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Figure 7.8: Schematic diagram of seafloor features on the Northeast Greenland continental shelf mapped 
from the digital bathymetric model. 
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flat tops and an average depth shallower than 100 m. For these reasons, we have 

classified them as banks rather than knolls (Figure 7.8). 

Sinks are abundant from about 81°N to 76.5°N on the middle shelf (Figures 7.4 and 

7.8). The bottom of the sinks varies from 200 to 440 m in depth. In the southern middle 

shelf part of IT-A (around 78.3°N, 12°W), a shallower (approximately 170 m average 

water depth) and less intensively undulating area is present (Figures 7.4 and 7.8). 

Instead of showing pronounced knolls and sinks, the seafloor here is hummocky with 

irregularly undulating elevation changes of about 30 m on average. 

The interpreted multichannel seismic profile AWI-99080 crosscuts several knolls and 

sinks on the undulating seafloor in the central IT-A area (Figures 7.4 and 7.9 for 

location). The data show subsurface structures down to 2–3 km in depth. Two types of 

seismic unit can be distinguished in the profile. Type I units are vertically oriented 

bodies with irregular internal reflectors. Three such bodies are visible in the data; the 

second reaches the seafloor (Figure 7.9), whereas the other two are draped by Type II 

seismic units that, in contrast to Type I, have well-laminated internal reflectors. In the 

proximity of Type I seismic units, the reflectors of Type II units tend to bend upward 

with the distance between internal reflectors decreasing. 

 

Figure 7.9: Seismic profile AWI-99080 crosscutting bathymetric knolls and sinks, showing that their 
formation is related to salt diapirism. For location, see Figure 7.4. 
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7.4.4 Middle Shelf Elongate Depressions 

In a north-south strip on the eastern side of IT-A (between 10°W and 7°W), the NEG-

DBM reveals the presence of elongate depressions (Figures 7.7a and 7.8). The 

depressions have a predominantly north-south orientation and often appear in close 

proximity to one another. They have U-shaped cross profiles. Compared to the adjacent 

seafloor, the depressions are on average 40 m deep with an average width of 1.5 km; 

ridges are present between depressions when they are located next to each other. Their 

maximum detected length is approximately 23 km. Accordingly, the minimum 

elongation ratio is approximately 1:15. Similar but much smaller elongate depressions 

are also present on the outer shelf of IT-B and IT-C (Figure 7.8). Hence, these elongate 

depressions are present from about 79°45’N to 75°15’N over a distance of 

approximately 500 km. No such features are detected in the cross-shelf troughs. 

7.4.5 Fjords 

Dijmphna Sund and Bredefjord (Figure 7.1) are the only coastal areas of the study area 

that are well covered by bathymetric soundings (Figure 7.2). In places, their depths are 

greater than 500 m. Most of the fjord bathymetry shows a relatively flat seafloor. 

Occasionally, however, their depth shallows abruptly to 100 m depth in Djimphna Sund 

and 150 m in Bredefjord within short distances. The other fjord systems are 

unconstrained by depth soundings, but the subaerial topography shows that they are 

surrounded mainly by the steep walls of adjacent mountains. In such locations, the 

fjords were modeled to 50 m water depth in the DBM with inferred contours (Figure 

7.2). 

The modern-day ice shelf of 79°-Glacier is located in a fjord (Nioghalvfjerdsfjorden; 

79.5°N, 21°W) and is approximately 80 km long (Figure 7.4). The seafloor beneath the 

central part of the ice shelf is at about 900 m deep (Figure 7.5; 30–60 km), with an ice 

thickness of about 300 m and a water-filled cavity of about 600 m [Mayer et al., 2000]. 

The northern ice front of 79°-Glacier terminates in Djimphna Sund at a maximum water 

depth of about 600 m. The eastern ice front is grounded on several ice rises and shows a 

shallower bathymetry with a maximum observed depth of about 250 m. The maximum 

depths of CTD stations, east of these ice rises (79.5°N, 19°W), show a deepening 

bathymetry. The next available depth information to the east is at 450 m water depth 

underneath the land-fast sea ice of the Norske Øer Ice Barrier (79.3°N, 17.5°W) 
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[Wadhams et al., 2006]. These few depth constraints suggest a deep (>250 m) 

representation of this very sparsely mapped area. Hence, we added inferred contours to 

model this area accordingly. The depths offshore of other glacier margins (Zachariae 

Isstrøm, Storstrømmen, and L. Bistrup Bræ; Figure 7.1b) have been manually steered 

down offshore of the ice front to the next reliable bedrock elevation present close to the 

ice front position. 

7.5 Discussion 

7.5.1 Digital Bathymetric Model 

The new DBM of the NEG continental shelf is based on the most comprehensive and up 

to date data base of bathymetric soundings and other depth information of this area 

(Table 1). This made it reasonable to select a grid cell size of 250 m × 250 m, which is 

twice that of IBCAO Version 3.0 [Jakobsson et al., 2012b]. The number of artifacts in 

the data set has been limited as much as possible by the iterative cleaning, gridding and 

quality check steps (Figure 7.3). The combination of bathymetric data with bedrock 

topography data, instead of ice surface topography, and high-resolution land 

topography, has led to a smooth ocean-land transition in the DBM (Figure 7.4). In the 

new bathymetric model, submarine morphological features on the NEG continental 

shelf are now better resolved or revealed for the first time. Their description and 

interpretation improves our knowledge of processes taking place on the NEG 

continental shelf. 

Despite the large data base of soundings, in some areas, data coverage is still sparse due 

mainly to year-round harsh sea-ice conditions linked to the cold East Greenland Current 

(Figure7. 1a). In these areas, the DBM suffers from reduced quality and reliability. This 

is most evident in areas close to the coast and in the vicinity of Norske Øer Ice Barrier 

(Figure 7.1), but also in a few parts of the continental shelf (Figure 7.2). The manually 

inferred contours attempt to give a realistic representation of the coastal bathymetry by 

estimating a continuation of the surrounding, better surveyed, bathymetry and 

topography. The inclusion of inferred contours at 50 m depth in major fjords based on 

neighboring steep fjord flanks yielded more realistic results than the otherwise <1 m 

deep fjords without manual steering. Nevertheless, we suggest that most of the fjords 
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are probably several hundred meters deep, based on observations from elsewhere in 

Greenland [e.g. Dowdeswell et al., 2010a; Dowdeswell et al., 2014], and require further 

detailed surveys. 

7.5.2 Past Ice Flow 

High-resolution swath-bathymetric data revealed the presence of mega-scale glacial 

lineations and recessional moraines in the middle shelf region of Westwind Trough 

(Figure 7.10) [Evans et al., 2009; Winkelmann et al., 2010]. These glacial-sedimentary 

landforms are produced subglacially and ice marginally, respectively, and provided the 

first direct seafloor geomorphological evidence for the expansion and presence of a 

grounded Greenland Ice Sheet on the NEG continental shelf during the late Quaternary. 

Furthermore, the presence of MSGL constrained to shelf trough areas indicates that this 

ice cover contained fast flowing ice streams that preferentially drained through these 

troughs. A review by Funder et al. [2011], utilizing the evidence from these two papers, 

suggested that the LGM Greenland Ice Sheet extended at least to the middle continental 

shelf of NEG (Figure 7.10). However, Bennike and Björck [2002] proposed that the 

Greenland Ice Sheet extended to the outer shelf, based on radiocarbon dates indicating 

late onshore deglaciation. This view is further supported by investigations of shallow 

sedimentary rocks along the East Greenland margin, which are predominantly of glacial 

origin [Berger and Jokat, 2008; Berger and Jokat, 2009; García et al., 2012; Wilken 

and Mienert, 2006]. Our new bathymetry reveals the presence of submarine features on 

the NEG continental shelf that we interpret to be formed by glacial processes. In 

addition, the presence of subglacial landforms and glacial sediments across the shoals 

and banks between troughs shows that they were probably influenced by grounded ice 

flow [Evans et al., 2009] and may have served as base for local marine ice domes that 

laterally constrained the direction of past ice flow within the troughs. 

7.5.2.1 Cross-Shelf Troughs 

Cross-shelf troughs are characteristic features of glaciated continental shelves 

[Batchelor and Dowdeswell, 2014]. The reverse slopes observed in the bathymetry of 

Westwind Trough, Norske Trough, Dove Bugt Trough, and Hochstetterbugten Trough 

are similar to overdeepened troughs present in other formerly ice-covered regions 

[Batchelor and Dowdeswell, 2014; Livingstone et al., 2012]. These troughs are 
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suggested to be produced by high erosion rates beneath ice streams and rapid sediment 

transport to the ice-sheet margin during repeated glacial advances and retreats [ten Brink 

and Schneider, 1995]. Thus, this also suggests that the overdeepened troughs visible in 

the NEG bathymetry indicate ice-stream activity and subglacial erosion during multiple 

glaciations. Some of the ridges found on the edges of the glacial troughs are also similar 

in size and shape to lateral moraines found at the margins of other glacially eroded 

cross-shelf troughs [e.g. Ottesen et al., 2005]. This similarity is most obvious for the 

two pronounced ridges in Norske Trough (Figures 7.4 and 7.10). Accordingly, we 

interpret these ridges as lateral moraines that were produced during one or multiple 

glaciations, probably including the LGM, at the lateral shear margins of former ice 

streams [Ottesen et al., 2005; Stokes and Clark, 2002]. 

In contrast to the other troughs, Store Koldewey Trough has no reverse slope and the 

edges of the trough are not well pronounced (Figure 7.4). The ridge identified to the 

south of Store Koldewey Trough is broader and not as streamlined as those in the other 

troughs. The land topography implies that the interior ice-sheet basin-area draining into 

Store Koldewey Trough was much smaller than for the other troughs of the study area 

and that Store Koldewey Trough only served as a minor drainage path for the Greenland 

Ice Sheet (Figure 7.10). The mountain ranges between Germania Land and 

Storstrømmen Glacier (77.3°N, 21°W) provided a north to south trending obstacle for 

the Greenland Ice Sheet to drain in an eastward direction into Store Koldewey Trough 

(Figures 7.1b, 7.4, and 7.10). Instead, the north-south oriented fjord of Storstrømmen 

directs the outflow to Jøkelbugten in the north and Dove Bugt in the south (Figures 7.1b 

and 7.10). Thus, the drainage-basin area to Store Koldewey Trough is limited to 

Germania Land. The Germania Land topography suggests that major parts of its ice 

cover were drained to the north via Skærfjorden as a tributary to Norske Trough and to 

the south directly into Dove Bugt Trough (Figures 7.1b and 7.10), as also concluded 

from direct observations from Germania Land [Landvik, 1994]. Hence, we suggest that, 

in contrast to the other studied troughs of NEG with reverse slopes, Store Koldewey 

Trough probably was not eroded by an ice stream during multiple glaciations. 
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Figure 7.10: Interpretation of the paleo-ice flow on the Northeast Greenland shelf based on morphological 
features in the digital bathymetric model. Grounding-zone wedges (GZW, green) are located at similar 
distances from the modern-day fronts of marine-terminating outlet glaciers of the Greenland Ice Sheet. 
Lateral moraines (LM, red) are found at the sides of Norske Trough. Areas below 120 m water depth 
(grey) were above sea level at the LGM and could have supported an ice dome (black dashed line) built 
up on the shelf. The LGM ice extent across the shelf from Funder et al. [2011] is shown as grey dashed 
line. 
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7.5.2.2 Grounding-Zone Wedges 

During still stands of the ice-sheet margin during regional deglacial retreat, the 

sediments transported to the terminus can build up sedimentary depositional centers, 

often referred to as grounding-zone wedges (GZWs) [e.g. Batchelor and Dowdeswell, 

2015; Dowdeswell and Fugelli, 2012]. GZWs are asymmetrical, with a steeper ice-distal 

side and a longer but low-profile ice-proximal slope [e.g. Ottesen et al., 2007]. 

Typically, they appear as subdued ridges perpendicular to the ice-flow direction over 

the entire width of the ice stream [e.g. Batchelor and Dowdeswell, 2015; Jakobsson et 

al., 2012a]. The morphology of the bathymetric sills offshore of NEG shows great 

similarity to the typical morphology of GZWs (Figures 7.5a, 7.5b, 7.6b, 7.6c, and 7.7c). 

In addition, since they are located in glacial troughs, we interpret the sills in Westwind 

Trough, Norske Trough, Dove Bugt Trough, and Hochstetterbugten Trough as GZWs 

(Figure 7.10). All four GZWs are located on the middle shelf at a similar distance from 

the modern-day ice margin. Their locations are more or less in accordance with the 

proposed LGM position of the ice sheet at Westwind Trough, Dove Bugt Trough, and 

Hochstetterbugten Trough (Figure 7.10) [Funder et al., 2011]. The GZW found in 

Norske Trough is further offshore compared to the proposed LGM ice-sheet margin. 

Batchelor and Dowdeswell [2015] mapped 10 buried or seafloor GZWs in Norske 

Trough from seismic data, including a seafloor GZW on the outer shelf. Nine buried or 

near-seafloor GZWs have also been mapped using seismic records from Store 

Koldewey Trough [Batchelor and Dowdeswell, 2015]. Hence, the LGM position around 

Norske Trough was probably located further offshore than suggested by Funder et al. 

[2011]. 

7.5.2.3 Local Marine Ice Dome 

Tuppiaq Qeqertaa (Tobias Island), located on the western edge of Northwind Shoal 

about 70 km off the NEG coast (Figure 7.1), is today covered by a small ice cap that 

rises to 35 m above sea level [Bennike et al., 2006]. The sea ice of the Norske Øer Ice 

Barrier develops each year around the island or around icebergs that ground in the 

shallow waters of Northwind Shoal [Hughes et al., 2011]. The shallow areas of the 

NEG shelf are clearly important in the buildup of landfast sea-ice today and, thus, may 

have acted as areas of initial buildup of marine-based ice sheets in the past [Berger and 

Jokat, 2009]. During LGM, global sea level was approximately 120 m lower than today 

[Rohling et al., 2009]. The DBM shows that large parts of the western IT-A are less 
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than 120 m deep (Figure 7.10). Hence, under such conditions, the shoals and banks 

mapped on the DBM would have been emergent above sea level and could have served 

as bases of local marine ice dome, probably building up at the location of the modern-

day small ice cap on Tobias Island (Figure 7.10). 

Lavoie et al. [2015] investigated a bathymetric compilation around the Antarctic 

Peninsula and inferred the presence of seven local marine ice domes. These ice domes 

served as lateral constraints that guided the ice stream outlets. The planform of the 

Westwind Trough and Norske Trough centerlines indicates that ice flow draining across 

the shelf from the Greenland Ice Sheet was most likely redirected in a northward and 

southward direction around Northwind Shoal (Figure 7.10). Hence, we suggest that this 

redirection was probably constrained by an ice dome on NWS, similar to the ice domes 

suggested for the Antarctic Peninsula. Evans et al. [2009] showed that ice flow was 

active directly northeast of Northwind Shoal (Figure 7.10). Thus, assuming a complete 

redirection of the ice flow at Northwind Shoal as suggested by the trough morphology, 

the separate marine ice dome on the shoal was the source of this ice stream activity. 

Given an elevation above full-glacial sea level and an ice thickness large enough to 

initiate streaming ice, this ice dome could have harbored a significant contribution to 

sea level change. Using a rough calculation for ice dome thickness as used by Lavoie et 

al. [2015] with an estimated ice temperature of -20°C, a precipitation rate of ~150 mm 

a-1 [Ohmura and Reeh, 1991], and an ice dome radius of 40–50 km yields an 

approximate thickness of 900 m in center of the dome. Estimating a more moderate ice 

thickness of 500 m for the entire inter-trough areas (~100,000 km2) would yield an 

equivalent sea level rise of about 0.14 m; this contribution would clearly vary with the 

actual thickness and extent of glacier ice. 

For verification of the ice dome presence, however, high-resolution bathymetric 

investigations of submarine glacial features in the area west of Northwind Shoal are 

necessary in order to determine if the ice flow from the Greenland Ice Sheet was 

crossing Northwind Shoal or if it was redirected into Westwind Trough and Norske 

Trough. However, the acquisition of such data has so far been impeded due to the 

persistence of the Norske Øer Ice Barrier. 
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7.5.2.4 Fjords 

All fjord systems in our study area were covered by the Greenland Ice Sheet during the 

LGM and probably a number of previous glaciations, a pattern similar to that elsewhere 

in East Greenland [e.g. Dowdeswell et al., 2010a; Dowdeswell et al., 1994b; Evans et 

al., 2002]. Thus, the deeply incised Dijmphna Sund and Bredefjord, as well as the other 

unsurveyed fjords in the area, are a result of glacial erosion from streaming ice that 

drained the expanded Greenland Ice Sheet during multiple Quaternary glaciations 

(Figure 7.10). Fjord systems can experience very high sediment accumulation rates, of 

up to 20 cm a21, when the ice is retreating, leading to sediment thicknesses of up to 

several hundred meters [e.g. Hjelstuen et al., 2009]. Thus, we interpret the flat seafloor 

in parts of Dijmphna Sund and Bredefjord as the uppermost layer of postglacial 

sediments that partially filled the deeply incised glacially eroded fjords after 

deglaciation. Predominantly, these sediments were transported to the fjord by glaciers 

and released at the ice-sheet margin or transported by drifting icebergs as observed in 

the more southerly Scoresby Sund [Dowdeswell et al., 1994a; Julian A. Dowdeswell et 

al., 2000; Ó Cofaigh et al., 2001; Syvitski, 1989]. However, it cannot be ruled out that 

the fjord sedimentary record also includes some fluvial and glacifluvial sediments that 

are transported along valleys in summer melting seasons in periods of a warmer climate 

and in modern conditions [Hasholt, 1996]. The steep rises and shallow intersections in 

fjord bathymetry are interpreted as bedrock outcrops [e.g. Dowdeswell et al., 2014]. 

7.5.3 Water Mass Pathways 

Satellite observations have revealed recent ice loss from marine-terminating glaciers in 

NEG [Helm et al., 2014; Khan et al., 2014]. Studies from elsewhere in Greenland and 

Antarctica have showed that the rate of ice loss by basal melting at marine-terminating 

glaciers is linked to the flow of warm water masses to the glacier that enhance basal 

melting, especially where a floating ice shelf or ice tongue is present [Christoffersen et 

al., 2011; Hellmer et al., 2012; Holland et al., 2008; Pritchard et al., 2012]. Warm 

Atlantic water, providing energy for basal melting, is also observed in several fjords 

around Greenland, including the 79°-Glacier [Straneo et al., 2012]. The pathway of the 

water masses on the continental shelf is crucial for the temperature of this Atlantic water 

due to atmospheric heat loss and increased mixing with Polar Water at shallow locations 

[Straneo et al., 2012]. Cross-shelf troughs with a reversed bathymetry have been 
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demonstrated elsewhere to act as deep pathways that can direct warmer water into ice-

shelf cavities, enhancing basal melting [Hellmer et al., 2012; Walker et al., 2007]. By 

contrast, bathymetric sills in a trough can also stabilize a retreating ice sheet in times of 

global warming by preventing the inflow of warmer water masses to the ice sheet 

margin [Jenkins et al., 2010] and also by acting as pinning points and reducing iceberg 

production in relatively shallow water. Thus, the bathymetry of the cross-shelf troughs, 

fjords, and their sills is a key parameter for modeling the water mass exchange from the 

ocean to the glaciers and its impact on basal melting. The DBM reveals that all four 

major marine-terminating glaciers in the survey area (79°-Glacier, Zachariae Isstrøm, 

Storstrømmen, and L. Bistrup Bræ; Figure 7.1) are located at the western end of cross-

shelf troughs with a reverse slope in bathymetry (Figure 7.4) that would allow the 

inflow of warm water to the ice front. Bathymetric sills in the troughs on the shelf and 

the fjord systems are obstacles in this pathway. The DBM defines these features and 

serves as an important morphological boundary condition for oceanographic modeling. 

7.5.4 Halokinesis 

The spatial distribution of knolls, sinks, and hummocky seafloor on the continental shelf 

of NEG (Figure 7.8) shows strong congruence to the previously mapped area of salt 

diapirism [Hamann et al., 2005]. Seismic line AWI-99080 crosses knolls and sinks in 

the central IT-A area (Figure 7.4). We interpret acoustic unit Type I as uplifted salt 

structures (Figure 7.9). Occasionally, these salt structures crop out at the seafloor 

(Figure 7.9). Here they can be dissolved by seawater and form sinks. The sedimentary 

layers between the salt bodies (acoustic unit Type II) are synclinal in form and thin 

toward the salt bodies. The seafloor reflector of the seismic line demonstrates that the 

undulating seafloor topography in this area is influenced by the salt tectonics active 

beneath (Figure 7.9). Synclinal reflectors in the top sedimentary layers have also been 

identified in subbottom profiler data in the northern part of IT-A [Evans et al., 2009]. 

These reflectors were linked to subaqueous sediment gravity flows at an ice-sheet 

margin or to glacitectonism of older unconsolidated sediments after an ice advance. The 

similarity of the top reflectors visible in the subbottom profiler data to those visible in 

the seismic data, however, suggests that both were caused by salt tectonics. Hence, we 

conclude that the undulating seafloor topography, where knolls, sinks, and hummocky 

seafloor were mapped from the DBM, is most probably related to salt diapirism active 
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underneath. Accordingly, we suggest that the area of salt tectonic activity is larger than 

previously estimated at approximately 33,000 km2 (Figure 7.8), extending further to the 

northwest than the previously estimated area, which was based on a limited number of 

seismic lines (Figure 7.8) [Hamann et al., 2005]. 

7.5.5 Elongate Depressions 

The mainly north-south trending elongate depressions on the middle to outer shelf of 

NEG, illustrated in Figure 7.7a and mapped in Figure 7.8, were only detected in areas 

with relatively dense bathymetric data coverage (Figure 7.2). The reduced length of the 

more southerly elongate depressions is likely due to the lower coverage with high-

resolution sounding data in that area. Here additional elongate depressions are probably 

present on the continental shelf but remain unresolved in the DBM. 

The elongate depressions appear in basins filled with several kilometer-thick sediments 

[Hamann et al., 2005]. They are located in the area of the north to south flowing EGC. 

While the major part of the EGC flows through the deeper western part of Fram Strait 

and along the continental slope, the EGC also flows over the middle to outer shelf of 

NEG at about 79°N and 8°W. Here a steady north to south water flow has been 

observed [Bourke et al., 1987; Budéus and Schneider, 1995; Rabe et al., 2009]. On the 

inner shelf, where no elongate depressions have been found, the currents are relatively 

less intense and show more fluctuations [Bourke et al., 1987; Budéus and Schneider, 

1995; Wadhams et al., 2006]. The location of the elongate depressions could coincide 

with a full-glacial ice margin close to the shelf edge. If this is so, the depressions could 

have been formed by ice-marginal processes, possibly in combination with erosion 

caused by the EGC. The depressions may have formed: (a) between ice-marginal 

sedimentary deposition centers or are landforms produced by proglacial and 

submarginal glacitectonics, e.g., moraines or composite ridges [Benn and Evans, 2010] 

or (b) by a strengthened EGC that eroded sediments along a stable past ice margin, 

similar to moat structures at the base of continental slopes [Rebesco et al., 2014]. The 

absence of elongate depressions in the cross-shelf troughs of NEG may be due to the 

presence of overconsolidated sediments, caused by ice flow in the troughs, that are less 

prone to erosional forces than noncompacted sediments. A systematic high-resolution 

bathymetric survey of the elongate depressions in combination of shallow seismic data 

acquisition across the depressions is needed to verify our interpretation. 
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7.5.6 Volcanic Remnants 

The flat-topped peak at the bathymetric sill in Hochstetterbugten Trough south of 

Shannon Island is interpreted to be of volcanic origin (Figure 7.7b). The NEG volcanic 

province stretches from 75°N to 72°N of the continental shelf [Hamann et al., 2005]. 

Eastern Shannon Island, 30 km north of the peak, and Pendulum Øer, 20 km south of 

the peak (Figure 7.7b), consist of basalts [Henriksen, 2003]. Voss et al. [2009] observed 

a significant seismic-velocity anomaly at the location of the peak. They also found no 

significant high-velocity lower crust which, in contrast, was observed further south, and 

that a positive magnetic anomaly is present at this location. They concluded that the 

observed surface basalts were related to a local volcanic event. We interpret the 

outcropping peak in the DBM as a remnant of this volcanic event. Eruption rates of the 

North Atlantic Igneous Province were highest between 56 and 55 Ma and later on were 

active only at the East Greenland margin between 66°N and 69°N [Storey et al., 2007]. 

Assuming 55 Ma as the timing of the volcanic event, the guyot-like flat top of the peak 

at 250 m water depth is most probably a result of subsequent erosion by waves together 

with erosion by ice during glaciations. 

7.6 Conclusions 

The new DBM of the NEG continental shelf shown in Figure 7.4 has improved our 

knowledge of the shelf bathymetry compared to previous maps and models. The 

detailed grid allows the identification of seafloor features that have not been mapped 

previously or have had their shape insufficiently resolved. Nevertheless, the coverage 

map reveals that parts of the NEG shelf, especially close to the coast (Figure 7.2), are 

still not or only sparsely covered by soundings and additional data are needed to further 

improve our description and understanding of the NEG shelf. 

The DBM reveals that the shape of the NEG continental shelf has been affected by a 

number of processes, including glacial erosion and deposition, salt tectonics 

(halokinesis), and past volcanism. The cross-shelf troughs were formed by glacial 

erosion by ice streams that drained an expanded Greenland Ice Sheet in full-glacial 

periods (Figure 7.10). Under modern conditions, these troughs act as potential pathways 

for relatively warm Atlantic waters to flow across the shelf to the margins of the 

marine-terminating glaciers and beneath any floating ice. Bathymetric sills (Figures 7.7c 
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and 7.8), located in the cross-shelf troughs, are interpreted as depositional grounding-

zone wedges that formed at the ice margin during phases of prolonged ice-sheet still 

stand (Figure 7.10), probably during deglaciation from the LGM. Salt tectonics formed 

the irregular seafloor on much of the middle shelf, represented by pronounced knolls, 

sinks, and hummocky areas (Figure 7.8). North-south trending elongate depressions 

have been mapped between the cross-shelf troughs on the middle to outer shelf (Figures 

7.7a and 7.8). They are probably related to ice-marginal processes and ocean currents. 

In central Hochstetter Bugten Trough, a guyot-like remnant of a former volcano has 

been detected (Figure 7.7b), which is linked to a single volcanic event that probably 

occurred 55 Ma ago. The DBM can be obtained from 

http://dx.doi.org/10.1594/PANGAEA.849313. 
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Abstract 

The modern-day Northeast Greenland ice stream drains about 16% of the Greenland Ice 

Sheet area via the marine terminating outlet glaciers 79°-Glacier and Zachariae Isstrøm 

into the North Atlantic. In glacial periods these glaciers extended onto the shelf via two 

cross shelf troughs (Westwind Trough, Norske Trough). However, the extent and 

subsequent retreat dynamics of this ice sheet system during its last maximum extent has 

so far been underestimated, mainly due to limited marine geophysical data coverage. 

Improved understanding of the past Greenland Ice Sheet extent and its response to a 

warming climate in this area is needed in order to verify its contribution to global sea-

level rise and to constrain ice sheet models. We have investigated hydro-acoustic data 

acquired by R/V Polarstern on 20 marine research expeditions between 1985 and 2014 

in order to reveal submarine glacial landforms. The mapped distribution and 

orientations of these landforms enabled us to establish a more comprehensive picture of 

the ice sheet dynamics during last full-glacial conditions. The Greenland Ice Sheet 

extended at least until the shelf break in both cross-shelf troughs, most likely during the 

Last Glacial Maximum (26.5-19 kyrs B.P.). In Westwind Trough, the ice retreat was 

highly variable. The Northeast Greenland Ice Stream fed the southern part and the rapid 

subsequent ice retreat was intermittent by slow stepwise retreat along a 100 km long 

section of the trough on the middle shelf. The northern part, fed by a different, smaller 
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drainage system, likely was not filled by a grounded ice stream until the shelf break, but 

terminated in form of an ice shelf with its grounding line located on the middle shelf. In 

Norske Trough, an ice shelf was formed after a first deglaciation phase that released 

tabular icebergs during its decay. Finally, a separate ice stream system was active in the 

inter-trough area between Westwind and Norske Trough, probably fed by a local ice 

dome. After deglaciation the seafloor was modified by icebergs, which predominantly 

drifted in north-south direction creating numerous iceberg ploughmarks down to 850 m 

water depth. 
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8.1 Introduction 

The Greenland Ice Sheet is identified as one of the tipping elements in the Earth’s 

climate system [Lenton et al., 2008]. Recent changes observed in the Greenland Ice 

Sheet, however, need to be considered in the context of past Greenland Ice Sheet 

responses to a changing climate [Vaughan et al., 2013]. High-resolution swath 

bathymetry data from formerly glaciated continental shelves have the potential to 

provide constraints for the extent and the retreat dynamics of former ice sheets by 

mapping submarine glacial landforms [Jakobsson et al., 2014 and references therein; 

Livingstone et al., 2012]. 

For the Northeast Greenland (NEG) continental shelf we processed and interpreted 

swath bathymetric data from Westwind Trough, Norske Trough, and their inter-trough 

area in order to reconstruct the past ice extent and its retreat dynamics (Figure 8.1). 

Important outlet glaciers in our research area are the 79°-Glacier and Zachariae Isstrøm, 

which are located at the landward end of the troughs mentioned above. These glaciers 

are fed by the NEG ice stream, which is the longest ice stream in Greenland reaching 

approximately 700 km inland [Joughin et al., 2001]. Their drainage area sums up to 

approximately 16 % of the Greenland Ice Sheet [Zwally et al., 2012]. Thus, their 

dynamics have and had major consequences for the mass balance of the entire 

Greenland Ice Sheet, especially when considering the vast ~300 km broad continental 

shelf might have completely been covered by an ice sheet [Bennike and Björck, 2002]. 

In the last review on past Greenland Ice Sheet extents, Funder et al. [2011] suggested a 

LGM extent on the middle shelf in Westwind Trough (~10° W), based on studies on 

submarine glacial landforms [Evans et al., 2009; Winkelmann et al., 2010], and a 

conceptual extent on the inner shelf for Norske Trough (~17° W). However, Funder et 

al. (2011) interpret this as a minimum extent since the previously available swath 

bathymetric data revealed submarine glacial landforms in Westwind Trough, but did not 

provide constraints on their eastern terminations [Evans et al., 2009; Winkelmann et al., 

2010]. Furthermore, radiocarbon dates from the coastline of NEG indicate a late 

deglaciation (~9.3-9.7 kyrs) compared to deglaciation dates in the north and south 

(>10.2 kyrs) [Bennike and Björck, 2002]. Thus, Bennike and Björck [2002] supposed a 

grounded ice terminus at the continental shelf edge. However, marine evidence for this 

assumption has so far been missing. 
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Figure 8.1: Bathymetry of the Northeast Greenland continental shelf [Arndt et al. 2015] with multibeam 
data coverage used in this study shown in black; 79G = 79°-Glacier; ZI = Zachariae Isstrøm 

NEG is experiencing year-round harsh ice conditions as sea-ice from the Arctic Ocean 

is continuously exported via the East Greenland Current (EGC) through the western 

Fram Strait [Aagaard and Coachman, 1968]. This makes the area hardly accessible for 

research vessels and limits the availability of systematic marine geophysical data. 

Nevertheless, a new digital bathymetric model for the NEG shelf has been derived 

recently from available bathymetric data with a grid cell size of 250 × 250 m, thereby 

revealing past ice flow pathways and large scale glacial landforms, such as grounding-

zone wedges and lateral moraines, on the middle shelf of both troughs [Arndt et al., 

2015]. Previous investigations of high resolution hydro-acoustic data (~20 m grid cell 

size) from single cruises revealed mega-scale glacial lineations and recessional 
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moraines in Westwind Trough as well as more subtle lineations in the westernmost part 

of the inter-trough area [Evans et al., 2009; Winkelmann et al., 2010]. These submarine 

glacial landforms not only provided indications for the past ice extent but also indicate 

that ice retreat in Westwind Trough was highly variable and that fast flowing ice once 

also was present in the inter-trough area on Northwind Shoal. However, a more 

comprehensive reconstruction of the ice extent and retreat dynamics during the last 

deglaciation was impeded due to the limited amount of bathymetric data. 

 

Figure 8.2: 3D-views and stratigraphy of mapped types of glacial landforms: glacial lineations (a, b), 
recessional moraines (c, d), iceberg ploughmarks (e, f) 
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lineations (Figure 8.5). However, compared to the set of lineations present in the 

shallower northern part (Figure 8.6b) these are less distinct. 

 

Figure 8.5: Mapped submarine glacial landforms in Norske Trough. The glacial lineations indicate the 
presence of an ice stream and fast retreat in this area. The tabular iceberg ploughmarks indicate that an ice 
shelf once was present during deglaciation. Note the large data gaps that limit a thorough investigation. 
Data coverage is shown in light blue. 

Multibeam data of a trough transect at 15°W and 77°50’N show glacial lineations nearly 

over the entire width of the trough (Figure 8.6a). Their orientation is parallel to the axis 

of the trough. The lineations are up to 17 m in profile and are present from about 150 m 

at the northern trough edge down to 490 m in the trough center. The subbottom profiler 

data show that the lineations are formed in a basal till layer of about 10 m in average 

with an underlying flat basal reflector (Figure 8.6c). The lineations are draped by a thin 

postglacial sedimentary layer of ~1m thickness (Figure 8.2b). To the south the 

lineations are increasingly cross-cut by iceberg ploughmarks until the density of 

ploughmarks impeded the preservation of lineations (Figure 8.6a). 
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Figure 8.6: Swath bathymetry and sub-bottom profiler data from Norske Trough, for locations see Figure 
8.5. (a, c) Pronounced glacial lineations formed in basal till on the inner shelf and iceberg ploughmarks 
on the southern part; (b) Tens of km long mega-scale glacial lineations at the northernmost part of the 
trough; (d) Tabular iceberg ploughmarks; (e, f) Glacial lineations at the shelf break in the northernmost 
part of the trough, note the iceberg sheltering function of the heavily reworked rise in the north. 

8.3.1.3 Inter-trough area 

The distribution of glacial landforms in the inter trough area is shown in Figure 8.7. 

Iceberg ploughmarks are abundant on the shallower parts and on the outer shelf of the 

inter-trough area (Figure 8.7 and 8.8a). Subbottom profiles across an intensely scoured 

area show how deep the upper sedimentary layer has been reworked (Figure 8.8b). 

Seafloor depressions of the inter-trough area are left widely undisturbed by ploughing 

icebergs, but occasionally glacial lineations could be detected here (Figure 8.7). 

The westernmost set of lineations is located at 12.5°W and 79.5°N. These lineations 

strike southeastward and subbottom profiles reveal that the lineations are formed in a 

~10 m thick layer of basal till (Figure 8.8c). In the deepest part, the lineations are 

covered by an up to 3 m thick sedimentary layer. This layer is thinning in shallower 

water until it is below the resolution of the subbottom profiler data. Beneath the 

prominent basal reflector, dipping strata is visible in several subbottom profiler sections 
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(Figure 8.8c and g), which represent inclined layers of sedimentary bedrock affected by 

uplifting salt diapirs [Arndt et al., 2015]. To the southeast, further glacial lineations 

striking in the same direction are formed in a basal till layer (Figure 8.7, 8.8d and e). A 

thin lentoid sedimentary fill of ~2-3 m maximum thickness is visible in the deepest part 

on the lineations (Figure 8.8e). In a depression even further southeast, subtle lineations 

striking in similar direction are identified on its northern slope in ~250 m depth, but are 

absent in its center (9°W, 78.45°N, Figure 8.7). Subbottom profiles across this 

depression reveal two distinct lentoid layers of sedimentary fill, each up to ~3 m thick 

that are thinning in shallower waters until they are below data resolution (Figure 8.8i). 

 

Figure 8.7: Mapped submarine glacial landforms in the inter-trough area. Shallow parts and the outer 
shelf are widely covered by iceberg ploughmarks. Glacial lineations are preserved in sinks and indicate an 
ice stream with an northern west-east flowing branch and a southern northwest-southeast flowing branch. 
Data coverage is shown in light blue. 
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Eastward oriented subtle lineations up to 2 m in cross section are present in the north 

and northeast of the inter-trough area (Figure 8.5 and 8.8h). A subbottom profile of the 

more westerly lineations reveals an acoustically transparent layer that we interpret as 

basal till, into which the lineations were formed (Fig 8.8g). In contrast, the lineations 

further to the east do not show such a basal till layer or this layer is too thin to be 

resolved by the subbottom profiler data (Fig. 8.8i). 

 

Figure 8.8: Swath bathymetry and sub-bottom profiler data from the inter-trough area, for locations see 
Figure 8.7. (a, b) Reworked seafloor from numerous iceberg ploughing events; (c, d, e, g) Glacial 
lineations located in different parts of the inter-trough area formed in basal till that indicate past fast 
flowing ice; (f) Thick postglacial sedimentary fill in a depression without glacial landforms; (g, h) Subtle 
lineations on the outer shelf, note the absence of basal till. 

8.3.2 Iceberg Ploughmark orientation 

The majority of the iceberg ploughmarks are NNE-SSW oriented (Figure 8.9a). We 

have subdivided their orientations into different classes depending on their depths and 

regional appearance (Figure 8.9b-n). In deeper waters, the predominant orientation turns 

counterclockwise (Figure 8.9c-f). The deepest ploughmark is found in 850 m water 
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depth. The predominant ploughmark orientation of most regions is NNE-SSW (Figure 

8.9g-n). The ploughmarks observed in the northern parts of Westwind Trough and 

Norske Trough (Area 3 and 7) are an exception of this trend. Iceberg ploughmarks 

located here do not show a significant trend in orientation but are rather randomly 

orientated (Figure 8.9i and m). Another exception are ploughmarks observed on the 

outer shelf north of Westwind Trough (Area 5). Here, a northwest north to southeast 

south orientation similar to the observation of ploughmark orientations in deeper waters 

(Figure 8.9k and f). 

 

Figure 8.9: Iceberg ploughmark orientations in 5° steps for different areas and depth ranges. The diameter 
of the circles equals 10% of the observed orientations. (a) All orientations of ploughmarks; (b) Areas used 
as criteria, distribution of ploughmarks is shown in black; (c-f) Orientations for varying depth ranges; (g-
n) Orientations for different areas. 
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8.4 Discussion 

8.4.1 Reconstruction of past ice flow and retreat dynamics 

The mapped glacial lineations and recessional moraines are directly linked to ice stream 

activity and thus provide information on the retreat behavior of ice streams during the 

last deglaciation [Dowdeswell et al., 2008]. 

8.4.1.1 Westwind Trough 

The mapped glacial landforms show that the fast-flowing ice stream in Westwind 

Trough was grounded until the continental shelf edge in the southern part at some point 

in the past (Figure 8.10a). The freshness of the outermost glacial lineations (Figure 8.4d 

and f) as well as the visual absence of postglacial sediments on top of the lineations 

(Figure 8.4e) suggests that this ice extent may have been present during the LGM 

(Figure 8.10b). The well-preserved lineations on the outer shelf indicate an initial phase 

of rapid deglaciation (Figure 8.10c), since any depositional features, such as grounding-

zone wedges or moraines that would hint stand-still phases of the grounding zone, are 

absent. 

In the northern part of Westwind Trough, no glacial lineations have been mapped 

(Figure 8.3). The flat featureless morphology, mapped in some parts of this area, is 

underlain by a relatively thick sedimentary fill in the deeper parts (Figure 8.4g). This fill 

probably has been sedimented after the last deglaciation and could have buried subtle 

glacial landforms. However, also the basal reflector does not show indications of 

lineations. Hence, a possible scenario is the absence of grounded ice in this area during 

the last maximum ice extent. Instead, the ice stream possibly rested on the grounding 

zone wedge that has been suggested in landward direction [Arndt et al., 2015] and 

continued in the form of an ice shelf (Figure 8.10a).On the basis of the available data, 

however, we cannot entirely rule out the presence of grounded ice in the northern part of 

the trough, since large parts of this area are not mapped by multibeam data. 

Furthermore, iceberg ploughing on the outer shelf could have demolished any glacial 

landforms that would indicate the former presence of an ice sheet (Figure 8.5).  

The recessional moraines located on the middle shelf indicate that a change in retreat 

behavior occurred in this section of the trough. A small portion of these moraines were 

already described by Winkelmann et al. [2010]. After a first phase of fast retreat on the 
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outer shelf, the ice stream repeatedly halted in this area and the deglaciation speed 

slowed down (Figure 8.10c). We link this slow down to the trough morphology, as the 

trough bed changes its gradient from a more reverse gradient to a normal gradient, and, 

in addition, locally becomes even shallower in the trough section where moraines are 

observed [Arndt et al., 2015]. This observation is in line with the numerical simulations 

that state unstable grounding zones on reverse bed slopes [Schoof, 2007]. Similar bed 

observations, corresponding to increased and reduced ice stream retreat speeds, have 

been observed for paleao-ice streams that flowed along other trough or fjord systems 

[Briner et al., 2009; J A Smith et al., 2011], but also in concurrent ice streams such as 

the Pine Island ice stream in Antarctica [Jenkins et al., 2010]. Here, relatively warm 

(+1°C) Circumpolar Deep Water is upwelling onto the shelf and follows the cross shelf 

troughs towards the glacier cavity where it causes basal melting [Jenkins et al., 2010]. 

The modern equivalent on the NEG continental shelf is relatively warm Atlantic water 

with potential for basal melting that is present on the inner shelf [Straneo et al., 2012]. 

A similar upwelling process of Atlantic water in the past could have resulted in rapid 

retreat on the reverse-sloped sections of the NEG continental shelf. Contrasting this 

rapid response, a normal bed gradient rather triggered a slow grounding line retreat, 

thereby resulting in the deposition of recessional moraines within the southern trough 

sections, which characterizes a second phase of deglaciation in Westwind Trough 

(Figure 8.10d). The glacial lineations mapped on the reverse slope of the inner shelf 

rather indicate a fast grounding line retreat which we define as the final phase of 

deglaciation in Westwind trough. 

As demonstrated above, the glacial landforms mapped within Westwind Trough 

indicate a deviating maximum extent and retreat behavior of the northern and southern 

portions of the trough. Ice flow reconstructions based on a bathymetric model show that 

the ice discharging trough Westwind Trough did not only originate from the NEG ice 

stream, but probably also derived from an ice drainage system through Ingolf Fjord 

further north (Figure 8.10a) [Arndt et al., 2015]. The concurrent NEG ice stream 

reaches approximately 700 km inland and has one of the largest catchment areas in 

Greenland (274,220 km2) [Joughin et al., 2000; Zwally et al., 2012]. The NEG area is 

characterized by the lowest precipitation and snow accumulation rates of Greenland 

[Ohmura and Reeh, 1991]. Therefore, we suggest that in the past the ice discharge 

through Ingolf Fjord and in the northern portion of Westwind Trough, which was likely 

fed by a smaller drainage system in the north, was smaller than the ice discharge in the 
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southern portion, which was likely fed by the NEG ice stream. This difference in ice 

discharge between the northern and southern portions of Westwind Trough may explain 

the deviation in maximum extent and retreat behavior. 

 

Figure 8.10: (a) Generalized overview of glacial seafloor features and new LGM extent of grounded ice, 
question marks on the outer shelf show locations where iceberg ploughmarks may have overprinted 
evidence of the maximum ice sheet extent, with inferred ice stream flow from the Greenland Ice Sheet 
(modified from Arndt et al. [2015]). (b, c, d) Reconstructed ice stream setting during (b) LGM, (c) a first 
phase of deglaciation, and (d) a second phase of deglaciation. The timing of deglaciation phases is not 
fixed and possibly occurred independently from each other in the three ice stream systems. Grounded ice 
streams are shown in white. Ice shelves are shown as hatched area. Deglaciated areas are shown semi-
transparent with red outline. 
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8.4.1.2. Norske Trough 

The lineations mapped throughout the entire northern part of Norske Trough are giving 

evidence for a grounded ice stream until the shelf break (Figure 8.10a). The freshness of 

the outermost lineations and the absence of a postglacial draping layer in subbottom 

profiler data suggest that the Greenland Ice Sheet may have reached this extent during 

the LGM (Figure 8.6c and 8.10b). The subtle lineations mapped in the deepest part of 

the trough further to the west, indicate that most probably the entire trough was filled by 

grounded ice. However, more swath bathymetric data of the deeper parts east of 13°W 

are needed to ensure correct interpretation of these seafloor landforms (Figure 8.5). The 

subtle lineations north of Norske Trough at 10.5°W and 77.9°N indicate that during 

maximum glaciation ice either have overflown the lateral moraine found at the northern 

edge of Norske Trough [Arndt et al., 2015], or this lateral moraine has been deposited 

during a stage of deglaciation after its last maximum extent. We suggest the latter as 

otherwise the lateral moraine probably would have been removed by the overflowing 

ice stream (Figure 8.10b). 

The iceberg ploughmarks with exceptional widths (Figure 8.6d) were very likely created 

by grounded tabular icebergs that typically have a flat bottom [Kristensen et al., 1982]. 

Tabular icebergs are calved from floating ice shelves [Dowdeswell and Bamber, 2007]. 

The location of the tabular iceberg ploughmarks and the oceanographic setting give 

indications for their origin. The northern edge of Norske Trough continuously is 

shallower than the depths of the tabular iceberg ploughmarks. Thus, if they originated 

from outside Norske Trough they would have had to flow into the trough via the shelf 

break. From here, the icebergs would have had to drift approximately 90 km in 

northwest direction to arrive at the ploughmark locations. This direction, however, is in 

contrast to the observed dominant NNE-SSW direction of other icebergs. Even though 

palaeo-oceanographic currents could have been different, i.e. due to different sea level 

and ice extent on the shelf, the most likely iceberg drift direction for western Fram 

Strait is and was north to south [Arndt et al., 2014; Darby et al., 2002]. Subsequently, 

we suggest that these icebergs were calved from an ice shelf located in Norske Trough. 

A possible source is located ~70 km west of the ploughmarks. Here, a GZW has been 

suggested in the trough with a maximum depth of 390 m at its easternmost position 

(Figure 8.10a) [Arndt et al., 2015]. This seems a plausible source for tabular icebergs 

with sufficient draft and size. The tabular icebergs could have been calved from this ice 

shelf during a second phase of deglaciation (Figure 8.10d). The calving of tabular 
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icebergs could have either occurred continuously by single major calving events or at 

once during a rapid ice shelf breakup. 

West of the proposed GZW, Norske Trough was entirely filled by an ice stream as 

indicated by the glacial lineations that were formed at its base (Figure 8.6a and c). 

Furthermore, these lineations suggest that after the disintegration of the ice shelf glacial 

retreat was relatively rapid. Even though only high resolution swath bathymetric data 

from one transect of the trough is available, most likely the inferred rapid glacial retreat 

has occurred at least 50 km west- and eastward. In this section, the trough bathymetry 

shows that the ice stream bed had a continuous reverse gradient [Arndt et al., 2015], 

which is typically prone to fast retreat and the inflow of warmer water masses, as 

discussed for Westwind Trough [e.g. Jenkins et al., 2010; Schoof, 2007]. 

In contrast to Westwind Trough, in Norske Trough no recessional moraines have been 

observed in the studied swath bathymetric data. This could indicate that the retreat 

pattern during deglaciation after the last maximum ice extent in Norske Trough differed 

from the retreat pattern in Westwind Trough and underlines that the retreat behavior is 

likely controlled by trough morphology rather than climate fluctuations.  

8.4.1.3. Inter-trough area 

The mapped lineations in the inter-trough area are traces for the distribution and flow 

direction of palaeo-ice streams in the area between Westwind Trough and Norske 

Trough (Figure 8.10a). Ice stream activity extended at least 100 km to the east and 

southeast and followed the complex pattern of sinks and depressions visible in the 

bathymetry [Arndt et al., 2015]. The high density of iceberg ploughmarks on the outer 

shelf very likely has overprinted any seafloor relicts of an ice sheet presence until the 

shelf edge. Hence, the maximum extent of grounded ice remains unresolved for the 

inter-trough area as no landforms indication the ice sheet termination have been 

observed (Figure 8.10a). 

The orientation of the mapped lineations indicates that both inter-trough ice streams 

originate from the same area at the northeastern part of NWS (Figure 8.10a). Here, 

glacial lineations have been described by Evans et al. [2009]. The ice streams where 

either a) fed by the NEG ice stream that overflowed NWS from west to east or b) they 

drained a separate ice dome that likely was located on NWS [Arndt et al., 2015]. We 

favor the ice dome scenario since divergent ice flow around similar shallower parts of 
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glaciated continental shelfs has been observed at the Antarctic Peninsula [Lavoie et al., 

2015] and the Norwegian continental margin [Ottesen et al., 2005], which has been 

related to the presence of local marine ice domes. However, swath bathymetric data 

from west of NWS is needed to reveal glacial landforms that could indicate if ice flow 

from the Greenland Ice Sheet entirely diverged to the north into Westwind Trough and 

to the south into Norske Trough or if ice flow also continued across NWS to feed the ice 

stream system located in the inter-trough area. 

East of NWS at about 11°W and 79.5°N, the ice stream diverged into a northern and a 

southern branch (Figure 8.10b). The area east of the ice flow divergence is shallower 

than 120 m and hence most likely was above sea level during maximum glaciations 

[Rohling et al., 2009]. Possibly, also this area of the shelf was capped by an ice dome 

during glaciations, similar to the proposed ice dome on NWS, and accordingly 

constrained the divergent ice flow (Figure 8.10). 

The thin, up to 3 m thick postglacial coverage on some of the lineations in the deepest 

parts most likely was deposited after the last maximum ice extent. Typically 

sedimentation rates on formerly glaciated continental shelves are highest during 

deglaciation (e.g. > 200 cm kyrs-1) and are lower in inter-glacial periods (e.g. 1-3 cm 

kyrs-1) [Tore O. Vorren et al., 1984]. Estimating approximately 18 kyrs as timing for the 

onset of deglaciation after LGM in NEG [Fleming and Lambeck, 2004], the 3 m drape 

layer equals a linear sedimentation rate of 16.6 cm kyrs-1 which is reasonable in 

comparison to the typical sedimentation rates given above. The local differences in 

sediment thickness of the postglacial cover indicate sediment focusing into sinks and 

areas of deeper water, most likely induced by currents (e.g. the EGC). This highlights 

the spatial variability of postglacial sedimentation on top of the glacial landforms, the 

complexity of estimating the timing of glacial landform formation solely from a 

postglacial sediment layer and hence demands the need for geological constraints on the 

timing of landform formation. 

8.4.2. Iceberg ploughmark orientations 

Icebergs are steered by ocean currents and in addition by wind, waves, and sea-ice 

[Death et al., 2006]. The curved and irregular trajectories of the ploughmarks are due to 

changing external forces (i.e. tidal currents), rotation and rolling of the icebergs 

[Woodworth-Lynas et al., 1985]. The predominant orientation of the ploughmarks in 
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north-south direction shows a strong correlation to the flow direction of the EGC 

[Aagaard and Coachman, 1968], that exports and exported icebergs from the Arctic 

Ocean via Fram Strait [Darby et al., 2002]. This observation suggests that the EGC had 

this flow direction continuously since the last deglaciation of the shelf. The slight shift 

in orientation to NNW-SSE in the deeper parts and in the northern outer shelf area 

(Figure 8.9f and k) is supposed to be related to the SSE orientation of the shelf edge 

guiding the EGC along the shelf edge in this area. The maximum observed iceberg 

ploughmark depth of 850 m is well inside the depth range of iceberg ploughmarks that 

have been found elsewhere in and close to the Fram Strait [Arndt et al., 2014; 

Jakobsson et al., 2010]. 

The equal distribution of ploughmark orientations observed in the northern parts of 

Westwind Trough and Norske Trough (Figure 8.9i and m), which is in contrast to the 

predominant N-S orientation in the southern parts (Figure 8.9j and n), indicates that the 

ploughmarks found in the northern parts were not produced by icebergs transported in 

the EGC but instead resulted from icebergs with exceptional trajectories. The 

morphology of the east to west trending glacial troughs, with banks and ridges at their 

northern edge, sheltered the areas directly to their south from icebergs usually coming 

from northerly directions and impeded, or at least limited, overprinting of older glacial 

landforms (Figure 8.6a and f). A possible explanation for exceptional iceberg 

trajectories that led to ploughing events in these otherwise sheltered areas could be the 

presence of grounded ice on shallower areas of the continental shelf that temporarily 

could have redirected ocean currents. 

8.5. Conclusions 

We presented first geophysical evidence that the Northeast Greenland Ice Stream 

extended at least to the shelf break through Westwind Trough and Norske Trough 

(Figure 8.10a). This extent was most probably reached during the LGM. An at least 100 

km long ice stream system was active in the inter-trough area. This ice stream system 

was most likely fed by an ice dome located on Northwind Shoal. The ice stream 

diverged into a northern and a southern branch, most probably constrained by another, 

smaller ice dome. The mapped submarine glacial features indicate that the speed and 

pattern of ice retreat was variable in the troughs and occurred in different phases during 

deglaciation (Figure 8.10b-d):  
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Westwind Trough: 

Phase I - in the southern part, fast retreat from the shelf edge to about 8°W; in 

the northern part, possibly ice shelf decay. 

Phase II - in the southern part, slow stepwise retreat to about 13°W; in the 

northern part, stabilization at grounding zone wedge with possibly ice shelf 

decay 

Phase III - fast retreat into coastal areas in both parts 

Norske Trough: 

Phase I - fast grounding zone retreat from the shelf edge to stable position on the 

middle shelf at about 12°30’W and establishment of an ice shelf grounded at this 

location 

Phase II - ice shelf decay with release of large tabular icebergs, possibly by 

single breakup event 

Phase III - fast retreat into coastal areas 

Inter-trough area: 

Phase I - entirely fast retreat, no other indications found 

These phases did not have to occur simultaneously. Dated cores are needed to constrain 

the timing of the retreat. After deglaciation the entire continental shelf, except from 

bathymetrically sheltered areas, was heavily disturbed by ploughing events of icebergs. 

These icebergs were pre-dominantly steered by the north to south flowing East 

Greenland Current. 
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9. Conclusions and Outlook 

The Greenland Ice Sheet covered almost the entire NEG continental shelf during the 

LGM. At that time, Westwind Trough and Norske Trough were both filled by ice 

streams that reached at least until the shelf edge. These results confirm the suggested 

larger LGM ice extent from Bennike and Björck [2002] and significantly change the 

previous conceptual model of an ice sheet margin close to the coast. 

The retreat dynamics of the Greenland Ice Sheet on the NEG continental shelf were 

spatially variable and have occurred in phases of rapid and slow retreat. The type of 

retreat shows strong correlation to the slope of the trough. Submarine glacial landforms 

indicative for slower and stepwise retreat are observed where no reverse slope is present 

in the trough. In parts of the troughs with reverse slope, landforms indicative of rapid 

retreat are observed. The mapped grounding zone wedges in four troughs, each located 

in a similar distance to the modern day ice margin, could indicate simultaneous 

grounding zone stabilization and the presence of paleo-ice shelves. 

Due to the absence of dated cores on the NEG continental shelf, the timing of the ice 

retreat phases could only be roughly estimated based on their freshness in the swath 

bathymetric data and on observations of postglacial sedimentary layers on top of the 

submarine glacial landforms. Dated cores from the mapped submarine glacial landforms 

are needed to constrain the timing of the identified retreat phases and to resolve if the 

phases occurred synchronous or asynchronous in the different ice streams. A first step 

in this direction has been made during R/V Polarstern cruise PS93.1 in June 2015. Four 

gravity cores have been recovered from between the moraines located in Westwind 

Trough (Figure 9.1) to resolve the timing of the grounding line retreat in this sector. 

Paleo-ice stream pathways on the NEG continental shelf are reconstructed based on a 

new digital bathymetric model and on submarine glacial landforms indicative for ice 

stream direction. Ice streams have been present in all cross-shelf troughs. The 

reconstruction suggests that local marine ice domes built up on shallow parts of the 

continental shelf. These ice domes could have harbored a significant contribution to sea-

level change. An ice stream system with two ice stream branches is detected in the inter 

trough area between Westwind Trough and Norske Trough. This system was probably 

fed by an ice dome located on Northwind Shoal. 
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Figure 9.1: Bathymetric map of the Northeast Greenland continental shelf with core site of cruise PS93.1 
and focus areas to acquire hydro-acoustic data in the future. Area I: Reveal if ice flow from Greenland 
continued onto Northwind Shoal. Area II: Ice Stream retreat dynamics in Norske Trough. Area III: Ice 
flow pathways, ice retreat dynamics, and water mass pathways in the unsurveyed coastal areas. Greyish 
overlay shows coverage with multibeam and singlebeam data. 

Giant icebergs drifted southwards in Fram Strait, possibly during MIS 6 (190 to 130 

kyrs B.P.). A fraction of the largest ones grounded on Hovgaard Ridge in a modern-day 

water depth of >1200 m and left behind six ploughmarks. The very deep iceberg drafts 

give a new constraint on paleo-ice sheet thickness at the calving line. Dated cores from 

the iceberg ploughmarks are necessary to give a more accurate timing of the giant 
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iceberg export. Numerous iceberg ploughmarks in shallower depths are also mapped on 

the NEG continental shelf. Their dominant orientation is north to south, induced by the 

direction of the EGC. These traces of large iceberg export from the Arctic Ocean are 

indicating that a significant part of freshwater influx to the Greenland-Iceland-

Norwegian Sea was facilitated by large icebergs during deglaciations and was effecting 

the NADW formation. 

Large parts of the study area are still unmapped by hydro-acoustic systems. 

Subsequently, the complete distribution of submarine glacial landforms remains 

unknown. For an even more comprehensive reconstruction of ice stream pathways, their 

retreat dynamics and to further verify the pattern of iceberg ploughing events, more 

mapping efforts are needed. Complete mapping of the study area, however, will not be 

feasible within the next decades, at least for the scientific community. Nevertheless, 

focus areas for different research questions can be given (Figure 9.1). The central part of 

Norske Trough could yield important information to interpret the ice stream retreat 

dynamics that so far predominantly relies on data from the shallower northern part 

(Area II in Figure 9.1). The southern parts of the troughs as well as shallower parts of 

the inter trough areas most probably will not yield information on ice flow directions 

and retreat dynamics due to the higher rate of iceberg grounding and resulting 

perturbation of the seafloor. The coastal areas are nearly unmapped by hydro-acoustic 

systems. Data gathered in this area can yield valuable information to reconstruct the past 

glacial system and in addition is valuable to reveal possible pathways of water masses 

to marine terminating glaciers (Areas III in Figure 9.1). This is especially the case for 

the area west of Northwind Shoal (Area I in Figure 9.1). Here, swath bathymetric data 

most probably will instantly reveal if the NEG ice stream was entirely redirected to 

north and south direction into Westwind and Norske Trough or if ice flow continued 

across Northwind Shoal. This verify or respectively reject the theory of an ice dome 

located on Northwind Shoal that could have harbored a significant amount of ice above 

floatation with subsequent increase of sea level rise after its deglaciation. 
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Appendix 

A  Supplementary material, Deep water paleo-iceberg 
scouring on top of Hovgaard Ridge–Arctic Ocean 
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B Supporting Information, A new bathymetry of the 
Northeast Greenland continental shelf: Constraints on 
glacial and other processes  

B.1 

The NEG_DBM grid and the accompanying source identifier (SID) grid are available 

for download from: http://dx.doi.org/10.1594/PANGAEA.849313 

When using the data please cite the reference paper (doi: 10.1002/2015GC005931) 

B.2 

 

Figure B.0.1: Comparison of the NEG_DBM to the IBCAO V3.0 bathymetry; Note the large differences 
on the shelf and along the shelf edge especially north of 76°N. 
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B.3 

 

Figure B.0.2: Comparison of the NEG_DBM (500 m grid cell size) to the IBCAO V3.0 (2000 m grid cell 
size) source identifier grids (SID); Please note that due to the four times larger grid cell size, data 
coverage for IBCAO V3.0 appears up to 16 times larger; red = multibeam; black = singlebeam; grey = 
contours and inferred contours; blue = seismic first reflector; light green = topography; brown = under-ice 
topography 
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B.4 

SID number Data 
21 FS Polarstern multibeam data 
22 RV Oden multibeam data 
23 RRV JC Ross multibeam data 
31 FS Polarstern singlebeam data 
32 Norske Polar Institut singlebeam data 
33 Woods Hole Oceanographic Institut singlebeam data 
34 U.S. Naval Research Laboratory singlebeam data 
41 TGS-NOPEC first reflector picked from seismic data 
42 Ice shelf seismic data 
43 CTD maximum depths 
44 Autosub-II data (digitized from publication) 
51 Bedrock topography 
52 Icefree topography 
61 Inferred data for DBM steering 
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