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Abstract 

Linnébreen, a 2 km2 high-arctic primarily cold-based polythermal glacier in a 

valley of Carboniferous sedimentary rocks and Proterozoic phyllite and schist in 

southwest Spitsbergen, has retreated approximately 208 m since 2004, and 1.5 km from 

its Little Ice Age maximum (LIAM) at around 1936.  Drift is continuously being 

reworked by meltwater as the area between the glacier and the LIAM moraine is both a 

sediment sink and source.  Suspended sediment concentration (SSC) and particle size 

distribution analyses (PSD) help us to understand the current state of the ice-marginal and 

proglacial area.  Samples were collected during the late 2012 melt season from 18 

locations along supraglacial and two ice-marginal meltwater channels.  These ice-

marginal channels converge 150 m downvalley of the glacial terminus forming the 

proglacial meltwater-dominated stream, Linnéelva.  SSC and discharge of Linnéelva 

were measured from July 24 to August 8 at two proglacial locations, 0.23 and 1.22 km 

downvalley of the glacial terminus.  Data from the ice-marginal and proglacial study 

locations provide clues about where meltwater is transporting sediment from the glacier 

or reworking ice-marginal deposits, and a broad idea of how Linnéelva is reworking 

sediments in the proglacial area upvalley of the LIAM moraine.   

Linnébreen, like many other small polythermal and cold-based glaciers in 

Spitsbergen, does not have moulins or many crevasses that permit meltwater flow to the 

glacier base; therefore, supraglacial, ice-marginal, and sub-marginal channels play a 

significant role in the fluvial transport of drift.  Sampling of these channels took place in 

the late melt season when diurnal solar radiation cycles dictated discharge.  On August 4 

discharge of the east and west ice-marginal channels totaled 0.3 m3/s, SSC of 16 

supraglacial and ice-marginal sample sites ranged from 0.01 to 0.23 g/L and averaged 
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0.12 g/L, and particle size at the same sample sites ranged from 1.01 to 22.09 µm and 

averaged 8.73 µm (silt).  The relationships between SSC, PSD, and channel 

characteristics reveal ice-marginal channels to be complicated sources and sinks for 

glaciofluvial sediment.  In many places there is a direct correlation between change in 

slope, SSC, and PSD.  Also, samples from a supraglacial channel suggested meltwater 

dilution based on a decrease in SSC but no significant change in PSD.  SSC and PSD 

suggest that the eastern ice-marginal channel was acting as a sediment sink during the 

late melt season. 

At the two proglacial sampling locations on Linnéelva discharge from July 24 to 

August 8 averaged 0.77 m3/s with the upper site SSC averaging 0.135 g/L, and the lower 

site SSC averaging 0.212 g/L.  From late July to early August approximately 6.6 x 104 kg 

more sediment in suspension passed through the lower site than the upper site, suggesting 

Linnéelva is significantly eroding its banks in-between the two sample sites.  However, 

data from the 2010 field season indicates net deposition in this same area.  This shift from 

deposition to erosion can most likely be explained by Linnéelva downcutting through the 

LIAM moraine-dammed lake deposits before flowing past the lower sampling site. 

As Linnébreen retreats ice-marginal channels develop in areas of newly exposed basal 

drift, however the bulk of those sediments are most likely eroded during the high 

discharge events earlier in the melt season, such as the spring freshet.  Data from the late 

melt season suggest that the bulk of material transported in suspension via the ice-

marginal channels originates from supraglacial and englacial debris higher on the glacial 

surface.  These larger particles sizes are then deposited in meltwater channels downvalley 

as the slope and water velocity decrease.  Further downvalley the SSC data from July 24 
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to August 8 reveal a significant amount of erosion, possibly from downcutting into 

lacustrine deposits.  The spatial and temporal inconsistencies of stream behavior between 

the ice-marginal and proglacial regions within the LIAM moraine, and between the 2012 

and 2010 field seasons represent difficulties in correlating environmental variation with 

the proglacial sediment record along Linnéelva and the glaciolacustrine record 

downvalley in Linnévatnet.  
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1 Introduction 

Arctic regions are especially susceptible to climate change, and Svalbard, as one 

of the more accessible places in the Arctic, is a convenient place to conduct climate 

change research.  Past studies in the Linné Valley (Linnédalen) have recognized a 

correlation between the lacustrine record in Linné Lake (Linnévatnet), paleoclimate, and 

glacial behavior; however, these studies have not recognized some of the more specific 

transport and depositional processes resulting in different stratigraphic signals (Svendsen 

and Mangerud, 1997).  With this in mind, the overarching goal of the Svalbard Research 

Experience for Undergraduates (REU) is to analyze glacial, hydrologic and sedimentary 

processes influencing the varve record in order to gain a higher resolution correlation of 

the lacustrine sediment record with paleoclimate.   

This specific study was conducted approximately 7.5 km upvalley of the lake at 

the proglacial and ice-marginal areas of the Linné Glacier (Linnébreen) at the head of the 

Linnédalen.  The first goals of the study were to analyze the basic relationship between 

proglacial suspended sediment concentration (SSC) and discharge over the 2012 melt 

season and to determine the suspended sediment yield of the proglacial area upvalley of 

the Little Ice Age Maximum (LIAM) moraine via SSC and discharge monitoring.  

Second, this study aimed to gain a more detailed understanding of sediment sources and 

reworking along the supraglacial, englacial, ice-marginal, and sub-marginal meltwater 

channels of Linnébreen using SSC and particle size distribution (PSD) analyses of 

meltwater samples from a suite of locations along these channels.  While it is understood 

that Linnébreen is a major sediment source of Linnévatnet, an understanding of the 
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specific sources of sediment on and around the glacier can potentially provide clues to 

changes of glacial thermal regime, and thus behavior, over time.   

1.1 The Effect of Glacier Thermal Regime 

The thermal regime or thermal classification of a glacier is determined by how 

much of the glacier is at its pressure-melting point, the pressure and temperature 

conditions necessary for ice to melt.  Ice thickness and ambient temperature are the main 

factors that influence the whether ice is at the pressure-melting point.  If the ice is thick 

enough then the ice at the bottom of the glacier is under enough pressure to reach the 

pressure-melting point. Additionally, thicker ice will insulate the deeper ice from ambient 

temperature conditions.  Glaciers that are completely at the pressure-melting point are 

deemed temperate glaciers, while cold or polar glaciers are completely below the 

pressure-melting point (Ritter et al., 2002).  Many glaciers in polar regions, such as 

Svalbard, are considered to be polythermal because an outer shell of varying thicknesses 

will be below the pressure-melting point due to cold ambient temperatures while the 

deeper ice under the bulk of the glacier will be at the pressure-melting point due to the 

pressure and insulation from the surrounding ice (Etzelmüller et al., 2000). 

The thermal regime significantly influences most glacier characteristics such as 

flow rate, denudation rate (rate of erosion), geomorphology, etc., because of the influence 

of ice melt (Figure 1) (Hambrey and Glasser, 2012).  All glaciers are flowing ice masses, 

however the amount of englacial and subglacial meltwater will influence the rate internal 

deformation (creep) and basal sliding.  Meltwater generation within the ice and meltwater 

accumulation between the bed and base of temperate glaciers allows these glaciers to 

move relatively quickly via both internal deformation and slippage over the bed (Boulton, 
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1970, 1972; Ritter et al., 2002).  On the other hand, cold glaciers are considered to be 

frozen to their beds and thus move nearly entirely by slow internal deformation of the ice 

and underlying sediment or bedrock (Bouton, 1971; Ritter et al., 2002; Hambrey and 

Glasser, 2012).  Polythermal glaciers tend to slide on their beds where temperate-ice 

dominates, though cold-ice internally deforms towards the terminus and glacier margins.  

Because of the different dominant flow properties and rates in temperate and cold ice 

polythermal glacier can bulge at this transition and potentially thrust or surge 

(Christofferson et al., 2005; Hambrey et al., 2005; Hambrey and Glasser, 2012; Menzies, 

1981). 

The variations in the process and rate of ice flow and flow of meltwater across the 

different thermal regimes will influence the erosion and transportation of sediment by the 

glacier and its meltwater.  Temperate ice flows more rapidly than cold ice and thus is 

more likely to crack and form crevasses (Figure 1).  Meltwater that forms on the surface 

and within temperate ice will often exploit crevasses and form moulins that allow 

meltwater to easily access the glacier bed.  With temperate ice, the abundance of 

meltwater from supra- and englacial sources as well as basal melting results in subglacial 

sediments being transported by subglacial meltwater conduits instead of being 

incorporated into the base of the glacier (Hambrey and Glasser, 2012; Kirkbride, 1995).  

Therefore, till concentrations within the base of temperate glaciers are generally limited 

to approximately 30 cm or less (Kirkbride, 1995).  Cold glaciers also entrain little basal 

till because they are frozen to their beds and deform internally, although sometimes 

deformation of the basal ice can result in incorporation of frozen till (Boulton, 1970, 

1972, 1979; Hambrey and Glasser, 2012; Kirkbride, 1995).  Meltwater on cold glaciers is 
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limited to the supraglacial and ice-marginal locations where sediment transport is limited 

(Hambrey and Glasser, 2012).  Polythermal glaciers can develop a basal till transport 

zone over 10 m thick because of thrusting, folding, and regelation (refreezing of 

meltwater) as a result in changing thermal conditions (Boulton, 1970, 1972, 1979; 

Glasser et al., 1999; Hambrey and Glasser, 2012; Kirkbride, 1995; Menzies, 1981).  

Similarly to cold glaciers, meltwater of supraglacial origin is generally shed from the 

surface of the cold-ice shell of polythermal thermal glaciers via supraglacial channels and 

then travels via ice-marginal or submarginal channels until draining into the proglacial 

sandur (outwash plain) (Figure 1) (Hambrey and Glasser, 2012; Hodgkins, 1997).  

Supraglacial debris from rockfall and avalanches can be a significant component of 

glacial sediment where steep topography surrounds a glacier of any thermal regime 

(Boulton, 1970; Kirkbride, 1995).  
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a 

b 

Figure 1: a) Linnébreen is a primarily cold-based glacier in Svalbard; b) Fox Glacier is a 
temperate glacier in New Zealand.  Note the emerging subglacial meltwater channel above 
the red arrow. 
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1.2 Suspended Sediment Studies in Relation to Thermal Regime 

 Suspended sediment has been an important aspect of glacier hydrology studies 

because of the ability of suspended sediment trends to reflect catchment processes, and 

thus important information about glacier drainage systems (Hodgkins, 1996).  Fine 

sediment requires little energy to remain in suspension once it has been initially 

entrained, and so the amount of suspended sediment is limited by sediment supply 

(Hodgkins, 1996).  Thus, suspended sediment trends generally reflect the availability of 

fine sediment to the stream for transport, which is dictated by catchment processes.  

Overall, glaciated catchments have higher suspended sediment yields than non-glaciated 

catchments, which reflects the importance of glaciers as sources of suspended sediment 

(Gurnell et al., 1996).  More important for this study, among glaciated catchments the 

one significant trend noticed by Gurnell et al. (1996) is the lower suspended sediment 

yields of catchments with predominantly cold-based glaciers than those with temperate 

glaciers (Hodson, 1999).  Glaciers with significant proportions of temperate ice slide over 

their beds and in doing so erode their beds, therefore substrate characteristics, mainly 

resistance to erosion, have a greater impact on suspended sediment yields (Bogen and 

Bøsnes, 2003).  Due to these additional variables associated with temperate ice Gurnell 

(1996) did not find more significant trends among predominantly temperate ice. 

In addition to determination of annual suspended sediment yields of catchments a 

number of studies have taken a more detailed look at the development of the relationship 

between suspended sediment concentration (SSC) and discharge over the course of the 

melt season (Bogen and Bøsnes, 2003; Cooper et al., 2011; Etzelmüller et al., 2000; 

Hodgkins, 1996, 1997, 2001; Hodgkins et al., 2003; Hodson et al., 1997, 1998, 1999; 
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Østrem et al., 1967; and others).  The relationship between discharge and SSC over the 

melt season reveals when fine sediment is available for transport and how much sediment 

transport depends on the amount of water moving through the channel.  The differences 

of meltwater paths and sediment supply of different thermal regimes result in different 

SSC to discharge relationships throughout the melt season.  Generally, temperate 

glaciers, and polythermal glaciers with a larger temperate component, exhibit a stronger 

positive correlation between discharge and SSC earlier in the melt season, while 

predominantly cold-based glaciers develop this correlation later on in the melt season 

(Hodgkins, 1996; Hodson, 1997, 1999).  This basic relationship illustrates an exhaustion 

of fine sediment supply for temperate glaciers over the season, while cold glaciers seem 

to maintain a sediment supply later in the melt season (Hodgkins, 1996; Hodson, 1997, 

1999).  The exhaustion of sediment supply recognized with temperate glaciers is 

attributed to meltwater routing in subglacial conduits that flush out the bulk of fine 

sediment accumulation during high discharges associated with snowmelt in the early melt 

season (Hodgkins, 1997).  Studies of predominantly cold glaciers suggest that a 

maintained sediment supply is a result of a combination of stable supraglacial, ice-

marginal, and sub-marginal channels that drain meltwater through both debris-rich 

medial and marginal moraines.  These moraines provide sediment to supraglacial and 

marginal channels via mass wasting and increased supply when the channel’s wetted 

perimeter increases during high discharges (Bogen and Bøsnes, 2003; Cooper et al., 

2011; Etzelmüller et al., 2000; Hodgkins, 1996, 1997, 2001; Hodgkins et al., 2003; 

Hodson et al., 1997, 1998, 1999; Østrem et al., 1967).  Glacier hydrology studies 

utilizing tracers and hydrochemistry analyses agree with the conclusions of these SSC 
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and discharge studies in suggesting the lack of subglacial meltwater in cold glaciers and 

instead the use of supraglacial and marginal channels (Rutter, 2011; Wadham, 1998). 

 

1.3 Grain Size Distribution and Lithofacies Development  

As glaciers retreat and disappear they often leave behind a sediment record, either 

similar to the lacustrine varve record that is a large focus of the REU project, or a set of 

layers consisting of various sediment assemblages, or lithofacies.  In order to be able to 

read a sediment record it is important to be able to decipher the source of the sediment 

and the processes that it has undergone in order to have come to its present state.  Many 

studies have been dedicated to understanding how sediment associated with glaciers can 

be produced by certain glacier activity, and on a larger scale, how differences in glacier 

activity will result in different sets of lithofacies.  Thus it can be expected that glaciers of 

different thermal regimes will leave behind considerably different sediment records. 

Silt and clay are fine-grained sediments that are often associated with glacial 

erosion; in fact, glaciers have been considered a major producer of silt for the entire 

world (Boulton, 1978).  Glacial production of smaller grains is generally understood to be 

due to a combination of two processes, crushing and abrasion of till (Haldorsen, 1981).  

Crushing is considered to break rocks into sand-sized material while abrasion, or grinding 

and dragging material over a more resistant and stable surface, produces especially fine 

silt to clay-sized material (Haldorsen, 1981; Lister, 1981).  It is important to keep in mind 

that finer-grained and softer bedrock will also produce overall finer-grained till then 

coarser or more resistant bedrock (Haldorsen, 1981).  Haldorsen demonstrated that within 

the fine-grained spectrum of abraded material there is a consistent higher percentage of 
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medium silt (~ 16 µm) with significantly lower percentages of coarse silt (~ 60 µm) and 

clay (< 2 µm) (Figure 2).   

While silt and clay are important they must be understood in the more complete 

context of the glacial system.  Silt and clay production are associated with crushing and 

abrasion under high pressures, which largely restricts these process to temperate ice 

sliding over its bed (Boulton, 1978).  Till that does not interact with the glacier bed 

contains more coarse and angular grains, and little to no fine silt or clay (Boulton, 1978; 

Haritashya, 2010).  With these two basic distinctions and a basic understanding of 

meltwater reworking in glaciers of different thermal regimes we are able to predict and 

explain some lithofacies associated with glaciers of different thermal regimes (Hambrey 

and Glasser, 2012).  Additionally, Glasser and Hambrey illustrate how the presence of 

certain debris within glaciers can provide an idea of previous thermal regimes of the 

glacier under different climatic conditions (2001).  

Figure 2: Size distribution per 1 φ  interval of: A) The fine-grained material formed by 
attrition of sandstone bedrock fragments and B) calculated fine-grained abrasion material 
of till, average of 150 samples (Haldorsen, 1981). 
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1.4 Study Area:  

The archipelago of Svalbard consists of the islands between 74ºN – 81ºN and 

10ºE–35ºE, which places Svalbard approximately half way between the northernmost 

Norwegian mainland and the Geographic North Pole (Figure 3).  Svalbard is in the High 

Arctic, though a branch of the warmer North Atlantic Current keeps the ocean off the 

west coast free of sea ice for most of the year (Ingólfsson, 2011).  The mean annual 

temperature is approximately -6ºC at sea level and lower at higher elevations, thus most 

of Svalbard is within the zone of continuous permafrost (Ingólfsson, 2011).  Annual 

precipitation along the coasts is 400 – 600 mm water equivalent (w.e.), while 

precipitation further inland is considerably less at 200 mm w.e. (Ingólfsson, 2011).  

Spitsbergen, the largest island of the archipelago, is mountainous and dissected by many 

fjords, especially along the northern and western coasts.  About 36,600 km2, or 60%, of 

Svalbard is covered by glaciers (Hagen et al., 2003).  On Spitsbergen there are larger 

valley glaciers and ice caps toward the east and west coasts while central Spitsbergen 

tends to have smaller valley and cirque glaciers due to less precipitation (Ingólfsson, 

2011). 
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a 
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Figure 3: a) Arctic political map with Svalbard circled in red (Cole, 2006); b) Svalbard 
map with Linnédalen circled in red (Svalbard Map); c) Linnédalen map courtesy of Norsk 
Polarinstitutt. 

N 
 

4 km 
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1.4.1 Linnédalen 

Linnédalen is a 13.5 km long and 2 km wide glacially overdeepened valley 

located on the southwest coast of Spitsbergen at 78 ̊ 03’ N, 13 ̊ 50’ E (Figure 3b, 3c, and 

4a) (Snyder et al., 2000).  The mean annual temperature in Linnédalen is approximately -

3°C, and annual precipitation is about 400 mm w.e. according to records from the past 

seven years.  Linnédalen is bordered to the east and west by steep scree-covered 

mountains rising 500 – 700 m and headed by the small valley glacier, Linnébreen, 

originating from three upvalley cirques.  Four smaller cirque glaciers also drain into the 

valley.  Linnévatnet is approximately 4.7 km long and 1.3 km wide and is largely fed by 

glacial meltwater via the river, Linnéelva, which drains a 27 km2 catchment.  At 

approximately 12,300 yr BP, following the Late Weichselian glaciation, Linnédalen was 

a fjord; subsequent isostatic rebound isolated the valley from the larger and deeper 

adjacent fjord, Isfjorden, at 9,500 yr BP (Bøyum and Kjensmo, 1980; Snyder et al., 

2000).  Since then Linnédalen and Linnévatnet have been dominated by freshwater 

sediment deposition (Bøyum and Kjensmo, 1980; Svedsen and Mangerud, 1997; Snyder 

et al., 2000).  North-south striking thrust faults on both sides of Linnédalen uplifted 

resistant rock from the Løvliebreen Formation and Diabasoden Suite (Figure 4b) 

(Dallman et al., 2002).  The bedrock geology is dominated by Carboniferous clastic 

sedimentary rocks of the Billefjorden Group, and less so by Proterozoic phyllite and 

quartzite of the Løvliebreen Formation to the west, and Cretaceous dolerite of the 

Diabasoden Suite to the east (Figure 4b) (Dallmann et al., 2002). 
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Figure 4: a) Upvalley view of Linnédalen from Linnévatnet; b) Geologic map of Linnédalen 
with thrust faults marked by lines with triangles on the uplifted side, the Løvliebreen 
Formation in light green, the Billefjorden Group in brown-green, the Diabasoden Suite in 
gray, and the 2008 outline of Linnébreen in red (Dallmann et al., 2002) 

a 

b 
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1.4.2 Linnébreen 

Linnébreen is a small north-flowing maritime valley glacier at the head of 

Linnédalen (77.96°N, 13.9°E).  The glacier flows from 550 to 150 m, is approximately 

2.3 km long, and covers 1.6 km2; the thickness is unknown although probably less than 

70 m (Figure 3c).  The thermal regime of the glacier is also unknown though it is 

assumed to be polythermal or subpolar by Svedsen and Mangerud (1997).  However, the 

presence of a significant portion of temperate ice in Linnébreen is doubtful considering 

the dimensions of other cold-based glaciers on Spitsbergen.  Scott Turnerbreen was 3.3 

km2 and 75 m thick (Hodgkins, 1997; Hodgkins et al., 1998), Austre Brøggerbreen was 

approximately 12 km2 (Hodson et al., 1997), and Larsbreen was 2.96 km2 and 82 m thick 

(Etzelmüller et al., 2000).  All of the previously mentioned Spitsbergen glaciers are 

significantly larger than Linnébreen and considered cold-based after either drilling to the 

glacier base or radio-echo analyses.  Additionally, temperature gradients for other 

Spitsbergen glaciers indicate that at least 95 m ice thickness is required to reach pressure 

melting temperatures, thus it is most likely that Linnébreen is now completely cold-based 

(Hodgkins, 1997).  Studies on Linnébreen from 2003 to 2010 show an average annual net 

mass balance of -0.85 m water equivalent (Kohler, 2012).  The equilibrium line altitude 

(ELA) was above the elevation of the glacier in 2004 at 578 m, and averages at 432 m 

from the 2004 to 2010 data (Kohler, 2012).  Since the LIAM at approximately 1930 in 

Svalbard, Linnébreen has retreated 1.5 km and has lost about 35% of its area (Figure 5b).  

The average retreat rate from 2004 to 2012 is approximately 26.5 m/yr. 
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a 

Figure 5: a) An upvalley view of Linnébreen, the diamicton plain, and sandur; b) Map of 
Linnébreen’s observed retreating margin since the Little Ice Age Maximum (LIAM) 
superimposed on 2008 Nosrk Polarinstitutt aerial photography; c) Graph of Linnébreen 
retreat rates; d) Table of Linnébreen’s total retreat since the LIAM. 
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Many geomorphologic features of Linnébreen and its proglacial area upvalley of 

the LIAM moraine are similar to those of other cold-polythermal glaciers in Spitsbergen 

that have been characterized by Hambrey and Glasser (2012).  Linnébreen’s surface is 

uncrevassed with a higher concentration of supraglacial debris towards the glacier 

margins and terminus (Figure 5a and 6c).  Many of the larger medial and lateral moraines 

on Linnébreen are most likely composed of folded supraglacial debris of largely coarse 

angular clasts (Hambrey and Glasser, 2012).  Some of the smaller moraines nearer the 

terminus may be a result of melt-out basal till as well as supraglacial debris.  In the aerial 

imagery there are clearly arcs of debris present across the snout of the glacier, this debris 

is associated with arcuate fractures across the surface of the glacier snout most likely 

formed as a result of surging and thrusting of warm-based ice over cold-based ice (Figure 

6c) (Glasser et al., 1999; Hambrey et al., 2005; Hambrey and Glasser, 2012). 

The proglacial area is largely characterized by a fluvially dissected diamicton 

plain that is bound downvalley by the LIAM moraine and a kame and kettle complex 

(Figure 6c).  The diamicton plain consists of subglacial till that has been fluted in places 

and later covered with a layer of angular gravelly supraglacial debris as the glacial has 

melted out from between the subglacial and supraglacial till (Hambrey and Glasser, 

2012).  Due to the orientation of the supraglacial debris on the retreating glacier 

sometimes this debris cover appears striped (Hambrey and Glasser, 2012).  Meltwater 

flows across and reworks the diamicton plain, in places incising through the till to 

bedrock, while elsewhere braiding and depositing silt, sand, pebbles, and cobbles (Figure 

6a).  Some channel incisions into the diamicton plain are nested abandoned ice-marginal 

channels that have formed along the retreating ice margin.  Ice-marginal channels are 
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usually associated with the presence of cold glacial ice, however they have been 

documented forming along some temperate glaciers (Syverson et al., 2009).  Their 

formation depends on certain hydrostatic conditions, substrate erodibility, and slope 

(Benn and Evans, 1998; Atkins et al., 2007; Syverson et al., 2009).  It is possible that 

steeper slopes of the west side of the valley are more conducive to ice-marginal channel 

formation than the gentler slopes of the east side.  Often bedrock is visible toward the 

heads of these abandoned ice-marginal channels.  The occupied proglacial channel has 

also dissected the diamicton plain revealing the thin layer of meltout till overlaying the 

thicker layer of basal till (Figure 5a).  Approximately 300 m downvalley of the glacier 

terminus the proglacial channel braids out to form an outwash plain or sandur.  The 

braids of the small sandur coalesce briefly before fanning out again onto a broad 

glaciolacustrine plain of mud.  From the lacustrine plain the meltwater coalesces again as 

the channels gradient increases and dissects approximately 300 m of kames and kettles 

before crossing the LIAM moraine.  From the LIAM moraine the meltwater flows over 

5.5 km before entering Linnévatnet. 
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a 

b 

Figure 6: a) Meltwater incised a channel through a veneer of meltout till and several meters 
of basal till; b) 2008 Norsk Polarinstitutt aerial imagery of an esker within the diamicton 
plain; c) Linnébreen geomorphic map superimposed on 2008 Norsk Polarinstitutt aerial 
photography.  The Little Ice Age Maximum (LIAM) moraine limit (ML) is marked in solid 
green line.  The kame and kettle terrain (KKT), and diamicton plain (DP) are outlined with 
white dashed lines.  The outwash plain (OWP) is outlined in blue, and the nested abandoned 
ice-marginal channels (AIMC) are circled with yellow dashed line.  Black dashed lines 
highlight glacial thrust features, and the 2012 glacier margin is marked in solid red line. 
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The meltwater system is the main focus of this study and consists mostly of a 

network of small supraglacial channels that drain off the sides of the glacier into larger 

incised supraglacial channels that lead to ice-marginal or sub-marginal channels, which 

eventually drain to the proglacial sandur (Figure 8f).  Meltwater from the west side of the 

glacier appears to drain onto a lobe of now stagnant ice where the western supraglacial 

samples were taken (Figure 7a). The water then flows through a section of diamicton 

plain adjacent to the glacier as ground and surface water until flowing northeast back 

toward the glacier.  The meltwater then collects in a channel that flows toward the glacier 

flank and incises through till until encountering bedrock just beneath the glacier margin 

at the ‘W2’ sample site (Figure 7b).  The western meltwater then runs sub-marginally in a 

channel incised through subglacial till and flowing over bedrock, cobbles, and boulders 

until emerging from the tunnel 230 m downvalley at the ‘Wo’ sample site (Figure 7c).  

Meltwater from the east side of the glacier funnels into several incised-

meandering supraglacial channels as it is shed off the side of the glacier.  At the ‘EA’ 

sample site the incised channel was approximately 1 m deep and only 10 cm wide at the 

bottom with a thin snow roof in early August (Figure 8a).  The meandering incised 

channels generally run parallel to medial moraines; the largest channel to the south is 

deeply incised and dissects a larger medial moraine.  This medial moraine formed when 

Linnébreen was larger and a lobe of ice to the west was actively merging with the main 

glacier body resulting in what is now a relict ice-cored moraine.  Farther downvalley, the 

largest meandering channel is incised at least 3 m into the ice so the bottom is not visible.  

Snow and ice cover the incised channels in most places.  Approximately 150 m from the 

first intersection with the large medial moraine meltwater emerges from a snow-roofed 
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Figure 7: a) Upvalley view of the west supraglacial channel; b) West channel tunnel 
entrance with outcropping bedrock beneath approximately 2 m of subglacial till; c) 
West channel tunnel outlet. 
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b 
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channel as a 1.5 m tall waterfall (Figures 8b and c).  The presence of a waterfall or 

nickpoint in this incised channel fits the description of other incised supraglacial or 

englacial channels in Spitsbergen (Vatne, 2001; Gulley et al., 2009a, 2009b).  From the 

waterfall the meltwater seems to have shifted to the west since the 2008 aerial photos 

were taken (Figure 8f).  The channel is still incised in ice though some sediment is 

deposited along the channel bottom at a confluence with another supraglacial stream just 

downstream of sample site ‘E2’.  After ‘E5’ the meltwater cuts beneath a slab of ice 

covered with supraglacial debris, although it is suspected that there may still be ice 

underneath the sand, pebbles, and cobbles deposited on the channel bottom because of an 

adjacent ice-cored moraine.  Between sites ‘E6’ and ‘E7’ bedrock is visible emerging 

above till adjacent to the channel and the meltwater flows through the debris-rich region 

by the glacier terminus (Figure 8d).  The meltwater braids as it leaves the ice-margin and 

then coalesces back into a single channel at ‘E8’ (Figure 8e).  Approximately 75 m 

downvalley of ‘E8’ the east and west meltwater channels converge. 
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Figure 8: a) EA supraglacial sample site; b) Snow-roofed incised supraglacial channels; c) 
Waterfall at sample site E1; d) E6 sample site; e) Glacier terminus; f) Meltwater flow map 
superimposed on 2008 Norsk Polarinstitutt aerial photography.  The black dashed line marks 
the boundary between east and west meltwater flow, and solid black arrows show general 
meltwater flow paths on the glacier surface. 
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1.4.3 A Brief History of Svalbard Glaciers and Linnébreen 

While monitoring of Linnébreen is limited to the past decade, other glaciers on 

Spitsbergen have been observed for over a century.  Understanding the history of similar 

glaciers in the region is essential for a serious analysis of the processes present on 

Linnébreen today.  As previously mentioned, ice thickness and ambient temperatures are 

important determining factors of glacier thermal regime, which determines glacier 

behavior.  The maritime Arctic climate of Svalbard is especially susceptible to climate 

change and so are the glaciers in this region (Hambrey et al., 2005).  Mass balance of 

Svalbard glaciers has been consistently negative for at least the past 40 years (Hagen, 

2003).  Glacier retreat since around 1930, the end of the Little Ice Age in Svalbard, is 

especially evident due to the distance of glacier termini behind the larger moraines 

marking their Neoglacial or Little Ice Age maximum.  The behavior of some glaciers is 

changing most likely due to changes in thermal regime (Hodgkins et al., 1995; Hambrey 

et al., 2005).   

In Svalbard, differences in surging tendencies are the most characteristic form of 

changing glacier behavior.  Polythermal glaciers with a significant portion of warm-based 

ice have the potential to surge and slide over their bed while predominantly cold-based 

ice will remain frozen to its bed.  Scott Turnerbreen, a 3.3 km2 cold-based glacier 50 km 

to the east of Linnébreen, is considered to have surged in 1930 but is now frozen to its 

bed (Hodgkins et al., 1999).  Midre Lovénbreen, a 4 km long polythermal glaciern 110 

km to the north, is considered to have been a surging glacier based on observations going 

back to 1892; thrust-related arcuate debris-bearing fractures are still present on the glacier 

surface (Figure 9b) (Hambrey et al., 2005).  However, today Midre Lovénbreen seems to 
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have lost its surging capabilities (Hambrey et al., 2005).  Since c. 1930 both Scott 

Turnerbreen and Midre Lovénbreen have lost enough of their mass to develop a colder 

thermal regime that does not induce surging behavior.  This change in behavior due to the 

development of a colder thermal regime occurred in less than 60 years on Scott 

Turnerbreen, and most likely during a similar time interval on Midre Lovénbreen 

(Hodgkins et al., 1995).   

Linnébreen exhibits the arcuate thrust-related fractures that were described on 

Midre Lovénbreen, and other features such as striated bedrock and eskers in the 

proglacial area suggest the presence of warm-based ice (Figure 9).  Thus, it is probable 

that Linnébreen has undergone the same changes in thermal regime and behavior as Scott 

Turnerbreen and Midre Lovénbreen.  When considering the characteristics and sediments 

of Linnébreen meltwater it is critical to keep in mind the likelihood of past warm-based 

conditions as well as the likelihood of current cold-based conditions. 
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Figure 9: a) Striated bedrock in the Linnébreen sandur; b) Midre 
Lovénbreen exhibits similar characteristics to Linnébreen, especially 
thrust features (S3) (Hambrey et al., 2005). 
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2 Methods 

2.1 Sampling Locations and Timing 

SSC and discharge monitoring of the proglacial sandur took place from July 24 to 

August 8, 2012.  This time frame does not cover the entire melt season, which most likely 

began in early to mid-June and ended around the beginning of October based on time 

lapse photography from 2011.  SSC monitoring throughout the field season took place at 

two locations upvalley of the LIAM used in a previous study in 2010 (Pendleton, 2011).  

The upper site was 0.23 km downvalley of the glacier terminus just downvalley of the 

confluence of the two major ice-marginal channels emerging from the east and west 

flanks of Linnébreen (Figure 10).  The lower site was 1.22 km downvalley of the glacial 

terminus immediately downvalley of the lacustrine plain and upvalley of the LIAM 

moraine.  The upper site represents the sediment yield of the glacier and the lower site 

represents the effect of the sandur upvalley of the LIAM moraine on SSC.  Discharge was 

monitored at the lower site.   

From 1:00 to 4:30 PM on August 4, 2012 half liter grab samples were collected 

from 16 locations along supraglacial, ice-marginal, sub-marginal, and immediately 

proglacial meltwater channels on both the east and west sides of Linnébreen.  Three 

meltwater streams were picked to sample from: a supraglacial channel on a lobe of 

stagnant ice off the west flank of Linnébreen, a largely sub-marginal channel on the west 

side of the glacier terminus, and the eastern meltwater stream from the central portion of 

the glacier surface to an immediately proglacial site (Figure 10).  On August 7 at 2:30 

PM another set of grab samples were collected along the west channel with two 
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additional sites further within the sub-marginal meltwater eroded tunnel and at the 

immediate tunnel outlet.  These samples were collected during the late melt season and 

the higher flows of a diurnal cycle.  The different sample locations were picked in order 

to best explore the possible effects of changes in meltwater channel characteristics on 

sediment transportation.  Specific channel characteristics are discussed in depth along 

with the results. 
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 Figure 10: Positions of sampling sites along meltwater channels superimposed on 2008 Norsk 
Polarintitutt aerial photography. 
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2.2 Stream Discharge 

Stream discharge was determined utilizing the salt-velocity method because of the 

turbulence of the ice-marginal and proglacial streams.  This method uses the increased 

conductivity of salt water to time the passing of a plume of concentrated sodium chloride 

(table salt) at a certain location downstream of the injection site (Rantz, 1983).  A known 

amount of table salt was dissolved in water before injection and stream electrical 

conductivity was measured using a TROLL 9000 Pro XP.  The equation below describes 

the process of dividing the known mass of table salt by the area under the curve of the 

increased concentration of salt moving past the conductivity meter to determine 

discharge. 

 

In the equation above Q is discharge, Ms is the mass of salt injected, C is the 

concentration of the salt in the stream, C0 is the background concentration of the stream, 

and t is time.  The TROLL detects the presence of the salt plume through conductivity 

(µS) so a conversion factor of 0.54 (NaCl/L)/ (µS/sec) is employed.  This salt injection 

method assumes that the salt has been completely mixed throughout the stream extent, 

and no loss of salt has occurred between injection and the conductivity monitoring site 

(Rantz, 1983).  Mixing was ensured by injecting the salt water relatively evenly across 

the stream width and by taking conductivity readings over 160 m downstream.  The loss 

of salt was assumed to be negligible. 

 Discharge was determined using this method five times during the field season 

along an approximately 160 m long section of the proglacial meltwater stream just below 

€ 

Q =
Ms

C −C0[ ]dt0
T
∫
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the lower proglacial SSC monitoring site.  Using the five discharge measurements and 

stage measurements recorded throughout the season by a HOBOware level logger 

pressure monitor at the lower SSC monitoring site, a stage-discharge rating curve was 

produced.  Barometric pressure recorded at a weather station approximately 2 km 

upvalley of Linnévatnet was subtracted from the pressure recorded at the lower SSC 

monitoring site in order to calculate relative stream stage height.  The rating curve 

produced has an excellent R2 of 0.99, however this curve might overestimate the 

discharge of higher flows.   

Discharge was also measured along the lower portions of the east and west ice-

marginal channels when sampling occurred on August 4, 2013. 
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Figure 11: a) Measuring stream conductivity, photo courtesy of Daniel Frost; 
b) Graph of conductivity curve as the salt flows past the monitoring point; c) 
Discharge-stage rating curve. 
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b 

c 



 36 

2.3 Sample Collection Techniques and Suspended Sediment 

Concentration (SSC) 

At the two proglacial SSC monitoring sites, ISCO automated samplers took 0.5 L 

samples from approximately halfway in the water column in the deepest section of the 

channel every three hours for about two weeks from July 24 to August 8, 2012.  The 

ISCO automated samplers were powered by 12-volt car batteries; the water intake tube 

was placed in the middle of the stream and water column using a buoy and series of 

ropes.  Take note that there is no sample available for the lower ISCO site from July 27 at 

3:00 PM. 

  At the other 18 sample sites on and along the glacier, approximately 0.46 L 

samples were collected using a DH-48 isokinetic depth-integrating sampler to insure the  

most representative samples possible (Davis, 2005).   

Figure 12: a) ISCO automated sampler at the upper site; 
b) DH-48 depth-integrated sampler. 

a b 
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Samples collected via both the ISCO and depth-integrated sampler were 

processed using a vacuum filtration technique.  Prior to processing the actual samples for 

SSC, the 0.45 µm Whatman and Millipore filters were prepared by vacuuming clean 

water through the filter, drying, and weighing the cleaned filter using an electronic 

balance.  The samples were then vacuumed through the cleaned and weighed filters, and, 

after sufficiently drying out, the dirty filters were weighed again.  The weight of the dirty 

filter subtracted from the weight of the clean filter was divided by the amount of water 

vacuumed through the filter to calculate SSC.  

 

 

Figure 13: Processing samples and calculating SSC in Spitsbergen. Photo 
courtesy of Daniel Frost. 
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2.4 Particle Size Distribution (PSD) 

PSD was analyzed for the samples taken at the 18 sites on and directly around 

Linnébreen utilizing Bates College’s Beckman-Coulter LS13 320 Laser Diffraction 

Particle Size Analyzer (PSA), which can measure grain sizes from 0.4 to 2000 microns 

(Figure 14b).  The sediment samples used for the PSD analysis were from the filters used 

to find SSC (Figure 14a).  As much sediment as possible was scraped and brushed from 

the 0.45 µm filters into 47 mL centrifuge tubes; covered in approximately 30 mL of a 

dispersant solution (1.25 g/L sodium metaphosphate), stirred with a Vortex Genie-2, and 

sonicated with a Fisher Scientific Sonic Dismembrator 60 for about a minute.  After the 

samples were then left to soak in the solution for about 1.5 hours.  They were stirred and 

sonicated again for another 30 seconds prior to undergoing the laser diffraction PSD 

analysis.  The chemical dispersant and physical stirring and sonicating are necessary to 

disaggregate fine particles in the solution so that they best represent the original state that 

they were collected in back in Spitsbergen.  It is assumed that this secondary agitation did 

not break the particles beyond their original size during collection from meltwater 

suspension.  Also, it is assumed that the small portion of remaining sediment on the 0.45 

µm filters did not impact the results significantly.   

The PSA automatically runs three separate PSD analyses on the samples and then 

averages the results of those three samples.  The output of the averaged results includes 

error statistics, however these were not significant enough to have a large impact on the 

trends visible among the different sample sites (Figure 14c).  The average of the three 

tests automatically run for each sample were thus used as my final results.  It is important 

to note that laser diffraction analyses assume that the particles are spherical and opaque, 
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and with especially fine particles these assumptions may not be completely valid (Horiba 

Scientific, 2012). 

PSA results are reported in two different particle diameter-based methods.  The 

first method uses the largest 90th percentile particle size (d90), mean or 50th percentile 

particle size (d50), and smallest 10th percentile particle size in the sample (d10).  With 

this method particle diameter is reported in microns.  Along with fluctuations in standard 

deviation (SD), this first method best highlights the change in particle size range.  

Additionally, reporting the d10 and d90 values is statistically more accurate than 

reporting the absolute largest (d100) and smallest (d0) grain size recorded by the laser 

analysis (Horiba Scientific, 2012).  With the second method PSD derived from the laser 

analysis is split into four size categories based on the ISO 14688-1 international scale: 20 

– 60 µm is coarse silt, 6 – 20 µm is medium silt, 2 – 6 µm is fine silt, and clay includes 

particles < 2 µm.  The second method is reported using percentages of the four particle 

size categories present in the samples, and best highlights the shifts in particle size 

dominance. 
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Figure 14: a) Filter paper with sediment; b) Beckman-Coulter LS13 320 Laser 
Diffraction Particle Size Analyzer; c) Particle size distribution (PSD) curve from the E2 
sample. 

a 
b 

c 
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2.5 Slope 

Slope was determined by the elevation readings of a standard handheld Garmin 

GPSMAP 76 model for each of the waypoints associated with the sampling sites.  The 

elevation readings from these devices are well known for their inaccuracy.  However, the 

slope values calculated from GPS derived elevation readings show a general trend of 

steeper gradients farther up on the glacier surface and gentler downvalley gradients.  

Therefore, slope measurements approximate actual slope conditions in the field. 

3 Results and Discussion 

3.1 Discharge and Precipitation 

The average discharge during the monitoring period was 0.77 m3/s.  The maximum 

discharge of 1.51 m3/s occurred soon after a rain event on July 24 at 3:00 AM, while the 

lowest discharge of 0.40 m3/L occurred on August 6 at 5:30 AM.  Throughout the 2012 

field season, discharge exhibits an overall decreasing trend with a large spike on July 29-

30 that correlates with a larger precipitation event recorded at a downvalley weather 

station.  More specifically, discharge over the season can be split into two main trends, 

aside from the large spike in discharge associated with rainfall.  First, a period from 

approximately July 22 to July 29 exhibits initially higher discharges, and a more irregular 

diurnal variation; the decreasing trend over these five days is much more pronounced 

than later in the field season.  After July 31, discharge still appears to be falling on a 

multi-day scale but to a much smaller degree than observed during the earlier period.  

Instead, the discharge later in the field season is dominated by diurnal variation.  The 

three large spikes in discharge following August 8 are not associated with precipitation 
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events, and are thus suspected of being a result of malfunctioning equipment during 

higher flows.  However, rapid high flows are often observed in glacial environments. 

Only the rainfall on July 23-24 and July 29-30 may have had an influence on 

discharge.  The weather station recording precipitation is approximately 4.5 km 

downvalley of where stage was recorded.  Therefore, events recorded farther downvalley 

may not have been experienced upvalley at Linnébreen. 

The initially higher discharges and steeper reduction of discharge during July 22-29 

are attributed to the presence of greater amounts of snow and snowmelt.  It is likely that 

the July 23 rain event also increased discharge, but the decrease in discharge after the 

event is much more gradual then that following the rain on July 29-30.  The presence of 

snow would delay the return of discharge to those levels prior to rainfall (Wadham et al., 

1998).  According to field observations there was still a significant amount of snow lower 

on the glacier that melted earlier in the melt season, thus this more gradual snowmelt 

probably had the greatest influence on the early field season discharge trends. 
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The more gradual reduction in long-term discharge and stronger diurnal signal later in 

the field season is attributed to glacier melt of the ablation zone.  Once the snow has 

melted from the ablation zone ice melt dominates.  Because meltwater storage time drops 

with the loss of a snowpack, there is a more pronounced effect of daily, or diurnal, 

cyclical variation in the sun’s short-wave radiation on melt rates and thus meltwater 

discharge (Wadham et al., 1998).  With a significant rain event, such as that on July 29-

30, the diurnal signal is overprinted. 

3.2 Proglacial Suspended Sediment Concentration Monitoring  

SSC at the upper ISCO site averaged 0.135 g/L, while the SSC for the lower ISCO 

site averaged 0.213 g/L.  Maximum SSC for both monitoring sites occurred during a rain 

Figure 15: Discharge and precipitation data during the 2012 field season.  Note the correlation 
between rainfall on July 23-24 and July 29-30, and peaks in discharge. 
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event on July 29–30.  The upper site SSC peaked on July 29 at 6:00 PM with 0.948 g/L; 

the lower site peaked 9 hours later on July 30 at 3:00 AM with 0.661 g/L.  Minimum SSC 

occurred closer to the beginning of the monitoring period at the upper site on July 27 at 

3:00 AM with 0.041 g/L, and closer to the end of the monitoring period on August 5 at 

6:00 AM with 0.106 g/L.  For the exception of high flows on July 29, August 5 and 7, the 

lower ISCO site registered higher SSC than the upper ISCO site throughout the field 

season.  The linear trendline of the lower site has a negative slope just over twice as steep 

as the negative slope of the upper site trendline.  The upper and lower ISCO sampling 

sites show moderately similar timing of SSC fluctuation (r = 0.652, p < 0.001).  In similar 

fashion to discharge trends, there appear to be two main trends in SSC across the field 

season.  Prior to July 30 the diurnal signal is less pronounced, especially at the lower site, 

than the diurnal signal following July 30.  

It is most likely that downcutting of the channel into the fine-grained lacustrine plain 

just upvalley of the lower ISCO site is causing the overall higher SSC at the lower site.  

This is a fairly recent change in sandur processes considering Pendleton (2011) found the 

opposite SSC relationship between the upper and lower ISCO sites; thus the sandur was 

primarily a sediment sink during the 2010 field season.  The few occasions when the 

upper ISCO site had higher SSC were most likely due to flushing of courser grains that 

accumulated in the beds of meltwater channels during lower discharges.   

The trendlines at both locations were negative suggesting that the sediment source 

was gradually being exhausted throughout the field season; however the rate of sediment 

exhaustion is more pronounced further downvalley than closer to the glacier.  The 

availability and exhaustion of sediment on the glacier and in the proglacial area depends 
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largely on the timing of snowmelt and subsequent exposure of sediment.  Throughout the 

study period the sandur was largely devoid of snow while there was snow left on the 

glacier; therefore it is possible that at this time in the melt season the glacier was a more 

stable sediment source as melting snow and ice release sediment available for transport.  

The general stability of sediment sources in ice-marginal streams of polythermal glaciers 

in Svalbard was observed by Hodgkins et al. (1996), among others . 

The stronger diurnal signal in SSC later in the field season is similar to that observed 

in discharge; it is therefore tempting to also attribute this change in the SSC trend to snow 

and ice melt.  However, in the early season period the lower ISCO site SSC had a weaker 

diurnal signal than the upper site SSC, which does not make sense if the lack of snow on 

Figure 16: Suspended sediment concentration (SSC) data from the upper and lower monitoring 
sites during the 2012 field season.   
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the glacier increases diurnal regularity.  Instead it would be expected that both sites 

exhibit similarly weak diurnal patterns.  One possible suggestion for the stronger diurnal 

patterning of the lower site SSC is that channels through the lacustrine plain were more 

defined following the higher discharges associated with the July 29-30 rainfall, thus 

reducing the muffling effect of the braid plain on the lacustrine mudflat of the SSC 

diurnal signal. 

3.2.1 Proglacial SSC Monitoring and Discharge   

SSC at both upper and lower sites have a moderate positive correlation with discharge 

(r = 0.492 and 0.560, p < 0.001).  The correlation between discharge and the SSC of the 

lower ISCO site is most likely strongest because stage was also monitored at the lower 

ISCO site, and there is probably a small lag between the upper and lower sites.  The 

sixteen-day monitoring period was not long enough to comment beyond the overall 

correlation between discharge and SSC.  The correlation between the upper ISCO site 

and discharge seems to remain consistently positive throughout the monitoring period as 

is generally characteristic of predominantly cold glaciers.  However, if the monitoring 

began with spring melt and extended to the end of the melt season a greater variation in 

this relationship would be expected as discussed by Hodgkins and Hodson (Hodgkins, 

1996, 1997, 2001; Hodgkins et al., 1998, 2003; Hodson et al., 1997, 1998, 1999).   

Suspended sediment yield (SSY) is calculated by multiplying SSC and discharge over 

time.  Stage was monitored only at the lower ISCO site, and thus discharge from the 

lower site was also used to determine sediment yields for the upper site.  The assumption 

that discharge at the upper and lower sites are equal is probably not exactly correct; 

however these calculations provide a guide to how much sediment is actually traveling 
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through this proglacial system.  Discharge is likely higher at the lower site, so SSY for 

the catchment above the upper site is probably a small exaggeration. Keeping these 

assumptions in mind, during the 2012 field season roughly 130 metric tons of suspended 

sediment were transported from the glaciated catchment upvalley of the upper ISCO site 

and approximately 196 metric tons of suspended sediment were transported from 

upvalley of the lower ISCO site.  Therefore, 66 metric tons of suspended sediment was 

transported away from the 975 m expanse of sandur between the two ISCO sampling 

locations, and probably more specifically from the mud laden lacustrine plain just 

upvalley of the lower ISCO site. 

Figure 17: Suspended sediment concentration (SSC) and discharge data during the 2012 field 
season.  Note the positive correlation between SSC and discharge. 
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In order to compare the SSY of Linnébreen to that of other glaciers, SSY for the 

complete melt season is necessary.  Although there are a number of methods of 

comparing glacier SSY, the method of dividing the annual SSY by catchment area is the 

easiest to apply in this instance (Gurnell et al., 1996).  Most likely the 2012 monitoring 

period only covered about 15% of the melt season, and if the assumption is made that 

discharge and SSC conditions are about the same for the rest of the melt season then the 

annual SSY for Linnébreen was 849 metric tons.  Taking into account Linnébreen’s 1.6 

km2 area the annual SSY/ km2 is roughly 530 metric tons.  This figure is probably an 

exaggeration due to snow cover reducing SSC earlier in the melt season and reduced 

discharge later in the melt season.  Despite the over generalization of the calculation, 530 

metric tons / year / km2 is still lower than for most temperate glaciers, and would plot 

Linnébreen among other predominantly cold-glaciers within figures produced by Gurnell 

et al. (1996).  A more reliable annual SSY would require either a more complete 

monitoring period, or a model to account for changes in catchment processes and 

sediment availability throughout the melt season.   

3.3 West Supraglacial Channel Sampling  

The 60-m section of supraglacial meltwater channel described is on an approximately 

40,000 m2 lobe of ice merging with the western flank of Linnébreen.  The ice exposed 

toward the northern margins of the lobe bears more melt-out debris than ice closer to the 

center and southern portions of the lobe.  Three sample locations, I1 to I3, were chosen 

along one of several small 10 – 50 cm wide sub-parallel meltwater channels within the 

stagnant lobe (Figure 10).  An increase in exposed sediment towards the lobe margins 

was the only significantly changing characteristic along this stream channel.  There were 
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also small amounts of meltwater continuously trickling into the channel from the 

surrounding ice surface.  The last sample location, I4, is at an ice-marginal location 

directly after two meltwater channels have converged. 

 Throughout this channel section SSC drops from a maximum of 0.075 g/L at I1 to 

a minimum f 0.063 g/L at I4 (Figure 18a).  The average SSC of the four supraglacial 

samples is 0.70 g/L.  Particles in suspension range from fine to medium silt.  Particles 

decrease in size from I1 to I3 and significantly increase in size at I4.  The percentage of 

fine silt in suspension increases from I1 to I3, and medium silt percentage increases at I4.  

PSD SD increases from I1 to I3 and drops slightly at I4 (Figures 18b and c).   
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West Supraglacial 8/4/12 Location 
Max SSC 0.0749 g/L I1 
Min SSC 0.063 g/L I4 
Avg SSC 0.070 g/L  
Max d90 PS 18.44 µm I4 
Min d10 PS 4.3 µm I3 
Avg d50 PS 12.56 µm  

Figure 18: Data for the west supraglacial channel samples: a) Table of the maximum, 
minimum, and average suspended sediment concentrations (SSC) and particle sizes (PS); b) 
Graph of SSC and particle size distribution (PSD) represented by percentages of coarse silt 
to clay sized particles; c) Graph of SSC, standard deviation (SD) of PSD, and PSD 
represented by d10, d50, and d90 particle sizes. 
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        The moderate negative correlation between PSD SD and SSC (r = -0.508, p = 0.492) 

suggests that, as SSC decreased, the range of particle sizes increased, and thus new 

particles are entering the channel despite a SSC decrease.  Field observations of a 

sediment-free channel bed also suggest that sediment is not falling out of suspension.  

These field observations and data allow for the following interpretation.  From I1 to I3 

constant meltwater flow from the surrounding ice to the channel contributes small 

amounts of fine silt and dilutes SSC.  After I3 a patch of melting snow amplifies dilution 

of SSC, and when the water flows off the ice surface more medium silt becomes 

accessible for transport, but snowmelt maintains low SSC levels. The supraglacial area 

surrounding the channel is therefore a source of fine silt, while supraglacial sources of 

medium silt must be upvalley of the sampled channel section.  The shift in PSD at I4 

suggests that supraglacial meltwater is supply-limited.     

 Usually sand and coarser grains are associated with supraglacial debris, whereas 

fine and medium silt are associated with basal debris (Boulton, 1978; Hambrey and 

Glasser, 2012).  Therefore, it is likely that the present supraglacial debris on this ice lobe 

is melt-out englacial debris that had been subject to basal grinding and abrasion processes 

when this ice was more temperate and actively sliding (Boulton, 1978; Haldorsen, 1981). 
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3.4 West Sub-Marginal Channel Sampling 

This 290-m channel section begins at an ice-marginal location, W1, where 

supraglacial meltwater, mostly in the form of sheet flow and small channels, and 

groundwater, which probably originates at the stagnant lobe upvalley, collects. The next 

two sampling locations, W2 and Wi, are at marginal meltwater tunnel locations. W2 is at 

the tunnel entrance where the channel has first incised through till to bedrock, and Wi is 

64 m into the tunnel.  Beneath the ice, visible along the walls of the tunnel entrance, is a 

2-m thick layer of saturated gravel-mud subglacial till over bedrock, and between the 

bedrock and flowing water there is a 2-m high wedge of mass wasted saturated till.  The 

saturated till may be due to melting ice, however large amounts of snow also accumulate 

at the tunnel entrance over the winter and then melt into the channel and thawed substrate 

throughout the summer.  The channel bottom along the first half of the tunnel is bedrock, 

boulders, cobbles, pebbles, and sand.  Wo is where the largest channel emerges from the 

tunnel; W3 is where other smaller braids converge. The channel bottom downvalley of 

the tunnel is sandy cobbles and pebbles.  As the channel gradient decreases the sub-

marginal channel becomes braided prior to emerging from beneath the ice at site Wo.  

Around 4:00 PM on August 4, sampling took place at W1, W2, and W3.  At 2:30 PM on 

August 7, sampling took place at W2, Wi, Wo, and W3.  These sample locations are 

different in order to get a better idea of what may be happening toward the middle (Wi) 

and end (Wo) of the tunnel.   

On August 4 the western channel average discharge was approximately 0.18 m3/s, the 

water velocity was roughly 0.4 m/s, and the average SSC was 0.063 g/L (Figure 19a).  

SSC drops from 0.071 g/L at W1 to 0.052 g/L at W2 and then rises to 0.066 g/L at W3 
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(Figures 19b and c).  Particles in suspension range from clay to coarse silt.  D10 particle 

size and coarse silt percentages decrease (Figure 19b).  D50 particle size and the 

percentage of medium silt follow the opposite trend of SSC and increase at W2 before 

decreasing at W3 (r = -0.760, -0.958; p = 0.451, 0.185).  PSD SD, like d90 sizes and 

coarse silt components, decrease throughout the August 4 samples (Figure 19c).    

The average SSC on August 7 was 0.108 g/L (Figure 20a).  SSC is similar within the 

first half of the tunnel from W2 to Wi.  At Wo SSC drops to a minimum of 0.097 g/L 

before SSC quickly rises to a maximum of 0.118 g/L 33 m downstream at W3 (Figures 

20b and c).  Particles in suspension range from clay to medium grained silt.  SD, d90 and 

d50 particle sizes, and medium silt percentages follow the same trend as SSC (r = 0.880, 

0.858, 0.738, 0.722; p = 0.120, 0.142, 0.262, 0.278) (Figure 20c).  The fine silt and clay 

percentages follow the opposite trend of medium silt (r = -1.0, -0.937; p < 0.001, p = 

0.063) (Figure 20b).  The slope of the channel is generally becoming gentler downvalley 

(Figures 19b and 20b). 

The August 4 samples show that, prior to entering the tunnel, the meltwater has 

higher SSC, which is most likely due to flow through the till downvalley of the stagnant 

ice lobe.  Once the meltwater reached the tunnel, SSC dropped considerably, probably 

due to melting of the snow collected in and around the tunnel entrance.  The strong 

positive correlation between PSD SD and SSC from the August 7 samples (r = 0.880, p = 

0.120) suggests that within the sub-glacial tunnel the meltwater is transport-limited.  The 

channel between W1 and Wi appears to be a source of primarily medium 

silt considering the increase in the percentage of medium silt at W2 and Wi.  After Wi 

medium silt percentages decrease, likely as a result of medium silt deposition as water 
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velocity decreases with gentler gradients and channel braiding.  The percent of medium 

silt increases again once the braids coalesce downstream of the tunnel outlet and the 

water velocity increases.  Overall this data suggests that the sub-marginal channel is 

erosive along the higher and steeper section while depositional as slope decreases just 

before the tunnel outlet. 

The strong negative correlations between percentages of medium silt and percentages 

of fine silt and clay suggest that the amount of silt and clay in suspension remains about 

the same but the amount of medium silt in suspension varies with water velocity.  If the 

amount of fine silt and clay in suspension remains about the same, it is likely that the sub-

glacial channel from W1 to Wo is not a significant source of these particle sizes, but that 

the main source is instead upvalley of W1.  If finer-grained material comes from the 

exposed supraglacial debris and till downvalley of the ice lobe, perhaps chemical 

weathering following the removal of ice-cover leads to the production of finer grains, 

whereas medium silt is produced by basal grinding and abrasion.  Although chemical 

weathering may not be expected to be significant at such high latitudes, grain textures 

analyzed by Mahaney (1995) suggested this possibility.  It is also possible that fine silt 

and clay are transported to exposed surfaces by eolian processes.  If these particles are 

old soils, or basal physical weathering these sediments should also be present in the 

tunnel.   

Additionally, the steady decrease in the percentage of coarse silt on August 4 and 

absence of coarse silt on August 7 suggest that late melt season water velocity is not fast 

enough to suspend coarse silt throughout the channel section.
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8/4/2012 Sampling Location 
Max SSC 0.0706 g/L W1 
Min SSC 0.0519 g/L W2 
Avg SSC 0.0629 g/L  
Max d90 PS 19.66 µm W1 
Min d10 PS 1.35 µm W1 
Avg d50 PS 7.25 µm  

Figure 19: Data for the west sub-marginal channel samples from August 4, 2012: a) Table 
of the maximum, minimum, and average suspended sediment concentrations (SSC) and 
particle sizes (PS); b) Graph of SSC, slope, and particle size distribution (PSD) represented 
by percentages of coarse silt to clay sized particles; c) Graph of SSC, standard deviation 
(SD) of PSD, and PSD represented by d10, d50, and d90 particle sizes. 
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8/7/2012 Sampling Location 
Max SSC 0.118 g/L W3 
Min SSC 0.0972 g/L Wo 
Avg SSC 0.108 g/L  
Max d90 PS 13.39 µm Wi 
Min d10 PS 1.24 µm Wo 
Avg d50 PS 5.95 µm  

Figure 20: Data for the west sub-marginal channel samples from August 7, 2012: a) Table 
of the maximum, minimum, and average suspended sediment concentrations (SSC) and 
particle sizes (PS); b) Graph of SSC, slope, and particle size distribution (PSD) represented 
by percentages of coarse silt to clay sized particles; c) Graph of SSC, standard deviation 
(SD) of PSD, and PSD represented by d10, d50, and d90 particle sizes. 
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3.5 East Meltwater Channel Sampling 

This 1114-m channel section begins supraglacially on debris-clear ice at EA; the 

meltwater then travels 457 m downvalley via incised supraglacial – englacial conduits 

through medial moraine debris until emerging at E1.  At E4, approximately 2-3 cm of 

pebbles and sand cover ice along the channel bed.  At E5 the channel runs under a slab of 

glacial ice and is thus considered ice-marginal although ice from the adjacent ice-cored 

relict medial moraine may not be too far beneath the channel bottom.  Downvalley of E6 

bedrock outcrops above till adjacent to the channel and the meltwater begins to flow past 

the debris-rich glacier terminus.  The last of the sediment-laden meltwater flows from the 

glacier terminus into a braided section of the stream upvalley of where the channels 

coalesce at E8.   

The discharge of the lower east channel during sampling on August 4 was 0.13 m3/s, 

water velocity was 0.4 m/s, and the average SSC was 0.166 g/L (Figure 21a).  The stream 

at EA has the minimum measured SSC of 0.0102 g/L.  Once the meltwater has traveled 

through the medial moraine debris via the incised channels, the SSC rises to its maximum 

of 0.230 g/L at E1 (Figure 21a).  SSC drops to 0.146 g/L at E4.  SSC then increases to 

0.192 g/L at E7 despite gentler gradients.  SSC drops slightly to 0.183 g/L at E8 (Figure 

21b and c).  Particles in suspension range from clay to coarse silt at E1 until most of the 

coarse silt has fallen out of suspension by E6 (Figure 21b).  There was not enough 

sediment from the EA sample for the laser diffraction PSA to provide an analysis.  D90 

particle size and the coarse silt percentage follow the same trend of PSD SD which peaks 

at E3 and decreases to E8 (r = 0.996, 0.987; p < 0.001) (Figure 21b and c).  The fine silt 

percentage has a strong negative correlation with the coarse silt percentage and PSD SD 
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(r = -0.944, -0.956; p < 0.001), and thus becomes a larger component of the suspended 

sediment downvalley.  The medium silt and clay percentages also follow the opposite 

trend from the coarse silt component from E1 to E4; however after E6 clay and fine silt 

percentages decrease while medium silt percentages increase.  The E5 particle size data 

may not be very accurate because of challenges during the particle size analysis process.  

D50 and especially d10 particle sizes remain fairly consistent from E1 to E8 (Figure 21c). 

It is obvious that there is very little sediment available for transport higher on the 

glacier surface at E8 and that the bulk of sediment being transported along the east 

channel is entrained within the debris-rich marginal zone between EA and E1 by the 

meltwater in the incised supraglacial channel.  By E2, a significant component of coarse 

silt has fallen out of suspension, but PSD has essentially returned to E1 conditions with a 

slightly larger component of coarse sediment transported into the main channel by a 

supraglacial tributary that also flows through the debris-rich marginal zone.  Although the 

tributary introduced more sediment to the channel, it still has a diluting effect on SSC.  

Downvalley of E3 the coarse silt falls out of suspension due to a decrease in water 

velocity.  The medium silt, fine silt, and clay percentages increase as a result of coarse 

silt falling out of suspension but also potentially due to medium and fine silt being 

entrained from the channel bed, smaller supraglacial tributaries, or the relict medial 

moraine.  Downvalley of E4 SSC also increases despite the decrease in coarse silt.  This 

could be due to incoming fine and medium silt from sediment-rich meltwater, reworking 

of sediment from the channel bottom, and/or percolation of water into the permeable 

sediment of the channel bottom.  By E6, decreasing meltwater velocities due to gentler 

slope had caused some medium silt to fall out of suspension while some finer grains had 
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been incorporated.  SSC continues to increase until E7 due to a combination of the 

reasons discussed before.  Slightly higher medium silt percentages and lower SSC levels 

may be due to additional meltwater transporting silt from the glacier snout.  Overall, 

coarse silt has been transported from supraglacial and englacial sources and deposited at 

ice-marginal locations while only medium silt to clay has been completely transported 

past the glacier toe. 

While it is not absolutely certain how much more medium silt to clay-sized particles 

had been introduced to the channel from supraglacial sources after E1, it seems likely that 

the majority of the sediment still in suspension toward the glacier toe was originally from 

the debris-marginal zone between EA and E1.  Considering the significant percentage of 

finer grain sizes ranging from medium silt to clay, it is probable that during the 2012 field 

season meltwater in the incised supraglacial channel accessed debris that had undergone 

basal grinding and abrasion.  Similar incised supraglacial channels on Svalbard have been 

known to interact with the glacier bed (Gulley et al., 2009a, and 2009b).  Additionally, 

not only was Linnébreen likely a polythermal glacier with significant temperate ice, 

which are known to incorporate thick layers of basal debris from basal freezing near the 

margins, but this area of the glacier is also a medial moraine where basal debris would 

have been incorporated into the glacier by upward flow paths (Boulton, 1978; Hutter, et 

al., 1981; Menzies, 1981; Kirkbride, 1995).  Meltout till was also exposed nearer to the 

glacier snout.
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8/4/12 East Sampling Location 
Max SSC 0.230 g/L E1 
Min SSC 0.0102 g/L E4 
Avg SSC 0.166 g/L  
Max d90 PS 22.09 µm E3 
Min d10 PS 0.95 µm E6 
Avg d50 PS 5.295 µm  

Figure 21: Data for the east channel samples: a) Table of the maximum, minimum, and average 
suspended sediment concentrations (SSC) and particle sizes (PS); b) Graph of SSC, slope, and 
particle size distribution (PSD) represented by percentages of coarse silt to clay sized particles; c) 
Graph of SSC, standard deviation (SD) of PSD, and PSD represented by d10, d50, and d90 particle 
sizes. 
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4 Conclusion 

Discharge and SSC monitoring from July 24 to August 8, 2012 in Linnédalen have 

revealed three main trends that are characteristic of other predominantly cold-based 

glaciers on Svalbard.  First, there is a moderately strong correlation between discharge 

and SSC throughout the middle to late portion of the melt season.  Second, diurnal 

signals in discharge and SSC strengthen later into the melt season.  Third, meltwater from 

Linnébreen has comparably low SSC and a low approximate annual SSY/km2 of 530 

metric tons (Gurnell et al., 1996). 

SSC monitoring at the upper ISCO and lower ISCO sites exhibit certain trends that 

illustrate the variability of the proglacial environment.  The stronger diurnal signal 

present at the upper ISCO site earlier in the field season, and the more rapidly falling 

SSC at the lower site throughout the field season, show the influence of sandur 

characteristics and processes on suspended sediment.  Therefore, the distance between 

monitoring equipment and the glacier terminus has an effect on results and thus 

interpretations of catchment processes.  The higher overall SSC at the lower ISCO site 

compared with previous findings reveals that the proglacial sandur has recently changed 

from a sediment sink (Pendleton, 2011) to a source of suspended sediment.  These 

changes in the proglacial environment within the field season and on a multiyear scale 

show the importance of field observations and multiyear SSC and discharge records in 

order to decipher the influences of the glacier and those in the proglacial environment.   

SSC and PSD analyses of early August grab samples along the supraglacial, 

englacial, sub-marginal, and ice-marginal channels of Linnébreen provide an idea of 

sources for sediment in suspension and depositional areas.  Particle sizes in suspension 
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range from coarse silt to clay.  The availability of finer particles for suspension suggests 

that the majority of suspended sediment had undergone basal grinding and abrasion, and 

potentially further chemical weathering to produce clays (Mahaney, 1995).  Such 

sediments are present throughout the glacier: at the surface as meltout till, at the glacier 

bed where the grinding takes place, and englacially due to basal freezing and upward ice 

flow paths at medial moraines.  The most significant source of suspended sediment is 

debris-rich upvalley locations where steeper slopes result in higher water velocities that 

are capable of entraining more sediment.  On the west side of Linnébreen this upvalley 

source is largely melt-out till, while on the east side incised channels incorporate 

sediment from supraglacial, englacial, and potentially basal locations.  Gentler gradients 

downvalley result in lower water velocities and deposition of larger particles, mainly 

coarse silt.  Fine silt and clay appear to remain in suspension along with most medium silt 

throughout the sampled stream sections, and thus meltwater channels closer to the glacier 

terminus are sediment sinks for coarse silt and some medium silt during the lower flows 

of the later melt season in August.  Along the west sub-glacial channel medium silt is 

entrained from basal debris, and some of this material is then deposited as the channel 

braids prior to emerging from the tunnel.  Along the eastern channel nearly all of the 

coarse silt falls out of suspension while medium silt to clay continue to be reworked and 

added to the channel via smaller supraglacial streams close to the terminus.  

Supraglacially exposed debris is thus an important component of suspended sediment, but 

on Linnébreen basal and englacially derived sediments are also a significant component.  

It is also important to realize that while Linnébreen is most likely a cold-based glacier, 
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the sediments in suspension were probably produced by basal sliding when Linnébreen 

had been larger and consisted of more temperate ice. 

4.1 Future Work 

SSC and discharge monitoring on Linnébreen’s proglacial sandur has been conducted 

over two field seasons.  Results from these field seasons are significantly different and 

thus it is important for this monitoring to continue in order to gain a better understanding 

how varying conditions over different field seasons influence discharge and SSC trends, 

and also to better compare Linnébreen to other glaciers in Svalbard and elsewhere.  It is 

also important that SSC and discharge monitoring take place over a complete meltseason. 

PSA and SSC analyses along supraglacial, englacial, sub-marginal, marginal 

locations were largely based on one full set of samples that provided a snapshot into 

suspended sediment transport along Linnébreen.  More sample sets need to be taken in 

order to validate the findings and interpretations of this study.  It would be ideal if 

samples from the same or more locations could be taken under a variety of flow 

conditions during different times in the melt season, especially during high spring flows. 

Microscopic examination of at particle shape and texture might lead to a better 

understanding of basal grinding and abrasion processes or possible chemical weathering.  

Additionally, grain size and shape analyses should be conducted on the basal debris from 

the west sub-marginal tunnel, supraglacial melt-out till, and other debris present on 

Linnébreen.  Analysis of these sediments would contribute to a more robust 

understanding of the dynamics of Linnébreen. 

Several studies, including this one, show that complicated ice-marginal and proglacial 

sediment transport environments are not conducive to a clear signal of glacier behavior in 
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the downvalley lacustrine varve record (Pendleton, 2011).  However, this study suggests 

that clay and fine silt from the glacier flow through to the proglacial sandur, and 

considering the low energy required to keep fine silt and clay in suspension, a significant 

portion of these sediments likely remain in suspension until final deposition at the lake.  

Perhaps the fine silt and clay component of the varve record is in fact more telling of 

upvalley glacier behavior than the coarser grained component.  Regardless, there is still a 

plethora of questions to be answered in Linnédalen.   
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