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Abstract


Modern sedimentation in Lake Linné was studied as part of the NSF-funded Svalbard REU Project to calibrate the lamination stratigraphy in the glacier-fed lake. Lake Linné, located on the west coast of Spitsbergen, receives melt water from the Linné glacier, located 8 km up valley. The focus of the investigation is to better understand climatic effects on yearly sedimentation, and to better characterize annual variation in the sediment record. Sediment traps were deployed at five sites (each site having traps at varying depths), from July 2003 to August 2004, in order to facilitate spatial and temporal understanding of sedimentation occurring in the lake. The collected sediment was sub-sampled and analyzed using a Coulter LS230 Particle Analyzer in order to characterize textural changes both temporally in each trap, as well as spatially throughout the lake. Sedimentation rates calculated from the recovered yearlong sediment traps ranged from 277 to 28 mg/cm2/yr (1.5 to 0.15 mm/yr) from the most proximal to distal sites respectively. These sedimentation rates compare well to calculated average rates of sedimentation based on thickness of lacustrine sediment in the lake. Changes in grain size recorded in the sediment traps throughout the year demonstrate a strong peak in grain size associated with a spring melt event. These melt-out deposits are substantially coarser (median grain size = 53 µm) than any other sediment deposited during the year, including deposits associated with a high precipitation and discharge event (median grain size < 16 µm). This suggests that the spring melt sediment is deposited by different mechanism, most likely overland flow during the spring melt. Weather events (rain and solar insolation) affected the grain size of sediment deposited proximally in the lake; median grain size is strongly correlated to discharge from the inlet stream in the late summer.

Introduction


The Arctic is considered to be an ideal location to study global climate change, due both to natural features that enhance the effects of climate change, and its remote and pristine nature, removed from many anthropogenic influences. Climatic effects are commonly exaggerated by positive feedback loops, such as the reduction of albedo through the melting of ice and snow, cloud dynamics and atmospheric stability, which tend to trap and enhance temperature anomalies (Overpeck et al. 1997). In order to develop records of past climate change from the Arctic, a variety of records may be examined, including ice cores, tree rings and in this study, finely laminated lake sediment. Lacustrine sedimentation systems, particularly those directly influenced by glaciers, often record seasonal laminations of fine silt and clay in the winter during ice cover, and coarser silt and sand in the summer. These annual laminations, or varves, as well as other textural parameters, such as percent carbon and magnetic susceptibility, may be applied to an understanding of the system to reveal information about the climatic conditions of the year or series of years in which the sediment was deposited.

This study is an investigation into modern sedimentation in Lake Linné, and the effects of short-term weather events on sedimentation, focusing on sediment deposited from July 2003 to August 2004. The project is part of an NSF-Funded REU Program, focused on using the lamination stratigraphy of an Arctic lake to quantify past climatic changes. The research is distinct from other studies in the area, and many studies that use sediment records as proxies of paleoclimate and paleotemperature, because it invests a substantial amount of time and effort into understanding the relationship between the sediment record and the characteristics of the valley that control deposition in the lake. The REU program is interested in a detailed understanding of the natural systems in the valley, including modern meteorological dynamics in the valley, glacial processes, characteristics of the inlet stream, and detailed investigations of both inter- and intra-annual sedimentation. The goal of this research is to aid in the development of a high-resolution record of recent climate change in the high western European Arctic. 

Location


Lake Linné, is at 78º 3’ N and 13º 50’ E, located on the western coast of Spitsbergen, an island in the Svalbard Archipelago (figures 1a, b). The lake is close to both the open Atlantic Ocean and Isfjord, located on Isfjord’s southern cape, about 50 km from Longyearbyen. Lake Linné is roughly 4.7 km long and 1.3 km wide, with its surface about 12 m above sea level (figure 1b), and is oriented roughly north-south, bounded to the east and west by the steep walls of a glacial valley (figure 2). The lake has three main bathymetric basins; the northernmost and deepest is 37 m deep. A bedrock ridge divides the two southern basins, and supports the small island on the southern end of the lake (figure 3).

The glacier Linnébreen, located about 8 km up valley of the lake, provides the base flow for the primary inlet to the lake, Linnéelva. The stream drains approximately 27 km2, over three dominant types of bedrock (figure 4). The valley can be divided into three main sections, with Precambrian metasediments in the west, Carboniferous sandstones and quartzites running through the center of the valley, and Carboniferous-Permian limestones and gypsums located the east, the beds of each unit oriented in bands which run parallel to the valley (Hjelle et al. 1986). Coal interbedded with the Carboniferous sandstones is eroded by Linnébreen, and comprises a substantial portion of the organic material in the lake sediment (Snyder et al. 2000).

Radiocarbon ages of marine mollusks suggest that the lake basin deglaciated about 12,300 14C yr BP (Mangerud and Svendsen 1990). Isostatic rebound due to deglaciation resulted in as much as a 60 m drop of relative sea level over the past 12,000 14C yr in the area (Landvik et al. 1987). The uplift isolated the Linné valley from Isfjord approximately 10,300 cal yr BP, based upon ages of both the marine terrace that forms the northern shore of the lake (Sandahl 1986), and paired recovered from cores in the youngest marine sediment in the lake (Mangerud and Svendsen 1990). 

Sub-bottom acoustic profiling of the lake produced isopach maps of both marine and lacustrine sediment thickness (figure 5) (Svendsen et al. 1989). The profiling suggests that lacustrine sediment is as thick as 10 m at the sites most proximal to the main inlet stream. Averaging the thickness of the sediment over the 10,300 yr lacustrine history of the lake results in average sedimentation rates ranging from about 0.1 – 1.0 mm/yr throughout the lake. A more recent estimate of sedimentation rates can be calculated based upon a date from the middle of a core from the proximal east basin. Here sedimentation rates are inferred to be about 50% higher than the above estimate during the past 5000 cal yr (Snyder et al. 1994; Svendsen and Mangerud 1997). Cores from the proximal west basin suggest similar rates as those discussed above, with the exception of rates during the Little Ice Age, the only time since deglaciation of the valley when the small cirque near the southwest end of the lake was glaciated. Sedimentation rates in the west basin during the Little Ice Age (and the glaciation of the cirque) increased from around 30 to above 200 g/cm2/kyr (Snyder et al. 2000).  

Methods


In July 2003, five moorings, each with a number of sediment traps, were deployed throughout the lake (figure 3). Each mooring supported from two to four sediment traps at varying depths, with a total of 17 sediment traps. The opening of the sediment trap was oriented horizontally. Each mooring was anchored to lake floor with a large rock (20 to 30 kg), and a buoy (about 25 cm in diameter) kept the mooring line taught. Sediment traps were made of small funnels (12.1 cm in diameter at opening) with semi-transparent, flexible, plastic tubing attached to the outlet (1.5 cm in diameter), and closed off at the bottom end with a metal clamp.  A plastic baffle made of 1-cm-wide grid was attached to the opening of the sediment trap in order to reduce remobilization of deposited sediment from within the funnels (figure 6a-c).

The importance, and the effects, of the baffles on sedimentation rate in the traps are not clear, and a qualitative experiment was conducted to examine the differences in sedimentation between traps with and without baffles. Two sets of identical traps were placed at the same depth at the same time on the same moorings, one with a baffle and one without. In both cases traps with baffles captured about twice the wet volume of sediment, not accounting for differences in bulk density, as the traps without baffles. It is unclear, however, whether this was due to the intended function of reducing remobilization of deposited sediment, or if baffles artificially reduce the velocity of currents within in the lake effectively inducing sedimentation.


The moorings and sediment traps deployed in July 2003 were recovered in July 2004. The tubes that housed the sediment were semi-opaque, and also experienced some oxidation inside the tube throughout the year. Because of this, it was impossible to determine the stratigraphy of the sediment collected visually; therefore, sediment from the tubes was extruded and sampled at 1 cm intervals, with the exception of sediment from the most proximal mooring site (mooring C), which was extruded and sampled at 2 cm intervals. 


A second set of five moorings, with the same number of sediment traps placed at the same depths on each mooring, were deployed in the same locations as the first set of moorings in late July 2004, and recovered in mid-August 2004. These summer traps had a slightly different design (figure 6c). Larger funnels (17.4 cm in diameter at top) were used to further magnify sedimentation over the shorter time interval. Also, the semi-opaque, flexible tubes were replaced by transparent, rigid tubes, with a rubber stopper closing the bottom end (figure 6c). Transparent tubes allowed sampling of the summer traps based upon visible stratigraphy. The rubber stoppers and rigid tubing simplified the extrusion process.


Due partly to an underestimation of sedimentation rates over the year, and mostly due to an underestimation of water content in collected sediment, many of the tubes were too short to capture all of the sediment deposited. As a result, in most of the year-long traps (July 2003 to July 2004), sediment filled the tubes and continued to be deposited in the funnels. Because none of the traps overflowed, the sediment in the funnels could still be used to calculate rates of sedimentation, but could not be used in determining textural parameters through time, as were those in the tubes. In many cases the amount deposited in the funnels was a significant portion of the year’s sediment.  In one trap, deposition in the funnel accounted for more than half of the year’s deposition.


After extrusion, the sediment was dried and weighed in order to determine the mass of dry sediment deposited in each trap. From these measurements, rates of sedimentation for each mooring location were determined. In order to best approximate rates of deposition on the lake floor, mass deposited at the deepest trap (always within 2 m of lake floor) was used for determining sedimentation rates in mg/cm2/yr at each mooring site. A bulk density of 1.8 g/cm3 of sediment in lake cores was determined experimentally from shallow cores (sampled at 5 and 10 cm depths in the core) and supported by previous findings (Svendsen et al. 1989). These measurements allowed for the calculation of a magnification factor, which was due to the high water content of the sediment in the sediment traps. Such a value was determined for the deepest trap at each mooring site, and applied to the other traps at the site. Rates of accumulation in the sediment record in mm/yr were calculated using both the volume of sediment deposited and this magnification factor.


Sediment was subsampled and analyzed for grain size distribution using a Coulter LS 230 Particle Size Analyzer. The sediment contains very low concentrations of organic matter, biogenic silica, and carbonate, and therefore, little sample pre-treatment was required. Each sample of sediment (5 to 50 g) was well mixed, and then subsampled into a centrifuge tube. Distilled water was added, and the samples were placed in a reciprocating shaker for 1 hr before being poured into the particle size analyzer. The resulting volumetric grain-size distributions are reported as percent clay (< 2 µm), fine silt (2-4 µm), medium silt (4-20 µm), coarse silt (20-50 µm), fine sand (50-250 µm), and medium sand (250-500 µm) in each sample, as well as median grain size, and clay:silt ratios. The maximum median grain size was used as the primary statistic to compare grain size distributions among traps. Because significant portions of sediment could not be analyzed due to overfilling, the overall mean grain size would be skewed towards the first half of the year. Peak median grain size, while not perfect representation, does accurately estimate the coarseness of all captured sediment in each trap. 


Loss-on-ignition (LOI) analyses were used to determine the mass percent organic carbon in a subset of samples from the most proximal and most distal mooring sites (moorings C and G, respectively). The sediment was heated to 90(C for 15 hr in order to evaporate any water, cooled in a desiccator, and weighed. Then the samples were heated to 550(C for 5 hr to burn off organic carbon in the sediment, cooled in a desiccator and reweighed. Change in mass was interpreted as loss of both modern organic carbon and detrital coal in the sediment. Previous studies have indicated that the majority of mass loss at 550(C is detrital coal (Werner personal communication 2005), and LOI analyses have been used as a proxy of coal content in the lake sediment. Detrital coal in the sediment is indicative of glacial activity, as the glacier primarily erodes a sandstone unit that contains several beds of coal.


Precipitation and solar insolation were measured using an Onset weather station located south of the lake in the center of Linné valley (figure 1b), using a tipping rain bucket and pyronometer.  The discharge of the primary inflow stream (Linnéelva) was calculated by applying an empirical rating curve to data collected using a high-precision level logger, which records depth of water through the use of a pressure transducer

Results


Rates of sedimentation from July 2003 to July 2004 at the lake bottom vary throughout the lake, ranging from 277 to 28 mg/cm2/yr (1.5 to 0.15 mm/yr) from the most proximal to the most distal site (figure 7). Throughout the lake, 0.2 to 0.01 mm of sediment accumulated in the summer traps, suggesting that the 18 day period accounts for as much as 26% of annual deposition for some traps (figure 8). Rates of sedimentation also varied with depth in the water column at each mooring site, generally following two nearly linear trends: one associated with traps that received coarser sediment, and a second associated with sites whose deposits are finer (figure 9).


All grain-size distribution data and statistics are presented in appendices A and B. Peak median grain size ranged from 10 to 53 µm.  The traps most proximal to the main inflow received the coarsest sediment, and the more distal site in the east basin, as well as the site in the deepest, most distal basin captured the finest sediment (figure 10). At the sites where coarser sediment was deposited, peak median grain size tended to increase with depth in the water column, while at sites with finer sediment, the peak median grain size demonstrated little variation with depth (figure 11).


Changes in median grain size down tube, and throughout the year, show a consistent trend of fine sediment immediately after deployment, followed by a large peak in median grain size, returning to a finer regime near the top (figure 12). Some variation on this distinct pattern is apparent in traps from moorings C, E, and F, while traps from moorings D and G show finer sediment and little variation in median grain size throughout the year. When combining the grain size data from the year-long traps with those from the summer traps, the finer sediment near the top of the year-long traps continue into the summer traps (figures 13a-e). 

Because sediment overflowed from the tubes into the funnels of traps, the data only represent a portion of the yearly pattern. Traps with all of the sediment contained within the tubes were used to interpret the final period of deposition (the upper portion of the tubes), as were summer traps. Because most of the traps that overflowed were near the bottom, subtleties in the deposition near the lake floor may have been lost, particularly during the mid to late summer period of finer deposition, which most commonly overflowed in the funnels. Sediment traps at mooring site D, in the more distal part of the east basin, were most heavily affected by the loss of sediment available for analysis due to overflow. Therefore, interpretations of processes and characteristics of sedimentation at the site, with the exception of sedimentation rates, are tentative.

Discussion

Rates of Sedimentation

	Table 1. Comparison of two previous calculations of sedimentation rates based upon thickness of lacustrine 

	sediment above a dated layer to rates calculated from sediment collected from 2003 to 2004. 

	Mooring Site
	Sedimentation rates averaged over from depth of sediment over the lacustrine history of the lake (10,300 cal yr) (Svendsen et al. 1987)
	Sedimentation rates averaged over past 5,000 cal yr, based upon dated layer in surface cores (Snyder et al. 1997; Svendsen and Mangerud 1997)
	Sedmentation rates calculated from volume deposited and bulk density measurements from sediment deposited from July 2003- July 2004

	 
	mm/yr
	mm/yr
	mm/yr

	C
	0.4
	0.6
	1.5

	D
	0.3
	0.4
	0.5

	E
	0.2
	0.3
	0.3

	F
	0.2
	0.3
	0.3

	G
	0.2
	0.3
	0.2


Rates of sedimentation varying from 28 to 277 mg/cm2/yr (1.5 to 0.15 mm/yr) fall in the expected range based upon the previously determined ages and observed thickness of lacustrine sediment (figure 7) (Svendsen et al. 1987). Sedimentation rates from 2003-2004 fit slightly better with rates calculated using sediment thickness above the layer dated at 5000 cal yr B.P. (Table 1) (Snyder et al. 1997; Svendsen and Mangerud 1997).  This results in an estimate about 50% higher than calculated using the entire thickness of lacustrine sediment. Even when comparing rates derived from the sediment traps to those averaged over the past 5000 yr, rates of sedimentation in the most proximal setting (mooring C) are 2-3 times higher than expected, while other sites demonstrate rates close to what was expected.

I interpret the results from the sediment traps as indicating an abnormally coarse sediment load affected the particle size and rates of sedimentation in the most proximal basin. Temperature profiling by data loggers has shown (Schimek personal communication 2005) that the lake is well mixed throughout most of the year, with the exception of a few weeks in August. I propose that coarse sediment brought to the lake by inflow streams would settle out primarily in the most proximal basin, due to faster settling rates, and the lack of energy needed to transport the coarse fraction into more distal basins. My qualitative investigation of short cores from the proximal basin suggests that sediment deposited from July 2003 to July 2004 was atypically coarse when compared to other laminations in the upper 10 cm of the surface cores. The high rate of sedimentation in the most proximal basin is likely related to the coarse sediment recovered in the surface, and, as expected, the influx of coarse material primarily affects sedimentation rates at proximal sites

Spatial Patterns in Sedimentation

The spatial distribution of sedimentation rates coincides with what would be expected based upon thickness of lacustrine sediment (figure 5). Sedimentation patterns in the lake suggest a strong counter-clockwise flow in the lake, with the highest sedimentation rates located to the right of the inlet steam (figure 5). Observed sedimentation rates from 2003 to 2004 follow the same pattern.  


The sediment traps deployed during late summer 2004 captured a substantial portion of the year’s sediment (figure 8). This was not unexpected as the lake is typically frozen from September through May, and there is no flow into the lake, either from the inlet stream, or the hillslopes. This requires that the vast majority of sediment be delivered to the lake from June through early September. Assuming that all sedimentation occurs during a 100-day period from June to September, only one trap meets or exceeds the expected percentage of deposition during the time of the deployment of the summer traps (figure 8). This suggests that the early summer is the period of greatest deposition in the lake.


Spatial patterns in peak median grain size at the deepest trap on each mooring (used to best approximate bottom conditions) illustrate a similar pattern to spatial distributions of sedimentation rates, with one exception (figure 10). The coarsest sediment (peak median grain size = 53 µm) was collected in the most proximal trap, where the sedimentation rate was also highest; however, site D, located more distally in the east basin, recorded the second-highest rate of sedimentation but the smallest peak median grain size (10 µm) (figure 10). Median grain size in traps on mooring D generally showed little variation throughout the year, despite the substantial amount of sedimentation (figure 13b). The east basin is divided into two sub-basins: one more proximal (mooring C), and one more distal (mooring D) (figure 3). The main inflow stream, Linnéelva, provides the vast majority of sediment for these two sites. Circulation in the lake is dominantly counterclockwise, and suspended sediment is constantly transported towards the northeast, allowing for the high sedimentation rates at the site. Most of the coarse material brought in from the stream is trapped in the more proximal basin, allowing for coarse sedimentation at site C. Of all five mooring sites, the northern part of the eastern basin, the location of mooring D, is the furthest from an inlet and possible source of coarse material (figure 1b, and 3). Further north in the deep basin (site G), the lake is flanked on the east and west by steep drainages that occasionally generate coarse material.


Peak median grain size is related to depth within the water column for each mooring site (figure 11). The relationship shows two general trends: at proximal mooring sites with coarser material (sites C, E, and F) peak median grain size tends to increase with depth. This is expected because larger particles are transported near the lake bottom, whereas smaller particles can be suspended, or transported up the water column with turbulent currents in this homopycnal lake. At more distal sites with finer-grained sediment, peak median grain size varies little with depth (sites D and G). At these locations, the coarse fraction was deposited prior to reaching the more distal sites, and deposition is dominated by suspended sediment, which deposits the same limited range of grain sizes, regardless of depth in the lake.

Temporal Patterns in Sedimentation

Median grain size varied with season, with many of the traps showing a consistent pattern (figure 12), particularly traps from moorings C, E and F.  The finest sediment was deposited immediately following mooring deployment, probably between late summer and winter (late July 2003 through early June 2004).  This interval encompasses nearly the entire period during which sediment was collected, but a fairly small proportion of total sediment mass (figure 14). The protracted duration of lake-ice cover and lack of fluvial inflow suggest that the winter deposition is restricted to the settling of clay introduced during the summer, and represents very little of the year’s deposition. The lack of significant change in grain size, or other temporal constraints, prevents the separation of the late summer and winter depositional periods. Median grain size data from the summer traps (figures 13 a-e) suggest that sediment deposited during the interval between late summer and winter 2003 was similar to the late summer deposits. It is likely that most of the deposition in the late summer/winter period actually occured during the late summer, and a minor amount of this sediment was actually deposited in the winter.


Following the deposition of fine sediment during late summer/winter, many traps received sediment with a sharp, large peak in median grain size, including the coarsest sediment deposited throughout the year. This peak is interpreted as the spring snowmelt pulse, because it is a substantial volume of coarse sediment directly after the inferred winter fine-grained sedimentation (figure 14). The mechanism for delivering this sediment to the lake seems to be different than the delivery mechanism of sediment later in the summer, which, as is discussed later, results in much finer grain sizes, even during substantial storms and accompanying high discharge. The coarse sediment might require rapid melting of snow and ice on the hillsides and other areas near the lake to transport available material short distances into the inflow stream and lake. The proposed transport mechanism of overland flow is inferred due to the availability of coarse sediment on the steep hillslopes, and the coarseness of the deposited sediment, which is unlike any sediment that is typically introduced by the inlet stream. This suggestion is supported by the presence of the most pronounced peak grain sizes at sites closest to the lakeshore (figure 10). Stable permafrost on the hillslopes near Lake Linné is estimated at 2.5 - 3 m thick (figure 15), and the thickness of the active layer in late summer ranged from 96–116 cm from 1990-2000 (Brown et al. 2000). The active layer at the time of the spring melt is most likely substantially thinner, as the melt occurs early in the summer season. The shallow permafrost contributes to overland flow, as the ground is easily saturated, allowing for overland flow to occur with runoff, and for a longer period of time. 


Following the spring melt, many of the traps received only fine grain sizes (median grain size < 20 µm); typically not as fine as the late summer/winter period, but substantially finer than the inferred spring melt peak (figure 14). This period continued through the end of the deployment of the yearlong traps and into and through the deposits in the summer traps (figures 13 a-e). This is interpreted as mid to late summer (July through August), when the dominant mechanism of sediment input was from the inlet streams, which deposited a significant portion of the year’s sediment, and is substantially finer than spring melt deposits.


While the pattern in median grain size described above is apparent in many of the sediment traps, sites D and G (figure 12) show little variation in median grain size throughout the collected portion of the year. Both sites lie in subbasins located far from an inlet stream. This distinguishes the sites from the other three locations, and because of this, sediment deposited at the site is dominated by suspension settling, a much finer fraction that experiences less variation throughout the year. The lack of variation at site D, in the distal part of the east basin (figure 3), is unexpected, and could be due to the incomplete record at these sites where the sediment overflowed the funnels. The overflowed portion in the deepest trap at site D, which represented a substantial amount of the year’s deposition, was separated into three bulk layers and analyzed for grain size distributions. The resulting median grain sizes ranged from 7 to 10 µm, and remained constant in the later part of the year (figure 13b). This suggests that the lack of variation in the sediment at site D continued throughout the year.


An investigation into sediment provenance in the lake (Thomas 2005) demonstrated that sediment at mooring site G, in the deepest most distal basin (figure 3), had a geochemical signature significantly different than the other mooring sites. Also, the sediment at site G could not be explained by a mixing of the three main bedrock lithologies in the valley. Thomas (2005) suggests that this anomalous geochemical fingerprint (based primarily on oxide and trace element content) is most likely due to the significant contribution of sediment from marine terraces on the eastern shoreline. Sediment deposited at site G demonstrates occasional slight increases in median grain size and sand content. It is unlikely that these changes in grain size are related to climate or the glacier, as the deposition of these lenses probably occurs in association with mass wasting events on the nearby hillslopes. The irregular timing of these spikes in grain size, and the anomalous geochemical signature in the sediment at site G (figures 13e and 16e ) support the suggestion that the coarse sediment is derived from nearby hillslopes.


Changes in volume percent sand down tube in the sediment traps, and throughout the year (figures 16a-e), demonstrate a very similar pattern to changes in median grain size particularly in traps from mooring C. Many of the traps had a strong peak in sand content, as high as 52%, associated with the spring melt, further supporting the suggestion that this pulse of sediment is being introduced from nearby sources. Traps from moorings E and F, demonstrate less pronounced peaks in percent sand than in median grain size, percent sand in some traps is noisy, and is variable throughout the year, this may be due to input of sand from the hillsides or shore, this pattern is also seen in sediment from trap G, further supporting the hypothesis that deposition from the hillslopes is important at the mooring site. Summer precipitation events seem to have a slightly stronger effect on percent sand than on median grain size, with the strong summer storm causing a larger peak in many of the sediment records near the end of deployment of the year-long traps. Generally speaking, all of the grain size parameters (median grain size, percent sand, silt and clay, and clay:silt ratios) show similar trends throughout the year, with a prominent feature associated with the spring melt in the early part of the record. A ternary plot (figure 17) clearly demonstrates the difference in composition between spring melt sediment, and sediment deposited the rest of the year.

Effect of short-term summer weather events (precipitation, solar insolation and discharge) on sedimentation

Changes in median grain size during the deployment of the summer traps are correlated to stream discharge, with high discharge events corresponding to coarse sediment (figure 18) (Appendix C).  The correlation might be stronger than shown in the figure, with the large peak in median grain size corresponding to the peak in discharge, and the finest median grain size corresponding to the trough in discharge. The relationship is simple: increased discharge results in increased energy available to transport coarser grains to the lake. Although storms such as the large precipitation event that took place on July 29, 2004 (41.8 mm in a 24 hr period) can have a significant effect on the median grain size of sediment received at the traps during the late summer, this peak in median grain size (about 15 µm) is much lower compared to the peak associated with the inferred spring melt (53 µm) (figure 13a). This observed effect of a large storm with corresponding high discharge supports the earlier assertion that the coarse sediment deposited during the spring melt peak must be delivered to the site by a different mechanism than those that operate during the mid to late summer.

 Organic matter in collected sediment


The results of loss-on-ignition analyses support earlier work in characterizing sediment from Linné as highly inorganic (Boyum and Kjensmo 1980). Organic carbon (probably mostly detrital coal) content ranged from about 3 to 9%, showing an inverse relationship with median grain size (figure 19). More specifically, percent LOI showed a direct, logarithmic relationship to clay:silt ratios in the sediment, with an r value of 0.88 (figure 20). This relationship is most likely due to a dilution effect; coarser sediment apparently contains less detrital coal and organic material. 

Significance of a warm spring on sedimentation over the year  

 Five-day running mean temperatures in Longyearbyen (Appendix D) during the melt season, from May 1 through July 16, illustrate a particularly warm spring melt in 2004 (mean temperature 1.93°C) compared to the average from 1976-2004 (1.69°C) (figure 21). Daily temperatures in Longyearbyen strongly correlate to temperatures at Kapp Linné (r = 0.992) for 2003 (figure 22) (Appendix E). The snowmelt period demonstrates consistent positive temperature anomalies, as high as 8ºC and commonly 1-2ºC above the mean from 1976 to 2004 (figure 23). The standard deviations for each day of the longer time series vary, with higher standard deviations earlier in the season (nearly 5ºC) decreasing towards the summer (around 2ºC) (figure 23). Most temperature anomalies during spring 2004 lie within one standard deviation of the 29 year mean. This suggests that warm spring melt seasons, such as the one that occurred in 2004, are fairly common, as are anomalously cold melt seasons. Temperatures in the region are highly variable from year to year, and even day to day, especially during the winter (figure 24). Even in the later part of the spring melt season, the standard deviations are high (± 2°C), suggesting that the characteristics of the spring melt can change substantially from year to year. The timing of the spring melt varies from year to year, and so does the magnitude. From 1976 to 2004 the maximum mean daily temperatures of each melt season varied from 7.8 to 15.7°C with a standard deviation of 1.9°C, and the minimum mean daily temperatures of each melt season varied from –17.3 to –6.1°C with a standard deviation of 2.5°C.

Using median grain size to reconstruct past climate and glacier activity


Analyses of the sediment deposited from July 2003 to July 2004 suggest that the dominant textural feature (the package of course sediment) in the sediment, and the peak in grain size associated with the spring melt, have little if anything to do with the condition of the glacier (growing, shrinking, actively eroding, etc.) at the time of deposition. Peak median grain size probably has more to do with temperatures during the melt season, and the thickness and location of snow pack, which is dominantly controlled by wind intensity and direction, not precipitation. The glacier is 8 km up valley, and presently its outwash/meltwater stream passes through a number of basins that effectively trap much of the coarse fraction provided by the glacier. The signal of the glacier in the lake sediment is most likely only present in the finer grain fraction, as only the fine fraction of glacially derived material is suspended in the inlet stream, and therefore, is the only fraction consistently deposited into the lake. Seasonal changes in grain size due to climatic conditions, and the condition of the glacier are overwhelmed by the input of coarse material by other mechanisms during the spring melt.


 Because the peak in median grain size is related to the temperature of the spring melt, it may provide an indicator of climate downcore. Considering the fine scale of annual laminations in the sediment record, grain size can only be effectively examined in thin section, and it is difficult to measure grain size distribution with the detail or precision in which it was presented in this study. The mechanism for introducing this coarse peak to the lake is not well understood, and the factors that control it, such as permafrost conditions, temperature, winter precipitation, dominant wind direction, and the availability of coarse sediment are complexly intertwined. The intrinsic variability in these systems may outweigh the influence of small changes in climate.

Conclusion

The consistently positive temperature anomalies during spring 2004, along with the coarse material deposited in the traps, and the relative thickness and coarseness of the topmost coarse layer in some short cores, suggest that the 2004 melt was rapid, and that high energy event allowed for a substantial pulse of coarse sediment to be deposited in some areas of the lake, specifically those closest to the shores and inlet streams.

Due to the control on the deposition of coarse sediment by variables not necessarily related to climate, understanding and identifying the glacial signal, as well as determining paleoclimate and paleotemperatures in the valley, will be best studied in the fine fraction of the lake sediment. A better understanding of what controls the grain size and thickness of each year’s fine sediment may be the best candidate for developing a high-resolution record of climate in the Linné valley, and the history of the Linné glacier.    
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