores from the Labrador Sea, which indicate the transfer of isotopically light 

meltwater from the decaying Greenland Ice Sheet to the ocean at this time (Elliot et al., 1998; 

Knutz et al., 2011). A change in sedimentation rates in a deep sea core 600 km from the coast 

of Southeast Greenland suggests that initial retreat from the shelf edge of Kangerlussuaq 

Trough began at least 16,000 years BP (Kuijpers et al., 2003). Ice distal glacimarine 

sedimentation in sediment cores from the middle part of Kangerlussuaq Trough and the outer 

shelf of Gyldenløves Trough indicate that the ice sheet margin had retreated landward of the 

mid-shelf by 15,000 cal. years BP (Jennings et al., 2002; Kuijpers et al., 2003). 

It is not clear which external factors were the most important for causing the initial break-up 

of the Greenland Ice Sheet after the LGM. For example, major sea level rises are thought to 

have occurred between 14,600 and 14,000 years BP (Hanebuth et al., 2000; Stanford et al., 

2006). However, these sea level rises do not necessarily correspond with ice sheet mass loss, 

as indicated by the lack of change in the concentration of iceberg-rafted debris (IRD) in 

sediment cores from the Labrador Sea (Knutz et al., 2011). Likewise, oxygen isotope records 

from the Greenland ice-cores demonstrate very rapid increases in air temperatures in 

Greenland between 14,700 and 11,500 cal. years BP (Fig. 1.4) (Björck et al., 1998). 

However, the variation of ice sheet retreat from the continental shelf edge of Southeast and 

Southwest Greenland suggests that deglaciation was not driven solely by warming air 

temperatures. 

These discrepancies indicate that the break-up of the Greenland Ice Sheet after the LGM was 

a complex and spatially variable process driven by a variety of different factors including sea 

level change, air temperature increase, oceanic warming, shelf bathymetry, ice stream 

drainage area and sea-ice conditions (Funder et al., 2011).  

1.2.3.2. Re-advances and still-stands  

The Younger Dryas is recorded by a prominent temperature signal in the Greenland ice-core 

record (Fig. 1.4) (Steffensen et al., 2008). The Fiskebanke moraines on the inner shelf of 

Southwest Greenland have been interpreted as evidence for a re-advance during the Younger 

Dryas, when air temperatures returned temporarily to glacial values (Fig. 1.3) (Bennike et al., 

2002; Rinterknecht et al., 2009). Cores from the Disko Fan, offshore of Egedesminde Trough, 

indicate that Jakobshavn Isbræ underwent a major fluctuation during the Younger Dryas. An 

increase in IRD input to the Disko Fan at around 12,200 cal. years BP indicates that the ice 



 

10 

 

stream re-advanced onto the outer shelf during this period (Ó Cofaigh et al., 2013b). The ice 

stream then retreated rapidly to the mid-shelf. This suggests that the ice stream may have 

been out of phase with Younger Dryas temperatures (Ó Cofaigh et al., 2013b). In contrast, 

the Greenland Ice Sheet to the south of Disko Bay is thought to have been characterised by an 

increase in mass balance during the Younger Dryas (Knutz et al., 2011). Low IRD 

concentrations in sediment cores from the Labrador Sea suggest that the seaward mobility of 

icebergs was constrained by dense sea-ice formed in a cold ocean climate (Reeh et al., 1999; 

Knutz et al., 2011). 

The presence of three grounding-zone wedges on the floor of Uummannaq Trough suggests 

that ice stream retreat in this region was episodic and punctuated by a number of still-stands 

(Dowdeswell et al., 2008; Ó Cofaigh et al., 2008). In the cross-shelf troughs of Southern 

Greenland, however, grounding-zone wedges have yet to be identified. This implies that 

retreat of the Greenland Ice Sheet from the continental shelf of Southern Greenland after the 

LGM was rapid and not characterised by still-stands (Dowdeswell et al., 2008; Ó Cofaigh et 

al., 2008). This is consistent with studies from Kangerlussuaq Trough and southernmost 

Greenland which have not documented a response of the Greenland Ice Sheet to a change in 

temperature during the Younger Dryas (Jennings et al., 2006; Sparrenbom et al., 2006). 

1.2.3.3. Holocene 

Radiocarbon dating of marine shells in the Sisimiut region indicates that the Greenland Ice 

Sheet retreated to the present coast by around 10,900 – 10,200 cal. years BP (Figs. 1.3, 1.4) 

(Bennike and Björck, 2002, Long and Roberts, 2003; Bennike et al., 2011). The ice margin in 

Southeast Greenland is inferred to have reached the present coast at a fairly similar time 

(Jennings et al., 2002, 2006; Roberts et al., 2008). During the Holocene climate optimum, the 

ice sheet is thought to have retreated behind its present margin (Fig. 1.4) (Weidick et al., 

1990). The ice sheet then advanced close to its present position during the Neoglacial period 

as indicated by increasing concentrations of IRD at about 5,000 cal. years BP (Andrews et al., 

1997; Jennings et al., 2002). 
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1.3. Thesis structure 

A general introduction to this thesis, describing its aims, the Greenland Ice Sheet and the 

present understanding of the extent, dynamics and deglacial retreat of the ice sheet was 

provided in this chapter. The three bathymetric data sets (Olex, IBCAO and multi-beam) used 

to investigate the geomorphology of the continental margins of Southern Greenland are 

described in Chapter 2. The morphology of individual features identified in the bathymetric 

data will then be described and interpreted where possible in Chapter 3. The spatial 

distribution of the individual landforms will then be described in order to make further and 

more conclusive interpretations in Chapter 4. Finally, the palaeo-glaciological implications of 

the geomorphology of Southern Greenland and a comparison between the nature of the 

Greenland Ice Sheet in Southwest and Southeast Greenland will be investigated in Chapter 5. 

A summary of results and an assessment of the Olex data as a source of bathymetric data for 

geomorphological studies are presented in Chapter 6.   
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2. Methodology 

2.1. Introduction 

2.1.1. Olex data 

The main source of geophysical bathymetric data used to investigate the geomorphology of 

the continental margins of Southern Greenland is the Olex database. The database consists of 

voluntarily contributed data from users of shipborne echo-sounders. Commercial fishing 

vessels using single-beam echo-sounders are the main contributors of data but measurements 

from specialist research vessels are also incorporated into the database. The Norwegian 

company Olex AS (http://www.olex.no/index_e.html) continuously adds the new information 

collected by the contributors to a central database. Olex AS provides a custom software 

package to view the Olex database which is presented as a digital elevation model (DEM) 

projected with a modified Mercator projection, with parallel and equidistant latitude and 

longitude lines (Fig. 2.1).  

 

 
 

 

 

Figure 2.1. Example of the Olex DEM showing the 

bathymetric coverage of Olex data around Greenland. 

Lighter blues represent shallower water. Projected with a 

modified Mercator projection. 
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2.1.2. Multi-beam and IBCAO data 

In addition to the Olex data, this thesis also utilises multi-beam bathymetric data collected 

onboard the British ice-strengthened research vessel, the RRS James Clark Ross (JCR) (Fig. 

2.2), multi-beam data archived in the National Geophysical Data Centre (NGDC) 

(http://www.ngdc.noaa.gov/mgg/bathymetry/multibeam.html), and the International 

Bathymetric Chart of the Arctic Ocean (IBCAO) Version 3.0 (Fig. 2.2) (Jakobsson et al., 

2012). The multi-beam data provide high resolution bathymetry for some areas of the sea 

floor and improve the data coverage over the continental shelf of Southern Greenland. The 

multi-beam data also allow a comparison with the Olex data. The IBCAO data provide 

comprehensive coverage of the Arctic Ocean at a resolution at a grid cell size of 500 x 500 m. 

These sources of data are discussed in Section 2.5. 

2.2. Single-beam bathymetry 

Acoustic methods are the principal means of mapping sea floor topography. Single-beam 

echo-sounders have been available since the 1920s and are used to measure the depth 

vertically below a ship. The echo-sounder records the time taken for a sound pulse (‘ping’), 

usually at frequencies of tens of kHz, to travel from a transducer to an acoustic reflector, such 

as the sea floor, and back again (Lurton, 2002). For each transmitted ping, the user obtains a 

single point measurement of time delay, which is converted to water depth using the sound 

velocity of the water column (Section 2.2.1). Sequential depth profiles are compiled as the 

vessel advances and are combined to form a bathymetric map of the sea floor. Importantly, 

single-beam echo-sounder track-lines have to be close together in order to provide three-

dimensional information (Section 2.7.1). 
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Figure 2.2. Map of bathymetric coverage of the multi-

beam data used in this thesis. Multi-beam data are 

overlaid onto IBCAO data. Projected with a polar 

stereographic projection. 
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2.2.1. Signal transmission and reception 

The sound pulse, or ping, of an echo-sounder is produced by energising a bank of 

piezoelectric transducers with a trigger signal from an inboard recorder (Fig. 2.3). The ping is 

transmitted below the ship and the echo from the sea floor is detected by the receiver. 

Therefore if the speed of sound through the water column is known, and the two-way travel 

time for the acoustic signal to reflect back from the sea floor to the transducer is measured 

accurately, then the water depth, ‘z’, can be calculated by: 

   
 

 
      

 

where ‘c’ is the mean sound speed and ‘ t’ is the difference in time between the transmission 

of the sound pulse and the reception of the reflected echo signal.  

Water supports the propagation of acoustic pressure waves, or sound pulses, because it is an 

elastic medium. The speed of sound in water is about 1,484 m s⁻¹ 
but certain oceanic 

properties affect the spatial and temporal propagation of the sound pulse through the water 

column. The most important of these properties are temperature, T (Celsius (°C)), salinity, S 

(practical salinity unit (psu) which corresponds to parts per thousand (‰)), and hydrostatic 

pressure, P. Since P is nearly proportional to depth, z (metres (m)), depth usually replaces 

hydrostatic pressure. A failure to acknowledge these variables will result in errors when 

calculating water depth. Empirical equations have therefore been derived to calculate c more 

accurately using these oceanic variables. An example is Mackenzie’s equation (Mackenzie, 

1981) which has nine terms: 

 

                                             

                                      

                                  

This equation has a domain of applicability of: 

-2 < T < 30°C 

25 < S < 40 ‰ 

0 < z < 8000 m 

 

(2.1) 

(2.2) 
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To measure the spatial and temporal sound speed variability, ships acquiring echo-sounding 

data often use expendable bathythermographs (XBT). XBTs measure T as a function of z 

using a known fall rate through the water column. c is then determined using an empirical 

relation (such as Equation 2.2) assuming constant S. Since temperature decreases with depth 

while pressure increases, the profile of sound speed with depth generally shows a 

characteristic curve which decreases to a minimum at a depth of several hundred metres and 

increases again with greater depth (Fig. 2.4) 

 

Figure 2.3. Diagram showing the basic principles of 

single-beam echo-sounding.   
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For the receiver to locate an echo, measurements of depth using echo-sounders require a 

sharp leading edge to the transmitted and received sound pulse. The frequencies of single-

beam echo-sounders depend on the application, and range between 10 kHz for deep water 

applications to 500 kHz for shallow water applications. The echo from a sediment interface is 

usually better observed at the lower frequencies. This is due to the decreasing sediment sound 

absorption with decreasing frequency. Therefore to produce the sharp pulses required in deep 

water, transducers will usually transmit in the 10 – 15 kHz range. 

2.2.2. Navigation 

Single-beam echo-sounders have to receive and process data from several ancillary systems 

in order to geographically locate the depth measurements accurately. This requires the echo-

sounder to be connected to a ship-mounted Global Positioning System (GPS) which locates 

the soundings with respect to the surface of the Earth. Furthermore, the use of an attitude 

control unit allows for the correction of the ship’s roll, pitch and yaw on the ocean surface. 

Figure 2.4. (A) Example of how temperature would be 

expected to vary with depth. (B) How the sound speed 

profile would respond to such changes (Adapted from 

http://ocw.tudelft.nl/courses/geomatics/acoustic-remote-

sensing-and-sea-floor-mapping/). 
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Each single point measurement of time delay is then converted to water depth using the 

sound velocity of the water column and is time-stamped and referenced with the location at 

which it was collected. The georeferenced data are then stored digitally for later processing 

and analysis. 

2.3. Multi-beam bathymetry 

Multi-beam echo-sounder systems operate using the same theoretical principles as single-

beam echo-sounders. While single-beam echo-sounders only return depth values along the 

track-line of a ship, multi-beam swath-bathymetric systems transmit and receive a fan of 

energy beams during each ping (Fig. 2.5). The fan of beams enables the possibility of a large 

number of simultaneous depth measurements (typically several hundred) along a swath of sea 

floor terrain.  

 

  

 

 

 

Figure 2.5. Example of a multi-beam swath-bathymetric 

system emitting a fan of beams that reflect off the 

seafloor. In shallower depths, the beams spread out less 

and width of surveyed sea floor is relatively narrow. At 

deeper depths the beams spread out more and the width of 

surveyed sea floor is wider. 
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Each ping of acoustic energy comprises of a number of beams orientated at known angles to 

the vertical in a plane perpendicular to the ship’s motion (Fig. 2.5) (Lurton, 2002). The 

fundamental principle of bathymetric measurement is the joint estimation of time t and angle 

θ. Each pair (t, θ) is used to determine the position of one depth measurement. When the 

sound speed profile is constant over the entire water column, the acoustic paths from each 

beam are linear. The coordinates (y, z) of the measurement point, taking the sonar position as 

the origin (Fig. 2.6), are then: 

 

  
  

 
     

 

  
  

 
     

 

 
 

 

Figure 2.6. How a multi-beam echo-sounder calculates 

depth of the sea floor at a point on the sea floor using 

trigonometry. 

 

(2.3) 

(2.4) 
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2.4. Olex 

The Olex database represents the Earth's surface as a grid consisting of an array of 5.6 x 5.6 

m cells. Each cell contains a single depth value in metres (m) (Fig. 2.7).  

 

 
 

 

 

 

 

 

 

 

Figure 2.7. (A) Example of bathymetry displayed by the 

Olex database. (B) The Olex database represents the 

bathymetric data as a grid consisting of an array of cells. 

(C) These cells have a diameter of 5.6 m and contain a 

single depth value of 402 and 400 metres.  
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2.4.1. Interpolation 

The Olex database consists of a grid of cells that have one of three states; measured, 

interpolated or unknown (Fig. 2.8A). A measured depth value is a cell which contains a point 

that has been measured directly by an echo-sounder (Fig. 2.8B). If more than one point has 

been measured in a 5.6 x 5.6 m cell, the mean of the measured depth values is calculated. The 

Olex software allows the user to visualise the location of the measured cells by changing their 

colour from blue to maroon.  

 

 
 

 

 

 

Figure 2.8. (A) Example of a single ship track-line in the 

Olex database and the location of the measured 

(maroon), interpolated (blue) and unknown cells (white). 

Depth values of cells within a 556 m radius from 

measured cells are interpolated. (B) Example measured 

(maroon) and interpolated (blue) cells. Each 5.6 x 5.6 m 

cell has a single depth value. 
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Interpolated depth values are cells at locations that lack measured depth values but are within 

a certain radius of a cell with a measured depth value. To derive these interpolated depth 

values, Olex uses a trend projection interpolation method. The specific details of this method 

are not disclosed by Olex but the basic approach is outlined in this thesis. Firstly, a region of 

cells around a cell containing a measured depth value is determined using a specified search 

radius. In Olex this radius is set to 556 m. A continuous mathematical function then fits a 

surface to this specified region of cells and the depth values of the unmeasured cells are 

calculated. In Olex, the mathematical function is a simple linear spline. Figure 2.9 shows how 

Olex calculates the depth value of an unmeasured cell using five cells with measured depth 

values.  

 

 

 

 

 

 

 

Figure 2.9. Trend projection interpolation using a linear 

spline estimate. Zi,j is the depth of the cell and x,y are the 

coordinates of the cell. Orange dots are measured depth 

values, green squares are the estimated depth values and 

the red star is the resulting interpolated depth value 

which is an average of these estimates. Adapted from 

Clarke (1995). 
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The search radius of the interpolation method (556 m) is quite large. This is perhaps so that 

the Olex database can present the bathymetric data as a continuous surface. This may be 

useful for navigational purposes but, for landform identification, the large area of interpolated 

depth values can mislead the user. For example, Figure 2.10 shows the bathymetry of two 

areas on the continental shelf of Southwest Greenland. The bathymetry of Figure 2.10A is 

characterised by some linear grooves and a meandering channel-like feature. Figure 2.10B is 

about 25 km inshore from Figure 2.10A and appears to have a relatively flat surface. When 

the ship track-lines are examined (Fig. 2.10C and Fig. 2.10D) it is clear that Figure 2.10A is 

much better surveyed than Figure 2.10B. The interpolation methods, however, have resulted 

in both areas appearing as continuous bathymetric surfaces. Whilst channels and grooves can 

be identified in Figure 2.10A, they cannot be identified in Figure 2.10B. It is therefore not 

clear whether channels and grooves do not exist in Figure 2.10B or whether they do exist, but 

the scarcity of measured depth values prevents the landforms from being identified.    

Cells outside the defined radius of a measured cell are given unknown depth values. These 

cells represent the white areas in the Olex database (Fig. 2.8).  

2.4.2. Precision 

The precision of the depth values depends on the depth of the cell. At depths that are 

shallower than 100 m, the precision of the depth value is to the nearest decimetre or one 

decimal place (Fig. 2.11A). At depths deeper than 100 m, the precision of the depth value is 

to the nearest metre (Fig. 2.11B).   
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Figure 2.10. (A) Bathymetry of an area covered by Olex data 

showing grooves and channel-like features. (B) Bathymetry of a 25 

km distant area covered by Olex data with no visible features. (C) 

The bathymetry of (A) is densely covered with ship track lines. (D) 

The bathymetry of (B) is sparsely covered with ship track lines.   
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2.4.3. Accuracy 

The data acquired by Olex are not associated with regular temperature and salinity profiles 

because they are collected mainly by commercial fishing vessels that do not need highly 

accurate depth measurements. Therefore, when the Olex database is compiled, a nominal 

average sound speed of a ping travelling vertically through the seawater is applied in the 

conversion between the two-way echo travel-time to depth. The sound speed chosen is 

usually between 1460 and 1480 m s⁻¹ (Jakobsson et al. (2012) pers. comm. O. B. Hestvik, 

Olex, 2011). This means that the absolute accuracy of the measured depth values is 

potentially variable. Error in measured depth values is exaggerated with greater depth. 

Figure 2.11. Examples of depth values that represent the 

bathymetry of the Olex database. (A) Depth values have a 

precision to the nearest decimetre when the depth value 

measured or interpolated is shallower than 100 m. (B) 

Depth values have a precision to the nearest metre when 

the depth value measured or interpolated is deeper than 

100 m. 
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The assumption that the sound speed is between 1460 and 1480 m s⁻¹ might be especially 

inaccurate in the North Atlantic offshore of Southern Greenland where seasonal variations in 

temperature of the water column can cause temporal changes in the sound speed profile 

(Bulgakov and Lomakin, 1994). The different properties of large water masses (e.g. the East 

Greenland Current and the Irminger Current) mean that the speed of sound could vary 

spatially as well (Bulgakov and Lomakin, 1994).  

Olex AS claim that any errors in depth values are minimised during database compilation and 

processing by comparing an individual contributor (a ship) with the large number of other 

soundings covering the same area. However, there are still noticeable artefacts in the 

database. For example, Figure 2.12 shows an area of the continental slope of Southeast 

Greenland. The bathymetry has a number of ‘stripes’. These ‘stripes’ are depth values that are 

shallower than other measured depth values in the vicinity. This could have been caused by 

assuming the speed of sound through the water column was between 1460 and 1480 m  s⁻¹ 

when it might, in reality, have been lower. The linear spline interpolation between the 

measured depth values fits a surface through the erroneous depth values, causing the ‘stripes’ 

to appear on the bathymetry. This example demonstrates that errors in depth values are not 

always corrected for by Olex. Therefore, linear features in the bathymetry may not always be 

real and Olex data have to be interpreted with care. 
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Figure 2.12. (A) The Olex database has a number of 

‘stripes’ in the bathymetry. (B) This area is densely 

surveyed by ship track-lines. (C) The cross-sectional 

profile C’ – C” shows that these stripes are raised from 

the surrounding bathymetry. (D) This image reveals that 

the stripe is caused by one ship track-line. (E) The 

measured depth values of this track-line (yellow) are 

shallower than the depth values recorded by other ships’ 

track-lines (blue). This could be due to a poor 

approximation of sound speed through the water column.  
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To further investigate the absolute accuracy of the Olex data, some multi-beam data collected 

by the RRS James Clark Ross were imported into the Olex database. The multi-beam data 

were added as YXZ points so that they could be gridded in the same way as the voluntarily 

contributed data that the Olex database receives. Individual depths from the Olex data were 

then paired with depths from the multi-beam data for comparison (e.g. Fig. 2.13). The 

criterion used to form a pair of depth values was that the two must be located in adjacent 5.6 

x 5.6 m cells.  

There is general agreement between both sources of data but, in some places, there are slight 

differences. In depths of 300 to 500 m there was an average difference of 4.5 m between Olex 

depths and multi-beam depths. The Olex depths were both deeper and shallower than multi-

beam depths. Jakobsson et al., (2012) applied a similar method to investigate the accuracy of 

the Olex data. They sampled 1999 depth values and found that the Olex depth values were on 

average 4.9 m deeper than the multi-beam data at a mean depth of 640 m.  

This thesis also sampled much deeper depths of over a thousand metres. This further analysis 

revealed that the difference between Olex and multi-beam depths increased. In some places 

there was a difference of up to 27 m. The increase in error as depth increases indicates that 

the error could be due to a poor approximation of sound speed through the water column 

when collecting the echo-sounding data or due to systematic errors in the individual single-

beam echo-sounder that was used to collect the data. 

 



 

29 

 

 
 

 

 

 

 

 

 

 

2.5. Other data  

In addition to the Olex data, multi-beam data collected by research ships and IBCAO data 

were also incorporated into the investigation (Fig. 2.5).  

2.5.1. Multi-beam data collected onboard the RSS James Clark Ross (JCR) 

The first type of research cruise data was collected by JCR on cruises 106b in 2004 and 175 

in 2009 (Table 2.1). A hull-mounted Kongsberg-Simrad EM120 multi-beam swath-

bathymetric system was operated on both cruises. This system emits 191 acoustic beams 

during every swath ping and operates at a frequency of 12 kHz and a maximum port and 

starboard beam angle of 70˚. The beam angle chosen during the cruises varied according to 

Figure 2.13. Depth values of cell colours explained by 

legend. Example of how the Olex depths and multi-beam 

depths were compared. The multi-beam data were 

imported into the Olex software and, where measured 

Olex and multi-beam grid cells were next to each other, 

the depths were compared. There is an average difference 

of about 4 m between the Olex and the multi-beam depth 

values in this image. 
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sea conditions, water depth and seabed type but was generally between 60° - 68°. The speed 

of sound through the water column was measured regularly using XBT instruments. The 

sound velocity profiles (SVP) obtained from the XBT deployments were input to the EM120 

system and used in the relevant surveys. The calculated SVPs generated by the XBT system 

software were transferred to the multi-beam data processing workstation and the data then 

imported into the multi-beam data acquisition system. An Ashtech ADU5 Differential Global 

Positioning System was used to record the attitude and geographical position of the ship 

every second. The raw data were digitally archived and transported to the Scott Polar 

Research Institute, University of Cambridge on DVD, where the files were transferred to a 

Linux machine for processing.  

2.5.2. Multi-beam data archived in the NGDC 

The NGDC is the US national archive for multi-beam bathymetric data and it presently holds 

over 15.7 million nautical miles of ship track-lines received from sources worldwide. Table 

2.1 lists the datasets that were used in this thesis. These data were collected with a variety of 

multi-beam swath-bathymetric systems on different ships (Fig. 2.2, Table 2.1). 

Source Ship Cruise name Instrument used Date collected 

SPRI James Clark Ross JR106b Kongsberg-Simrad 

EM120 

2004 

SPRI James Clark Ross JR175 Kongsberg-Simrad 

EM120 

2009 

NGDC Maurice Ewing EW9607 Atlas Hydrosweep 

DS 

1996 

NGDC Healy HLY0004 SeaBeam 2112 

 

2000 

NGDC Knorr KN179L05 SeaBeam 2100 

 

2004 

NGDC Knorr KN194-02 SeaBeam3012-P1 

 

2008 

NGDC Knorr KN194-04 SeaBeam3012-P1 

 

2008 

NGDC Knorr KN199-02 SeaBeam3012-P1 

 

2010 

NGDC Knorr KN203-04 SeaBeam3012-P1 

 

2011 

 

 

 

 

Table 2.1. List of the data used alongside the Olex data in 

this thesis. NGDC is the National Geophysical Data 

Centre.  
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2.5.3. IBCAO data 

The IBCAO Version 3.0 is a digital bathymetric model which was released in 2012 and is the 

most up-to-date bathymetric portrayal of the Arctic Ocean sea floor (Figs. 1.2, 2.2, 3.1). The 

incorporation of recently acquired multi-beam data and the Olex database have allowed the 

sea floor to be gridded at a cell size of 500 x 500 m (Jakobsson et al., 2012). 

2.6. Processing of multi-beam data 

Processing of the raw multi-beam data was completed on a Linux platform and performed 

using the open-source, Unix-based software, MB-System
TM 

(Caress et al., 1996). Data 

processing aimed to eliminate erroneous data points that were recorded by the acoustic 

beams. Erroneous data points were removed through a combination of automatic and manual 

editing. Automatic filters (the ‘mbclean’ tool in MB-System) flagged erroneous data points, 

very steep slopes, and outer pings using a variety of different algorithms. Manual editing (the 

‘mbedit’ tool in MB-System) then followed to check the effectiveness of the automated filters 

and to edit erroneous data segments left unflagged by the automated filters.  

The MB-System ‘mbgrid’ tool was then used to grid the processed bathymetry data at regular 

intervals. The multi-beam data from the Greenland margin were gridded with cell sizes 

between 30 and 100 m depending on the density of bathymetric data points, which is a 

function of depth. The grid files produced were then exported as ascii files and imported into 

ArcGIS where they were viewed and analysed.  

2.7. Comparison of datasets 

2.7.1. Effective resolution 

The effective resolution of the Olex data is determined by the density of cells with measured 

depth values in a specified area. The density of cells with measured depth values is 

determined by echo-sounder output rates and the number of ship track-lines in a specified 

area.  

In shallow areas, the time taken for the ping to be reflected by the sea floor and received is 

relatively rapid (0.134 seconds in 100 m of water with an average sound speed of 1500 m 

s⁻¹). Therefore the next ping can be produced quickly and the spacing between the measured 

depth values is small (Fig. 2.8). In deeper waters, pings take longer to travel twice through 
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the water column (1 second in 750 metres of water with an average sound speed of 1500 m 

s⁻¹) and, therefore, gaps between measured depth values in deeper water are larger.   

More importantly for determining the effective resolution, is the density of ship track-lines, 

which is highly variable in the Olex database. This is because the majority of Olex users are 

fishermen and there is a strong bias in the data coverage towards good fishing areas on the 

continental shelf of Greenland. For example, in Southwest Greenland the troughs on the 

continental shelf are densely covered by track-lines (Fig. 2.14). This reflects the areas where 

commercial fishing vessels operate regularly. The effective resolution in the troughs is, 

therefore, relatively high and landforms such as grooves and channels can be identified easily 

(Fig. 2.10). In contrast, the banks on the continental shelf, the continental slope and the deep 

abyssal plain of Southwest Greenland are not densely covered with ship track-lines (Fig. 

2.14). The effective resolution in these areas, therefore, is poor and landforms are more 

difficult to identify (Fig. 2.10).  
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Figure 2.14. (A) Ship track-line coverage of Southwest 

Greenland. (B) Bathymetry produced by these track-lines. 

The shallow banks are not as densely covered as the 

troughs. Therefore the banks have poorer effective 

resolution than the troughs and fewer features are 

identified. 
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The number of track-lines also improves the reliability of the data since this increases the 

probability that a cell is measured more than once. When a cell is measured multiple times, 

an average depth value is taken and this value is more reliable through repeat measurement of 

cells.   

To further investigate the effective resolution of Olex data in comparison with the multi-

beam data collected by research vessels, the multi-beam data were imported into the Olex 

database (Fig. 2.15). For comparison with the original Olex data, a cell size of 5.6 x 5.6 m 

and an interpolation radius of 556 m around the measured cells were chosen when importing 

the data. The identification of iceberg ploughmarks on the continental shelf of Southern 

Greenland was then considered. The track-line density of the Olex data on the outer 

continental shelf of Southeast Greenland is very high. Therefore, it is in these places where 

the Olex data might be comparable to the multi-beam data that were collected onboard 

research vessels.  

Figure 2.15A shows a multi-beam track-line in the Olex database. Ploughmarks are clearly 

identifiable in the bathymetry. In the same location, ploughmarks cannot be identified in the 

Olex data (Fig. 2.15C) even though the ship track-lines in Figure 2.15D are relatively closely 

spaced (2.3 track-lines per km²). In a nearby location, ploughmarks can be identified in the 

Olex data (Fig. 2.15E). Figure 2.15F is more magnified than Fig. 2.15D and has a much 

higher density of track-lines (12 track-lines per km²). These ploughmarks are around 50 m 

wide and so the effective resolution of the Olex data, where track-line density is 12 per km², 

is about 50 m. However, track-line densities of this magnitude are rare on the continental 

shelf of Southern Greenland and as the density of track-lines decrease, so will the effective 

resolution. Therefore, although the Olex data is gridded at 5.6 x 5.6 m, the effective 

resolution is about 50 m at best and is usually much worse in areas less densely covered with 

track-lines.  
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Figure 2.15. (A) Bathymetry measured using a multi-

beam echo-sounder. Ploughmarks are easily identifiable 

in the bathymetry. (B) The multi-beam data points are so 

closely spaced that, at this scale, they cannot be 

distinguished. (C) The Olex bathymetry in the same 

location. No ploughmarks can be identified. (D) The track 

line density of Olex data. The track line density is 2.3 per 

km². (E) The Olex bathymetry in a nearby location. 

Ploughmarks can be identified. (F) The track line density 

12 per km². 
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2.7.2. Coverage 

The coverage of the Olex data is very high in comparison to the multi-beam data used in this 

thesis (Fig. 2.1). The Olex data cover most of the inner and outer continental shelves of 

Southwest Greenland and most of the outer continental shelf and continental slopes of 

Southeast Greenland (Fig. 2.1). In comparison, the coverage of the multi-beam data collected 

offshore of Southern Greenland is relatively limited (Fig. 2.2).  

The strength of the Olex system lies in the integration of data contributed by a number of 

users over several years. Through time, the Olex data will improve as more depth values are 

recorded by commercial fishing vessels. The quality of data will also improve as cells are 

measured multiple times so that reliable depth values are obtained.  

2.8. Data interpretation 

Unfortunately, for commercial reasons, the Olex data cannot be exported into other 

geophysical data processing systems. Landform identification was therefore carried out using 

the Olex software package. A number of features provided by the Olex software, however, 

assisted in the identification of landforms. The Olex DEM can be viewed as a 2D shaded 

relief map and the software allows this bathymetric surface to be illuminated by an idealized 

light source either from the northeast (azimuth of 45°) or the northwest (azimuth of 315°). 

When identifying landforms this introduces azimuth-bias (the azimuth of the illumination is 

the angle formed between north and the direction of the light source). Changing the direction 

of the illumination can alter the apparent position of the break-in-slope so that features may 

change shape, appear or disappear (Fig. 2.16) (Smith and Clark, 2005).  
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To overcome azimuth-bias, the DEM was illuminated first from the northeast and then from 

the northwest when identifying landforms. This technique enabled the impartial and accurate 

identification of submarine landforms. The Olex software package also provides tools for 3D 

visualization, measuring distances and drawing bathymetric profiles. These tools were also 

useful for identifying and describing features. Landform dimensions, such as length, height 

and width, were measured digitally within the Olex software package.  

Figure 2.16. (A) Olex bathymetry viewed with an azimuth 

of 315° (from NW). (B) Same as (A) but viewed with an 

azimuth 45° (from NE). Channels are not as obvious but a 

large subdued feature appears. Arrows indicate direction 

of light source. 
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3. Geomorphology of the continental shelves of Southeast and 

Southwest Greenland 

3.1. Introduction 

The systematic analysis of the Olex, multi-beam and IBCAO data from the Southern 

Greenland continental margin resulted in a number of morphological zones and features 

being identified (Fig. 3.1). The large-scale morphology of the continental shelf of Southern 

Greenland has a consistent form. Where the Olex resolution is relatively high (Section 2.7.1), 

the inner continental shelf has a noticeably different bathymetry to the outer continental shelf 

(Fig. 3.2). The inner shelf has a shallow, rugged topography and is dissected by steep groove- 

and channel-like depressions. In contrast, the outer shelf has a much smoother bathymetry 

and consists of alternate troughs and banks (Fig. 3.2). The banks are wide and relatively 

shallow with depths of 50 - 100 m below sea level. The relatively narrow troughs dissect the 

banks before terminating at the continental shelf edge. The troughs have depths of up to 500 

m on the outer continental shelf although they are often much deeper towards the inner 

continental shelf, reaching depths of up to 1000 m. The two regions are separated by a white, 

dashed line in Figure 3.2.  

The difference between the two regions is interpreted as differences between the underlying 

substrate. The rugged inner shelf of Southern Greenland is interpreted as predominantly hard 

crystalline bedrock, similar to that mapped onshore in Greenland (Roberts et al., 2010). The 

opaque, acoustic basement identified by seismic reflection profiles in this area confirms this 

interpretation (Fig. 3.3) (Brett and Zarudzki, 1979; Nielsen et al., 2005). This region was 

termed the ‘strandflat’ by Holtedahl (1970) who likened its bathymetry to the inner 

continental shelf of the Norwegian continental margins. The near-horizontal strandflat can be 

explained by many factors including periglacial, subaerial and marine erosion. However, the 

width of the platform around the edge of the Greenland continent suggests that the strandflat 

has been at least partially shaped by glacial erosion (Benn and Evans, 2010). The smooth 

outer shelf is interpreted as largely sedimentary substrate deposited at a prograding margin. 

This substrate is thought to have formed by the net long-term transfer of material from 

erosional to depositional zones by glacial processes over successive Quaternary glaciations 

(Lykke-Andersen, 1998). Seismic reflection profiles confirm that this region is composed of 

sediments of probably Quaternary age (Fig. 3.3) (Roksandić, 1979; Nielsen et al., 2005). 
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An example of each type of morphological feature observed on the Southern Greenland 

continental margin is described in this chapter. For most of the features, an interpretation is 

offered. Where the interpretations cannot be based on one individual feature (e.g. channels, 

gullies), the spatial distribution of each landform type will be described in Chapter 4 to 

interpret these features more conclusively.  

 

 

 

 

Figure 3.1. Next page. (A) A 250 m resolution MODIS 

mosaic of Greenland (Kargel et al., 2012) overlaid onto 

the IBCAO Version 3.0 surrounding Greenland. The main 

study areas are enlarged in (B), (C) and (D). The 

locations of the subsequent figures are shown in black 

and white boxes. The troughs identified are also labelled.  
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Figure 3.2. Typical morphology of the continental shelf of 

Southern Greenland shown by Olex data. The inner shelf 

is characterised by a rugged, dissected topography 

(strandflat) whilst the outer shelf is characterised by a 

smoother topography with alternate banks and troughs. 

White line shows the boundary between the two areas. 

Location in Figure 3.1C. 
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3.2. Cross-shelf troughs 

3.2.1. Description 

The Olex and IBCAO data show that a number of large cross-shelf troughs dissect the 

continental margins of Southern Greenland (Figs. 3.1, 3.2). These features are relatively 

steep-sided, flat-bottomed, elongated depressions that sometimes widen towards the 

continental shelf edge. All the troughs identified in the study area are composed of a single 

trunk, but some have several tributaries which converge to a central trough on the inner- or 

mid- shelf. The tributary troughs are often orientated parallel to the coastline.  

Twelve troughs have been identified on the continental shelf of Southeast Greenland and 

eight on the continental shelf of Southwest Greenland (Batchelor and Dowdeswell, In Press). 

Many troughs widen and shallow towards the continental shelf edge. For example Sukkertop 

Trough in Southwest Greenland has a relatively narrow, deep cross-profile on the inner 

continental shelf but becomes more subdued towards the shelf edge (Fig. 3.4). In addition, the 

walls of some troughs have breaks in slope. For example, the cross profiles B and D in Figure 

3.4 show that the southeast bank of Sukkertop Trough has a number of steps on the side of 

the bank.  

Figure 3.3. Seismic profile along the long axis of 

Godthåb Trough. This shows that the outer continental 

shelf consists of a thick prograding wedge of Quaternary 

sediments. This wedge overlies crystalline bedrock which 

is exposed on the inner continental shelf. Location in 

Figure 3.1C. Adapted from Nielsen et al., (2005).  
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Figure 3.4. An example of a typical cross-shelf trough, 

Sukkertop Trough in Southwest Greenland in the Olex 

data. It has a length of 100 km, a maximum width of 50 

km and a maximum depth of 600 m. Profiles B and C 

show that the trough widens and shallows towards the 

continental shelf edge. Profile D shows that the banks of 

the trough are stepped. Location in Figure 3.1C. 
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The deepest sections of troughs usually occur at the initiation of the trough between the 

strandflat and the outer shelf (Fig. 3.5). These sections are sometimes associated with the 

convergence of two or more tributary troughs. The maximum depths in these deepest areas 

range between 360 and 1000 m with an average depth of 586 m. The trough long profiles 

show that the majority of troughs identified on the Southern Greenland continental margin 

have reverse slopes that shallow seawards (Fig. 3.5). The average slope angle is 0.28° and 

ranges from 0.63° to 0.06°. Frederikshåbs Dyb in Southwest Greenland is the only trough 

with a normal sloped long profile. 

3.2.2. Interpretation 

The cross-shelf troughs identified in the Olex and IBCAO data are interpreted as evidence for 

glacial erosion by palaeo-ice streams that drained the Greenland Ice Sheet during Quaternary 

glacial periods (Batchelor and Dowdeswell, In Press). The Olex data show that the cross 

profiles of the troughs are commonly U-shaped or parabolic (Fig. 3.4). Theoretical and 

observational studies have related this form to the action of glacial erosion (Harbor, 1992). 

The variance in the cross profiles may be the result of differences between glaciological, 

geological or non-glacial factors which vary initially, during and after glacial erosion 

(Harbor, 1992). The seaward increase in width is probably due to ice emerging from the 

constraints of fjords and spreading on the outer shelf where topographic control is lost (Fig. 

3.4) 

Similar U-shaped troughs have been identified on the continental shelf of Greenland (e.g. 

Kangerlussuaq, Scoresby Sund, Uummannaq and Egedesminde troughs) (Batchelor and 

Dowdeswell, In Press). These troughs have been the subject of previous investigations which 

combined bathymetric data with seismic reflection profiles and sediment cores (e.g. 

Dowdeswell et al., 2010, In Press; Ó Cofaigh et al., 2013a, 2013b). The investigations 

identified the presence of elongate lineations, extensively deformed till in the troughs, and 

voluminous sediment accumulations on the adjacent continental slopes. From this evidence, it 

was interpreted that the troughs were formerly occupied by ice streams when the Greenland 

Ice Sheet reached the shelf edge. It is therefore inferred that the troughs identified in this 

study were also former locations of palaeo-ice streams during periods when the Greenland 

Ice Sheet extended to the shelf edge. 
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Figure 3.5. Bathymetric long-profiles of three typical 

cross-shelf troughs in Southern Greenland. (A) Sukkertop 

Trough , (B) Fiskenæs Trough, and (C) Angmagssalik 

Trough. Profiles A, B and C show that all troughs shallow 

towards the shelf edge. White arrows indicate the inferred 

direction of palaeo-ice flow. Note the highly rugged 

topography of the inner continental shelf of (A) and (B) in 

the long-profiles. This area is interpreted as hard 

crystalline bedrock. Location in Figures 3.1B, 3.1C and 

3.1D. 
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The reverse long profiles indicate that the cross-shelf troughs of Southern Greenland were 

repeatedly overdeepened by glacial erosion during the Quaternary (ten Brink and Schneider, 

1995). Results from models suggest that the reverse slopes of Antarctic troughs are a result of 

the time-transgressive effects of glacial erosion and sedimentation related to the position of 

the ice grounding line over successive glacial cycles (ten Brink and Schneider, 1995). The 

reverse slopes of the Southern Greenland cross-shelf troughs are therefore likely to have been 

formed by multiple glaciations when ice extended to the shelf edge. Kuijpers and Nielsen 

(2013) suggest that this happened five times.  

3.3. Outward bulging bathymetric contours beyond cross-shelf 

troughs  

3.3.1. Description 

The IBCAO data show that a number of Southern Greenland cross-shelf troughs 

(Kangerlussuaq, Angmagssalik, Sermilik, Gyldenløves, Skjoldungen and Tingmiarmiut 

troughs in Southeast Greenland and Sukkertop trough in Southwest Greenland) are associated 

with outward bulging bathymetric contours beyond their trough-mouths (Fig. 3.6). These 

features were also identified and described in detail by Batchelor and Dowdeswell (In Press). 

The lack of Olex data on the continental slopes of Southern Greenland means that the Olex 

data do not add to the information gained from the IBCAO data.  
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3.3.2. Interpretation 

The outward bulging bathymetric contours imply that the continental shelf has prograded in a 

seaward direction and that trough-mouth fans (TMFs) have built up on the upper-slope 

beyond some cross-shelf troughs (Dowdeswell et al., 1996; Laberg and Vorren, 1996; 

Batchelor and Dowdeswell, In Press). Where TMFs have been investigated, they are found to 

be composed primarily of glacigenic debris flows and turbidite deposits (Vorren et al., 1988, 

1989; Dowdeswell et al., 1996; Elverhøi et al., 1997; Vorren and Laberg, 1997; King et al., 

1996; Ó Cofaigh et al., 2003). This suggests that the continental slopes offshore of some 

troughs in Southern Greenland experienced rapid delivery of glacial sediments when fast-

flowing ice streams reached the shelf edge on multiple occasions (Vorren et al., 1998; 

Dowdeswell and Siegert, 1999). Large TMFs have also been identified on the continental 

slopes of the Western Greenland margin, offshore of the Uummannaq and Egedesminde 

Figure 3.6. The outward bulging bathymetric contours on 

the continental slope offshore of (A) Sukkertop Trough, 

location in Figure 3.1C and (B) Kangerlussuaq Trough, 

location in Figure 3.1B. 
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troughs (Ó Cofaigh et al., 2013a, 2013b; Dowdeswell et al., In Press), and the Eastern and 

Northeastern Greenland margins, offshore of the Norske, Dove Bugt, and Scoresby Sund 

troughs (Dowdeswell et al., 1994, 1997; Evans et al., 2009).  

The spatial distribution and implications of the locations of the TMFs will be discussed in 

Section 4.3.1. 

3.4. Elongate streamlined lineations 

3.4.1. Description 

Lineations 

On the inner continental shelf of some troughs, there are a number of elongate, streamlined 

lineations that converge to the main trough trunks (Fig. 3.7). Nearer the margins of the 

troughs, these features curve around the trough sides. The elongate lineations have lengths of 

up to 65 km, widths of up to 1.5 km and heights of around 20 – 40 m with a maximum of 90 

m. They have length to width or elongation ratios between 8 and 20. The features are initially 

prominent on the inner shelf but gradually taper in an offshore direction.  

Drumlinised features 

Numerous oval-shaped features are observed in the Olex data on the inner continental shelf of 

Southern Greenland (Fig. 3.8). These protuberances are much shorter than the elongate 

streamlined lineations with average lengths of 1.5 km, average widths of 0.5 km and average 

heights of about 90 m. They have elongation ratios of between 2 and 5. Some features have 

symmetrical long axes but most of the hills have asymmetric long axes with blunt-nosed 

landward faces and a streamlined tail that tapers towards the outer continental shelf. The 

features are orientated in the direction of the trough or tributary trough long axis and when 

they are observed they usually occur abundantly (Fig. 3.8).  
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Figure 3.7. Streamlined lineations on the inner 

continental shelf of Sukkertop Trough, Southwest 

Greenland. These features are elongate and strongly 

convergent towards the main trunk of the trough. White 

arrow indicates direction of inferred palaeo-ice flow. 

Location in Figure 3.1C. 

 



 

50 

 

 

 

 

 

3.4.2. Interpretation 

Lineations 

The streamlined lineations are interpreted as crag-and-tails with an upstream rock core ‘crag’ 

and a downstream tapering sedimentary tail (Benn and Evans, 2010). Although the form of 

these features is similar to mega-scale glacial lineations (MSGL) (Clark, 1993), they are not 

as elongate and do not consist wholly of deformable till. The seismic reflection profiles 

discussed in Section 3.1 suggest that the ‘heads’ of the crag-and-tails are associated with hard 

bedrock and that the ‘tails’ consist of sedimentary material which tapers towards the outer 

shelf (Brett and Zarudzki, 1979; Roksandić, 1979). Crag-and-tails are recognised as a product 

of sustained periods of ice streaming around an obstacle. The bedrock component of the crag-

and-tails probably acted as an area of high friction. The tails are thought to have either been 

protected from erosion or formed by the melting and release of entrained debris into the 

subglacial lee-side cavity. Similar features have been identified on the inner continental shelf 

Figure 3.8. Oval-shaped protuberances and their 

associated long-profiles. These features are identified on 

the inner continental shelf. Profiles A and B show that 

they taper seawards. White arrow indicates direction of 

inferred palaeo-ice flow. Location in Figure 3.1D. 

 



 

51 

 

of Uummannaq Trough at 70° N in West Greenland (Ó Cofaigh et al., 2013b; Dowdeswell et 

al., In Press). 

Drumlinised features 

The oval-shaped features are interpreted as evidence for sustained subglacial erosion. The 

elongation ratios and size of the landforms are similar to whaleback and rock drumlin 

landforms identified in other high-latitude marine and terrestrial regions (Roberts and Long, 

2005). Furthermore, the location of the landforms on the inner shelf concurs with the 

observations of other studies who found similar landforms in similar inner shelf areas 

(Wellner et al., 2001; Lowe and Anderson, 2002; Evans et al., 2005; Anderson and Oakes-

Fretwell, 2008; Graham et al., 2009).  

The location of these features on the inner shelf suggests that they are associated with the 

strandflat region and consist of hard crystalline bedrock (Brett and Zarudzki, 1979; 

Roksandić, 1979). Whalebacks and rock drumlins are formed by the erosive streamlining of 

bedrock protrusions by glacial abrasion to produce positive upstanding landforms (Bennett 

and Glasser, 2009). Whalebacks are distinguished from rock drumlins as the former have 

been smoothed and rounded on all sides by ice and are therefore approximately symmetrical. 

Rock drumlins have pronounced asymmetry with steeper up-ice faces and gently tapering 

down-ice sides which suggests spatially variable glacial erosion (Bennett and Glasser, 2009). 

3.5. Channels 

3.5.1. Description 

Many channels are identified on the inner continental shelf of Southern Greenland from the 

Olex data (Fig. 3.9). The largest of these channels have lengths of up to 30 km, widths of up 

to 3 km and depths of up to 500 m. Some channels may be longer but they lie outside the 

coverage of the Olex data. Numerous smaller channels with widths and depths typically of an 

order of magnitude smaller also exist. The small channels generally converge into large 

channels which, in turn, generally feed into the deepest sections of cross-shelf troughs (Fig. 

3.9).  

On the continental shelf of Southwest Greenland channels have a dendritic pattern. In some 

cases channels exist as singular features (Fig 3.9). The gradients of the channel long profiles 
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are variable. Most channels have net downhill gradients but do not have constant gradients. 

Instead the long profiles are undulating and have significant uphill gradients (Figs. 3.9, 4.2).  

 

 

 

 

Figure 3.9. Multiple channels are identified on the inner 

continental shelf of Southern Greenland. Profile A shows 

that these channels are very large and V-shaped. Profile 

B shows that this channel has an undulating long-profile. 

Location in Figure 3.1D. 
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3.5.2. Interpretation 

The channels observed in the Olex bathymetry are interpreted as evidence for fluvial and/or 

glacial meltwater erosion preceding, during or following a Quaternary glacial period when 

ice extended onto the continental shelf. It is thought that they were formed in one or more of 

the following environments: 

Subglacially (beneath the ice) 

Laterally (along the ice margin) 

In proglacial locations (in front of the ice) either preceding or following a glacial period 

and sometimes by the outburst of ice-dammed lakes 

The differences between channel dimensions and spatial distributions provide evidence for 

the environment in which they were formed. This will be discussed in more detail in Section 

4.1.1. 

3.6. Meandering submarine channel 

3.6.1. Description 

A channel of very different nature to the channels identified in Section 3.5.1 is located on the 

inner shelf of Southwest Greenland onshore of Frederikshåbs Dyb in the Olex data. This 

channel is about 11 km in length, 15 m deep and 400 m in width (Fig. 3.10). It has a 

meandering thalweg and is highly sinuous, with a sinuosity index (Equation 3.1) of 1.53. The 

channel flows down a continuous, smooth slope with an angle of 12.8°.  

                                                                       

3.6.2. Interpretation 

The sinuous channel is interpreted as a turbidity-current channel. Turbidity currents can be 

initiated by meltwater draining from receding ice sheet and tidewater glacier margins. The 

dense and probably sediment-rich water flows down-slope eroding a channel. A similar 

submarine channel was identified by Dowdeswell et al. (In Press) in Rink Fjord, West 

Greenland.  

(Eq. 3.1) 
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Figure 3.10. A highly sinuous submarine channel with a 

meandering thalweg in a tributary trough of Frederikshåb 

Trough. The thalweg is located on the outside of the bend 

in Profile A, similar to a subaerial river channel. 

Location in Figure 3.1D. 
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3.7. Long sinuous ridges transverse to inferred ice flow direction 

3.7.1. Description 

Three long sinuous ridges are identified on the outer continental shelf in the Olex data (Fig. 

3.11). These ridges are between 20 and 30 km long, 1.4 and 2.5 km wide and have heights of 

20 – 25 m. They are orientated parallel to the coastline and curve slightly outwards offshore. 

The ridges are asymmetric in cross-section with a relatively small onshore slope and a much 

longer seaward slope (Fig. 3.11). The most central of the three ridges terminates on the shelf 

edge whilst the ridges north and south of the central ridge terminate a few hundred metres 

from the shelf edge (Fig. 3.11). A smaller irregularly shaped ridge is also identified about 40 

km inshore of the outer ridges. This feature has a height of 30 m, a width of 2 km and a 

length of 11.5 km.  

3.7.2. Interpretation 

The ridges are interpreted as terminal moraines formed by the deposition of sediment at the 

margin of an ice sheet at the maximum extent of ice advance. High resolution seismic surveys 

have previously identified these features and have termed them the Outer Hellefisk Moraine 

System (Brett and Zarudzki, 1979; Kelly, 1985). They closely follow the shelf edge for over 

150 km and possibly further north (Brett and Zarudzki, 1979). These locations on relatively 

shallow banks, rather than in cross-shelf troughs, suggest that they were formed at an ice 

margin between major fast-flowing ice streams. Terminal moraine ridges have been observed 

in inter-ice-stream glaciated margins around Svalbard (Ottesen and Dowdeswell, 2009) and 

are thought to have formed wherever an ice sheet grounding zone remains quasi-stable for 

long periods of time and/or where sediment fluxes to the ice sheet margin are high.  

A number of processes can deposit sediment at the margin of an ice sheet. These include the 

slumping or falling of supraglacial debris into the water down the ice calving front, the 

meltout of englacial and subglacial debris below the water, the squeezing out of unfrozen 

deformation till from beneath the ice, and the transporting of material by meltwater streams 

(Benn and Evans, 2010). Oscillating ice margins can result in the moraines being modified by 

ice-push or thrusting. This perhaps caused the crest to form at the summit of the ridge and 

suggests that the development of these features was not constrained by an overlying ice-shelf, 

which would have restricted vertical accommodation space (Dowdeswell and Fugelli, 2012). 
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The outward curve of the ridges probably reflects the form of the calving front of the ice 

when it last extended to the outer continental shelf.  

 

 

 

 

 

 

Figure 3.11. Three, long sinuous ridges and one smaller 

irregularly shaped ridge identified on Tovqussaq Bank, 

Southwest Greenland. Green arrows indicate inferred 

direction of palaeo-ice flow. Location in Figure 3.1C. 
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3.8. Long ridges parallel to inferred ice flow direction 

3.8.1. Description 

On the shallow banks immediately adjoining many cross-shelf troughs in Southern Greenland 

there are a number of long ridges that run parallel to the direction of the trough long axis 

(Fig. 3.12). These features are relatively subdued and are not always visible in the Olex data. 

The cross profiles, however, show that they have heights of around 30 m and widths of 

around 60 m.  

 

Figure 3.12. A long ridge on the southern bank of 

Sukkertop Trough, Southwest Greenland. Location in 

Figure 3.1C. 
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3.8.2. Interpretation 

These features are also interpreted as evidence for the deposition of sediment around the edge 

of an ice mass. However, because these landforms are orientated parallel to the trough long 

axis, they are interpreted as lateral moraines rather than terminal moraines. Lateral moraines 

are depositional ridges that mark the border zone between areas of fast and slower flowing 

ice and have been used to support evidence for the former existence of ice streams (Stokes 

and Clark, 1999). Lateral moraines have been identified in terrestrial settings such as the 

Canadian Arctic (Stokes and Clark, 2003), and in numerous marine locations along the 

Norwegian and Svalbard continental margins (Ottesen et al., 2005, 2007).  

3.9. Wide subdued ridges 

3.9.1. Description 

In the Olex data, two large but subtle ridges are observed in two cross-shelf troughs. One is 

situated in Fiskenæs Trough, Southwest Greenland and the other in Kangerlussuaq Trough, 

Southeast Greenland (Fig. 3.13). The ridge in Fiskenæs Trough is 8.7 km in width, 8 km in 

length (perpendicular to inferred direction of ice flow) and 60 m in height (Fig. 313A). The 

volume of this ridge is 4.2 km³. The feature is orientated perpendicular to the trough long 

axes and spans the width of the trough floor. It has an asymmetrical character, with a slightly 

steeper seaward facing slope of 0.68° and a slightly gentler onshore facing slope of 0.63° 

(Fig. 3.13A). The ridge in Kangerlussuaq Trough is 15 km in width, 40 km in length and 65 

m in height (Fig 3.13B). The volume of this ridge is 39 km³. The ridge in Kangerlussuaq 

Trough is also asymmetrical with a steeper seaward slope (0.22°) and a gentler onshore slope 

(0.07°) (Fig. 3.13B). The ridge in Kangerlussuaq Trough, however, differs from the ridge in 

Fiskenæs Trough because it is longer than it is wide.  

3.9.2. Interpretation 

The large subdued ridges are interpreted as grounding-zone wedges (GZWs) (Powell and 

Domack, 2002; Dowdeswell and Fugelli, 2012). The features’ size and relative angles of their 

seaward and onshore facing slopes mean that they are similar to GZWs described on the 

continental shelves of other high-latitude regions (Fig. 3.14) (e.g. Shipp et al., 1999; Ottesen 

et al., 2005; Mosola and Anderson, 2006; Dowdeswell and Fugelli, 2012; Dowdeswell et al., 

In Press). These landforms are thought to have formed by the deposition of sediment at the 
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grounding-zones of quasi-stable ice streams during more general periods of retreat 

(Dowdeswell and Fugelli, 2012). The relatively subdued nature of the GZWs indicates that a 

floating ice shelf was probably present beyond the grounding-zone (Dowdeswell and Fugelli, 

2012). Upward accommodation space would have been limited by the roof of the water-filled 

cavity into which the sediment was deposited. Many processes are attributed to the deposition 

of sediment including the lodgement of sediments from the base of the ice stream, deposition 

from sediment-laden subglacial meltwater, melt-out from the base of the ice streams, rain-out 

of IRD, debris flows and suspension settling from meltwater plumes (Dowdeswell and 

Fugelli, 2012; Bjarnadóttir et al., 2013).  

 

 

 

 

 

 

Figure 3.13. The large subdued ridges identified in 

Fiskenæs Trough, Southwest Greenland and 

Kangerlussuaq Trough, Southeast Greenland. These 

features have asymmetric long axes with steeper offshore 

facing slopes and gentler onshore facing slopes. White 

arrows indicate inferred direction of palaeo-ice flow. 

Location in Figures 3.1B and 3.1D. 
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3.10. Curvilinear depressions or ploughmarks 

3.10.1. Description 

In some areas that are covered by multi-beam data (Fig. 2.2) and where there is relatively 

high Olex data resolution, numerous irregular curvilinear depressions are identified in the 

sedimentary sea floor (Fig. 3.15). These features are linear and curvilinear, have widths of a 

few tens of metres, depths of 10 – 25 m, and lengths of up to 20 km. The depressions are U-

shaped in cross-section and often have berms, of a few metres in height, either side of the 

Figure 3.14. Scatter plots of GZW thickness and length 

data from high-latitude continental shelves of east and 

west of Greenland, west of Norway and the Barents Sea, 

and around Antarctica (Heroy and Anderson, 2005; 

Ottesen et al., 2005, 2008; Mosola and Anderson, 2006; 

Graham et al., 2010; Rebesco et al., 2011; Dowdeswell 

and Fugelli, 2012). The GZWs identified in this thesis are 

displayed with yellow stars (1 and 2). Adapted from 

Dowdeswell and Fugelli (2012). 
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main depression. Where the depressions occur, they are abundant features and cover areas of 

1260 and 770 km² on the outer-shelf of Kangerlussuaq Trough and the mid-shelf of the 

Heimland Bank, Southeast Greenland, respectively. Further discussion about the spatial 

distribution and orientation of these features will take place in Section 4.2.2. 

 

 

 

 

 

 

 

 

Figure 3.15. Example of irregular curvilinear features or 

ploughmarks on the outer continental shelf of 

Kangerlussuaq Trough. Location in Figure 3.1B. 
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3.10.2. Interpretation 

These features are interpreted to have formed by the ploughing action of iceberg keels on the 

sea floor as they drift in the ocean (Dowdeswell et al., 1993). Similar iceberg ploughmarks 

have been identified on high-latitude continental shelves, including offshore of Greenland, 

and provide information on the former dimensions and drift tracks of icebergs (e.g. Brett and 

Zarudzki, 1979; Dowdeswell et al., 1993; Syvitski et al., 2001; Kuijpers et al., 2007). Further 

interpretation based on the spatial distributions of these landforms will be made in Section 

4.2.2. 

3.11. Features on the continental slope and rise 

The continental slope and rise of Southern Greenland have a wide range of geomorphological 

features. An overview of the main types of features is shown in Figure 3.16 where IBCAO 

and multi-beam data were combined to allow the wider context of these features to be 

analysed. Three contrasting sets of features exist on the continental slope and rise which will 

be described and interpreted in the following sections.  

3.11.1. Set 1 - Gullies 

3.11.1.1. Description 

 A number of gully-like features are identified on the upper continental slopes of Southwest 

Greenland in the multi-beam data (Fig. 3.17). The largest of these features have widths of 1.5 

– 3 km and depths of 150 - 350 m. The gullies are highly variable in size. Smaller gullies also 

exist with widths of 50 – 500 m and depths of around 20 - 50 m. The features extend for up to 

14 km in length and have a low sinuosity. The upstream parts of the gullies are usually V-

shaped in cross-section, steep-sided and symmetrical. This shape gradually changes to a 

gentler, U-shaped cross-section further downstream. In some cases, the upstream heads of the 

gullies bifurcate but downstream there is little or no branching (Fig. 3.17). Similar gullies are 

identified on the continental slopes of Southeast Greenland in the Olex data (Fig. 3.18). 
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Figure 3.16. The region of Southwest Greenland covered 

by multi-beam data overlaid onto IBCAO data. The multi-

beam data are gridded at a cell size of 100 m. The major 

banks and troughs discussed in this section are labelled in 

black and the direction of inferred ice flow during full-

glacial periods is labelled with white arrows. 
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Figure 3.17. Example of the gullies identified in the 

multi-beam data. These gullies are identified on the 

continental slope adjacent to Fiskenæs Bank and have 

widths of 1 – 3 km and depths of 150 – 350 m. The shelf 

edge is approximated by the 400 m contour. Location in 

Figure 3.16. 

 



 

65 

 

 

 

 

 

3.11.1.2. Interpretation 

The steep-sided, symmetrical gullies are interpreted as evidence for high-energy gravity-

driven erosion processes occurring on the continental slopes of Southern Greenland. Gullies 

incise many high-latitude (Vanneste and Larter, 1995; Shipp et al., 1999; Dowdeswell et al., 

2004, 2006, 2008; Laberg et al., 2007; Noormets et al., 2009; Gales et al., 2012, 2013) and 

mid-latitude continental margins (Micallef and Mountjoy, 2011; Piper et al., 2012; Vachtman 

Figure 3.18. Example of some of the gully-like features 

identified on the continental slopes of Southeast 

Greenland from the Olex data. These gullies have depths 

of 20 – 50 m and widths of 50 – 150 m. Location in 

Figure 3.1B.  
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et al., 2012). There are a number of hypotheses for gully formation. These include mass 

flows, subglacial meltwater discharge and dense bottom water overflow.  

The gullies identified in Southwest Greenland have symmetrical V-shaped cross-sections, 

low sinuosity and lack of extensive branching. These gullies are therefore similar to the Type 

I gullies identified on the Antarctic continental slopes by Gales et al. (2013). Type I gullies 

are thought to have been caused by the high erosive power of active fluid flow (Gales et al., 

2013). The cascading of dense bottom water is a more passive process and is probably not 

able to produce such distinctive V-shaped cross-sections with low sinuosity (Piper and 

Normark, 2009; Gales et al., 2013). The spatial distribution of gullies will be analysed in 

Section 4.3.2 to further investigate the glaciological implications of these features. 

3.11.2. Set 2 – Dendritic channel system and elongate depression with sidewall 

escarpment  

3.11.2.1. Description 

On the continental slope of Southwest Greenland, a dendritic channel system dissects a 

number of sediment mounds (Fig. 3.19). Smaller channels originate on the upper continental 

slope offshore of Sukkertop Trough, at a depth of about 1000 m. These channels coalesce to 

form large channels down-slope at a depth of 1200 m. The large channels probably extend 

further down-slope but there is a lack of multi-beam data coverage in this area (Fig. 3.19). 

The smaller channels have widths of about 1000 m and depths of 70 m. The large, down-

slope channels have widths of over 1500 m and depths of over 120 m (Fig. 3.19). The 

channels dissect large sediment mounds. The mound labelled in Figure 3.20 has a length of 

18 km and a maximum width of 7 km.  

An elongate depression downslope of prominent vertical sidewall escarpment is also 

identified from the multi-beam data and labelled in Figure 3.19. The escarpment has a height 

of 60 – 70 m. The depression beneath the escarpment has a smooth floor with a width of 

about 4 km. 
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Figure 3.19. A dendritic channel system dissects a 

number of sediment mounds on the continental slope 

adjacent to Sukkertop Trough. A prominent sidewall 

escarpment with a height of 70 m is also identified above 

an elongate depression. White arrows indicate inferred 

direction of ice flow during full-glacial periods. Location 

in Figure 3.16. 
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3.11.2.2. Interpretation 

The dendritic channel system that dissects a number of sediment mounds is interpreted as 

evidence for down-slope flowing turbidity currents. The sediment mounds are probably 

composed of finer material delivered to the base of the continental slope by the turbidity 

currents (Dowdeswell et al., 2004). A similar set of features were identified on the 

continental slope offshore of Marguerite Trough, Antarctic Peninsula (Dowdeswell et al., 

2004). Further discussion is needed to determine the mechanisms that could have caused the 

turbidity currents. This will take place in Section 4.3.2. 

The elongate depression down-slope of a prominent sidewall escarpment is interpreted as a 

slide scar. This feature was probably formed by the removal of a slab of sediment by 

translational slide from the upper to the lower continental slope (Baeten et al., 2013). 

Translational slides involve the displacement of material along one or more discrete shear 

surfaces (Baeten et al., 2013). The slide scar indicates that potentially unstable and failure-

prone segments of the shelf edge have collapsed at some time in the past (Laberg and Vorren, 

2000; Noormets et al., 2009). The preconditions for the formation of an unstable shelf edge 

could have resulted from the rapid deposition of glacially derived or glacially influenced 

debris at the shelf edge by the Greenland Ice Sheet when ice extended onto the continental 

shelf edge (Laberg and Vorren, 1996; Laberg and Vorren, 2000; Ó Cofaigh et al., 2005; 

Vanneste et al., 2006; Noormets et al., 2009). The exact mechanism triggering debris flows is 

not known and the mechanism probably varies with location.  

3.11.3. Set 3 - Wide flat-floored valleys with blocky terrain 

3.11.3.1. Description 

Wide, flat-floored valleys with ‘blocky’ terrain are identified on the continental slope 

offshore of several large troughs in Southwest Greenland (Fig. 3.20). The widths of the flat-

floored valleys are 34, 15 and 20 km on the slopes offshore of Godthåb, Fiskenæs and 

Frederikshåbs troughs, respectively 
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Figure 3.20. Blocky terrain in a wide, flat-floored valley 

at the bottom of the continental slope. The valley is 34 km 

in width. The margins of the Godthåb Trough are labelled 

with dotted white lines and white arrows indicate the 

direction of inferred palaeo-ice flow. Location in Figure 

3.16. 
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3.11.3.2. Interpretation 

The wide, flat-floored valleys are thought to have been formed by large subglacial meltwater 

outburst flows (Fig. 3.20). Similar features have been identified on the Laurentian and 

Northeast fans on the Eastern Canadian continental margin (Piper et al., 2007; Piper and 

Normark, 2009; Piper et al., 2012).  

The blocky terrain is interpreted as evidence of debris flows that have resulted in the 

accumulation of mass-transport deposits at the base of the continental slope (Piper et al., 

2012). This terrain is also identified in the seismic profile in Figure 3.3. Similar blocky 

terrain has been observed in the lower parts of the Hinlopen Slide, north of Svalbard, and the 

Traenadjupet Slide offshore of Northern Norway (Laberg and Vorren, 2000; Vanneste et al., 

2006). 

Further interpretation of these sets of features depends on the analysis of the spatial 

distributions of the slide scars, gullies and blocky terrain. This will be discussed in Section 

4.3.2. 

3.12. Flat and featureless sea floor 

3.12.1. Description 

Some areas of the sea floor appear flat and apparently featureless even when the resolution of 

the Olex data is relatively high. The best example is the floor of Frederikshåbs Trough, 

Southwest Greenland (Fig. 3.21). The featureless sea floor in Frederikshåbs Trough has an 

area of 340 km². It should be noted that the linear features on the floor of the trough are not 

real features and were probably caused by poor bathymetric depth measurements by ships 

collecting Olex data (Section 2.4.3). 

3.12.2. Interpretation 

These featureless sections of the sea floor were investigated using seismic reflection profilers 

in the 1970s (Roksandić, 1979). The seismic profiles show that Frederikshåbs Trough and its 

tributaries are asymmetrically shaped valleys that are filled with a well-stratified sedimentary 

sequence characterised by an even-layered parallel seismic facies composed of clay, silt and 

sand (Roksandić, 1979). The maximum thickness of the seismic facies is about 270 – 290 m 
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(Roksandić, 1979). The sequence is interpreted as sedimentation of fine-grained sediment by 

glacial and glaciofluvial meltwater sources following ice retreat across the continental shelf.  

Similar acoustically stratified facies were identified by Dowdeswell et al. (In Press) in Rink 

Fjord and Karrat Isfjord, West Greenland. This smooth sea floor was also interpreted as fine-

grained basin fill derived largely from meltwater sedimentation. 

 

 

 

 

 

 

Figure 3.21. The flat, featureless sea floor of 

Frederikshåbs Trough. It covers an area of 340 km². 

Location in Figure 3.1D. 

 



 

72 

 

3.13. Summary 

This chapter has described and interpreted the individual morphology of a number of features 

identified in the Olex, multi-beam and IBCAO data. The interpretations made in this chapter 

will be used in the next chapter to describe the locations and spatial distributions of the 

landforms identified. Where possible, the glaciological implications of the landform 

distributions will be discussed.  
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4. Synthesis and identification of submarine landform 

assemblages on the Southern Greenland continental margin 

This chapter describes the spatial distribution of the landforms identified in Chapter 3 in 

order to make more conclusive interpretations about the geomorphology of the continental 

margins of Southern Greenland. These landform assemblages are discussed in an order based 

on the location of these features on the continental margin and the substrate that they were 

formed in. The landform assemblages therefore fall into one of three categories. These are: 

 Bedrock-dominated inner shelf 

 Sedimentary outer shelf 

 Continental slope 

Schematic maps (e.g. Fig. 4.2, 4.4)  show that the spatial distribution of landforms and the 

types of submarine landforms change from the inner- to the outer- continental shelf and onto 

the continental slope. The locations of the schematic maps can be found in Figure 4.1.  

4.1. Bedrock-dominated inner shelf 

4.1.1. Meltwater channels 

A number of bedrock channels are cut into the strandflat in Southwest Greenland (Figs. 4.2, 

4.3). Where the resolution of the Olex data is relatively high, these channels are easily 

identified. In Southeast Greenland some very large channels are observed but their extent and 

morphology is difficult to describe as the resolution of the Olex data in these regions is poor.  
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Figure 4.1. Map of the continent and continental margins 

of Greenland with the locations of subsequent figures in 

black boxes. 
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The proximity of the Greenland Ice Sheet means that the channels were probably eroded, at 

least partially, by meltwater. Figures 4.2 and 4.3 show that the channels are located on the 

inner shelf where the substrate consists of hard bedrock (Fig. 3.2). Meltwater channels cut 

into bedrock are common features on formerly glaciated continental shelves in both 

hemispheres (e.g. Ó Cofaigh et al., 2002; Lowe and Anderson, 2003; Graham et al., 2009; 

Nitsche et al., 2013). Channels are not identified on the outer shelf where the substrate is 

sedimentary and softer (Fig. 4.2). A similar absence of channels on the sedimentary outer 

shelf is also observed in Antarctica (e.g. Ó Cofaigh et al., 2002). This suggests that, if 

subglacial meltwater existed at the base of the Greenland Ice Sheet in areas where the bed 

was sedimentary, the majority of it flowed through the topmost soft sediment layer or through 

a distributed system (Tulaczyk et al., 1998; Boulton et al., 2007a,b). A channelised meltwater 

system may have formed when meltwater production exceeded the flux that can be 

discharged through the basal sediment layer but it is thought that such a system would exist 

only temporarily (Clark and Walder, 1994; Tulaczyk et al., 1998).  

It is inferred that the Greenland Ice Sheet extended over these channels during Quaternary 

glacial periods. However, the environment in which these channels were formed and whether 

or not they contained water during glacial periods is uncertain. The next section therefore 

investigates the morphology of the bedrock channels and discusses their likely formation and 

role during glacial periods. 

4.1.1.1. Subglacial channels 

The morphology and dimensions of the channels described in Section 3.5.1 is similar to the 

channels observed on the inner shelf of Dotson, Getz B, Pine Island Bay troughs, West 

Antarctica, and Marguerite Bay and Palmer Deep, Antarctic Peninsula (Lowe and Anderson, 

2003; Domack et al., 2006; Anderson and Oakes-Fretwell, 2008; Graham et al., 2009; 

Nitsche et al., 2013). These deep, V-shaped channels are eroded exclusively into bedrock 

substrate and are thought to have formed beneath an ice sheet during multiple large subglacial 

meltwater discharge events, such as subglacial lake outburst, or by constant, steady-state 

meltwater erosion over successive glacial phases (Graham et al., 2009).  
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In addition, flow in water-filled subglacial channels is driven by gradients in water pressure 

as well as bed elevation. Water pressure gradients are determined primarily by the glacier 

surface slope (Shreve, 1972). As a consequence, water in subglacial channels can flow uphill. 

Undulatory long profiles of meltwater channels as they cross topographic barriers are 

therefore an important criterion for distinguishing subglacial meltwater channels from 

meltwater channels formed in subaerial environments (Benn and Evans, 2010). The long 

profiles of channels identified in Southern Greenland are also undulatory (Fig. 4.3). This 

Figure 4.2. The distribution of landforms on the bedrock-

dominated inner shelf. Meltwater channels and drumlins 

are exclusively situated on bedrock substrate. Crag-and-

tails are usually located at the transition between bedrock 

and sedimentary substrate. More channels are identified 

on the inner shelf of Southwest Greenland than Southeast 

Greenland, but this is probably due to better Olex data 

resolution in the southwest. Location in Figure 4.1. 
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suggests that pressurised subglacial meltwater has been, at least partially, responsible for the 

erosion of the channels observed on the inner continental shelf of Southern Greenland. 

4.1.1.2. Proglacial channels 

In proglacial environments, powerful streams draining a glacier may cut distinct channels or 

gorges as the water flows away from the ice margin. Channels and gorges cut by proglacial 

streams can reach impressive dimensions (e.g. Kleman et al., 2001). In areas formerly 

occupied by glacier ice, however, it is difficult to determine the relative contribution of 

subglacial and subaerial erosion. For example, the channels could be pre-existing fluvial 

channels that were subsequently filled by subglacial meltwater, which further eroded the 

channels. It is likely that the inner continental shelf of Southern Greenland was exposed to 

the atmosphere before the inception of ice cover on Greenland seven million years ago 

(Larsen et al., 1994). Therefore fluvial processes may well have eroded parts of the channels 

that are identified in the bathymetry today. Whether or not fluvial erosion alone would have 

the power to erode such large features is unclear.  
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Figure 4.3. Long profiles of three channels identified on 

the inner shelf of Southwest Greenland. Their undulatory 

nature suggests that water that flowed through these 

channels was influenced by water pressure gradients as 

well as elevation gradients. Arrows indicate inferred 

water flow direction. Location in Figure 4.2. 
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4.1.2. Streamlined landforms assemblages 

4.1.2.1. Description 

The cross-shelf troughs contain a number of geomorphological features that are indicative of 

the former presence of active ice flow on the continental shelf of Southern Greenland (Fig. 

4.2). The distribution of landforms identified on the inner shelf of Fiskenæs Trough and 

Sukkertop Trough, Southwest Greenland is shown in Figure 4.4. On the inner shelf of 

Fiskenæs Trough (Fig. 4.4A) a number of channels and drumlins are eroded into the 

crystalline bedrock. Both the channels and the drumlins are orientated in the direction of the 

trunk zone of the trough. Due to the poor coverage of data, no landforms were identified on 

the outer shelf of Fiskenæs Trough. In Sukkertop Trough, however, a number of crag-and-

tails were identified (Fig. 4.4B). These landforms are situated on what is inferred to be the 

boundary between the hard crystalline bedrock on the inner shelf and the sedimentary 

substrate on the outer shelf. The crag-and-tails are also orientated in the direction of the main 

trough long axis but are much more elongate than the drumlins identified in Figure 4.4A.  

4.1.2.2. Interpretation 

Similar landform assemblages illustrated in Figure 4.4 have been identified on formerly 

glaciated inner continental shelves in other parts of the Arctic and Antarctic (Ó Cofaigh et al., 

2002; Lowe and Anderson, 2003; Anderson and Oakes-Fretwell, 2008). This landform 

assemblage has been interpreted as evidence for the onset zones of fast-flowing palaeo-ice 

streams (Ó Cofaigh et al., 2002; Anderson and Oakes-Fretwell, 2008; Graham et al., 2009; 

Livingstone et al., 2012a).  

The streamlined landforms show a clear increase in elongation ratios (from drumlins with an 

elongation ratio of between 2 and 5, to crag-and-tails with an elongation ratio of between 8 

and 20) at the transition between crystalline bedrock and sedimentary substrate on the outer 

shelf. This is thought to be a result of palaeo-ice stream acceleration (Canals et al., 2000; 

Wellner et al., 2001, 2006; Ó Cofaigh et al., 2002; Ottesen et al., 2005). Crag-and-tails are 

thought to reflect a long ‘pressure shadow’ under the ice in the lee of the bedrock ‘crag’. This 

suggests that the ice-stream that filled these troughs had a high sliding velocity (Benn and 

Evans, 2010). The fan shape arrangement of the crag-and-tail landforms demonstrates a 

convergent pattern of palaeo-ice flow (Clark, 1993; Stokes and Clark, 1999, 2001). Finally, 

the lateral moraines (Fig. 4.2, 4.4B) are interpreted to have been produced at the shear zone 
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between areas of fast and slower flowing ice. The lateral moraines therefore locate the abrupt 

transition between the fast-flowing palaeo-ice streams in the troughs and passive ice on the 

banks (Stokes and Clark, 1999).  

 

 

 

 

 

 

 

 

 

 

Figure 4.4. (A) A number of drumlins and channels are 

identified on the inner continental shelf of Fiskenæs 

Trough. These features are confined to bedrock substrate. 

(B) At the transition between bedrock and sedimentary 

substrate, crag-and-tails are identified in Sukkertop 

Trough. These have ‘crags’ consisting of bedrock and 

sedimentary ‘tails’. Green labels show the regions of the 

continental shelf. Location in Figure 4.1. 
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Despite the relatively high resolution of Olex data in many of the troughs of Southern 

Greenland, landforms such as MSGLs, which are indicative of ice streaming (Clark, 1993; 

Stoke and Clark, 1999), have not been identified in this study. This, however, also does not 

preclude their existence. It is thought that these features do exist on the outer parts of the 

troughs but, due to their subdued nature, they may have been covered by post-glacial 

sedimentation from either hemipelagic or meltwater sources. In particular, it is inferred that 

meltwater was abundant during the deglaciation of the Greenland Ice Sheet in Southwest 

Greenland and the rain-out of fine-grained sediment could have buried subtle features on the 

outer continental shelf. This process is thought to have buried streamlined landforms in Rink 

Fjord, West Greenland (Dowdeswell et al., In Press). The existence and quantity of meltwater 

produced during deglaciation will be discussed in Section 5.3.2. 

4.2. Sedimentary outer continental shelf 

4.2.1. Distribution of moraines and GZWs 

4.2.1.1. Description 

The distribution of moraines and GZWs identified in this study is shown in Figure 4.5. Two 

sets of terminal moraine systems were identified on Tovqussaq Bank (Fig. 4.5A). The outer 

system has been termed the Outer Hellefisk Moraine System by previous studies (Brett and 

Zarudzki, 1979; Kelly, 1985). These studies indicate that the Outer Hellefisk Moraine System 

covers a large area of the outer shelf of Southwest Greenland. This thesis, however, is the 

first study to identify bathymetric evidence of the existence of these moraines. The Outer 

Hellefisk moraines are, in fact, relatively subdued features between 20 and 25 m high and 

around 2 km wide and consist of three individual ridges located at the shelf edge (Fig. 3.12).  

Unlike the moraines, which are found on relatively shallow banks, GZWs are located in 

cross-shelf troughs (Fig. 4.5). They occupy the sedimentary mid-shelf areas of Fiskenæs and 

Kangerlussuaq troughs. Again, this is the first evidence collected for the existence of these 

features in these locations.  
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4.2.1.2. Interpretation 

Terminal moraines 

The terminal moraines suggest that the Greenland Ice Sheet extended 100 km across the 

continental shelf during at least one Quaternary glacial period. The morphology of the Outer 

Hellefisk moraines is interpreted to reflect the form of the ice front when it was located at the 

edge of the continental shelf. The presence of these moraines on the shallow banks between 

ice streams is important because it indicates that ice extended across the shelf not only in 

troughs, but on the inter-ice stream shallow banks between them. The moraines have crests 

on their summits which suggest that their development was not constrained by an overlying 

ice-shelf (Dowdeswell and Fugelli, 2012). This indicates that the ice that extended to the edge 

Figure 4.5. Distribution of moraines and GZWs identified 

on the continental shelf of Southern Greenland. The 

moraines are located on the banks of the outer shelf 

whilst the GZWs are located in the mid shelf areas of 

cross-shelf troughs. Location in Figure 4.1. 
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of the continental shelf during one or more glacial periods had a grounded, vertical calving 

front.   

A smaller ridge is identified inshore of the Outer Hellefisk moraines (Figs. 3.12, 4.5A). This 

ridge is thought to belong to the Fiskebanke moraines identified by Brett and Zarudzki (1979) 

and Kelly (1985). The ridge suggests the ice margin had a still-stand during a more general 

period of retreat. In addition, the fact that the ridge is observable in the bathymetry suggests 

that the moraine has not been overridden by subsequent ice advance.  

GZWs 

The two GZWs imply that deglacial retreat of the Greenland Ice Sheet across some areas of 

the Southwest and Southeast Greenland shelf was episodic and punctuated by a still-stand, 

rather than a single catastrophic collapse (Dowdeswell et al., 2008; Ó Cofaigh et al., 2008). 

The large volumes of the ridges (4 km³ and 40 km³) and their locations in troughs, suggest 

that during the still-stand the ice streams located in these troughs deposited large amounts of 

sediment to the grounding-zone.  

The absence of such features in other parts of the Southern Greenland continental shelf 

implies that retreat of the Greenland Ice Sheet from the continental shelf was a rapid, and 

possibly catastrophic, event (Fig. 4.5) (Dowdeswell et al., 2008; Ó Cofaigh et al., 2008). 

GZWs are, however, subdued features and are sometimes difficult to identify in bathymetric 

data (Bjarnadóttir et al., 2013). Therefore, more GZWs may well exist on the continental 

shelf of Southern Greenland but still remain unidentified.  

4.2.2. Iceberg keel ploughing 

Southeast Greenland 

Iceberg ploughmarks are identified on vast areas of the sedimentary outer continental shelf 

surrounding Southeast Greenland in water depths of up to 490 m (Fig. 4.6). Similar 

ploughmarks were also identified by Johnson et al. (1975), Syvitski et al. (2001) and 

Dowdeswell et al. (2010). The ploughmarks were probably produced soon after full-glacial 

periods when the ice margin was retreating from the shelf edge. This is because, today, within 

50 km of exiting Kangerlussuaq and Helheim fjords, the East Greenland Current directs all 

icebergs southwestward, preventing icebergs exiting the fjords from reaching the outer shelf 

(Andrews et al., 1997). Therefore it is likely that the iceberg ploughmarks were produced by 
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a palaeo-calving ice margin that calved directly into the main cross-shelf troughs (Syvitski et 

al., 2001). The northeast-southwest orientation of the ploughmarks adds support to this 

interpretation (Figs. 3.16, 4.6). Alternatively, icebergs could have been derived from north of 

Southeast Greenland, from Scoresby Sund for example (Dowdeswell et al., 1993), and 

travelled south in the East Greenland Current. This means that the possibility that the 

icebergs came from East and Northeast Greenland cannot be ruled out.  

The high density of iceberg ploughmarks suggests that iceberg calving rather than surface 

melting acted as the dominant process of mass loss during the initial deglaciation of the 

Greenland Ice Sheet in the southeast.  

Iceberg ploughmarks in water depths of more than 300 m are indicative of calving from fast-

flowing outlet glaciers (Dowdeswell and Bamber, 2007). In contrast, floating ice shelves 

produce tabular icebergs with relatively shallower keels. This means that, during 

deglaciation, the ice sheet that retreated from the continental shelf of Southeast Greenland 

probably had a grounded, vertical calving front rather than an extensive floating ice shelf for 

at least some period of time.  

Southwest Greenland 

In Southwest Greenland, no iceberg ploughmarks were identified. This could be due to the 

poor Olex coverage on the banks of the outer shelf. Brett and Zarudzki (1979) identified 

iceberg ploughmarks on the outer shelf of Egedesminde Trough at 68° N, but south of this 

area, they confirmed that there were no iceberg ploughmarks (Brett and Zarudzki, 1979). This 

suggests that large numbers of deep-keeled icebergs were not produced during the 

deglaciation of the Greenland Ice Sheet in the southwest. Therefore, surface melting may 

have been the dominant mechanism of mass loss in Southwest Greenland. Further discussion 

about the contrast in initial deglaciation between Southeast and Southwest Greenland will be 

discussed in Section 5.3.2.  
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Figure 4.6. The locations and maximum depths of iceberg 

ploughmarks identified on the continental shelf of 

Southeast Greenland. Green dotted line shows location of 

continental shelf edge. Location in Figure 4.1. 
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4.3. Continental slope 

4.3.1. Distribution of the presence and absence of TMFs 

4.3.1.1. Description 

The continental slopes of the Southern Greenland continental margin exhibit a range of 

geomorphological features from large TMFs to small gullies (Figs. 3.7, 4.7). At the largest 

scale, Batchelor and Dowdeswell (In Press) divide the continental slopes of the Arctic 

margins that exhibit outward bulging of bathymetric contours into two types. Type 1 slopes 

possess gradients of < 4°. Type 2 slopes possess gradients of > 4°. Continental slopes that are 

not associated with outward bulging bathymetric contours are classified as Type 3 (Batchelor 

and Dowdeswell, In Press). They suggest that Type 1 slopes are probably associated with 

TMFs. Type 2 slopes are probably too steep to support a TMF but are likely to be associated 

with prograding sedimentary prisms (Fig. 3.3).   

In Southern Greenland, only the continental slopes offshore of Kangerlussuaq Trough and 

Sukkertop Trough are associated with Type 1 slopes (Fig. 3.7). These TMFs have slope 

gradients of 1.8° and 3.5°, respectively. Sermilik, Angmagssalik, Gyldenløves, Skjoldungen 

and Tingmiarmiut troughs in Southeast Greenland have outward bulging bathymetric 

contours but have fairly steep slopes of 6.0°, 8.8°, 11.3°, 10.4° and 9.7°, respectively (Fig. 

4.7). These are classified as Type 2 slopes. The other twelve cross-shelf troughs in the study 

area are classified as Type 3 slopes. These slopes possess steep slope gradients of between 

5.7 and 13.1º and have no outward bulging bathymetric contours.  
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4.3.1.2. Interpretation 

Type 1 slopes 

The large TMFs identified on the continental slopes offshore of Sukkertop and 

Kangerlussuaq troughs suggest that the upper-slopes have experienced rapid delivery of 

glacial sediments over successive glaciations when fast-flowing ice streams reached the shelf 

edge (Dowdeswell et al., 1996; King et al., 1996; Vorren et al., 1998; Dowdeswell and 

Siegert, 1999). The gentle slopes offshore of the troughs allow the build-up of large volumes 

of sediment. 

 

 

Figure 4.7. The distribution of geomorphic features on 

the continental slopes of (A) Southwest Greenland and (B) 

Southeast Greenland. Names of the troughs are labelled 

in red and names of the banks are labelled in green. 

Location in Figure 4.1. 
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Type 2 slopes 

The outward bulging of bathymetric contours observed on the Type 2 slopes imply that shelf 

progradation has occurred as a result of ice streams extending to the shelf break (Fig. 4.7) 

(Batchelor and Dowdeswell, In Press). These slopes, however, are characterised by gradients 

that are considerably steeper than 4 º and are, consequently, probably too steep to support the 

build-up of sediment to form large TMFs (Ó 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 

(Figs. 3.19, 4.8) (Piper and Normark, 2009). TMFs therefore do not develop because 

sediment by-passes the upper continental (e.g. Wilken and Mienert, 2006; Dowdeswell et al., 

2004; Tripsanas and Piper, 2008; Piper et al., 2012). 

Type 3 slopes 

The steep gradients of Type 3 continental slopes offshore of Godthåb, Fiskenæs, Danas, 

Ravns, Frederikshåbs and Julianehåb troughs in Southwest Greenland and Ilertakajik, 

Napassorssuaq, Anoritup, Avarqat, Patussoq and Lindenow in Southeast Greenland suggest 

that slope failure may be at least partially responsible for the lack of TMFs in these locations 

(Fig. 4.7). This interpretation is supported by seismic data from the slope beyond Godthåb 

Trough (Fig. 3.3). The seismic profile in Figure 3.3 demonstrates that sediment accumulation 

on the continental slope beyond Godthåb Trough is largely absent and that a steep, 

prograding glacial-sedimentary prism is instead present on the upper-slope with mass-wasting 

deposits at the base of the slope (Nielsen et al., 2005). This is also probably the reason why 

the TMF offshore of Sukkertop Trough is smaller than the TMF offshore of Kangerlussuaq 

Trough (Fig. 3.6).   

The lack of slope progradation could also be due to the igneous bedrock geology and texture 

of the shelf sediments of the Southern Greenland continental margin (Ó Cofaigh et al., 2004). 

This could result in relatively low sediment entrainment and delivery rates to the upper-slope 

(Ó Cofaigh et al., 2004). However, the presence of a TMF on the slope of Kangerlussuaq 

Trough (Section 3.3.2, Fig. 3.7), suggests a relatively high sediment supply to this part of the 

Southern Greenland margin during the Quaternary. Elsewhere in Southeast Greenland, the 

lack of TMF development may be due to the limited palaeo-ice stream drainage basin areas 

and limited amount of ice flowing through the troughs. This interpretation is backed up by the 

lack of Type 1 and Type 2 slopes on the six smallest troughs in Southeast Greenland, which 



 

89 

 

have inferred palaeo-drainage basins of 3,000 to 5,000 km² (Fig. 4.7) (Batchelor and 

Dowdeswell, In Press). The five larger troughs on Southeast Greenland have larger palaeo-ice 

drainage basins between 5,000 and 30,000 km² and have Type 2 slopes (Fig. 4.7). The largest 

trough, Kangerlussuaq, and the only trough associated with a Type 1 slope, is inferred to have 

had a palaeo-drainage basin of around 60,000 km² (Figs. 3.7, 4.7) (Batchelor and 

Dowdeswell, In Press). This suggests that larger troughs have greater ice flux which deposits 

larger volumes of sediment at the shelf edge.  

In Southwest Greenland, although Sukkertop is one of the largest troughs with an inferred 

palaeo-drainage basin of 20,000 km², Godthåb Trough has a larger palaeo-drainage basin of 

25,000 km² and no TMF (Batchelor and Dowdeswell, In Press). The other troughs in 

Southwest Greenland have palaeo-drainage basins of between 7,000 and 18,000 km² and all 

have Type 3 slopes even though the size of these drainage basins is no smaller than the 

troughs of Southeast Greenland which have Type 2 slopes. It is possible that glacigenic 

sedimentary depocentres, such as small TMFs or glacial-sedimentary prisms, did develop on 

the continental slopes offshore of troughs in Southwest Greenland, but were subsequently 

removed from the slope by slope failures.  

Piper et al. (2012) suggest that the slope failure beyond cross-shelf troughs of the Eastern 

Canadian margin may be due to the abundance of subglacial meltwater. Erosional 

undercutting of upper-slope sediments by meltwater channels can result in slope failure and 

the deposition of blocky mass transport deposits (e.g. Piper et al., 2007; Piper et al., 2012). 

This process is thought to be important for the Southwest Greenland margins as other 

evidence (bedrock channels, gullies, and turbidity current-channels) suggests that large 

amounts of subglacial and deglacial meltwater were produced when the Greenland Ice Sheet 

last extended to the shelf edge. The importance of meltwater will be further discussed in 

Section 5.3.2. 

4.3.2. Spatial distribution of gullies, dendritic channel systems, blocky mass-

transport deposits and glacigenic debris flows 

4.3.2.1. Description 

At a smaller-scale there is considerable variation in the continental slope morphology of 

Southern Greenland (Fig. 3.16). This reflects the complexity of glacial and mass failure 

processes on the continental margin (Ó Cofaigh et al., 2003) and may provide insights into 
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the larger-scale morphology of the continental slopes. The continental slopes of Southern 

Greenland were divided into three sets of features in Section 3.11 and the spatial distribution 

of these landform sets is displayed in Figure 4.7. 

Gullies or subglacial meltwater channels incise large areas of the continental slopes of 

Southern Greenland (Fig. 3.17, 3.18, 4.7). The distribution of gullies is not uniform and 

heavily gullied sections alternate with gully-free areas. In Southwest Greenland gullies occur 

on slopes with gradients between 4.9 and 9.5°. The multi-beam data show that gullies cluster 

mainly on the slopes offshore of Fyllas, Fiskenæs and Danas banks (Fig. 4.7A). In contrast, 

there is almost no evidence of gullying on the slopes offshore of cross-shelf troughs in 

Southwest Greenland. The TMF offshore of Sukkertop Trough has a well-developed turbidity 

current channel system and evidence of translational sediment slides (Fig. 3.19) whilst the 

steeper slopes offshore of Godthåb and Fiskenæs troughs have wide, flat-floored valleys with 

blocky mass-transport deposits at the base of their continental slopes (Figs. 3.17, 3.20, 4.7A).  

The gullies on the continental slopes of Southeast Greenland have a slightly different 

distribution (Fig. 3.19, 4.7). Like Southwest Greenland, gullies occur on a range of slope 

gradients between 2.0 and 11.3°. Unlike Southwest Greenland, gullies in Southeast 

Greenland can be identified on slopes offshore large cross-shelf troughs as well as bank areas 

(Fig. 4.7). Gullies in these areas have also been identified by other studies. According to 

Johnson et al. (1975), the gullies that incise the continental slope of Southeast Greenland 

coalesce down-slope into at least eight major submarine canyons which traverse the 

continental rise and reach the base level of the basin sea floor. Unfortunately, these landforms 

are outside the Olex data coverage. No features were identified on the TMF offshore of 

Kangerlussuaq Trough but Dowdeswell et al. (2010) identified glacigenic debris flows in 

seismic profiles (Fig. 4.7). Glacigenic debris flows were not identified in this study as they 

are subdued features and are not always identifiable in bathymetric data. No evidence of 

blocky mass-transport deposits were identified in Southeast Greenland (Fig. 4.7).  

4.3.2.2. Interpretation 

The contrasting geomorphology identified on the slopes of Southern Greenland is explained 

well by the conceptual model proposed by Piper et al. (2012) which is based on the 

geomorphology of the Eastern Canadian continental margin (Fig. 4.8).  
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The gradient of the upper continental slope is an important control on the presence of 

glacigenic debris flows (Fig. 4.8) (Piper and Normark, 2009). On gentle slopes, sediment 

transported by palaeo-ice streams is able to build-up and episodic failures result in viscous 

debris flows. This explanation is consistent with the results of this study, as the glacigenic 

debris flows identified by Dowdeswell et al. (2010) are only found on the TMF offshore of 

Kangerlussuaq Trough where the upper-slope gradient is 2° (Figs. 3.7, 4.7).  

Glacigenic debris flows are, however, absent from the TMF offshore of Sukkertop Trough 

(Fig. 4.7). This is because the slope gradient of this TMF is about 4°. On steeper slopes, 

glacigenic debris flows accelerate and entrain water, transforming the slope failures into 

turbidity currents (Fig. 4.8) (Piper and Normark, 2009). This process is likely to have 

produced the dendritic channel system identified on the continental slope offshore of 

Sukkertop Trough. Furthermore, it is inferred that this process restricts the volume of 

sediment retained on the slope (Wilken and Mienert, 2006; Dowdeswell et al., 2004; 

Tripsanas and Piper, 2008; Piper et al., 2012). This accounts for the less well-developed TMF 

Figure 4.8. Diagram showing the relative importance of 

different processes in the development of the continental 

slopes influenced by glaciological processes. Adapted 

from Piper et al. (2012). 

 



 

92 

 

offshore of Sukkertop Trough in comparison to the much larger and gentler sloped TMF 

offshore of Kangerlussuaq (Fig. 3.7). A similar hypothesis was suggested to explain the 

dendritic channels system and lack of TMF offshore of Marguerite Trough, Antarctic 

Peninsula (Dowdeswell et al., 2004) and the extensive turbidite system offshore of the Kejser 

Franz Josef margin, Northeast Greenland (García et al., 2012).  

The transformation of glacigenic debris flows into turbidity currents might also account for 

the development of gullying on the continental slopes offshore of the shallow banks on the 

continental shelf (Figs. 4.7, 4.8). However, it is inferred that these areas of the shelf received 

relatively little sediment during full-glacial periods due to the presence of slow-moving ice 

(Dowdeswell and Elverhøi, 2002; Ottesen and Dowdeswell, 2009). Therefore, it is thought 

that the gullying is related to erosion by turbidity currents triggered as a result of sediment-

laden meltwater sourced from beneath the full-glacial ice margin grounded at the shelf edge 

(Fig. 4.8) (Powell, 1984; Jaeger and Nittrouer, 1999; Wellner et al., 2001, 2006; Ó Cofaigh et 

al., 2003). Subglacial meltwater is able to entrain sediment at the base of glaciers and may 

produce a hyperpycnal flow, which travels along the continental slope, when discharged at 

the grounding line (Noormets et al., 2009). The critical sediment concentration needed for 

meltwater to initiate hyperpycnal underflows in seawater is 1 – 5 kg m⁻³ (Parsons et al., 2001; 

Mulder et al., 2003). This implies that subglacial meltwater was present beneath relatively 

slow-moving ice when it last reached the shelf edge. Further discussion about the formation 

of this subglacial meltwater will take place in Section 5.3.2 where it is suggested that surface 

melting allowed water to reach the base of the ice sheet.  

The wide, flat-floored valleys with blocky mass-transport deposits offshore of several large 

cross-shelf troughs in Southwest Greenland suggest that much larger subglacial discharges 

occurred offshore of large ice streams than offshore of inter-ice stream areas (Fig. 4.7) (Piper 

et al., 2012). The width of these valleys indicates that these discharges were highly erosive. 

Sedimentological evidence from Eastern Canada suggests that the beds of these valleys are 

armoured with coarse-grained material which prevents further erosion by smaller turbulent 

flows (Piper and Normark, 2009). This explains why no gullying is identified offshore cross-

shelf troughs in Southwest Greenland. Gullies might have previously existed on the 

continental slopes but since the coarse-grained sediment was deposited, no gullies have been 

able to form.  
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In contrast, no wide valleys were identified offshore of the cross-shelf troughs of Southeast 

Greenland (Fig. 4.7). This suggests that the style of subglacial meltwater supply to the 

continental slopes offshore of the cross-shelf troughs of Southern Greenland was spatially 

variable. Further discussion about the formation of subglacial meltwater and the contrast 

between Southwest and Southwest Greenland is presented in Section 5.3.2.  

The interpretation of the evidence could also explain why no significant TMFs exist on the 

continental slopes of Southwest Greenland. As mentioned in Section 4.3.1, the discharge of 

subglacial meltwater has been proposed to exert a major control on the slope architecture 

beyond cross-shelf troughs (Piper et al., 2012). Glacigenic debris may have accumulated on 

the slopes of Southwest Greenland during Quaternary glaciations, yet was subsequently 

removed and re-deposited on the down-slope by mass failures initiated by large subglacial 

meltwater outburst flows (Fig. 4.8).  

4.4. Summary 

In this chapter, the locations and spatial patterns of the landforms identified in the 

bathymetric data have been described. These descriptions have enabled the interpretation of 

the processes that were responsible for the formation of these features. The next chapter 

combines these glaciological interpretations to investigate the palaeo-glaciological 

implications of such findings and attempts to determine a chronology based on the results of 

this thesis and other literature. Where possible, comparisons between Southeast and 

Southwest Greenland will be made. 
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5. Palaeo-glaciological implications and chronology 

The palaeo-glaciological implications of the geomorphology of the continental shelf and 

slopes of Southern Greenland, mapped in Figures 4.2, 4.5, 4.6 and 4.7, will be discussed in 

this chapter. Based on a review of the literature, this chapter also aims to attempt to construct 

a tentative chronology of glaciological events and, where possible, provide a comparison 

between Southeast and Southwest Greenland. This chapter is split into the following three 

sections: 

 Extent of LGM Greenland Ice Sheet in Southern Greenland 

 Dynamics of LGM Greenland Ice Sheet in Southern Greenland  

 Greenland Ice Sheet retreat since the LGM in Southern Greenland 

 

5.1. Extent of the LGM Greenland Ice Sheet in Southern Greenland 

5.1.1. Southwest Greenland 

The Outer Hellefisk moraines at 65° N (Figs. 3.11, 4.5) suggest that ice on the shallow banks 

of the continental shelf reached the shelf edge (Fig. 5.1). The moraines are easily identifiable 

in the bathymetry which suggests that these features were produced relatively recently (Fig. 

3.11). This agrees with the work of recent studies which suggest that the Outer Hellefisk 

moraines date to the LGM and the Fiskebanke moraines to the Younger Dryas (Fig. 1.4) 

(Weidick et al., 2004; Roberts et al., 2009, 2010). A marine limit of 140 m in the Sisimiut 

area (Fig. 1.2) supports these views. The high marine limit implies a strong glacio-isostatic 

rebound caused by a large change in ice-load (Bennike et al., 2011). A large change in ice-

load may have been caused by the retreat of a major ice sheet, perhaps from the continental 

shelf edge. Finally, there is now strong evidence in the form of both submarine landforms and 

radiocarbon dates to suggest that the Greenland Ice Sheet reached the western shelf edge at 

68° and 70° N during the LGM (Section 1.2.1) (Ó Cofaigh et al., 2013a, 2013b; Dowdeswell 

et al., In Press). If the Greenland Ice Sheet could extend up to 360 km in this region, it could 

be argued that it also extended up to 100 km across the shelf of Southwest Greenland (Fig. 

5.1).  

The shelf moraines have yet to be directly dated so the arguments made in this study are 

tentative. The precise age of the Outer Hellefisk moraines and whether the Greenland Ice 
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Sheet extended to the shelf edge of Southwest Greenland therefore remains, to some extent, 

an open question. 

The geomorphology of the continental slopes of Southwest Greenland also suggests that the 

Greenland Ice Sheet probably extended to the shelf edge during the LGM. The processes 

related to the erosion of gullies and channel systems identified on the slopes imply that an ice 

sheet was present on the shelf edge. They are also easily identified which indicates that they 

too were formed relatively recently (Fig. 5.1). Again, this evidence is not unequivocal due to 

the lack of direct absolute dating and these interpretations are tentative.  

5.1.2. Southeast Greenland 

The gullies identified on the continental slope of Southeast Greenland are also easily 

identified which indicates that they were formed relatively recently and that the Greenland 

Ice Sheet extended to the continental shelf edge during the LGM (Figs. 3.18, 5.1). Other 

studies generally support this assertion (Section 1.2.1). 
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Figure 5.1. Map showing the inferred extent of the 

Greenland Ice Sheet over Southern Greenland during the 

LGM. The evidence acquired in this thesis, and the 

literature, suggests that the ice sheet reached the 

continental shelf edge of Southern Greenland. Red line 

represents the inferred extent at the LGM and the green 

line represents the modern extent.  
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5.2. Dynamics of the LGM Greenland Ice Sheet in Southern 

Greenland  

5.2.1. Ice streams 

The geomorphological evidence acquired in this study suggests that fast-flowing ice streams 

were located in every trough on the continental shelf of Southern Greenland during the LGM 

(Figs. 4.4, 5.2, 5.3). Under full-glacial conditions, the largest of these ice streams, which 

occupied Sukkertop and Kangerlussuaq troughs (Fig. 3.1), supplied large volumes of 

deformable till to the ice margin. This debris was subsequently remobilised by debris-flow 

processes on the upper-slope to form large TMFs (Figs. 3.7, 4.7) (Laberg and Vorren, 1995; 

Dowdeswell et al., 1996).  

The magnitude of glacial erosion and sedimentation needed to produce over-deepened cross-

shelf troughs imply that ice streams extended to the shelf break of Southern Greenland 

multiple times (ten Brink and Schneider, 1995). Seismic profiles recording multiple sets of 

glacigenic debris flows on the continental slopes beyond cross-shelf troughs on the Southeast 

and Southwest Greenland margins suggest that this has happened at least five times since the 

Early Pliocene (Nielsen and Kuijpers, 2013).  

5.2.1.1. Subglacial meltwater 

The thick ice that occupied cross-shelf troughs in Southern Greenland under full-glacial 

conditions would probably have allowed pressure-melting at the bed. This would have 

produced large amounts of subglacial meltwater, lubricated the bed and caused fast ice flow. 

Some of the evidence in this study, for example bedrock channels (Fig. 4.2), suggests that 

subglacial meltwater was present beneath the Greenland Ice Sheet in Southern Greenland 

during the full-glacial periods.  

In Kangerlussuaq Trough, bedrock channels and crescentic overdeepenings on the upstream 

sides of drumlins strongly suggest that subglacial meltwater was produced at the ice-bed 

interface of the ice stream that occupied this trough (Dowdeswell et al., 2010). The well-

defined and extensive network of bedrock channels identified on the inner shelf of Southwest 

Greenland in this study (Fig. 4.2) also implies that subglacial meltwater existed at the base of 

the Greenland Ice Sheet. The bedrock channels may have served to discharge subglacial 

meltwater from the interior of the ice sheet to its margin. This interpretation is, however, 
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tentative and further work is needed to confirm whether the bedrock channels identified in 

this study were occupied by subglacial meltwater repeatedly during successive glacial 

periods.  

The gullying on the continental slope offshore of cross-shelf troughs in both Southeast and 

Southwest Greenland suggests that subglacial meltwater was discharged from the ice margin 

when it last reached the shelf edge (Figs. 3.17, 3.18, 4.7).  However, the steepness of the 

upper-slopes on which these gullies are formed (Section 4.3.2) means that the gullies could 

have formed by the transformation of debris flows into erosive turbidity currents (Piper and 

Normark, 2009). Therefore the gullies might not have necessarily been produced by 

subglacial meltwater.  

5.2.2. Inter-ice stream areas 

The Outer Hellefisk moraines (Figs. 3.12, 4.5) indicate that the fast-flowing ice streams of 

Southwest Greenland were flanked by slower flowing ice which also extended to the 

continental shelf edge at least once during full-glacial periods (Fig. 5.2). The presence of 

overconsolidated diamictic sediment from a core to the east of Kangerlussuaq Trough 

suggests that grounded ice was also active on the shallow shelf of Southeast Greenland (Fig. 

5.3) (Mienert et al., 1992). Numerical ice sheet modelling predicts that ice velocities in these 

regions will be one to two orders of magnitude lower than the ice streams located within the 

cross-shelf troughs (Dowdeswell and Siegert, 1999). 

Overall, this evidence suggests that a dynamic and complex glacial environment with fast-

flowing ice streams in troughs, and areas of less dynamic ice, on shallow bank areas, covered 

the continental margins of Southern Greenland during full-glacial periods, and probably the 

LGM (Figs. 5.2, 5.3). 
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Figure 5.2. Map showing a tentative reconstruction of the 

locations of ice streams draining the Greenland Ice Sheet 

during the LGM in Southwest Greenland. The evidence 

acquired in this thesis suggests that the ice streams were 

situated in every cross-shelf trough in Southern 

Greenland.  
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Figure 5.3. Map showing the interpreted locations of ice 

streams draining the Greenland Ice Sheet during the 

LGM in Southeast Greenland. The evidence acquired in 

this thesis suggests that the ice streams were situated in 

every cross-shelf trough in Southern Greenland. 
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5.3. Deglaciation of the LGM Greenland Ice Sheet in Southern 

Greenland 

5.3.1. Nature of retreat 

Episodic retreat 

The presence of GZWs in Fiskenæs and Kangerlussuaq troughs (Fig. 3.13, 4.5) suggest that 

ice stream retreat in these regions was episodic and punctuated by at least one still-stand 

(Dowdeswell et al., 2008; Ó Cofaigh et al., 2008). These features were probably deposited 

after the LGM because their relatively subdued nature means that it is unlikely that they 

would be identified in the bathymetry if they had been formed earlier. Kangerlussuaq ice 

stream is thought to have retreated from the continental shelf edge around 17,000 years ago 

and retreated past the mid-shelf by 15,000 years BP (Section 1.2.3). This means that the ice 

stream retreated more than 215 km in two thousand years at a rate of at least 105 m yr⁻¹. The 

GZW in Kangerlussuaq Trough, however, suggests that the ice stream was in a stable 

position for at least some of this period. When the rates of sediment delivery from modern ice 

streams are considered, the size of this wedge (40 km³) indicates that it probably took 

centuries to develop (Dowdeswell and Fugelli, 2012). Therefore, the rate of Kangerlussuaq 

ice stream retreat was probably up to 200 m yr⁻¹ before and after the still-stand period. This 

rate is higher than the average rate of retreat of Greenland glaciers between 2000 and 2010, 

which retreated at a rate of 110 m yr⁻¹ (Howat and Eddy, 2011). However, Kangerlussuaq 

Glacier retreated at a rate of 630 m yr⁻¹ during this period (Walsh et al., 2012) and it is likely 

that that rate of ice stream retreat after the LGM, like the rate of modern glacier retreat, is 

highly variable at shorter timescales.  

No streamlined lineations were identified on the surface of the GZWs. This suggests that 

these features were not overridden by subsequent ice advance after deposition (Dowdeswell 

et al., 2008). This implies that, during the Younger Dryas and in contrast to Jakobshavn 

Isbræ, the Kangerlussuaq and Fiskenæs ice streams did not undergo re-advances onto the 

continental shelf (Section 1.2.3). However, the relatively poor resolution of the bathymetric 

data means that it was difficult to identify sedimentary streamlined lineations in this study. 

Subsequent ice stream re-advance over the GZWs therefore cannot be precluded. 
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The GZWs are both located in troughs that are reverse sloping and deepen towards the inner 

continental shelf (Fig. 3.5B, 4.5). This indicates that grounding-zones of ice streams can 

stabilise on reverse sloping beds. In recent decades, the grounding-zones of several marine-

terminating Antarctic ice streams and Greenland outlet glaciers have experienced significant 

acceleration, thinning and retreat (Rignot and Kanagaratnam, 2006; Pritchard et al., 2009; 

Walsh et al., 2012; Shepherd et al., 2012) and concerns have been raised over the stability of 

ice stream grounding-zones on reverse sloping beds (Joughin and Alley, 2011). Numerical 

ice-sheet modelling studies have suggested that ice streams on reverse slopes are inherently 

unstable and can propagate the rapid collapse of an ice sheet (e.g. Schoof, 2007; Nick et al., 

2009; Katz and Worster, 2010). However, GZWs identified in this study indicate that rapid 

grounding-line retreat does not necessarily occur on reverse slopes. 

Catastrophic retreat 

The absence of GZWs in other cross-shelf troughs on the continental shelf of Southern 

Greenland indicates that the retreat of the other Greenland ice streams after the LGM was 

probably rapid, and possibly catastrophic (Dowdeswell et al., 2008; Ó Cofaigh et al., 2008). 

In addition, no transverse-to-flow ridges where identified in the cross-shelf troughs. The 

absence of these features also implies that ice stream retreat was rapid (Dowdeswell et al., 

2008; Ó Cofaigh et al., 2008). Transverse ridges are, however, relatively small features with 

heights of about 2 – 25 m (Shipp et al., 1999; 2002: Ottesen and Dowdeswell, 2009). 

Therefore, they may exist but were not identified due to the relatively poor resolution of the 

Olex data.  

5.3.2. Mechanisms of retreat 

Southeast Greenland - calving 

The initial retreat of the Greenland Ice Sheet in Southeast Greenland is thought to have been 

dominated by calving. Evidence for large amounts of iceberg calving is demonstrated by the 

density of iceberg ploughmarks on the outer sedimentary shelf of Southeast Greenland in this 

study (Fig. 4.6). Large iceberg ploughmarks have also been identified on the shelf of 

Southeast Greenland and in the North Atlantic Ocean at depths of up to 1000 m by Syvitski et 

al. (2001) and Kuijpers and Werner (2007), respectively. The fresh appearance and the 

limited sediment infilling of the ploughmarks, combined with the current, relatively warm, 
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oceanographic conditions, mean that the icebergs were probably produced as the Greenland 

Ice Sheet margin retreated from the shelf edge after the LGM (Section 4.2.2).  

The pronounced increase in IRD concentrations also indicates higher intensities of iceberg 

calving. Between 17,400 and 16,000 years BP elevated concentrations of IRD were identified 

in sediment cores from the Labrador Sea and the continental shelf of East and Southeast 

Greenland (Fig. 1.1) (Nam et al., 1995; Andrews et al., 1997; Knutz et al., 2011). The 

mineralogy of these deposits are interpreted as evidence of increased iceberg calving from 

Southeast Greenland during initial deglaciation after the LGM (Jennings et al., 2002; Knutz 

et al., 2011). 

The influence of warm ocean water impinging on the shelf has been proposed as the driver 

for increased calving and retreat of the LGM ice sheet in Southeast Greenland (Jennings et 

al., 2006; Knutz et al., 2011). The IRD peaks coincide with enhanced advection of warm 

subsurface Atlantic water to the Southeast Greenland margin, perhaps under the influence of 

an early Irminger Current intensification (Kuijpers et al., 2003).  

Southwest Greenland - melting 

Whilst iceberg ploughmarks have been identified on the outer shelf of Egedesminde Trough, 

West Greenland (Brett and Zarudzki, 1979; Syvitski et al., 2001; Kuijpers et al., 2007), to the 

south of Disko Bay (68° N) in Southwest Greenland both this study and the extensive seismic 

surveys and side-scan sonar records carried out by Brett and Zarudzki (1979) did not find any 

evidence of iceberg ploughmarks. This suggests that large icebergs were not produced in 

large numbers during the deglaciation of the Greenland Ice Sheet in the southwest and that 

calving did not contribute significantly to ice sheet mass loss.  

The initial retreat of the Greenland Ice Sheet Southwest Greenland is thought to have been 

dominated by melting. The gullying on the continental slope offshore of inter-ice stream 

areas in Southwest Greenland suggests considerable surface melting occurred when the 

Greenland Ice Sheet was located at the shelf edge. The gullies are inferred to have been 

formed by sediment-laden meltwater that was produced and discharged during deglaciation 

after the LGM (Section 4.3.2; Figs. 3.18, 4.7). Inter-ice stream areas of ice sheets are thought 

to have produced relatively little basal meltwater during full-glacial periods due to low ice 

velocities (Dowdeswell and Siegert 1999). Therefore, the meltwater that was produced in 

these areas was probably caused by surface melting. Recent studies have shown that surface 
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meltwater is able to reach the base of the Greenland Ice Sheet through water-driven fracture 

propagation (Zwally et al., 2002; Das et al., 2008; Joughin et al., 2008; Shepherd et al., 2009; 

Bartholomew et al., 2010). This process could be responsible for the discharge of subglacial 

meltwater and the formation of gullies offshore of inter-ice stream areas.  

The steep Type 3 continental slopes associated with wide, flat-floored valleys offshore of 

cross-shelf troughs in Southwest Greenland are also thought to have been formed by 

subglacial meltwater discharge when the Greenland Ice Sheet extended to the shelf edge (Fig. 

3.20) (Piper et al., 2012). The size of these valleys suggests that much larger subglacial 

discharge events occurred offshore of major ice streams compared with offshore of inter-ice 

stream areas (Section 4.3.2) (Piper and Normark, 2009; Piper et al., 2012). Based on similar 

features identified on the Eastern Canadian margin, the outburst flows may have been caused 

in response to increased subglacial meltwater input during deglaciation when surface melting 

increased as air temperatures in Greenland started to rise. The timing or number of the 

subglacial outburst events, however, is not known and this interpretation is tentative. Other 

processes such as subglacial lake drainage could also have produced large outburst floods 

(Wingham et al., 2006; Bell et al., 2007) although palaeo-subglacial lakes have yet to be 

identified in Greenland (Livingstone et al., 2012b).  

The evidence acquired in this study suggests that melting continued to be the dominant 

mechanism of mass loss from the Greenland Ice Sheet in the southwest after ice retreated 

from the shelf edge. The thick, well-stratified sedimentary sequence identified in 

Frederikshåbs Trough (Fig. 3.21) suggests that substantial amounts of suspended sediment 

were deposited by glacial meltwater after the Greenland Ice Sheet had retreated from the 

shelf edge. This is consistent with a recent study from Disko Bay, West Greenland, which 

interpreted large volumes of unlithified sediment as evidence that subglacial and deglacial 

meltwater was readily available during ice-sheet retreat (Hogan et al., 2012).  

These interpretations are backed-up by the current literature. Geochemical terrestrial 

sediment proxies from a marine sediment core in Southern Greenland suggest that increased 

ablation and run-off from the Southern Greenland Ice Sheet began at around 19,000 years BP 

and ended around 10,000 years BP (Carlson et al., 2008). This is confirmed by cosmogenic 

exposure dating from the Sisimiut area which suggests that the ice sheet began to thin by 

about 21,000 years BP and continued to thin until 13,600 years BP (Roberts et al., 2009). The 

thinning coincides broadly with the period of increased air temperatures over Greenland 
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during the Bølling Interstadial (Fig. 1.4) (Roberts et al., 2009). The Huy1 and Huy2 ice sheet 

models predict that maximum volume of the Greenland Ice Sheet was reached 16,500 years 

ago when high accumulation rates in Greenland are thought to have outweighed the larger 

ablation from increased temperatures (Simpson et al., 2009). Therefore, in the southwest, the 

Greenland Ice Sheet may have initially responded in a lagged and non-linear fashion to rising 

ocean and air temperatures (Carlson and Windsor, 2012). Surface ablation at the margins of 

the ice sheet and accumulation inland may have increased ice stream velocities which would 

have allowed the ice sheet to remain at the continental shelf edge during warming 

temperatures. This system might then have been susceptible to threshold behaviour whereby 

a small perturbation causes a large, dramatic response. As the relative sea level rose (Section 

1.2.3), the thinner areas of the ice sheet would have become vulnerable to buoyant lift-off and 

retreat by calving (Roberts et al., 2009). The thin ice sheet is then thought to have retreated 

rapidly at between around 15,000 to 11,000 years BP to reach the present coast by 10,000 

years BP (Bennike et al., 2011). This interpretation is consistent with other palaeo-marine-

based ice sheets such as the Barents-Kara Ice Sheet which is inferred to have collapsed 

catastrophically after the LGM and raises concerns about the response of the marine-based 

West Antarctic Ice Sheet to future climate change. 
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6. Conclusions 

6.1. Review of the main findings 

The aims of this thesis were to investigate the geomorphology of the continental margins of 

Southern Greenland in order to improve our understanding of the extent, dynamics and 

deglacial retreat of the Greenland Ice Sheet during and after the LGM. A summary of the 

main results follows in this chapter. 

 The continental shelf of Southern Greenland is dissected by a number of deep, narrow 

cross-shelf troughs. Twenty troughs were identified on the shelf Southern Greenland 

(Figs. 3.1, 3.2). These troughs and the streamlined, elongate landforms within them 

are interpreted as evidence that fast-flowing ice streams drained the Greenland Ice 

Sheet during the LGM in Southern Greenland (Figs. 4.2, 4.3, 5.2, 5.3).  

 

 A number of features on the continental slope (gullies, slide scars, glacigenic debris 

flows) and moraines on the outer continental shelf (Outer Hellefisk) indicate that the 

Greenland Ice Sheet extended to the continental shelf edge of Southeast and 

Southwest Greenland during the LGM (Figs. 3.11, 3.16, 4.5, 4.7, 5.1).  Importantly, 

the Outer Hellefisk moraines demonstrate that ice on the shallow banks of Southern 

Greenland also extended to the shelf edge. A review of the relevant literature provides 

support for these arguments but a shelf edge Greenland Ice Sheet during the LGM 

remains contested (e.g. Funder et al., 2011).  

 

 Bedrock channels and gullies indicate that, during full-glacial periods and probably 

during the LGM, subglacial meltwater was present beneath the Greenland Ice Sheet in 

Southern Greenland (Figs. 3.17, 4.3, 4.4, 4.7). The subglacial meltwater is thought to 

have lubricated the beds of fast-flowing ice streams that drained the Greenland Ice 

Sheet during the LGM.  

 

 The GZWs identified in Kangerlussuaq and Fiskenæs troughs suggest that the entire 

Southern Greenland Ice Sheet did not collapse catastrophically and that the ice 

streams, in some troughs at least, had periods of still-stands during retreat after the 

LGM (Figs. 3.13, 4.5). The wedges also demonstrate that ice stream retreat across 



 

107 

 

reverse sloping troughs does not necessarily result in catastrophic collapse (Fig. 

3.5B).  

 

 No moraines were identified on most of the continental shelf of Southern Greenland 

(Fig. 4.5). This indicates that the majority of the Southern Greenland Ice Sheet was 

characterised by rapid retreat from the continental shelf edge since the LGM. The 

literature suggests that the Greenland Ice Sheet retreated from the shelf edge at around 

17,000 years BP in the southeast and between 15,000 – 13,000 years BP in the 

southwest and that the ice sheet reached the present day coastline by 10,000 years BP 

(Jennings et al., 2002, 2006; Roberts et al., 2008; Bennike et al., 2011).  

 

 Iceberg ploughmarks identified on the continental shelf of Southeast Greenland 

suggest that iceberg calving was the dominant mechanism of mass loss from this 

sector of the Greenland Ice Sheet after the LGM (Fig. 4.6).  

 

 A number of lines of evidence suggest that surface ablation was the dominant 

mechanism of mass loss from Southwest Greenland after the LGM. No iceberg 

ploughmarks were identified on the continental shelf and evidence of large amounts 

of meltwater sedimentation was identified in Frederikshåb Trough (3.21). The wide, 

flat-floored valleys on the continental slopes offshore of cross-shelf troughs in 

Southwest Greenland are interpreted as evidence for large subglacial outburst flows 

caused by increased subglacial meltwater, perhaps from increased surface melting just 

after the LGM. These features were not observed on the continental slopes of 

Southeast Greenland which suggests that less meltwater was produced during 

deglaciation in this sector.  

 

 The difference in the nature and mechanisms of retreat of ice streams from the 

continental shelf edge east and west of Greenland implies that retreat across the 

continental shelf was spatially variable and highly complex. The Southeast Greenland 

Ice Sheet responded to warming ocean temperatures impinging on the shelf and 

retreated rapidly from the shelf edge to the present day coastline. The Southwest 

Greenland Ice Sheet did not initially respond to warming air and water temperatures 

and remained at the continental shelf edge for a relatively longer period of time. 
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Surface melting then thinned the ice sheet, making it more susceptible to collapse and, 

after a certain period of time, it became ungrounded from the shelf edge and retreated 

rapidly to the present day coastline. This suggests that marine-based ice sheets exhibit 

threshold behaviour and can respond in lagged and non-linear fashion to external 

forcing. This raises concerns about the only marine-based ice sheet today, the West 

Antarctic Ice Sheet.  

6.2. Assessment of the Olex database and its limitations 

The Olex database was the main source of bathymetric data used in this study. This section 

provides a review of the data to inform future investigations. To date, only a few studies have 

utilised the Olex database for high-latitude bathymetric investigations (e.g. Bradwell et al., 

2008; Shaw et al., 2009, 2012; Spagnolo and Clark, 2009). A number of geomorphological 

features on the continental margins of Southern Greenland have been identified from the 

Olex data which have not been identified in previous investigations of this area. The profile 

tool and the ability to change the azimuth of the light source in the Olex database enables 

large features such as cross-shelf troughs and GZWs to be identified easily. When the track 

line density is high, (>10 per km²; Section 2.7.1), smaller features such as iceberg 

ploughmarks with widths and depths of less than 50 m and moraines with heights of less than 

25 m could also be identified. The wide geographical coverage of the Olex database (Fig. 2.1) 

means that features can be identified from a range of different geomorphological settings at a 

resolution that is often much better than the latest IBCAO Version 3.0 (Jakobsson et al., 

2012).  

The resolution of the Olex database is, however, highly variable. On the continental margins 

of Southern Greenland, there is almost no coverage of the continental slope of Southwest 

Greenland or the inner shelf of Southeast Greenland. This is because these areas are not 

regularly visited by fishing vessels. In these areas, no features could be identified. 

Furthermore, in areas where the Olex data coverage appears to be good, the resolution of the 

data may actually be poor. This is because the Olex database interpolates a large number of 

cells around one measured depth value which gives the appearance of good data coverage. To 

avoid this, the density of ship track lines must be viewed in order to make confident 

descriptions about the submarine geomorphology. The main limitations of the database are 

that the contributors of the data are almost exclusively equipped with single-beam echo-

sounders.  
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In the future, there is potential for commercial shipping vessels to be equipped with multi-

beam echo-sounders (C. Wilson, Olex, pers. comm., 2013). This will improve the resolution 

of the Olex database. Forthcoming releases of the Olex database will also improve the 

resolution and reduce the number of poorly calculated depth values as more voluntarily 

contributed data are provided. This will allow new and smaller landforms to be identified. 

Overall, the Olex database is an invaluable source of bathymetric data and was used 

effectively in this study to investigate the geomorphology of the Southern Greenland 

continental margin.  
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