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1. Introduction 
Already in 1978 Mercer postulated that warming climate might lead to widespread drawdown and 
thinning of ice sheets caused by ice stream speed-up. Recent observations of ice shelf break-up and 
speed-up of glaciers in Antarctica and the Arctic have called for increased public awareness about 
the influence of climate warming on glaciers worldwide (Antoniades et al., 2011; De Angelis & 
Skvarca, 2003; Howat et al., 2005; Joughin et al., 2010; Rignot et al., 2004). This has led to an 
increase in research of glacier dynamics, where much of the attention has been focused on ice 
streams and the grounding line of marine-terminating glaciers. However, the inaccessibility of 
glacier beds and grounding lines makes direct research of modern glaciers costly and difficult. 
Furthermore, longer temporal records are needed in order to understand the long term influence of 
e.g. warming climate. For these reasons many researchers have found the study of geomorphic 
imprints of formerly glaciated areas suitable for gaining an overview of glacial processes and a 
timescale of their operation (Ó Cofaigh & Stokes, 2008). By studying how palaeo ice sheets 
responded to previous events of considerable warming (e.g. the Bølling-Allerød interstadial; Johnsen 
et al., 1992), we may be able to foresee how the glaciers and ice shelves of the Arctic and Antarctica 
will respond to continued warm conditions.  

 

1.1 Ice streams 
Ice streams are defined as narrow arteries of ice within an ice sheet (Bennett, 2003) capable of rapid 
advection of ice to ice sheet margins, that account for the majority of ice and sediment discharge 
from ice sheets (e.g. Bamber et al., 2000; Bennett, 2003). They are highly dynamic features and 
experience ice flow velocities of at least one magnitude higher than surrounding ice (Bamber et al., 
2000; Paterson, 1994) and may experience large spatial and temporal variations (Bindschadler et al., 
2003b; Catania et al., 2006; Conway et al., 2002; Hulbe & Fahnestock, 2007; Winsborrow et al., 
2012). Ice streams are characterised by a heavily crevassed trunk with well-defined lateral shear 
margins (Echelmayer et al., 1994; Joughin et al., 1999). The large scale surface signature of ice 
streams is repeated on the ice stream bed as shown by studies of palaeo ice stream bedforms in both 
terrestrial and marine settings. This is well illustrated by the distribution of streamlined bedforms 
(Canals et al., 2000; Ó Cofaigh et al., 2002; Stokes & Clark, 1999; Wellner et al., 2006). Like ice 
surface features, bedforms are considered to be indicative of ice stream flow direction and tend to be 
arranged in a converging/diverging fan-shaped pattern at ice stream onsets/termini respectively, 
whilst being highly parallel in the main ice stream trunk (e.g. Stokes & Clark, 1999). Bedforms such 
as megascale glacial lineations (MSGLs) and drumlins become increasingly elongated in the ice flow 
direction as a result of accelerated ice flow velocities downstream (Stokes & Clark, 2002). Lateral 
margins are identified by lateral moraines or an absence of streamlined bedforms (Stokes & Clark, 
1999, 2001) and palaeo terminus positions by the location of terminal moraines or grounding zone 
systems (Anderson et al., 2001; Mosola & Anderson, 2006). The distribution and type of bedforms 
reflect the processes that acted at the ice-bed interface (Stokes & Clark, 2002), sometimes allowing 
reconstruction of palaeo ice sheet dynamics (Ó Cofaigh & Stokes, 2008). 

1.2 Factors influencing ice flow velocity and grounding line retreat 
Early theoretical work concluded that ice acceleration and consequent thinning could be achieved by 
loss of buttressing ice shelves (Weertman, 1974). This view was later disputed (Alley & Whillans, 
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1991; Hindmarsh, 1993; Mayer & Huybrechts, 1999; Vaughan, 1993), but after the breakup of 
Larsen B Ice Shelf in 2002, the effect of loss of buttressing ice shelves on ice flow velocities was 
dramatically demonstrated. Here some of the adjacent glaciers experienced an up to eightfold 
acceleration and significant thinning followed by retreat, while other glaciers in the same area which 
were still buttressed by the ice shelf experienced no ice acceleration (De Angelis and Skvarca, 2003; 
Rignot et al., 2004; Scambos et al., 2004). However, the loss of buttressing ice shelves is not the only 
reason ice streams and outlet glaciers are speeding up. A general trend of glacier acceleration 
(without the loss of buttressing ice shelves) followed by thinning and retreat has been registered for a 
majority of the major outlet glaciers in Greenland (Howat et al., 2005; Joughin et al., 2010).  

Ice stream velocity also depends on the response of glaciers to external forcing factors such as 
changes in climate and sea level. Climatic warming can lead to thinning and/or acceleration of 
glaciers and ice shelves through increased surface melting with warmer air temperatures (Scambos et 
al., 2003; Zwally et al., 2002), increased basal melting due to warming oceans (Bindschadler, 2006; 
Payne et al., 2004; Shepherd et al., 2004). Furthermore, sea level rise can destabilise the grounding 
line, causing the glacier to float off the seabed as a result of buoyancy. This leads to immediate 
retreat of the grounding line to a point where the water is shallower or the ice sheet is thicker (Alley 
et al., 2007; Anderson, 2007). If sea level rise and sedimentary stabilisation work on the same 
timescale, retreat may be paced by grounding zone systems, allowing ice streams to withstand a sea 
level rise of up to several meters (Alley et al., 2007; Anandakrishnan et al., 2007). However, when 
very rapid sea level rise occurs (such as at the end of the last glaciation) it will be a primary control 
on grounding line positions, if other factors affecting ice sheets more rapidly (such as sub-shelf water 
temperatures) are stable (Alley et al., 2007). The spatial/temporal variability in tidal range has also 
been pointed out as potential destabilising factors influencing the grounding line (Bindschadler et al., 
2003a, 2003b; Ó Cofaigh, 2011).  

In contrast, Conway et al. (1999) consider the current retreat of the WAIS to be non-dependent on 
sea level or climate forcing and point out that the WAIS has been continually retreating since the 
Early Holocene and that it may well continue and end with total disintegration of the WAIS. 
Furthermore, Hulbe & Fahnestock (2004, 2007) argue that the type of thinning and consequent 
retreat observed for WAIS ice streams can be explained by the dynamic nature of ice streams. They 
suggest ice streams experience kinematic cycles of slowdown, stagnation and reactivation and relate 
those to the availability of basal meltwater. Further they suggest these changes may lead to ice 
stream reorganisation through flow switching and do not necessarily lead to full ice sheet 
disintegration.  

 

1.3 Influence of meltwater on ice flow velocity and sediment distribution 
The distribution and supply of subglacial meltwater may also play a key role in modulating ice flow 
velocities (Bell, 2008). Ice flow velocity changes (e.g. at the onsets of ice streams) have been 
observed to coincide with subglacial geological boundaries and explained by shifts in subglacial 
drainage system types (Anderson et al., 2001; Raymond et al., 2001; Tulaczyk et al., 2000). Early 
work suggested that the streaming of ice is primarily achieved by subglacial sediment deformation or 
direct sliding on a thin subglacial water film (Alley et al., 1986; Blankenship et al., 1986; Kamb, 
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2001). Today, both deformation and sliding are considered to occur in areas of reduced basal stress, 
as a result of inefficient draining of subglacial meltwater through distributed drainage systems bed 
(Bell, 2008). On the other hand, where effective drainage systems prevail meltwater drains out of the 
glacier system without influencing flow velocities (Bell, 2008). Such systems may occur as R-
channels incised up into the base of the ice (Röthlisberger, 1972), or as N-channels cut down into the 
substrate (Nye, 1976). R-channels are usually large, while N-channels vary greatly in size from a few 
metres to several kilometres where the largest are referred to as tunnel valleys (Röthlisberger, 1972; 
Piotrowski 1994, 1999). Tunnel valleys are considered to be eroded by pressurised subglacial 
meltwater as response to the abundance of basal meltwater greatly exceeding the drainage capacity 
of the subglacial drainage systems and aquifer (e.g. Kehew et al., 2012).  

The subglacial hydrological system also plays an important role in the distribution, transportation 
and deposition of sediment by ice streams. Sediment can be transported and deposited at the 
grounding line in several different ways by ice streams. Firstly, supraglacial and englacial sediment 
may be dumped due to calving and melt-out at the grounding line (Powell & Domack, 2002). 
Secondly, the ice may push sediment mechanically such as at an ice margin (Powell & Domack, 
2002). Thirdly, the concept of a layer of deforming sediment at the ice-bed interface providing both a 
manner of transporting sediments and supporting fast ice flow has become an accepted phenomena 
of ice streams supported by several examples (Alley et al., 1987; Blankenship et al., 1986; 
Engelhardt et al., 1990; Powell and Domack, 2002). Fourthly, subglacial meltwater is able to carry 
and deposit large amounts of sediment at the grounding line (Powell & Domack, 2002). Sediment 
transportation and delivery may thus be viewed as a range of states from fairly rigid sediment being 
pushed directly by the ice, to a sediment slurry or even sediment in meltwater suspension being 
ejected at the grounding line. The key factors governing which process is dominant appear to be the 
amount of meltwater in proportion to the amount of sediment, along with the type of hydrological 
system (channelised or distributed). It appears that this balance governs the way grounding zone 
systems look and behave, and that much can be learned about the ice dynamics of a palaeo ice 
streams from the study of palaeo grounding zone systems.  
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2. Study area and objectives 
The Barents Sea is an epicontinental sea, located north of Scandinavia and northwest Russia(fig. 1). 
The large scale bathymetry is characterised by shallow bank areas (<300 m bsl), separated by deeper 
troughs (<500 m bsl). The Barents Sea was repeatedly glaciated through the Quaternary, with ice 
sheets reaching the continental shelf margins in the west and north (fig. 1; Elverhøi & Solheim, 
1983; Vorren et al., 1988; Svendsen et al., 2004a). During glaciations ice streams occupied the main 
troughs, transporting debris and depositing trough mouth fans, out of which the Bjørnøyrenna trough 
mouth fan is the largest (Andreassen & Winsborrow, 2009; Vorren & Laberg, 1997). The Upper 
Regional Unconformity (URU) separates sediments deposited during these glacial events from 
underlying sedimentary rocks (Elverhøi and Solheim, 1983; Sigmond, 2002). The sediments are 
generally <100 m thick in the central and eastern Barents Sea but may much thicker in the western 
part (Elverhøi &Solheim, 1983; Vorren et al., 1989).  

Figure 
1. Map of the Barents Sea. The study areas covered in papers 1-5 are indicated by the shaded polygons. Also shown are 
major bank areas and seafloor troughs. White dashed line indicates ice sheet extent during the LGM (Svendsen et al., 
2004a . The bathymetry is IBCAO v.3 (Jakobsson et al., 2012).  
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Two main areas of the Barents Sea are covered in this thesis. The Kveithola trough on the western 
margin of Spitsbergenbanken (fig.1), is the case study of papers 1 and 2. Paper 3 focuses on the 
central and south Barents Sea (fig.1), paper 4 covers the uppermost part of Bjørnøyrenna, west of 
Storbanken (fig.1) and paper 5 focuses on the central Barents Sea, namely Bjørnøyrenna, 
Storbanken, Storbankrenna, Sentralbanken, Sentralbankrenna, Thor Iversen-banken, Tiddlybanken 
and Murmanskbanken (fig.1).  

 

This thesis is entitled “Processes and dynamics during deglaciation of a polar continental shelf, 
examples from the marine-based Barents Sea Ice Sheet” and its main aim is to explore what can be 
learned about the pattern of retreat of the Barents Sea Ice Sheet and subglacial/ice-marginal 
processes, from seafloor geomorphology and subsurface characteristics of sediment deposits. Special 
attention has been paid to ice stream grounding line processes and dynamics. A suite of marine 
geophysical methods were used during data acquisition and datasets included multibeam swath 
bathymetry, chirp sub-bottom sediment profiler, and multi-channel sparker/single-channel airgun 
seismic. In Kveithola, a number of seabed sediment cores were acquired, their lithology and physical 
properties described, and samples dated for chronological control. In addition, the Olex fisheries 
database of echo-soundings (www.olex.no) and the IBCAO v.3 dataset (Jakobsson et al., 2010) were 
used for mapping of large seafloor features. 
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3. Summary of papers 
 

3.1 Paper 1 
Rüther, D.C., Bjarnadóttir, L.R., Junttila, J., Husum, K., Rasmussen, T.L., Lucchi, R.G., Andreassen, 
K., 2012: Pattern and timing of the north-western Barents Sea Ice Sheet deglaciation and indications 
of episodic Holocene deposition, Boreas 41, 494-512. Doi: 10.1111/j.1502-3885.2011.00244.x 

 

This paper describes the provenance of acoustic (chirp) units identified in Kveithola, a trough on the 
western margin of the Barents Sea, based on their correlation with sediment units identified in  
sediment (gravity) cores from the area. Identification of source-area and depositional environment is 
based on the combined results of lithological facies analysis, clay mineral content, oxygen isotope 
analysis and chronology based on radiocarbon dates of paired bivalve shells. Interpretation of 
depositional environments was based on the results from the different core analyses combined with 
chirp stratigraphy of the uppermost ~30 m of the trough sediments. The main results indicate that the 
trough was deglaciated by 14.2 cal ka, while ice was still lingering on the shallower 
Spitsbergenbanken and proximal glacimarine conditions prevailed. In the following period (14.2–
13.9 cal ka), the trough was characterised by more distal glacimarine conditions as disintegration of 
the ice sheet on the bank led to deposition of IRD rich muds. At a later time (13.1-10.3 cal ka), the 
depositional geometry suggests sediments arrived through a channel north of the innermost part of 
the trough. A reoccurring shift in dominance between calving and meltwater drainage at the margin 
of the receding Barents Sea Ice Sheet further north, is recorded by heterogenous lithologies in the 
sediment. Furthermore, we speculate that an erosional boundary identified in the cores was formed as 
the Storegga tsunami (~8.1 cal ka) passed through Kveithola.  

 

Contribution of authors: DR, LRB and KA planned and executed the acquisition of the data. DR, 
LRB and RGL did the sedimentary core description and logging and discussed results and 
interpretation of these, LRB assisted DR with identification and sampling of macro-fossils for 
radiocarbon dating, while DR was responsible for further chronological work and all final 
interpretations of sediment properties. JJ was responsible for all parts of the study and text 
concerning clay mineral analysis and interpretation. KH and TLR were responsible for all parts of 
the study and text which had to do with sampling, analysis and interpretation of oxygen isotope 
analysis. LRB was responsible for analyses and interpretation of geophysical data, made fig. 1B-H 
and contributed to writing about this part of the study. DR was responsible for the text, but all 
authors contributed to discussions and writing of the paper. 
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3.2 Paper 2  
Bjarnadóttir, L.R., Rüther, D.C., Winsborrow, M.C.M., Andreassen, K., 2012: Grounding line 
dynamics of the Kveithola ice stream, W Barents Sea, as identified from seabed geomorphology and 
shallow seismic stratigraphy, Boreas (Early view). Doi: 10.1111/j.1502-3885.2012.00273.x. 

 

This paper describes the retreat dynamics of a palaeo-ice stream in the well constrained trough 
Kveithola at the western margin of the Barents Sea shelf. The relatively small size of the ice stream 
system (compared to its larger neighbours) allowed for complete data coverage of the palaeo-ice 
stream bed. The results of this study reveal a complex picture of the deglaciation of this ice stream, 
which appears to have been very dynamic, as summarised in a conceptual model. The model 
includes ten deglacial stages which were identified based on seismic and acoustic data. The first 
eight are based on the distribution of subglacial and ice-marginal sediment units and describe a 
punctuated retreat of the ice stream, including one large readvance. The thickest accumulations of 
ice-marginal sediments are interpreted to be grounding line fans formed by deposition from 
meltwater evacuated at the ice margin, at a time of ice stream still-stand. Thinner accumulations, 
referred to as retreat sheets, are interpreted to be formed through the same process during retreats. 
We suggest that the different appearance of grounding line fans within the trough are directly related 
to the configuration and maturity of the subglacial meltwater system. The last two stages in the 
model describe the post-retreat environment in the trough and are characterised by deposition of 
draping units of glacimarine sediments.  

 

Contribution of authors: All authors participated in planning and acquiring the data. LRB was 
responsible for processing and all interpretation (e.g. horizon mapping) of the data, as well as making 
all figures apart from figure 1 which was made by DR. All authors took part in discussions about the 
results. LRB was responsible for writing the manuscript, while all co-authors contributed actively 
throughout the writing and review of the paper. 

 

 

3.3 Paper 3 
Bjarnadóttir, L.R., Winsborrow, M.C.M., Andreassen, K.: Tunnel valleys in the Barents Sea In 
review. 

 

In this paper we present a study of hitherto unknown valleys on the seafloor of the central Barents 
Sea. The valleys were mapped and their main attributes described. Based on their geometry, 
distribution and association with other geomorphic features they are interpreted to be tunnel valleys. 
Tunnel valleys are eroded by pressurised subglacial meltwater and we favour a polygenetic 
formation through some combination of meltwater outburst floods, steady-state drainage and ice 
erosion. The occurrence of tunnel valleys indicates that large portions of the Barents Sea Ice Sheet 
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were warm-based during retreat across the central Barents Sea and that the amount of available 
subglacial meltwater frequently exceeded the drainage capacity of the existing subglacial drainage 
network and substrate. Further it indicates that the formation of channelised systems into the 
substrate was required in order to effectively drain the excess water from the ice sheet bed. We 
suggest this reflects an increased input of meltwater to the ice sheet bed, possibly as a result of 
climate warming towards the end of the last deglaciation.  

 

Contribution of authors: LRB identified and mapped all described features, made all figures and was 
responsible for writing the paper. MCMW and KA participated in discussions and structuring and 
writing of the paper. 

 

 

3.4 Paper 4 
Andreassen, K., Winsborrow, M.C.M., Bjarnadóttir, L.R., Rüther, D.C. Landform assemblage from 
the collapse of the Bjørnøyrenna palaeo-ice stream, northern Barents Sea. In review.  

 

Bjørnøyrenna is the largest cross-shelf trough in the Barents Sea, and it was occupied by a large ice 
stream during the last glaciation. Here we present a landform assemblage on the seafloor in upper 
Bjørnøyrenna. The presented landforms include a large acoustically transparent sediment wedge with 
mega-scale glacial lineations on the surface, which are overlain by a network of rhombohedral 
crevasse squeeze ridges. The sediment wedge is superimposed on striking parallel grooves 
interpreted to have been ploughed by mega-icebergs. The orientation of the grooves becomes 
gradually more chaotic, which is inferred to be due to break-up of the mega-icebergs into smaller 
icebergs. The sediment wedge is interpreted to consist largely of sediments deposited subglacially in 
a meltwater-rich environment and proglacially by subglacial meltwater evacuated along the whole 
margin of the Bjørnøyrenna Ice Stream. The described geomorphic pattern is consistent with 
stagnation and consequent float-off and break-up of the Bjørnøyrenna Ice Stream. The described 
landform assemblage bears many similarities to those of smaller surge-type glaciers, indicating that 
the similarities between small and large glacier systems may be greater than previously thought. 
Current models of Antarctic ice stream retreat do not capture such a meltwater-dominated retreat. 
However, with increasing climate warming and meltwater production the model presented in this 
paper may become increasingly applicable. 

 

Contribution of authors: LRB discovered the described system. All authors planned data acquisition, 
KA, MCMW and DR acquired the data. LRB and MCMW processed the data. KA was responsible 
for writing the paper and making the figures, except for fig. 1, which was made by MCMW. All 
authors contributed in discussions and to the writing of this paper. 
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3.5 Paper 5 
Bjarnadóttir, L.R., Winsborrow, M.C., Andreassen, K. Deglaciation of the central Barents Sea. In 
prep. 

 

This paper describes the pattern of deglaciation in the central Barents Sea based on the study of 
marine geophysical datasets from five research cruises. The datasets include multibeam swath 
bathymetry, chirp data and seismic data. The main geomorphic features are mapped, described and 
interpreted. Based on the geomorphic mapping, major palaeo-ice margin positions, palaeo-ice flow 
directions and areas characterised by different ice flow dynamics have been identified. Based on the 
distribution of geomorphic features and glacidynamic context identified in this study and other 
published accounts, a new reconstruction of the withdrawal of the Barents Sea Ice Sheet across the 
central part of the Barents Sea has been made. The reconstruction reveals a change in ice dispersal 
patterns as deglaciation progressed.  Furthermore, the conclusions indicate that in some areas ice 
streams draining the ice sheet went through reoccurring phases of fast and slow ice flow, sometimes 
including readvances or ice stream stagnation and ice shelf formation. In these areas retreat was 
characterised by episodic retreat. Retreat in other areas was slow but indications of a switch to more 
dynamic ice flow is observed for some of them during a late stage of deglaciation. We suggest this 
variability of dynamics is strongly linked to the availability of subglacial meltwater and efficiency of 
the subglacial drainage system an thereby also influenced by a warming climate during late 
deglaciation. 

 

Contribution of authors: All authors were involved in planning cruises and acquiring data on board 
R/V Helmer Hanssen. LRB compiled the datasets, mapped geomorphic features, made all figures and 
was responsible for writing the manuscript. MCMW and KA contributed during the writing phase 
through structuring, discussions and review of the manuscript. 
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4. Synthesis 
In this Ph.D. study the seafloor geomorphology of chosen areas of the Barents Sea has been mapped 
and analysed. Based on the geomorphic mapping, in combination with analysis of seismic 
stratigraphy and chirp stratigraphy, the retreat of the Barents Sea Ice Sheet in the Kveithola trough 
on the western margin of the Barents Sea Shelf and in the central part of the Barents Sea has been 
reconstructed. Below the main conclusions of this thesis are summarised. 

4.1 The Kveithola trough 
Papers 1 and 2 constitute a case study of the deglaciation of the Kveithola trough (fig. 1). An ice 
stream is inferred to have flowed from Spitsbergenbanken to the west, through the trough, reaching 
the shelf break at the LGM. This is based on the apparent seafloor geomorphology which is inherited 
from a deeper lying relief, representing the combined surface of subglacial and ice marginal deposits. 
The Kveithola Ice Stream is interpreted to have been very dynamic and have retreated in an episodic 
manner, with a total of six prolonged ice margin positions, whereof one represents a considerable 
readvance. The ice margin positions are represented by subglacial and ice marginal deposits. It is 
suggested that the geometry and characteristics of grounding line deposits in Kveithola are related to 
the availability of subglacial meltwater and reflect the configuration of the drainage system. The 
deglaciation of the Kveithola trough was followed by glacimarine conditions with deposition of an 
up to 20 m thick blanket of ice-proximal sediments. The sediment blanket is too thick to be 
penetrated with a gravity corer and thus it was not possible to acquire material for dating the onset of 
deglaciation. However, it is inferred to have been roughly synchronous with Storfjordrenna (fig. 1), 
which was ice free by ~19.4 cal ka (Rasmussen et al., 2007). Gravity cores from the upper part of the 
glacimarine sediment blanket, contain rhythmically laminated muds older than 14.2 cal ka 
interpreted to represent extensive sea ice cover combined with a large input of sediment from glacial 
meltwater plumes. The upper part of the glacimarine sediment blanket was dated to 14.2-13.9 cal ka, 
interpreted to represent an estimate for when Spitsbergenbanken was deglaciated. The last 
glacimarine influence in Kveithola is represented by up to 20 m thick sediment drifts brought to the 
inner part of Kveithola from a distal northern source. These sediments were dated to 13.1–10.3 cal 
ka, after which slow hemipelagic sedimentation commenced. A hiatus with an erosional base is 
identified in all six studied cores, characterised by mixing of sediment across the boundary, and 
abrupt changes from glacial to interglacial δ18O values which started sometime between 8.6-7.8 cal 
ka ago. We suggest that the erosional boundary may represent the passing of the Storegga tsunami 
~8.1 cal ka ago (Bondevik et al., 2012), which has been documented for a similar propagation 
distance on the adjacent Norwegian coastline (Romundset & Bondevik, 2011).  

 

4.2 The central Barents Sea 
Papers 3-5 describe the palaeo ice flow directions, retreat pattern and dynamics during deglaciation 
of the Barents Sea Ice Sheet in the central part of the Barents Sea. During the early phase of 
deglaciation, ice flowed into Bjørnøyrenna from a crest-shaped ice divide inferred to have been 
centred on Storbanken and extended to the west across Kong Karls Land and to the south towards 
Sentralbanken (fig. 1). Meanwhile the area from Sentralbankrenna (informal name; fig. 1) in the 
north to Tiddlybanken in the south (fig. 1) were fed by ice flowing from the northeast. Ice retreat in 
Bjørnøyrenna and Sentralbankrenna is inferred to have been episodic, while slower retreat is 
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suggested for the remaining areas. It is suggested that the ice stream in Bjørnøyrenna went through 
several cycles of ice streaming and slowdown during this phase, including stagnation and possibly 
ice shelf formation. It is not known for how long this early phase persisted. 

During a later phase of deglaciation a shift in palaeo ice flow directions (inferred from streamlined 
bedforms) indicate a gradual shift of source area for the ice in Bjørnøyrenna (fig. 1), where the ice 
divide migrated towards northwest, assuming a new position over the southern part of 
Hinlopenstretet (fig. 1). A later phase of ice retreat onto Storbanken (fig. 1) sourced from the east is 
also suggested, but it is unclear if these occurred during the same time. An advance of streaming ice 
in the inner part of Storbankrenna (informal name; fig. 1) may have occurred during this time but the 
exact timing is unknown. Retreat in Bjørnøyrenna during this phase continued to be episodic, while 
ice retreat on the bank areas is believed to have been slow. Changes in ice flow directions are also 
observed for later phases of ice flow in Sentralbankrenna and on Thor Iversen-banken, indicating 
that ice flow became more topographically controlled as ice retreated from deeper areas towards 
shallower and a switch to slow retreat occurred. The timing of these events is unknown. Ice 
continued to flow towards Tiddlybanken from the northeast and retreat is inferred to have been slow. 
However, a later phase of more topographically controlled ice advance from east onto 
Murmanskbanken is observed, which is inferred to have involved streaming ice. The timing of this 
event is unknown.  

Chronological control in the central Barents Sea is generally lacking. However the ice sheet retreat 
can be constrained by dates of 16.9-17.5 cal ka (2σ)   marking the onset of glacimarine sedimentation 
in outer Bjørnøyrenna (Rüther et al., 2011) and 14-2-15.6 cal ka (2σ) in the Central Deep (Polyak et 
al., 1995) and 11.-11.6 cal ka (2σ) age of driftwood on raised beaches in Kong Karls Land 
(Salvigsen, 1981). 

 

4.3 Meltwater influence on grounding line deposits and cyclical ice stream behaviour  
In all the papers, meltwater is identified as an important contributor to the observed patterns. This is 
because the amount of meltwater and type of drainage system can influence both the style of 
deposition and glacial dynamics. In paper 1, identified variations in lithological and acoustic units 
are amongst other attributed to varying input of glacial meltwater plumes. In paper 2, the geometry 
of the subglacial meltwater drainage system is inferred to control the geometry of grounding line 
accumulation. Paper 3 describes features interpreted to have been eroded by subglacial meltwater. In 
paper 4, meltwater is suggested to have both promoted fast ice flow and been important for 
grounding line deposition. In paper 5, cyclical ice stream behaviour is attributed to a balance 
between meltwater availability and maturity of the subglacial drainage system. 

Glacial meltwater appears to have had a “Goldilocks effect” on the Barents Sea Ice Sheet throughout 
its retreat, where the fine-tuned balance between the availability of subglacial meltwater and ice 
dynamics, led to reoccurring cycles of fast ice flow followed by slowdown (and sometimes 
stagnation before fast flow was re-established) in the main troughs. With too little meltwater the ice 
moves very slowly, with too much it may experience extreme acceleration (which can in the end lead 
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to overextension and stagnation), but with just the right amount of meltwater the ice can adopt a 
range of flow forms between these two end members.  

Three types of grounding line deposits were identified in Kveithola and the central Barents Sea. The 
first type are acoustically transparent sediment accumulations referred to as ATBs. The ATBs are 
attributed to deposition from glacial meltwater emerging at the grounding line of streaming ice 
(based on upstream occurrence of MSGLs), implying that subglacial meltwater pressure was high 
and sediment strength low enough to support accelerated ice flow by sliding and/or deformation. The 
second type are large semi-transparent ridges interpreted to be moraines formed by ice push at 
prolonged stillstand positions of the ice margin, which indicate high yield strengths of subglacial 
sediments inferred to be the result of being well drained. The third type are small sediment ridges 
interpreted to be annual recessional moraines. In the central Barents Sea, the lateral geometry of the 
acoustically transparent deposits are not as well known as in Kveithola, where the features were 
divided into small or large isolated or merged grounding line fans attributed to different types of 
subglacial drainage systems. Increased data coverage might reveal similar patterns in the central 
Barents Sea. No examples of a widespread pattern of large or small retreat ridges have been 
confidently identified in Kveithola, although the occurrence of small push moraines was inferred in a 
few locations. In the central Barents Sea those types of grounding line deposits are mainly limited to 
the shallower bank areas. Moraines have previously been described on western Spitsbergenbanken 
(Solheim & Kristoffersen, 1984), based on which a similar pattern is suggested to apply for 
Kveithola.  

The networks of stagnation ridges identified upstream of some of the ATBs in Bjørnøyrenna (papers 
4 and 5) have not been observed in other parts of the study areas and to our knowledge this is the 
first account of such features in the Barents Sea directly related to the deglaciation of the Barents Sea 
Ice Sheet. It is a significant find in more than one way. First of all this suggests that stagnation and 
reactivation of the Bjørnøyrenna Ice Stream occurred more than once during the last deglaciation. 
Second, the apparent lack of disturbance of the features strongly suggests the stagnant ice floated 
free of its bed and formed an ice shelf. This seems to be supported by the occurrence of corrugated 
furrows directly upstream of the proximal end of inferred ice shelves. Similar features indicating the 
formation of ice shelves have not been described in relation to the last deglaciation of the Barents 
Sea before. 

We suggest that stagnation may have occurred through three main processes. First, extension 
associated with acceleration caused ice stream thinning which may have led to basal freezing and 
stagnation, as previously suggested for the Bjørnøyrenna Ice Stream (Andreassen & Winsborrow, 
2009; Rüther, 2012). We consider this process to have been especially important during early times 
of deglaciation when there was little input of supraglacial meltwater. Second, with warming climate 
during later phases of deglaciation supraglacial meltwater input to the ice sheet bed probably 
increased. This would have resulted in ice stream acceleration as a result of enhanced basal 
lubrication, which could have led to increased ice sheet drawdown to a point where the ice stream 
decelerated and perhaps stagnated. Third, highly increased melt rates would have led to very high 
subglacial meltwater pressures. We suggest that tunnel valleys were formed as a consequence of the 
amount of subglacial meltwater exceeding the drainage capacity of the subglacial drainage system 
and the substrate, in order to effectively drain the excess of water. Large drainage events may, in 
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some cases, have led to the termination of fast ice-flow, and/or induced ice retreat. Several other 
factors may also have influenced these dynamic changes but better chronological control is needed to 
explore those relationships. However, it is clear that environmental forcing factors such as climate 
and sea level are inherently important. 

 

 

Figure 2. A map of the Barents Sea showing the location of tunnel valleys (TVs) and potential sites of subglacial 
meltwater ponding (basins). Also indicated are previously published ice margin positions and suggested palaeo-ice flow 
directions. The letters a-h indicate potential ice margin positions based on tunnel valley terminations. The bathymetry is 
the IBCAO v.3 dataset (Jakobsson et al., 2012).  

 

A large portion of the tunnel valleys identified in paper 3 appear to terminate at ice margin positions 
identified in paper 5. In light of the cyclical ice flow behaviour described in paper 5, we suggest that 
tunnel valleys may have formed in every location where the ice sheet experienced highly elevated 
subglacial meltwater pressures without being able to respond to them dynamically enough. An 
attempt to reconstruct ice margins based on this idea (fig. 2) fits well with several of the ice retreat 
stages which were reconstructed in paper 5, but unverified stages also appear. It would be interesting 
to see if further investigation can confirm these ice margin positions, or provide evidence that some 
of the tunnels valleys have been reused through several glaciations.  
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5. Future work 
The results from Kveithola highlight the advantages of combining a range of marine geophysical 
methods which has proven successful for deciphering complex patterns of past glacial activity. 
Conversely, the results from the central Barents Sea clearly demonstrate the limitations of only 
acquiring high frequency acoustic data. More high-resolution seismic data is needed from the central 
Barents Sea in order to verify whether the mapped trough-transverse ridges represent bedrock 
protrusions or moraines representing ice margin positions. 

Radiocarbon dating of micro- and macro-fossils from sediment cores would make a vital 
contribution to any multi-discipline approach to study past glacial activity in the Barents Sea. A 
particular problem in the Barents Sea, however, is the lack of dateable material. Without time 
constraint on suggested retreat stages it is impossible to confidently put them into a temporal 
framework with respect to sea-level and climate variations.  

Furthermore, close collaboration with research groups working on reconstructing palaeo-
oceanographic environments using a multi-proxy approach is recommended. This may aid in 
recognising environmental conditions such as sea ice cover, ocean temperatures and ocean current 
systems, as well as establish a detailed chronology of deglaciation. Improved understanding of these 
factors could enable estimates of grounding line retreat rates and duration of different ice flow 
phases. It might also shed light on whether ice shelves commonly formed during the retreat of the 
Barents Sea Ice Sheet and how long they persisted.  

Further investigation of the distribution and thickness of sediments and the depth to the Upper 
Regional Unconformity (URU) in the whole Barents Sea, would also be interesting. Having 
successfully built a model for both the URU and surface sediments, this might help to understand the 
effect of the substratum on for example the distribution of subglacial water and zones of fast ice-
flow, and would also work as a basis for targeting especially interesting  areas in that respect. 
Furthermore, in order to explore the relationship between substrate and glacial dynamics properly, 
more geophysical data is required and a number of geotechnical wells would ideally be needed from 
both sediments and bedrock to assess sediment properties such as permeability and porosity. 

Finally, it would be worthwhile to revisit old studies/data from both the Norwegian and Russian parts 
of the Barents Sea with the aim to combine what is known about the glacial history (e.g. about the 
seismic stratigraphy, sediment thickness and properties, deglaciation ages, palaeo-ice flow patterns 
and dynamics), into a common framework. This might result in some reinterpretations and perhaps 
better constraints on the pattern and extent of the Barents Sea Ice Sheet during the last deglaciation. 
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