Introduction

Arctic lakes are subject to seasonal sedimentation patterns, leading to the formation of varves.  Varves are composed of two main layers: a coarser-grained, thicker, and lighter-colored layer, and a fine-grained, thin, and dark-colored layer (Ostrem and Olsen, 1987).  The thicker layer is thought to represent summer sedimentation; irregularities within this layer correspond to the discharge variations of feeder streams.  The thinner, fine-grained layer records the slow settling of clay particles in an ice capped lake (Ashley, 2002).  If the factors understanding sediment transport to the lake are well understood, varves can be interpreted as a climatic record.  
Sedimentation in Arctic lakes is dependent on winter snowpack, summer precipitation, and, in glacierized catchments, glacial ablation: both the amount of water received in the catchment, and its timing (Hardy, 1996).  Volume and grain size distribution of transported sediment are determined by the consequent discharge.  During the early summer nival flood, large volumes of water enter the lake via feeder streams coming from all parts of the catchment.  High flow volume and velocity leads to greater concentration of sediment within streams; grain size also increases (Richards, 1982).  

Following nival depletion of the snowpack, glacial melt provides baseflow to the system.  Streamflow during this period is typically lower and concentrated in the glacial stream rather than throughout the catchment.  As a result, transported sediment tends to be fine-grained.  Occasional summer rains permit the entrainment and transport of larger grains in temporarily swollen streams, resulting in coarse-grained mini-layers in the lake sediment (Ostrem and Olsen, 1987).  During the winter, when streams are frozen and lakes are ice covered, sediment input to the lake ceases except for particles settling out of suspension.  

Discharge and sediment supply are both strongly affected by spring snowpack thickness and by variations in air temperature and solar radiation, which determine the length of the melt season.  Arctic lake sedimentation is thus very sensitive to climate change (Hardy, 1996).  Since varve geometry permits year-by-year reconstruction of sedimentary history, a detailed understanding of the sedimentary response to climatic parameters in the watershed enables construction of a high resolution record of Arctic climate (Braun et al., 2000).  Meltwater streams form the link between the glacier, the catchment, and the lake; they are especially influential during the baseflow period.  Sediment sources and sinks along these streams govern cycles of deposition and erosion, influenced by gradient and stream geometry as well as discharge.  

This thesis is a study of sediment dynamics between the glacier Linnébreen and its lake Linnévatnet in the European High Arctic.  In particular, I examine the relationship between summer discharge and suspended sediment carried by the stream, and how sediment sources and sinks influence this relationship.  

Setting
The island of Spitsbergen lies in the Norwegian Svalbard archipelago in the North Atlantic Ocean (Fig. 1).  The archipelago is 60% glaciated on average (Ingolfsson, 2004), although Spitsbergen less so than the other islands.  These glaciers are shrinking rapidly, however: within a 2000 km2 area on the west coast, 18% is glaciated today (based on analysis of 2005 Landsat images), compared with 25% twenty years ago (Hjelle et al., 1985; Ohta et al., 1991).  Although climate is moderated by the warm West Spitsbergen Current (Fig. 1B), and is thus slightly warmer and more humid than other Arctic areas, permafrost thickness ranges from 10-40 m near the coast to over 450 m in the highlands, and vegetation is minimal over the entire island (Ingolfsson, 2004).  [image: image1.png]SSC (mgiL)
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Mean annual temperature at Isfjord Radio near the study site is -5° C, averaging -12° C in the winter and +5° C in the summer (Ingolfsson, 2004).  Annual precipitation is about 400 mm and comes mostly as snow, although summer rain and fog also contribute.  

Linnédalen is a tributary valley of Isfjorden (Fig.  2), and was an arm of the fjord until about 9000 years ago, when longshore transport led to the formation of a marine terrace and isolation of the valley (Mangerud and Svendsen, 1990).  The valley is 15 km long and 2 km wide, bounded on both sides by ridges 500 m high.  Bedrock is of three different lithologies: Precambrian phyllites to the west, coal bearing Carboniferous sandstone on the valley floor, and Permian limestone to the east (Fig.  3) (Hjelle et al., 1985; Ohta et al., 1991).  The glacier, Linnébreen, sits primarily in the sandstone.  
The terminus of Linnébreen (1.5 km2) is now about 1200 m behind its terminal moraine.  This moraine has been dated to the ‘Little Ice Age’, with two ages of maximum glacial extent: one 650 years ago and one several hundred years ago (Werner, 1988, 
1993).  These ages are consistent with other terminal moraines on Spitsbergen (Svendsen 

and Mangerud, 1997).  Retreat from this moraine has occurred primarily during the past century; aerial photos from the 1930s (Fig. 4) show Linnébreen against this moraine.  Since then, glacial area, based on analysis of 2005 Landsat images, has been reduced by 60%; twice the regional retreat rate.  
At the northern end of the valley, the lake Linnévatnet (5 km2) fills a glacially overdeepened basin.  Up to 12 m of lacustrine sediment overlies marine sediment in the basin; sediment thickness varies with distance from the glacial stream Linnéelva’s inlet.  Radiocarbon dating of shells from the uppermost part of the marine sediment indicates that the switch to lacustrine conditions occurred about 9000 years b.p. (Svendsen and Mangerud, 1997).  The upper 80% of the lacustrine sediment, dating back to about 3000 years b.p., is laminated (Svendsen and Mangerud, 1997), and is attributed to the most recent cycle of glaciation in the valley (Snyder et al., 2000; Svendsen and Mangerud, 1997; Werner, 1988).  The laminations indicate a glacially driven increase in seasonality: higher sedimentation rates reflect enhanced erosion and sediment transport (Snyder et al., 2000).  
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Linnéelva begins as two side streams coming off Linnébreen and meeting in front of the glacier.  Between the glacier and the terminal moraine is a proglacial area with abundant fine sediment (sand, silt, and clay) as well as cobbles of sandstone and phyllite up to 50 cm in diameter.  Air photos from the 1990s show a small lake occupying the center part of this proglacial area (Fig. 2); today this area is mainly covered with sand, silt, and clay.  Linnéelva exits the proglacial area through an opening it has incised about 5 m into the terminal moraine (Fig. 5).  Gradient in this area is 7%; cobbles are mainly 20-100 cm in diameter.  

After passing through the terminal moraine, the path of Linnéelva can be broken into four distinct zones (Fig. 5).  Zone A is a braidplain, Zone B the zone of broad flow, Zone C the bedrock knickpoint, and Zone D the lake inlet.  

Average width of the braidplain is 200 m, and it persists for about 2.5 km downstream.  During the summer low flows of my field season, single braid strands were 1-15 m across and rarely more than 30 cm deep.  In the proximal part of the braidplain, cobbles 10-50 cm dominate (Fig. 5A), but deposits of sand and silt can occasionally be found between these larger cobbles or in pools isolated during low flow.  Areas of sand become more numerous downvalley, and cobbles become less common (Fig. 5B).  Exposed channel bars preserve ripples.  

About halfway down the valley, braiding ceases and Linnéelva spreads out over a wide, low gradient area (Fig. 5B).  A bedrock ridge at the downstream end of the area is likely responsible for the low gradient and pooling.  During summer 2005, flow was shallow and diffuse, with very low velocities.  I observed silt falling out of suspension in this area.  Several permanent ponds occupy depressions to the side of the area and appeared to be exchanging water with Linnéelva.  
As Linnéelva passes through the bedrock ridge, slope increases, stream width decreases, and velocity increases.  The stream is confined to one channel and enters a series of meanders (Fig. 5C).  Channel width through the knickpoint is about 15 m, with a depth of about 100 cm during summer 2005.  Boulders in this area (50-100 cm) are angular and appear to be fractured bedrock rather than fluvially transported.  Fine sediment was not observed.  

As the stream approaches the lake, gradient again decreases (Fig. 5D) and the stream widens to a single strand about 50 m wide, with depth of only about 10-20 cm during summer 2005.  The stream edges continue to be dominated by angular boulders, but there are local gravel bars and areas of fine sediment in the lee of many boulders.  Right before entering Linnévatnet, the stream intersects the braidplains of two final tributaries.  

Plenty of opportunities exist between Linnébreen and Linnévatnet for modification of the fine (suspended) sediment load carried by Linnéelva.  For example, several tributaries join Linnéelva along the length of the braidplain.  One of these tributaries drains a 0.25 km2 glacier on the west side of the valley; water from this tributary was occasionally visibly more sediment laden than Linnéelva.  Areas of fine sediment observed on the braidplain during the field season are clear indications that it acts as a sediment storage area, although the timescale of this alluvial storage is unknown.  

Process-based studies in Arctic watersheds

Process-based studies are of fundamental importance for deciphering laminated lacustrine records.  Understanding the processes that control the supply, transport, and deposition of sediment helps researchers avoid falsely correlating unrelated variables (Braun et al., 2000).  In particular, process-based studies can contribute to a better understanding of when and why relationships between discharge and suspended sediment concentration (SSC) change.  Ultimately, process-based studies lead to more accurate interpretation of layers in sediment cores.  

The effect of clockwise sediment hysteresis is particularly important for understanding sediment dynamics in a catchment and can be detected during process-[image: image3.png]e
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based studies.  Hysteresis occurs when there is a change in the relationship between discharge and SSC over time.  In a system with clockwise hysteresis, the ratio SSC:discharge decreases through time (Fig. 6); flows of the same magnitude carry less sediment.  This suggests that sediment is depleted through time.  

The relationship between discharge and SSC has been studied on two main levels: how this relationship changes over time (Braun et al., 2000; Hardy, 1996; Lewkowicz and Wolfe, 1994), and how it changes spatially within a catchment (Hodgkins et al., 2003; Hodson et al., 1998; Orwin and Smart, 2004).  Individual studies are strongly influenced by catchment-specific variables; but general principles can still be derived and applied to a broader understanding of controls on sediment transport in Arctic glacial systems.  

Several studies (Braun et al., 2000; Hardy, 1996; Lewkowicz and Wolfe, 1994) have shown sediment availability to be an important control over sediment transport.  Each study collected discharge and SSC at frequent intervals for one or more full summer seasons, capturing both the nival flood and later summer flow.  Time-dependent plots of SSC versus discharge reveal clockwise sediment hysteresis in all three of these studies, at both the seasonal and the single-event scale (Fig. 5).  

Seasonal clockwise hysteresis is typically caused by depletion of available sediment in a watershed (Maizels, 2002).  Most commonly, it occurs when initial supplies of loose sediment are quite low.  For instance, Braun et al (2000) studied an unglaciated watershed on Cornwallis Island that contained little loose fine sediment susceptible to erosion and transport.  SSC of the inlet stream was extremely low throughout the entire season.  During the early summer period, SSC generally followed discharge.  Beginning in early July, however, sediment supply was exhausted.  Even precipitation-induced hydrograph peaks were unable to mobilize much additional sediment for transport.  

Event-based hysteresis is controlled less by the total amount of available sediment than by diurnal cycles, variations in the contribution of tributary streams, and short-term sediment storage.  Lewkowicz and Wolfe (1994) note that as discharge falls after a diurnal peak, sediment is often deposited in channels and can then be picked up during the next day’s peak flow.  This diurnal model can also be extended to event hydrograph peaks, with sediment deposited during waning high flow being picked up during the next event.  

Tributaries can alternately enrich and dilute SSC.  Lewkowicz and Wolfe (1994) studied the Hot Weather Creek catchment on Ellesmere Island, paying particular attention to the contribution of tributaries.  When failure of a sediment-laden snowbank occurred, tributaries in the catchment were observed to have SSC three times that of the main stream.  Small rills and gullies which cut through old deposits of fine sediment often had extremely high sediment loads, while contributing little water to the stream.  However, tributaries in the catchment tended to reach seasonal sediment exhaustion earlier, leading to dilution of the major watercourse.  

In addition to sediment availability, the studies by Braun et al (2000), Lewkowicz and Wolfe (1994), and Hardy (1996) also emphasized the importance of peak flow events on suspended sediment transport.  Because the increase in stream competence during high flows permits the transport of much greater amounts of sediment, a few days of high flow can transport more sediment than many days of lower flow.  In a three-year study of a watershed on Ellesmere Island, the majority of each year’s sediment was delivered within just a few days (Hardy, 1996).  In 1992, for example, 55% of the annual load was delivered in 3 to 4 days, and 99% was delivered in 15-20 days.  In watersheds exhibiting seasonal clockwise hysteresis, this means that the vast majority of sediment will be delivered during the first few peaks of the year.  In watersheds where sediment exhaustion does not occur, peak flows at any time throughout the season will be important for sediment transport.  

In basins that do not typically experience sediment exhaustion, sediment load is transport-limited: short-term storage and release of sediment is particularly important.  Hodson et al  (1998), Hodgkins et al (2003), and Orwin and Smart (2004) employed multiple gauging stations to investigate the spatial variability of variations in SSC and discharge.  Comparisons between stations permitted calculation of sediment flux, enabling identification of sediment sources and sinks.  These sources and sinks are not constant even over the course of a single season.  For example, Hodson et al (1998) calculated that the proglacial sandur of the Spitsbergen glacier Austre Brøggerbreen is alternately a source and sink of fine sediment.  In the early parts of the season (summers of 1991 and 1992), the sandur appeared to be a minor net sediment source.  As the season progressed, however, the sandur became a major sediment sink in the catchment.  During the mid to late summer period, the total daily suspended sediment load measured at the upper site averaged over 50% of the total suspended sediment transported from the catchment (estimated from the lower site).  The area of glacial ice draining to the upper site represents only 40% of the glacial area draining to the lower site and only 22% of the catchment area.  Therefore, the expected suspended sediment contribution of the upper site would be 40% or less of the total suspended sediment load in the catchment.  The fact that this figure was over 50% indicates probable sediment storage on the proglacial sandur above the lower monitoring site.  

Whether an area acts as a source or sink is a function of both discharge patterns and sediment availability.  Hodgkins et al (2003) monitored a proglacial area in Svalbard for two years, enabling them to compare the influences of varying runoff regimes.  Total discharge was similar for both years, but episodic runoff patterns resulted in net sediment aggradation whereas more sustained discharge led to net transport of sediment from the proglacial area.  The net sediment aggradation during episodic runoff regimes was probably due to periods of clockwise hysteresis during hydrograph peaks.  During these periods, little sediment was exported from the system despite high discharge (Hodgkins et al., 2003).  With more sustained flows, sediment supplies were continually replenished and susceptible to erosion.  

Areas with greater sediment supply will not typically experience seasonal-scale clockwise sediment hysteresis and are more likely to act as net sediment sources.  Recently uncovered proglacial terrain containing abundant fine, unconsolidated sediment is a good example of this sort of system  (Orwin and Smart, 2004).  Periods of glaciation are followed by paraglacial periods, characterized by widespread sediment availability; it can take several thousand years for sediment yields to return to equilibrium with the unglaciated fluvial equilibrium (Church and Ryder, 1972).  In fact, newly uncovered areas of sediment and increased melt water may lead to higher sediment yields during the initial phase of deglaciation (Church and Ryder, 1972) (Fig. 7).  
Elverhøi et al (1995) studied sediment depth in Isfjorden, near Linnédalen, and calculated sediment yields for the past 13,000 years.  The highest sediment yields occurred between 13,000 and 10,000 years ago, during the late Weischselian deglaciation.  This fits in well with Church and Ryder’s (1972) sediment yield curve (Fig. 7), and implies that sediment yields should be high during the modern period of deglaciation.  
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Sediment-supply exhaustion and short-term storage or supply are reoccurring themes in process-based studies.  In supply-limited watersheds where sediment exhaustion occurs on the scale of either seasons or individual events, the rate of lake-bottom sedimentation cannot be assumed to be directly related to stream discharge.  In watersheds where exhaustion does not occur, short-term cycles of deposition and erosion can change the signal that is preserved in the sediment record.  Under paraglacial conditions, sedimentation is decoupled from glacial action at that moment.  The primary signal preserved in the sediment record will be that of large discharge events, when sediment in alluvial or paraglacial storage is finally carried downstream.  
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In Linnédalen, as on Ellesmere Island (Hardy, 1996), most of the sediment enters the lake over just a few weeks (McKay, 2005).  McKay (2005) correlates this period of high sedimentation rates and large grain sizes (median grain size 20-50 μm) to the nival flood.  By the time summer sediment traps were set in late July of 2004, sediment entering the lake was fine grained (median grain size 10 μm).  A comparison of grain size in both year-long and summer traps (late July to mid August) established that there are two distinct periods of sedimentation in the lake: the coarse-grained nival flood period, and a fine-grained period.  Based on the amount of sediment deposited in the summer traps, McKay concluded that most of the fine-grained sediment is deposited during this mid to late summer period.  This is also the baseflow period where input to the lake comes almost entirely from the glacial-fed Linnéelva.  Because of this, McKay (2005) concluded that any study of the glacial signal must examine the fine sediment layer within each varve.  

One must question, however, whether this fine sediment layer can really be correlated to SSC and glacially-derived discharge in Linnéelva.  Is the finer-grained character of the sediment simply due to lower discharge during the baseflow period, or is it due to seasonal clockwise hysteresis and sediment exhaustion similar to that observed by Braun et al (2000)?  Two factors argue against sediment exhaustion in the catchment.  First, loose sediment is abundant along the entire course of Linnéelva (personal observations, Fig. 5).  Second, McKay (2005) observed sublayers of coarser sediment within the fine-grained lake sediment and tentatively correlated these sublayers with precipitation events.  This indicates that during times of increased discharge, additional sediment was mobilized.  Østrem and Olsen (1987) encountered similar sublayers of coarser sediment (termed “psuedovarves”) within the fine sediment layers of varves from a Norwegian glacial lake.  They interpreted these layers as a record of peaks in the summer hydrograph.  

Previous studies of sediment in Linnévatnet have worked on a scale coarser than that of individual varves (Svendsen and Mangerud, 1997).  This research has used coal content of the lake sediment as a proxy for glacial activity (Snyder et al., 2000; Svendsen and Mangerud, 1997; Werner, 1988).  Because the glacier is primarily underlain by coal-bearing sandstone, sediment eroded by the glacier is characterized by high coal content; sediment carried by Linnéelva contains significantly more coal than other streams in the catchment (Svendsen and Mangerud, 1997; Werner, 1988). 
The correlation between the high coal content of lake sediment and glacial presence in the catchment is rough, however, and does not allow for isolation of the different glacial and hydrological processes in the catchment (Svendsen and Mangerud, 1997).  In glacial and paraglacial systems with abundant loose sediment, short-term processes of storage and entrainment are important factors (Hodgkins et al., 2003; Hodson et al., 1998; Orwin and Smart, 2004).  These short-term processes, so important to interpreting the detailed climatic record in the catchment, can only be isolated with the help of process-based studies.  

The Svalbard REU and this study

This research took place as part of the second year of a National Science Foundation-funded Research Experience for Undergraduates project in Svalbard.  The grant provides funding for three years of research in Linnédalen, with a focus on modern processes and how they contribute to the lake’s sediment record.  Numerous aspects of the valley are being studied under this umbrella, including aspects of the meteorological record, glacial ablation, Linnéelva and valley processes, modern lake sedimentation processes, and recent varves.  Eventually, knowledge of a diverse set of modern processes within Linnédalen should lead to a more precise interpretation of the paleoclimate record in the lake sediment.  

This study focuses on sediment transport within Linnéelva, and how transport in the stream responds to different climatic conditions.  As the largest source of water and sediment to Linnévatnet, processes occurring in Linnéelva have a big impact on sedimentation patterns in Linnévatnet.  Although glaciation controls sedimentation over the long-term, sediment storage and precipitation make the short-term story more complicated.  Understanding these short-term, non-equilibrium processes is critical to developing a detailed climatic record from Linnévatnet’s lake sediments.  

Methods

Field data collection
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Field work lasted for 25 days during July and August of 2005.  Two gauging stations were established on Linnéelva: one just downstream of Linnébreen’s terminal moraine (the upper site) and the other just upstream of the inlet to Linnévatnet (the lower site) (Fig. 2).  Stream stage was measured using submersible pressure transducers attached to the lee side of metal stakes and anchored in the stream.  These automatic transducers took measurements every 30 minutes throughout the field season. 

Rating curve development

We produced a rating curve relating stage to discharge using the pressure transducer stage measurements and calculated discharge.  Discharge was calculated using the velocity-area method (Equation 1).  Flow velocity and water depth were measured at half-meter intervals throughout the stream at the upper site and one-meter intervals at the lower site; average width was 8 meters at the upper site and 25 meters at the lower site.  For the lower site, correlation of stage with measured discharge was robust (Fig. 9), allowing me to use the regression to calculate a discharge time-series based on the 30-minute stage measurements (Fig. 10).  At the upper site, the range of discharge was small compared to the large measuring error associated with hand discharge measurements in a turbulent stream.  Thus, I could not quantify the correlation between stage and discharge at the upper site.  For the purpose of temporal comparisons I therefore used stage as a proxy for upper site discharge.  Where discharge was needed, I used average measured discharge as the best rough estimate.  

Suspended sediment sampling
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I collected suspended sediment samples using ISCO automatic water samplers, which were set up at both the upper and lower gauging sites.  The samplers were set on high ground and surrounded by rock cairns.  The intake tubes were suspended midway through the water column in areas of deep water (Fig. 11).  One-liter samples were taken at two-hour intervals.  Samples are available for the period July 28-August 13 at the upper site, and July 28-August 11 at the lower site.  I filtered water samples at the field station using a vacuum pump and Whatman cellulose or glass fiber 0.45 µm filters.  Volume of water was recorded for each sample – usually the entire liter, but occasionally a spill reduced the amount of available water.  Filters were preweighed and then reweighed after the collected sediment had dried to determine sediment weight.  I then calculated SSC by dividing the total sediment weight by the volume of filtered water.  A total of 279 samples were brought back to the US.  

Grain size analysis

In the lab, each sediment sample was scraped off its filter paper and resuspended in 40 ml of Isoton III, an electrolyte solution.  To disperse clumps formed during the drying process, I added 10 ml of 2% sodium metaphosphate solution.  Each sample was sonicated for 5-10 minutes until no clumps could be seen, then filtered through a 300 µm metal filter.  For most samples, no visible particles remained on the filter, but a few of the very concentrated samples from the upper site had 10-15 black particles remaining; these were excluded from my analysis.  After filtering, 3-50 ml of the sample solution was then diluted with about 250 ml Isoton III.  I varied the amount of sample used in the solution based on an informal visual assessment of concentration.  After a series of tests, I am convinced that this dilution process did not bias the grain size analysis (Appendix A).  

Grain size analysis was performed on this diluted solution using a Beckman Multisizer 3 Coulter Counter.  Using a 280 µm aperture (capable of detecting particles 6.9-168 µm in diameter), five runs were performed on each sample, with each run being the average of two 15-second counts.  I reported grain size statistics as the average of the five runs.  In particular, I focused on the median (d50) and 90th percentile (d90) as a way to evaluate the range of grain sizes in each sample.  Both my procedure and methods of analysis did neglect the very small (<6.9 µm) size fraction; but I was primarily interested in the larger particles that might lead to coarse layers in the sediment record.  

Results

Discharge and suspended sediment measurements
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Both stage/discharge and SSC showed consistent diurnal cycles throughout the field season (Fig. 12), related to daily ice melt.  These cycles were fairly consistent at the upper site, which is most proximal to Linnébreen and is unaffected by tributaries (Fig. 2).  Stage/discharge and suspended sediment cycles were temporally related at both sites, but peaks at the upper site occurred an average of 4 hours earlier than at the lower site.  
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Upper site suspended-sediment cycles were high amplitude, with lows about 100 mg/L and an average peak concentration of 460 mg/L.  At the lower site, SSC was much less overall: on average, downstream SSC was five times less than that upstream, and maximum values were similar to the upper-site minima (Fig. 12).  Diurnal cycles were also of lower amplitude, and more irregular in pattern (Fig. 13).  There was an overall small decrease in discharge throughout the field season, but it was fairly constant during the period in which suspended sediment data were collected.  Aside from a few peaks early in the season that were slightly over 1.5 m3/s, lower site discharge cycles generally had lows of about 0.5 m3/s and highs around 1 m3/s.  

Relationships between the two sites
To quantify the changes that occurred between the upper and lower sites, I applied a time-lag correction to the lower site.  Mean measured velocity of Linnéelva was 0.35 m/s; distance between the upper and lower sites was 6 km.  Thus, travel time between the two sites for water and sediment should have been on the order of five hours.  Actual peaks in streamflow and SSC were about four hours apart.  I therefore used a 4-hour lag time to facilitate comparison of the two sites.  [image: image12.png]au
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The resulting comparisons show a statistically significant relationship between upper site SSC and time-corrected lower-site SSC (Fig. 14), implying that high upper-site SSC translated into high SSC at the lower site.  However, SSC at the upper site was always at least twice as high as SSC at the lower site.  During precipitation events upper site SSC was not affected, but lower site SSC decreased by about half: on average, precipitation-affected lower site SSC was 10% of upper site SSC.  
[image: image13.emf] 

[image: image14.png]2005

2004

g 8 § 8 § 8
owIpas papuadsns Jo Suo) oA

Y

s

£l



Sediment load calculations can help quantify the difference between the upper and lower sites.  I calculated suspended sediment load and yield for the 10-day period, 8/1-8/11, where a continuous set of 2-hour SSC data was available at both sites (Equations 2 and 3, Table 1).  Lower site discharge at the time of each SSC sample was calculated using the stage-discharge curve.  Because there was no stage-discharge curve for the upper site, I used average measured discharge (1.03 m3/s) for all times.  An estimate of error in this approximation is given by calculations based upon minimum (0.77 m3/s) and maximum (1.38 m3/s) measured upper site discharge.  Yield calculations are based on measured catchment areas of 6.75 km2 at the upper site and 26.5 km2 at the lower site.  
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The difference in suspended sediment load between the two sites is significant (Table 1, Fig. 15), and indicates that over the course of the ten days at least 75% of suspended sediment in Linnéelva at the upper site did not make it to the lower site.  This is a minimum estimate, because tributaries between the two sites were also contributing sediment to lower site load.  Specific yields, normalized for area, emphasize that the decrease in suspended sediment load between the two sites occured even as catchment area is increasing.  
Relationships between discharge and suspended sediment
Diurnal cycles at both sites were characterized by clockwise suspended sediment hysteresis (Fig. 16).  At the upper site, the peak stream stage usually corresponded to the peak in SSC, but for any given stage SSC was higher on the rising limb than on the falling limb of the hydrograph.  For the lower site, peak SSC usually occurred slightly before peak discharge.  Differences between the rising and falling limbs of the hydrograph were more pronounced at the lower site than at the upper site.  This hysteresis[image: image16.png]400-
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-induced scatter translated into a wide range of SSC for any given discharge (Fig. 17).  However, there was still a highly significant relationship (p<0.0001) between discharge and SSC at each site when precipitation-affected points were excluded (Fig. 17).  There was less [image: image17.png]25T Tower site samples (2005)-
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scatter in this relationship at the lower site than at the upper site.  
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Precipitation was an additional factor causing scatter in the data.  Precipitation events occurred several times during the field season, and were characterized by higher than average stream discharge (Fig. 18).  Several of these events occurred during the period in which I have both streamflow and SSC data at the lower site, enabling me to examine the effect of precipitation on transport.  

I classified suspended sediment samples based on average hourly precipitation over the previous 24 hours, and looked at three thresholds based on this data.  For the first threshold, I designated > 0 mm/hr 24-hour averages as precipitation-affected (Fig. 19A).  This first threshold clearly shows the influence of precipitation on discharge: there was only one point with precipitation 0 mm/hr taken at discharges >1 m3/s.  In contrast, almost 1/3 (24/83) of the precipitation >0 mm/hr points were taken at discharges > 1 m3/s.  The second two thresholds (24-hour average precipitation >0.125 mm/hr, Fig. 19B and 24-hour average precipitation >0.25 mm/hr, Fig. 19C) show that precipitation-affected samples tended to have SSC that was relatively low for a given discharge.  There appear to be two distinct trends in the discharge-SSC relationship, depending on recent precipitation.  At the 24-hour average precipitation >0.25 mm/hr threshold, both the non-precipitation-affected points and the precipitation-affected points showed a significant positive relationship between discharge and SSC, but the precipitation-influenced points fell on a line with shallower slope (Fig. 19D).  
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Interestingly, there was also a change in the character of the suspended sediment during precipitation-influenced discharge from grey (similar in color to the proglacial sediment and to the upper site suspended sediment) to light tan, more closely matching sediment in the tributaries entering Linnéelva between the upper and lower sites.  The conundrum of increased sediment contribution from side streams during periods of low overall SSC will be discussed later.  

Grain Size
I measured grain size in the 6.9-168 µm range on a total of 275 suspended sediment samples: 154 from the upper site and 121 from the lower site.  There were small populations of grains too large to be counted (>300 µm) in about 20 of the upper site samples.  These grains were typically black; given my observations of the proglacial area and previous research in the valley (Svendsen and Mangerud, 1997; Werner, 1988) I believe that they were coal particles.  The number of these large particles (5-20 per sample) was negligible in comparison to the number of particles counted in each analysis (10,000-30,000).  In addition, the low specific gravity of coal means that its grain size distribution would be different than the other mineral particles transported in the stream.  

The 90th percentile grain size at both sites was correlated with streamflow (Fig. 20).  This indicates that Linnéelva was able to carry larger grains in suspension during high flows.  
On average, both the median and 90th percentile grain sizes were larger at the upper site (Fig. 21).  To isolate grain size changes occurring within a single pulse of water and sediment, I applied the same 4-hour lag time that I used to compare SSC (see Fig. 14); this showed that flows having high median and 90th percentile grain size values at the upper site translated into flows with large suspended sediment grain sizes at the lower site [image: image20.png]2005
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(Fig. 22).  However, the absolute size of the grains in suspension decreased downstream.  
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Discussion

2005 field season discharge, precipitation, and SSC compared with data from 2004

[image: image23.png]Upper site . Lower site

.19
p<0.0001 [ 17

o 5 3 5 s B am s
stage (cm) discharge (cubicm/s)



Discharge comparisons and the influence of precipitation
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Discharge during the 2004 field season was consistently higher than in 2005 (Fig. 23), 4.9 times higher on average, and with peak discharges about 50 times higher (Jaurrieta, 2004).  The amplitude of 2004 discharge cycles was also much larger: the average difference between peaks and troughs was 7.5 m3/s in 2004 and only 0.3 m3/s in 2005.  
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The 2004 discharge patterns reflect greater rainfall (Fig. 24), which was both more frequent and intense than in 2005.  The 2004 data show the same visual relationship between high precipitation and peaks in discharge (Fig. 25) as the 2005 data (Fig. 18); but the low-amplitude, meltwater-driven diurnal cycles observed in 2005 were muted or swamped by the high precipitation-driven discharge of 2004 (Fig. 25).  

SSC, precipitation, and the influence of tributaries
In 2004, members of the Svalbard REU collected 34 suspended sediment samples from Linnéelva where it enters Linnévatnet, about 0.5 km below the 2005 lower site (Fig. 2, Fig. 25) (Jaurrieta, 2004).  These samples integrate input from the entire catchment to the south of Linnévatnet; catchment area is 20% larger than at my 2005 lower site and includes input from two additional tributaries.  
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As with the 2005 suspended sediment samples (Fig. 19A), periods with 24-hour average precipitation >0 mm/hr had higher discharges than periods not influenced by precipitation (Fig. 26).  Unlike the samples taken at the lower site in 2005, however, there was only one trend in the data.  The lake inlet 2004 samples appear to have a similar discharge-SSC relationship to the precipitation-affected (at the >0.25 mm/hr threshold) samples from the lower site in 2005 (Fig. 27).  This similarity occurs despite the fact that most of the low-discharge lake inlet samples were not precipitation-influenced (Fig. 26, Fig. 27).  I believe that this is due to the increased contribution of tributaries at the lake inlet compared to the lower site.  Tributaries, if they have lower SSC than Linnéelva, will increase discharge more than sediment load, diluting Linnéelva and lowering SSC.  This could be one reason that SSC and suspended sediment load during the summer 2005 field season were higher at the upper site than at the lower site.  However, because sediment load calculations take discharge into account, the decrease in suspended sediment load between the two sites is valid.  

During rainfall events, much water falling in the catchment is chanelled into tributaries, increasing their contribution to the stream.  This explains the color change observed in suspended sediment samples at the lower site during precipitation events – the swollen tributaries were able to carry much more sediment than normal, thus increasing their contribution of suspended sediment as a percentage of total sediment load.  However, the relatively low SSC of precipitation-affected lower site samples indicates that increased runoff led to increases in discharges larger than the increases in suspended sediment concentration, and dilution of the stream.  

The two additional tributaries entering Linnéelva between the lower site and the lake inlet mean that Linnéelva was likely more dilute at the lake inlet.  Although I do not have discharge measurements for any of Linnéelva’s tributaries, my field observations indicate that the contribution of these last two tributaries was probably at least as large as the total contribution of all upstream tributaries.  One of these tributaries drains the limestone on the east side of the valley (Fig. 3) and contains little suspended sediment, meaning that it can be particularly effective at diluting Linnéelva.  The high fluvial input to the lake inlet site explains why its discharge-SSC relationship (even during periods not influenced by precipitation) was similar to the fluvially dominated precipitation-influenced discharge-SSC trend at the lower site.  Aditional fluvial input means that the direct influence of the glacier was even less at the lake inlet than at the lower site.  

Suspended sediment load

Among the suspended sediment samples taken at the lake inlet in 2004, the trend of increasing SSC at higher discharges continued even in samples taken at higher than average discharges (Fig. 26).  Along with the widespread presense of loose, fine-grained sediment (discussed later), this is an indication that sediment transport in Linnéelva was transport-limited rather than supply-limited.  Therefore, I believe that it is valid to use the relationship between discharge and SSC to predict SSC at higher discharges than those actually sampled.  
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Suspended sediment rating curves, based on the relationship between discharge and SSC, can be combined with discharge records to calculate sediment load and yield (Horowitz, 2003).  Typically, the best rating curves have been based on regressions performed on logarithmic transformations of both discharge and SSC (Fenn et al., 1985).  These rating curves tend to systematically underestimate suspended load calculations by 10-50% (Asselman, 2000; Ferguson, 1986).  However, with few suspended sediment samples to base my rating curve on – and in particular few high discharge samples – the error from scatter is probably more significant than any systematic rating curve underestimation.  
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I used a log-log regression to calculate the discharge-SSC rating curve based on all suspended sediment samples collected during the summer 2004 field season (Fig. 28).  Based on this rating curve, I estimated SSC at each discharge measurement for the 2004 field season and then calculated the suspended sediment load as for the 2005 data, described previously.  Calculated 2004 load at the lake inlet was nearly 20 times greater than 2005 load at the lower site (Fig. 29).  The 2004 load is a low-end estimate because discharge measurements were from the lower site and neglected the contribution of the tributaries, while SSC concentrations at the lake inlet had been diluted by the tributaries. 

2004 whole season model: a first-order estimation of yearly suspended sediment load

In Linnévatnet and other Arctic varved lakes, most sedimentation occurs during the few weeks of the nival flood (McKay, 2005).  Thus far, there are no full-season discharge records for Linnéelva; such a record is crucial for understanding sedimentation in Linnévatnet.  However, a stream stage record from the 2004 melt season is available for Longyearelva, 45 km to the east (data from Ole Humlum, UNIS).  
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Because of its more inland location, the area around Longyearelva typically receives less precipitation than Linnédalen (Ingolfsson, 2004).  However, temperatures are comparable, and, like Linnéelva, Longyearelva is glacially fed.  For the purposes of this reconstruction, I approximate the discharge patterns of Linnéelva as scaleable to patterns in Longyearelva.  
Water temperature in Longyearelva in 2004 was consistently above 0° C from May 31 to September 24 (Fig. 30).  However, stage between May 29 and June 3 was stable at an unusually high level.  This artificially high stage is common in automatically gauged rivers during the early stages of melt, when ice jams block rivers (Dethier, personal [image: image31.emf] 
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communication, 2006).  Including these artificially high stages would misrepresent discharge and skew calculations of yearly suspended sediment load.  Thus, my reconstruction excludes the ice jam data and goes from June 4 – September 24, when water temperatures were again consistently below 0° C.  I transformed the Longyearelva stage data to match Linnéelva stage data collected during the 7/23-8/17 field season (Fig. 31).  Unfortunately, there was a gap in the Longyearelva stage measurements between 7/25 and 8/3, a period which included the Linnéelva field season discharge peak.  Thus, I based the match on the small-scale fluctuations before and after the field season peak.  

Based on this transformation, I made a full-season synthetic discharge record for Linnéelva (Fig. 32) by applying the Longyearelva – Linnéelva stage conversion derived above to the full-season Longyearelva data.  For the three-week period during which stage was measured on Linnéelva, I replaced the synthetic record with measured Linnéelva stage.  I then converted stage to discharge using the 2004 stage-discharge rating curve for Linnéelva.  SSC was calculated from the synthetic discharge record.  
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I used the synthetic discharge and SSC records to model full-season suspended sediment load.  Throughout the season, load increased in a stepwise manner (Fig. 33).  Short episodes of high sediment load alternated with longer periods of minimal load, implying that sediment transport occurred mostly during a few large events rather than evenly throughout the season.  For instance, 60% of the yearly sediment transport occurred over two days (7/2-7/3), and the majority of the rest of the sediment transport occurred during two smaller peak flows on 7/15 and 7/29 (Table 2).  
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Field season sediment load comprised 23% of the total modeled sediment load for the year (Table 2).  This calculated load is similar to data from yearlong and seasonal sediment traps near Linnéelva’s inlet in Linnévatnet.  Field season sediment in these traps accounted for 15-25% of the yearly total (McKay, 2005).  
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Modeled sediment yield compared to similar catchments and the long-term record

The 2004 modeled sediment load provides a first order estimate of suspended sediment load in Linnéelva.  To check the validity of this model, I compared it to sediment yields calculated in other Svalbard catchments (Table 3).  My modeled load was three to four times higher than loads recorded in other similar Svalbard catchments.  One explanation for this high yield is interannual variation in sediment flux.  
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Long-term sediment load records from other Svalbard rivers indicate large variation in year to year sediment transport.  For instance, Bogen and Bønsnes (2003) used discharge measurements and suspended sediment samples to calculate sediment load for several catchments in Svalbard; discharge-SSC rating curves were used to estimate SSC when samples were not available.  Annual sediment flux in Endalselva, the stream most similar to Linnéelva, ranged from 4000-16000 t within a five-year period (Bogen and Bonsnes, 2003).  Other catchments were characterized by similar variability.  The large difference in summer sediment loads between 2004 and 2005 indicates that Linnéelva is characterized by yearly fluctuations in sediment transport as well as seasonal and short-term fluctuations.  

Compared to the long-term average, Linnédalen received higher than average rainfall during the summer of 2004 (Fig. 34).  These high rainfalls led to high stream discharge (Figs. 23 and 25) and high suspended sediment concentrations (Fig. 26).  Thus, 2004 was most likely characterized by higher than average suspended sediment transport to Linnévatnet.  This explains at least part of the difference between my modeled suspended sediment yield for Linnéelva and Bogen and Bønsnes’ (2003) calculations for other Svalbard catchments.  
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Calculations in Linnévatnet (Svendsen and Mangerud, 1997) and for the entire Isfjorden area (Elverhoi et al., 1995) point to significantly greater sediment yields during periods of glaciation (Table 7).  Svendsen and Mangerud (1997) estimated early Holocene sedimentation rates in Linnévatnet of about 0.2 mm/yr and late Holocene rates of several mm/year; they interpret this increase in sedimentation to the growth of Linnébreen (Table 7).  Elverhøi et al’s (1995) sediment yield calculations for Isfjorden imply that sediment yields increase with increasing levels of glaciation, but peak sediment yields may actually occur during periods of deglaciation.  This fits with Church and Ryder’s (1972) predicted paraglacial sediment yield curve (Fig. 7).  Considering that we are currently in a period of deglaciation, this is particularly notable, although the greater areal extent of glaciers during the late Weischselian (twice that during the late Holocene) must be taken into account.  

Sediment sources and potential for high sediment yields
Availability and deposition of fine-grained sediment
Patchy sediment cover stretches across the entire width of Linnédalen (Fig. 5) and includes late Pleistocene till deposits as well as widespread fluvial sediment (Svendsen et al., 1989).  Two areas in particular stand out as deposits of loose fine sediment: Linnébreen’s proglacial area, and the area of broad flow.  In both of these areas, although there were scattered pebbles and cobbles, Linnéelva’s channel and surrounding areas were characterized by sand and silt-sized grains.  

Based on my field observations, I interpret the proglacial area to be the most important sediment source for the glacial meltwater contribution to Linnéelva.  Sediment picked up in this area directly contributed to the high SSC at the upper site during the low flows of the 2005 field season (Fig. 12).  However, high discharge conditions in Linnéelva are probably precipitation-driven rather than glacially driven (Fig. 25).  Because rainfall occurs across the entire catchment, precipitation-driven discharges will tend to increase downstream.  Thus, the small size of the catchment area above the proglacial area means that precipitation-driven discharge peaks will be relatively small in this area; sediment transport out of the proglacial area should not increase substantially during precipitation events.  

Because of this, I believe that fine-grained areas of Linnéelva’s braidplain – in particular the area of broad flow – are the most important source of sediment during precipitation-driven peak discharges.  Because precipitation-driven peak discharges are the largest discharges of the year with the largest capacity to transport sediment (Fig. 26), sediment picked up in the valley probably dominates Linnévatnet’s recent sediment record.  While much of this sediment can be traced back to Linnébreen in the long term (Svendsen and Mangerud, 1997), short term sediment transport is dominated by valley storage.  
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During the low flow conditions of summer 2005, much of Linnéelva’s sediment load was dropped between the upper and lower sites (Fig. 15, Table 1).  In this period, Linnéelva remained within its channel for most of its course rather than traversing its braidplain.  Although deposits of sand and silt in the lee of boulders and in dried out channels indicated significant sediment transport during higher flow conditions, most of these areas were inaccessible during low flow conditions.  The area of broad flow was the only area in which Linnéelva left its channel and spread over much of the braidplain width (Figs. 35 and 36).  

[image: image39.emf] 

In the area of broad flow, Linnéelva was wide, shallow, and slow moving.  Shallow depressions held pools of standing water in parts of the area (Fig. 35).  Elsewhere, the entire width of the area was covered by broad distributed flow (Fig. 36).  Standing water permitted silt and clay to settle out of suspension.  This would explain the clarity of water across the area of broad flow (Fig. 36), which is in stark contrast to the turbid, sediment-laden water that characterizes Linnéelva higher in the valley.  
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The sediment deposited on Linnéelva’s braidplain during low flow periods such as the summer of 2005 is likely remobilized during periods of higher discharge.  As conditions change during the course of a season, similar areas have been shown to behave alternately as sediment sinks and sources (Hodgkins et al., 2003; Hodson et al., 1998; Orwin and Smart, 2004).  Just as the area of broad flow is the primary depocenter during low flow, I believe that it would also be the easiest place to remobilize sediment during higher flows.  Sandy areas were present throughout the entire braidplain, but much of this sediment sat between larger clasts and would thus be difficult to remobilize except under very high flows (Fig. 37).  The area of broad flow, on the other hand, had few large clasts to prevent remobilization.  Eroded banks and ripples on exposed areas are both indications of sediment transport within the area of broad flow (Fig. 38).  [image: image42.emf] 


Lack of sediment exhaustion

Although clockwise daily sediment hysteresis occurred at both sites (Fig. 16), seasonal sediment exhaustion did not occur.  As noted earlier, suspended sediment samples taken during the summer of 2004 indicate that the relationship between discharge and SSC remained constant throughout the season (Fig. 26).  Similarly, during the summer of 2005 SSC at the upper site maintained consistent peak heights throughout the monitoring period; at the lower site the highest SSC occurred late in the monitoring period (Fig. 13).  The lack of sediment exhaustion was a direct consequence of the abundance of fine-grained, loose sediment, typical of glacial/paraglacial conditions.  Thus, SSC retained a strong relationship with discharge during both the low flows of 2005 (Fig. 17) and the higher discharges of 2004 (Fig. 28).  Simply put, higher discharges in Linnéelva were, on average, accompanied by higher SSC.  

Interpreting climatic history from Linnévatnet’s sediment record

The glacial signal and the fluvial signal
At the upper site, just outside Linnébreen’s terminal moraine, both streamflow and SSC followed diurnal cycles (Fig. 12) that were controlled by the effect of temperature and solar radiation on glacial melt.  During the low discharge, baseflow period that characterized the summer 2005 field season, streamflow and SSC at the lower site also followed diurnal cycles (Fig. 12).  Sediment transfer to Linnévatnet during this baseflow period was very low (Fig. 29).  

While glacial melt dominates the streamflow-suspended sediment system at the upper site, this influence diminishes downvalley.  Stream discharge is modified by tributary contributions and rainfall.  During the high precipitation summer of 2004, diurnal cycles were not visible in the downstream discharge record (Fig. 23).  Short-term storage of sediment in the valley means that any discharge, glacially driven or not, can send a flux of sediment towards the lake.  Thus, modern-day sediment transfer in Linnéelva is not directly controlled by glacial extent.  Instead, sediment transport in the lower part of Linnéelva and into Linnévatnet is fluvially controlled, dependent on discharge.  
Grain size as a link between sediment transfer in river and lake

One of the best hopes for more specific comparison of river data with Linnévatnet’s lake bottom sediment lies in grain size comparisons.  For instance, grain size peaks observed in the 2004 sediment traps were interpreted by McKay (2005) as representing the spring nival flood and summer discharge peaks.  My preliminary grain size analysis of suspended sediment samples from Linnéelva found a significant relationship between streamflow and grain size (Fig. 20).  We already understand laminated records to include a coarse-grained peak during the spring melt and nival flood.  Smaller coarse-grained peaks within the fine-grained layer of the varve might be identified as streamflow peaks due to summer rainstorms.  Future grain size measurements on samples from higher flows will be important in better characterizing this relationship between streamflow and grain size.  

How will deglaciation change sediment transfer to Linnévatnet?  

Church and Ryder’s (1972) sediment yield curve predicts an increase in sediment yield during the initial stages of deglaciation.  This type of increase seems likely in Linnédalen for several reasons.  First, recently deglaciated areas, such as the proglacial area between Linnébreen’s snout and terminal moraine, are characterized by fine-grained, loose sediment.  Larger areas exposed due to deglaciation will simply provide additional sources of sediment for Linnéelva.  Second, warmer temperatures will provide greater amounts of glacial meltwater, as well as a longer melt season for sediment transport processes to work in.  If deglaciation is accompanied by increased precipitation, it will also aid transport, enhancing either the spring nival flood or summer precipitation-induced high discharges.  
Conclusions

Because of the widespread availability of fine-grained sediment in Linnédalen, sediment transport in Linnéelva is transport-limited rather than supply-limited.  Higher stream discharges lead directly to increased SSC and suspended sediment load.  Under baseflow conditions, little sediment is transported into Linnévatnet, with significant sediment deposition occurring in areas of valley storage.  Most sediment transport to Linnévatnet occurs during a few short periods where high stream discharge permits remobilization of stored sediment and thus high SSC.  Over the period described in this thesis, high discharge – and hence sediment transport – was primarily precipitation-driven.  

Linnévatnet’s sediment record should record fluctuations in annual precipitation, with thicker layers indicative of years with more rainfall.  Furthermore, it may be possible to correlate individual summer rainfall events with coarse mini-layers in the summer sediment layer.  At least in the short-term, any signal given out by Linnébreen is overwhelmed by fluvial processes before reaching Linnévatnet.  
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Appendix A: Coulter Counter tests

	Possible sources of bias
	

	stirrer speed
	too low stirrer speed may allow larger particles to sink to bottom, too high may make air bubbles that are counted as grains

	sample of sample
	each Coulter Counter run was only about 1/10 of the intial sediment solution

	dilution
	Coulter Counter expects concentration of 5-10% (according to meter), manual says that higher concentrations may result in reports of larger grain sizes


	Test 1: stirrer
	
	
	
	
	
	

	Constant variables
	
	
	
	
	
	

	sample of sample
	tested within one sample of sample

	dilution
	tested within one sample of sample

	
	
	
	
	
	
	

	stirrer speed
	40 - all particles off bottom
	
	

	Sample A
	1
	2
	3
	4
	5
	AVERAGE

	sigma
	55972
	59313
	55784
	56386
	59959
	57483

	mean
	8.6
	8.5
	8.5
	8.5
	8.4
	8.5

	median
	7.1
	7.1
	7.1
	7.1
	7.1
	7.1

	mode
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6

	d10
	5.8
	5.8
	5.8
	5.8
	5.7
	5.8

	d50
	7.1
	7.1
	7.1
	7.1
	7.1
	7.1

	d90
	13.1
	12.8
	12.8
	12.8
	12.6
	12.8

	
	
	
	
	
	
	

	stirrer speed
	25 - some particles seem to stay on bottom

	Sample B
	1
	2
	3
	4
	5
	AVERAGE

	sigma
	65409
	59966
	62386
	63416
	60670
	62369

	mean
	8.2
	8.2
	7.9
	7.8
	7.8
	8.0

	median
	7.0
	7.0
	6.9
	6.9
	7.0
	7.0

	mode
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6

	d10
	5.7
	5.8
	5.8
	5.8
	5.8
	5.8

	d50
	7.0
	7.0
	6.9
	6.9
	7.0
	7.0

	d90
	11.9
	11.9
	11.2
	10.8
	10.9
	11.3


Without the stirrer, or even with the stirrer at 25, clear bias: could see particles on bottom – leads to smaller reported grain sizes.  40 is highest stirrer speed that did not result in bubble formation.  Thus, I used a stir speed of 40 for the remaining tests and for all my samples.  
	Test 2: sample of sample

	Constant variables

	stirrer speed
	set at 40

	dilution
	diluted whole sample; samples of sample were not further diluted

	
	
	
	
	
	
	
	
	
	
	
	

	Sample A
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	AVERAGE

	sigma
	59744
	63351
	62977
	60724
	61819
	61681
	60078
	62042
	61722
	62184
	61632

	mean
	8.5
	8.4
	8.4
	8.4
	8.4
	8.3
	8.4
	8.4
	8.4
	8.3
	8.4

	median
	7.1
	7.1
	7.1
	7.1
	7.1
	7.0
	7.1
	7.1
	7.1
	7.1
	7.1

	mode
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6

	d10
	5.8
	5.8
	5.7
	5.8
	5.8
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7

	d50
	7.1
	7.1
	7.1
	7.1
	7.1
	7.0
	7.1
	7.1
	7.1
	7.1
	7.1

	d90
	12.6
	12.4
	12.3
	12.3
	12.3
	12.3
	12.3
	12.2
	12.3
	12.0
	12.3

	
	
	
	
	
	
	
	
	
	
	
	

	Sample B
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	AVERAGE

	sigma
	37.8
	47064
	48225
	57.825
	52642
	51125
	37784
	37555
	37208
	37053
	34875

	mean
	9.0
	8.3
	8.4
	8.1
	8.2
	8.3
	8.6
	8.5
	8.5
	8.4
	8.4

	median
	7.1
	6.8
	6.8
	6.7
	6.7
	6.7
	7.1
	7.0
	7.1
	7.0
	6.9

	mode
	5.6
	5.4
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6

	d10
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7

	d50
	7.1
	6.8
	6.8
	6.7
	6.7
	6.7
	7.1
	7.0
	7.1
	7.0
	6.9

	d90
	13.8
	12.9
	12.6
	12.2
	12.4
	12.5
	13.2
	12.9
	12.9
	12.6
	12.8

	
	
	
	
	
	
	
	
	
	
	
	

	Sample C
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	AVERAGE

	sigma
	54123
	56880
	54104
	57288
	62378
	57798
	63787
	58708
	60543
	58340
	58395

	mean
	8.7
	8.4
	8.4
	8.3
	8.1
	8.1
	8.0
	8.0
	8.0
	8.1
	8.2

	median
	7.0
	7.0
	7.0
	6.9
	6.9
	6.9
	6.9
	6.9
	6.9
	6.9
	6.9

	mode
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6

	d10
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7

	d50
	7.0
	7.0
	7.0
	6.9
	6.9
	6.9
	6.9
	6.9
	6.9
	6.9
	6.9

	d90
	13.1
	12.6
	12.6
	12.3
	11.7
	11.9
	11.5
	11.7
	11.6
	11.6
	12.1

	
	
	
	
	
	
	
	
	
	
	
	

	Sample D
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	AVERAGE

	sigma
	56234
	59020
	58124
	58629
	57490
	56056
	58759
	56792
	57659
	57458
	57622

	mean
	8.7
	8.5
	8.5
	8.5
	8.5
	8.5
	8.4
	8.4
	8.3
	8.3
	8.4

	median
	7.1
	7.1
	7.1
	7.1
	7.1
	7.0
	7.0
	7.0
	6.9
	7.0
	7.0

	mode
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6

	d10
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7

	d50
	7.1
	7.1
	7.1
	7.1
	7.1
	7.0
	7.0
	7.0
	6.9
	7.0
	7.0

	d90
	13.0
	12.6
	12.7
	12.6
	12.6
	12.7
	12.5
	12.5
	12.2
	12.0
	12.5


There does not appear to be any more variability between samples than there is within samples.  

	Test 3: dilution

	Constant variables

	stirrer speed
	set at 40

	sample of sample
	ran after initial sample of sample test showed no bias 

	

	concentrations around 10%

	Sample A
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	AVERAGE

	sigma
	19313
	20142
	15023
	14381
	17394
	21592
	18695
	18777
	18666
	15907
	17989

	mean
	7.9
	7.8
	8.0
	8.1
	8.0
	7.7
	7.9
	7.9
	8.0
	8.3
	8.0

	Median
	6.8
	6.6
	6.7
	6.8
	6.6
	6.6
	6.7
	6.7
	6.8
	5.9
	6.6

	Mode
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6

	d10
	5.8
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.8
	5.8
	5.7

	d50
	6.8
	6.6
	6.7
	6.8
	6.6
	5.7
	6.7
	6.7
	6.8
	6.9
	6.6

	d90
	11.2
	11.0
	11.5
	11.5
	11.7
	10.6
	11.1
	11.1
	11.2
	12.1
	11.3

	

	concentrations around 30%

	Sample B
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	AVERAGE

	Sigma
	29968
	51446
	51961
	52484
	52802
	52790
	52454
	51217
	57081
	51293
	50349.6

	Mean
	9.7
	8.5
	8.5
	8.5
	8.5
	8.6
	8.5
	8.6
	8.6
	8.8
	8.7

	Median
	7.5
	7.0
	7.0
	7.0
	7.0
	7.0
	7.0
	7.0
	7.1
	7.0
	7.1

	Mode
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6
	5.6

	d10
	5.8
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7
	5.7

	d50
	7.5
	7.0
	7.0
	7.0
	7.0
	7.0
	7.0
	7.0
	7.1
	7.0
	7.1

	d90
	14.9
	13.0
	12.9
	12.9
	12.8
	12.9
	12.8
	13.1
	13.1
	13.0
	13.1


Higher concentrations seem to consistently produce reports of larger grain sizes.  This is particularly true for the largest particles.  This bias is in same direction as the possible bias noted in Coulter Counter manual.  Thus, I made sure the concentrations of all my samples were in the 5-10% range.  
�


Figure 19.  Lower site discharge-SSC relationship and the effect of precipitation.  Discharge was >1m3/s during the collection of only one sample taken when 24-hour average precipitation was 0 mm/hr, but was >1m3/s for almost 1/3 of all precipitation >0 mm/hr samples (A).  Precipitation influenced samples at any given discharge tended to have lower SSC than non-precipitation influenced samples (B and C).  Two distinct trends based on 24-hour average precipitation were visible in the suspended sediment samples (D).  





�


Figure 18.  Field season discharge (lower site) and precipitation records, 2005.  Lower site discharge peaks match closely with precipitation events.  





�


Figure 15.  Cumulative suspended sediment load for a 10-day period in early August, 2005.  Because of a poor discharge record, the upper site calculation has wide error bounds (shown by thinner lines).  However, even the minimum estimate of upper site load was still significantly greater than at lower site.  











�


Figure 37.  Fine sediment mixed in with larger clasts at the upper site.  During summer 2005 low flows, Linnéelva remained channelized in this area.  





��


Figure 38.  Sediment movement in the area of broad flow.  Erosion of banks and formation of ripples indicate sediment movement and possible transport.  





�


Figure 36.  Another view of the area of broad flow.  In areas of very low flow, I observed silt and clay settling out of suspension and being deposited.  





�


Figure 35.  The area of broad flow.  In this area, streamflow was slow and water spread across the braidplain, allowing sediment a chance to be deposited.  





Table 4.  Glaciation-induced erosion variability.  Erosion rates were higher when glaciers were present.  �
�
Period�
Glaciation style�
Isfjorden sediment yield t/km2/yr 


� ADDIN EN.CITE <EndNote><Cite><Author>Elverhoi</Author><Year>1995</Year><RecNum>32</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>32</REFNUM><AUTHORS><AUTHOR>Elverhoi, A.</AUTHOR><AUTHOR>Svendsen, J. I.</AUTHOR><AUTHOR>Solheim, A.</AUTHOR><AUTHOR>Andersen, E.S.</AUTHOR><AUTHOR>Milliman, J.</AUTHOR><AUTHOR>Mangerud, J.</AUTHOR><AUTHOR>Hooke, R.L.</AUTHOR></AUTHORS><YEAR>1995</YEAR><TITLE>Late Quaternary sediment yield from the High Arctic Svalbard Area</TITLE><SECONDARY_TITLE>The Journal of Geology</SECONDARY_TITLE><VOLUME>103</VOLUME><PAGES>1-17</PAGES></MDL></Cite></EndNote>�(Elverhoi et al., 1995)��
Linnévatnet sedimentation rate mm/yr


� ADDIN EN.CITE <EndNote><Cite><Author>Svendsen</Author><Year>1997</Year><RecNum>9</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>9</REFNUM><URL>&lt;Go to ISI&gt;://A1997WT53500005</URL><ACCESSION_NUMBER>ISI:A1997WT53500005</ACCESSION_NUMBER><SECONDARY_TITLE><styles></styles>Holocene</SECONDARY_TITLE><TITLE><styles></styles>Holocene glacial and climatic variations on Spitsbergen, Svalbard</TITLE><PAGES><styles></styles>45-57</PAGES><AUTHORS><styles></styles><AUTHOR>Svendsen, J. I.</AUTHOR><AUTHOR>Mangerud, J.</AUTHOR></AUTHORS><KEYWORDS><styles></styles><KEYWORD>svalbard</KEYWORD><KEYWORD>glacier history</KEYWORD><KEYWORD>climatic change</KEYWORD><KEYWORD>lacustrine sediments</KEYWORD><KEYWORD>denudation</KEYWORD><KEYWORD>erosion</KEYWORD><KEYWORD>holocene</KEYWORD><KEYWORD>western norway</KEYWORD><KEYWORD>sedimentary sequences</KEYWORD><KEYWORD>lake-sediments</KEYWORD><KEYWORD>history</KEYWORD><KEYWORD>canada</KEYWORD><KEYWORD>area</KEYWORD></KEYWORDS><AUTHOR_ADDRESS><styles></styles>Svendsen, J. I.&#xD;Univ Bergen,Ctr Studies Environm &amp; Resources,Hoyteknologisenteret,N-5020 Bergen,Norway&#xD;Univ Bergen,Dept Geol,N-5007 Bergen,Norway</AUTHOR_ADDRESS><ALTERNATE_TITLE><styles></styles>Holocene&#xD;Holocene</ALTERNATE_TITLE><LABEL><styles></styles>Arnold, Hodder Headline Plc</LABEL><NUMBER>1</NUMBER><VOLUME>7</VOLUME><DATE>MAR</DATE><YEAR>1997</YEAR></MDL></Cite><Cite><Author>Svendsen</Author><Year>1989</Year><RecNum>33</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>33</REFNUM><AUTHORS><AUTHOR>Svendsen, J. I.</AUTHOR><AUTHOR>Mangerud, J.</AUTHOR><AUTHOR>Miller, G. H.</AUTHOR></AUTHORS><YEAR>1989</YEAR><TITLE>Denudation rates in the Arctic estimated from lake sediments on Spitsbergen, Svalbard</TITLE><SECONDARY_TITLE>Palaeogeography, Palaeoclimatology, Palaeoecology</SECONDARY_TITLE><VOLUME>76</VOLUME><PAGES>153-168</PAGES></MDL></Cite></EndNote>�(Svendsen and Mangerud, 1997; Svendsen et al., 1989)��
�
13-10ka�
Deglaciation�
860�
�
�
Entire Holocene


(10ka-present)�
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240 �
0.2 �
�
Early Holocene�
Little�
190 �
0.1 - 0.4�
�
Late Holocene


(including Little Ice Age)�
Significant�
390�
1 - 7�
�
Present (2004)�
Deglaciation�
1036 (Linnéelva, modeled in this thesis)�
1.6 � ADDIN EN.CITE <EndNote><Cite><Author>McKay</Author><Year>2005</Year><RecNum>14</RecNum><MDL><REFERENCE_TYPE>2</REFERENCE_TYPE><REFNUM>14</REFNUM><AUTHORS><AUTHOR>McKay, N.P.</AUTHOR></AUTHORS><YEAR>2005</YEAR><TITLE>Characterization of climatic influences on modern sedimentation in an Arctic lake, Svalbard, Norway</TITLE><SECONDARY_TITLE>Geology</SECONDARY_TITLE><PLACE_PUBLISHED>Flagstaff</PLACE_PUBLISHED><PUBLISHER>Northern Arizona University</PUBLISHER><TYPE_OF_WORK>Undergraduate</TYPE_OF_WORK></MDL></Cite></EndNote>�(McKay, 2005)��
�
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Figure 34.  Average monthly summer precipitation.  Records from the 20th century were collected at Isfjord Radio, about 5 km from Linnédalen.  The summer of 2004 had higher than average rainfall.  





Table 3.  Sediment yield for Svalbard catchments.  Sediment yield for Linnéelva during 2004 was higher than average records from other catchments.  Records other than Linnéelva are from Bogen and Bønses � ADDIN EN.CITE <EndNote><Cite ExcludeAuth="1"><Author>Bogen</Author><Year>2003</Year><RecNum>30</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>30</REFNUM><AUTHORS><AUTHOR>Bogen, J.</AUTHOR><AUTHOR>Bonsnes, T.E.</AUTHOR></AUTHORS><YEAR>2003</YEAR><TITLE>Erosion and sediment transport in High Arctic rivers, Svalbard</TITLE><SECONDARY_TITLE>Polar Research</SECONDARY_TITLE><VOLUME>22</VOLUME><NUMBER>2</NUMBER><PAGES>175-189</PAGES></MDL></Cite></EndNote>�(2003)�.  �
�
�
Area (km2)�
% glacierized�
Sediment yield (t/km2)�
Record years�
�
Bayelva�
30.9�
55�
359�
12�
�
Londonelva�
0.7�
0�
82.5�
4�
�
Endalselva�
28.8�
20�
281�
5�
�
Linnéelva�
32.2�
20�
1036�
1�
�






Table 2.  2004 Modeled suspended sediment transport in Linnéelva.  Most sediment transport occurred during a few large events.  �
�
�
Total amount (t)�
Yield (t/km2)�
% of total 2004�
�
Total 2004�
33356�
1036�
100%�
�
7/2-7/3�
19926�
619�
60%�
�
Field season (7/23-8/17)�
7566�
235�
23%�
�
7/29�
5568�
173�
17%�
�
Ten days (8/1-8/11)�
695�
22�
2%�
�






�


Figure 33.  2004 modeled cumulative suspended sediment load.  Full-season Linnéevla model based on modeled discharge and the discharge-SSC rating curve.  The majority of sediment transport occurred during short-term events.  





�


Figure 31.  Curve matching: Longyearelva stage to measured Linnéelva stage.  Longyearelva stage was converted to match the magnitude and amplitude of Linnéelva stage fluctuations for the period in which data was available for Linnéelva.  The best match was achieved with the conversion: 





LinnéelvaStage ≈ 0.10125 (MeanLongyearelvaStage) + 0.02 (LongyearelvaStage – MeanLongyearelvaStage





�





Figure 32.  2004 modeled full-season discharge and SSC record for Linnéelva.  Discharge was modeled using Linnéelva field season data and Longyearelva whole-season data.  SSC was calculated from synthetic discharge using the log-log discharge-SSC rating curve (Fig. 28).  





�


Figure 30.  Longyearelva stage and water temperature, 2004.  Water temperature rose above freezing on May 31 and began to freeze again in September.  Data from Ole Humlum, UNIS.  





�


Figure 29.  Cumulative suspended sediment load for 10 days in early August, 2004 and 2005.  Load transported in 2005 was only 5% of 2004 suspended sediment load.  





�


Figure 28.  Discharge-SSC rating curve at lake inlet, summer 2004.  Rating curve permits estimation of SSC when discharge measurements are available.  R2 of 0.76 is very good for natural systems.  





�


Figure 26.  Discharge-SSC relationship and the influence of precipitation at lake inlet, summer 2004.  The lowest discharges and SSC were observed when the 24-hour average precipitation was 0.  The discharge-SSC relationship was visually strong for all discharges, indicating that sediment exhaustion did not occur in the catchment.  





�


Figure 27.  Samples from lower site (2005) and lake inlet (2004) at low discharges.  Samples taken at the lake inlet (summer 2004) appear to follow a trend similar to lower site (summer 2005) precipitation-affected samples.  For a given discharge, these samples had relatively low SSC.  





�


Figure 25.  Discharge (lower site) and precipitation during 2004 field season.  In 2004, as in 2005, discharge peaked quickly in response to precipitation events.  2004 precipitation events were significantly larger and more frequent than those in 2005.  Times of SSC sampling are marked.  Data from Svalbard REU.  





�


Figure 24.  Cumulative precipitation for the 2003-2005 field seasons.  With 89 mm of rain, 2004 was the wettest of the three seasons.  2005 had only 19 mm of rain in two small precipitation events.  Precipitation data from Linnédalen provided by Svalbard REU.  





�


Figure 23.  Lower site discharge, 2004 and 2005.  2004 discharge was consistently higher and characterized by less prominent diurnal cycles.  The largest 2004 peak is an extrapolation from the stage-discharge peak and is likely an overestimate; but discharge was certainly on the order of several tens of cubic meters per second, at least an order of magnitude greater than the 2005 peak discharge of 1.7 m3/s.  2004 data provided by Svalbard REU.  





�


Figure 22.  Upper site grain size versus time-lagged lower site grain size.  The lag-time is the time it takes for a single pulse of water and sediment to travel between the upper and lower site.  Within this single pulse of water, there was a highly significant relationship between sediment grain size at the two sites.  Relatively high grain sizes at the upper site translated into relatively high grain sizes at the lower site.  Grain size did decrease downstream.  





�


Figure. 21.  Grain size statistics.  As a group, samples from the upper site had higher mean and 90th percentile grain sizes than samples taken from the lower site.  The difference between the two sites was highly significant (p<0.0001).  All statistics are based on measurements of the >6.9µm fraction.  





�


Figure 20.  Grain size – streamflow relationship.  The 90th percentile grain size was highly correlated with stage at the upper site.  A similar relationship between 90th percentile grain size and discharge existed at the lower site, but the correlation was much weaker.  








�


Figure 17.  SSC-streamflow relationship – no precipitation.  When precipitation-influenced points were excluded, there were highly significant relationships between streamflow and SSC at both sites.  Significant scatter of SSC around each discharge value was a function of hysteresis cycles.  





Table 1.  Suspended sediment load over a 10-day period in early August, 2005.  Suspended sediment load was much lower at the lower site than at the upper site, indicating that suspended sediment was deposited between the two sites.  �
�
�
Suspended sediment load (t)�
Yield (t/km2)�
�
Upper site average estimate�
244�
26�
�
Upper site minimum estimate�
183�
27�
�
Upper site maximum estimate�
326�
49�
�
Lower site�
36�
1.3�
�
Difference�
208 +82/-61�
�






Equation 2.  Suspended sediment load.  


� EMBED Equation.DSMT4  ���





� EMBED Equation.DSMT4  ���


where SSL = suspended sediment load, t = time








Equation 3.  Suspended sediment yield.  


� EMBED Equation.DSMT4  ���


where SSY = suspended sediment yield, 


A = catchment area





�


Figure 14.  Upper site SSC versus time-lagged lower site SSC.  The lag-time is the time it takes for a single pulse of water and sediment to travel between the upper and lower site.  Within this single pulse of water, SSC measured at the lower site was directly related to SSC measured at the upper site.  A stream pulse with a high upper site SSC was likely to also have a high lower site SSC.  The slope of the relationship between the two sites was lower during precipitation events.  








�Figure 13.  Lower site suspended sediment cycles, shown in more detail.  In addition to having overall lower SSC, lower site diurnal cycles had more variation in peak heights.  





�


Figure 12.  Stage/discharge and SSC over the field season, 2005.  All records show diurnal cycles, although they were most consistent and pronounced at the upper site.  





�


Figure 11.  ISCO setup at lower gauging site near inlet to Linnévatnet.  Intake tube was suspended about 20 cm below float.  During low flows, tube was still 30 cm from stream bottom.  





�


Figure 10.  Stage and calculated discharge at the lower site.  Based on stage measurements taken every thirty minutes and the stage-discharge rating curve, I was able to calculate a continuous discharge curve for the lower site.  





�


Figure 9.  Stage-discharge rating curve, lower site.  At the lower site, measured discharge was significantly related to stage measurements, allowing for calculation of a 30-minute discharge time series.  





Equation 1.  Calculation of stream discharge using velocity and stream depth measurements.  


� EMBED Equation.DSMT4  ���


where vi = velocity at width i, 


hi = river depth at width i, and 


wi = river width at width i





�


Figure 8.  Yearly cycle of grain sizes in Linnévatnet sediment.  McKay � ADDIN EN.CITE <EndNote><Cite ExcludeAuth="1"><Author>McKay</Author><Year>2005</Year><RecNum>14</RecNum><MDL><REFERENCE_TYPE>2</REFERENCE_TYPE><REFNUM>14</REFNUM><AUTHORS><AUTHOR>McKay, N.P.</AUTHOR></AUTHORS><YEAR>2005</YEAR><TITLE>Characterization of climatic influences on modern sedimentation in an Arctic lake, Svalbard, Norway</TITLE><SECONDARY_TITLE>Geology</SECONDARY_TITLE><PLACE_PUBLISHED>Flagstaff</PLACE_PUBLISHED><PUBLISHER>Northern Arizona University</PUBLISHER><TYPE_OF_WORK>Undergraduate</TYPE_OF_WORK></MDL></Cite></EndNote>�(2005)� correlated the large peak in grain size with the spring melt.  During the summer period, sediment was fine-grained and variable in size.  Figure from McKay � ADDIN EN.CITE <EndNote><Cite ExcludeAuth="1"><Author>McKay</Author><Year>2005</Year><RecNum>14</RecNum><MDL><REFERENCE_TYPE>2</REFERENCE_TYPE><REFNUM>14</REFNUM><AUTHORS><AUTHOR>McKay, N.P.</AUTHOR></AUTHORS><YEAR>2005</YEAR><TITLE>Characterization of climatic influences on modern sedimentation in an Arctic lake, Svalbard, Norway</TITLE><SECONDARY_TITLE>Geology</SECONDARY_TITLE><PLACE_PUBLISHED>Flagstaff</PLACE_PUBLISHED><PUBLISHER>Northern Arizona University</PUBLISHER><TYPE_OF_WORK>Undergraduate</TYPE_OF_WORK></MDL></Cite></EndNote>�(2005)�, Fig. 13.  
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Figure 7.  Sediment yield as a function of time.  Following deglaciation, sediment yield peaks and then slowly declines.  Figure adapted from Fig. 10, Church and Ryder, � ADDIN EN.CITE <EndNote><Cite ExcludeAuth="1"><Author>Church</Author><Year>1972</Year><RecNum>31</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>31</REFNUM><AUTHORS><AUTHOR>Church, M.</AUTHOR><AUTHOR>Ryder, A.M.</AUTHOR></AUTHORS><YEAR>1972</YEAR><TITLE>Paraglacial sedimentation: A consideration of fluvial processes conditioned by glaciation</TITLE><SECONDARY_TITLE>Geological Society of America Bulletin</SECONDARY_TITLE><VOLUME>83</VOLUME><PAGES>3059-3072</PAGES></MDL></Cite></EndNote>�(1972)�.  
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Figure 6.  Suspended sediment hysteresis.  Two occurrences of diurnal clockwise sediment hysteresis observed in Ellesmere Island, early summer of 1991.  As the day progresses, greater discharge is required to gain the same SSC.  Figure from Lewkowicz and Wolfe � ADDIN EN.CITE <EndNote><Cite ExcludeAuth="1"><Author>Lewkowicz</Author><Year>1994</Year><RecNum>8</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><REFNUM>8</REFNUM><AUTHORS><AUTHOR>Lewkowicz, A. G.</AUTHOR><AUTHOR>Wolfe, P. M.</AUTHOR></AUTHORS><YEAR>1994</YEAR><TITLE>Sediment transport in Hot Weather Creek, Ellesmere Island, Nwt, Canada, 1990-1991</TITLE><SECONDARY_TITLE>Arctic and Alpine Research</SECONDARY_TITLE><VOLUME>26</VOLUME><NUMBER>3</NUMBER><PAGES>213-226</PAGES><DATE>AUG</DATE><ALTERNATE_TITLE>Arctic Alpine Res&#xD;Arctic Alpine Res</ALTERNATE_TITLE><ACCESSION_NUMBER>ISI:A1994PC01700002</ACCESSION_NUMBER><LABEL>Inst Arctic Alpine Res</LABEL><KEYWORDS><KEYWORD>glaciation</KEYWORD><KEYWORD>basin</KEYWORD></KEYWORDS><URL>&lt;Go to ISI&gt;://A1994PC01700002</URL><AUTHOR_ADDRESS>Univ Toronto,Erindale Coll,Dept Geog,Mississauga L5l 1c6,Ontario,Canada</AUTHOR_ADDRESS></MDL></Cite></EndNote>�(1994)�.  
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Figure 5.  Valley gradient from Linnébreen’s terminal moraine to the lake.  A is the braidplain, B the area of broad flow, C the bedrock knickpoint, and D the lake inlet.  Aerial photo from Norsk Polarinstitutt.  
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Fig. 3.  Geologic map of Linnédalen.  Sandstone is coal-bearing.  Map simplified from Hjelle et al � ADDIN EN.CITE <EndNote><Cite ExcludeAuth="1"><Author>Hjelle</Author><Year>1985</Year><RecNum>13</RecNum><MDL><REFERENCE_TYPE>11</REFERENCE_TYPE><REFNUM>13</REFNUM><AUTHORS><AUTHOR>Hjelle, A.</AUTHOR><AUTHOR>Lauritzen, &#xD8;. </AUTHOR><AUTHOR>Salvigsen, O.</AUTHOR><AUTHOR>Winsnes, T.S.</AUTHOR></AUTHORS><YEAR>1985</YEAR><TITLE>Geologic map of VanMijenfjorden, Spisbergen</TITLE><PUBLISHER>Norsk Polarinstitutt Temarkart</PUBLISHER></MDL></Cite></EndNote>�(1985)� and Ohta et al � ADDIN EN.CITE <EndNote><Cite ExcludeAuth="1"><Author>Ohta</Author><Year>1991</Year><RecNum>15</RecNum><MDL><REFERENCE_TYPE>11</REFERENCE_TYPE><REFNUM>15</REFNUM><AUTHORS><AUTHOR>Ohta, Y.</AUTHOR><AUTHOR>Hjelle, A.</AUTHOR><AUTHOR>Andresen, A.</AUTHOR><AUTHOR>Dallmann, W.K.</AUTHOR><AUTHOR>Salvigsen, O.</AUTHOR></AUTHORS><YEAR>1991</YEAR><TITLE>Geological map of Isfjorden, Spitsbergen</TITLE><PUBLISHER>Norsk Polarinstitutt Temarkart</PUBLISHER></MDL></Cite></EndNote>�(1991)�.  
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Figure 4.  1936 view of Linnédalen, looking south.  Linnévatnet is 5 km long.  Note that Linnébreen extends to its terminal moraine in this photo.  Retreat over the past 70 years has reduced glacial area by about 60%.  Aerial photo from Norsk Polarinstitutt.  
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Figure 2.  Linnédalen.  Aerial views of study site showing Linnébreen, Linnévatnet, and Linnéelva in relation to Isfjorden and the North Atlantic Ocean.  Location of gauging stations also shown.  Raw images from Norsk Polarinstitutt.  
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Figure 1.  Location of Svalbard and study site.  Global view (A), and the island of Spitsbergen (B).  Note Isfjorden just to the north of study site and the warm West Spitsbergen Current passing along the west side of the island.  Raw images from ESRI ArcScene.  
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Figure 16.  Clockwise sediment hysteresis, observed at both sites for each diurnal cycle.  For any discharge, SSC was lower later in each diurnal cycle.  Cycles from August 2 are shown as an example.  
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