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ABSTRACT
   Suspended sediment concentration and discharge measurements from the proglacial stream Linnéelva are reported for a three week period during the 2006 melt season. This period included a threshold discharge event in which suspended sediment concentration increased dramatically, resulting in 25% of total monitored sediment transport occurring in less than 3% (15 hours) of the total monitored time period. This appears to have been a sediment flushing event, with the system displaying sediment exhaustion following the peak in discharge and suspended sediment concentration.  Denudation rates are estimated based on the calculated 1.41 million kilograms of suspended sediment transported by Linnéelva during the monitored time period. Based on this study, denudation in the upper part of the Linné valley is between 90mm/1000 yr and 350mm/1000yr. 

INTRODUCTION
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  Suspended sediment concentration (SSC) and discharge during the melt season are commonly studied in proglacial streams (e.g. Hodgkins et al., 2003). Marked diurnal trends in both SSC and discharge are characteristic of snowmelt/glacier-fed streams (Figure 1 phases 4-8). 
In addition to discharge fluctuations, other processes working on subdaily to seasonal scales can exert strong influences on SSC. These processes change the SSC-discharge relationship (Clifford et al., 1995). On a seasonal scale, glacier thermal regime determines the sediment supply available for transport at different times during the melt season. Within the melt season, proglacial streams sourced by warm-based glaciers receive varying amounts of sediment depending on the subglacial channel morphology. Short-term events such as bank collapse, channel scour and avulsion can change the SSC-discharge relationship as well. Complications in relating SSC and discharge arise from the numerous discharge-dependent processes as well as discharge-independent processes contributing sediment to the stream. Study of suspended sediment transfer by proglacial streams is crucial though, as this is usually the dominant transfer mechanism for glaciogenic sediments to areas outside the basin (Orwin and Smart, 2004). Denudation rates estimated at different locations and by different methods throughout a catchment can provide estimates of the various relative contributions and rates of glacial, periglacial, and fluvial processes contributing to removal sediment in a valley. 
BACKGROUND INFORMATION

[image: image2.emf]   Field data was collected from Linnéelva, Spitsbergen. Linnéelva is a proglacial stream sourced by Linnébreen in Linnédalen (elva = stream, breen = glacier, dalen = valley). Linnédalen is located on the western coast of Spitsbergen, the largest island in the Svalbard archipelago at approximately 78˚N (Figure 2). Suspended sediment concentration and discharge were measured at a site distal from the glacier, approximately 6 km downstream from the Little Ice Age moraine (Figure 2). 
   Previous work in Linnédalen resulted in denudation rate estimates based on lake cores and sub-bottom acoustic profiles. As glaciers receded following the Late Weichselian glaciation approximately 12,300 yr B.P., the emerging Linné valley became a fjord (Mangerud et al., 1992). Eventually, longshore drift and continued isostatic uplift associated with glacial retreat lead to isolation of the valley (Snyder et al., 2000). The earliest sediments at the base of the marine unit underlying Linnévatnet (vatnet = lake) are dated to about 12,300 yr B.P. (Svendsen et al., 1989). The top of the marine unit and switch to lacustrine sedimentation occurred around 9,600 yr B.P. The volume of marine sediment represented by this 2700 year period was calculated as 2.1 x 10-2 km3 while the last 9600 years is represented by only 0.9 x 10-2 km3 of sediment. The calculated modern denudation rate based on the sediment cores is 15 mm/1000 yr (Svendsen et al., 1989).
   Suspended sediment concentration data, grain sizes of suspended sediment, and discharge measurements were collected during a 3-week period from late July – August, 2005 (Matell, 2006). The data collection occurred at the same location, for similar duration, and during almost exactly the same dates as during this study. The 2005 study indicated that relatively little of the sediment transported by Linnéelva reaches Linnévatnet; rather, the proglacial area acts as a sediment sink. Most sediment transport during the monitored time period was determined to have been precipitation-driven (Matell, 2006). 
METHODS

Data Collection

Suspended Sediment Concentration

   An ISCO automatic water sampler was set up on the eastern bank of Linnéelva. The intake tube was run along the stream bed towards the center of the channel, held in place by rocks placed around the intake tube. At approximately the center of the channel, a piece of rebar was hammered into the bed and the intake was attached to the rebar using cable ties. The intake was propped to be roughly horizontal (parallel to water surface) and pointing downstream. The intake was initially at approximately 40 cm above the bed and remained at a fixed position relative to the rebar throughout the season.

  The ISCO collected water samples every 2 hours. Twelve days of data were collected (264 samples). Water samples were collected on the hour every odd hour (01:00, 03:00, 05:00, etc.) Initially, the sample volume was set at 450 mL of water per sample, but this was gradually decreased to 250 mL. The decrease was made in order to reduce the filtering time required to filter sediment-rich samples. 

   In the lab, the volume of each water sample was measured and the water was filtered using 47 mm diameter cellulose nitrate Whatman sterile membrane filters with 0.45μm pore size. Thus, all sediment particles greater than 0.45μm in diameter were included in the massed sediment. Each filter paper was preweighed without sediment. The samples were filtered, the sediment and filters were left to dry for 24 hours, and then weighed. Initial batches of samples were weighed after 24 and 48 hours to ascertain that a 24 hour drying period was sufficient to achieve complete drying and weight stabilization. 
Discharge
   To ensure that depth and velocity measurements were made at consistent locations, a line was strung across the river and marked at 0.5 m intervals. Depth was measured from the channel bed to water surface using a meter stick every 1m (on whole meter marks of the line). Velocity was measured using a Swoffer current meter at a depth of approximately 2/3 of the water column above the channel bed. Velocity measurements were made every 1m (between whole meter marks on the ½ meter marks). Velocity and depth measurements were made on 15 of the field days. 
Stage

   Stage was recorded using a Solinst level logger. The logger measures the pressure of the overlying water column and records in centimeters. A stilling well was created using a plastic cylinder with holes poked in it; the plastic cylinder was then submerged and attached to a piece of rebar hammered in on the east side of the stream about 10m downstream of the discharge transect. Stream stage was collected every 5 minutes for 23 days; the entire recorded dataset was downloaded from the logger at the end of the field season. 

Data Calculations and Quality Control

Suspended Sediment Concentration

   Suspended sediment concentration was determined as follows: [(filter + sediment mass) – (filter mass)] / (water sample volume) and is reported in mg/L. 

Discharge
   Discharge is calculated by multiplying velocity times channel cross-sectional area. With the measurements I took, the channel can be approximated as a series of trapezoids, each with area = 0.5 * (depth 1 + depth 2) * (horizontal distance between depth measurements). Each trapezoid is then multiplied by the velocity measured inside it, and added together with the other [(trapezoid cross sectional area) * velocity] calculations in order to obtain total stream discharge.
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   However, as this process was carried out, the effect of velocities measured as “0.00 m/s” became apparent. In some cases, as many as 5 consecutive velocity measurements from one transect were zero. This drastically reduced the calculated discharge. Field observation of the stream confirmed that while velocity was small, it was greater than 0 m/s. As a result, I decided to use the Manning formula to calculate average stream velocity and multiply this average velocity by the total channel cross sectional area in order to get discharge (Gierke, 2002). The Manning formula is:  V = um/n R2/3S1/2 where V is average stream velocity, um is a unit correction factor (um = 1 s-1 when R is in meters). n is Manning’s n, a numerical estimate of channel roughness. R is hydraulic radius, defined as channel cross sectional area divided by the wetted perimeter of the channel (Figure 3). S is the slope of the free-water surface (Gierke, 2002). 
   Another field researcher and I independently estimated Manning’s n. We visually compared Linneelva with pictures of streams with known n (US Geological Survey). The other researcher estimated n = 0.028, I estimated n = 0.030. The average of the two estimates (n = 0.029) was used when calculating average channel velocity. Manning’s n was assumed to be constant for the small range of discharges observed during the monitored time period; however though n often decreases as discharge increases and channel efficiency increases (Ritter et al., 2002a). I approximated slope as 0.005 using 50m contours on the Nordenskiöld Land area map from the Norsk PolarInstitutt Svalbard 1:200000 series.  Discharge was determined by multiplying the calculated average channel velocity times the channel cross sectional area. Discharge was determined using this method for all 15 sets of channel profile measurements. 
Construction of the Stage-Discharge Rating Curve
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   In order to construct the stage-discharge rating curve, the calculated discharges were plotted against the corresponding stage measurements recorded by the level logger. However, a linear regression over the entire data set yielded an R2 of only 0.1669 (Figure 4). 
   For 7 of the 15 measurements, I was the person actually in the water measuring the depth of the channel. Attempting to reduce the effect of learning to measure stream depth and the effect of different people measuring the stream channel, I used a subset of the 15 measurements. To do so, I used only my own measurements, with the exception of the first measurement I took, for a total of 6 measurements. Using just these 6 measurements a linear regression with R2 of 0.6058 was obtained (Figure 4). The linear regression is as follows: discharge = (0.6251 * stage) – 25.352.  Since it is a linear transformation, the shape of the recorded data does not change – the effect of applying the correlation equation is simply to put discharge units on the stage record. 
RESULTS

SSC and Discharge

[image: image5.emf]Discharge and SSC (5 minute resolution)

5

7

9

11

13

15

17

7/21/06 12:00 AM 7/28/06 12:00 AM 8/4/06 12:00 AM 8/11/06 12:00 AM

Q (m

3

/s)

0

130

260

390

520

650

780

SSC (mg/L)

Discharge

SSC

   Discharge and suspended sediment concentration both display diurnal trends (Figure 5). SSC data initially had a two hour resolution. The stage/discharge data was collected every five minutes. An approximation of the SSC at five minute resolution was made by adding linearly interpolated points between the two-hour measured points. 
   SSC remains below 120 mg/L except during two approximately 19-20 hour periods (5:15 8/3/06 – 1:20 8/4/06, and 13:40 8/5/06 – 8:20 8/6/06).  During the second high peak in SSC, the concentration reaches 750 mg/L (19:00 8/5/06), more than four times greater than any other peak in SSC measured during this season. 
Cumulative Suspended Load
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   Cumulative suspended load transported during the field season was calculated as follows: first a sediment transport rate was calculated (discharge * SSC = sediment transport rate). When this was integrated with respect to time, the result was cumulative suspended load (Figure 6). 
   25% of the total suspended sediment transport observed in the 22 day period occurred during only 15 hours (15:50 8/5/06 – 7:00 8/6/06). The three day period from 6:25 8/3/06 – 7:00 8/6/06 represented 43% of the total sediment transport. 
ANALYSIS

Variation in the SSC-Discharge Relationship
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   At times, aspects of the pattern of suspended sediment transport are clearly transport-limited, while other aspects of the pattern suggest supply limitation. Transport-limited movement of sediment occurs when the rate of weathering is more rapid than erosion, while supply-limited movement of sediment occurs under conditions when erosion removes sediment at a greater rate than it can be produced by weathering (Ritter et al., 2002b).  In the context of suspended sediment concentration variations, the diurnal cycles in discharge and SSC demonstrate that the daily high in SSC is a result of transport-limited sediment mobilization. Higher discharge allows more sediment to be transported. Plotting SSC against discharge for individual daily cycles reveals several days where the hysteresis cycles are counterclockwise. In other words, the same discharge on the falling limb of the hydrograph carries a greater concentration of suspended sediment than the same discharge did on the rising limb of the hydrograph (Figure 7). 
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   Not all daily SSC vs. discharge curves show counterclockwise patterns. Instead, some show clockwise hysteresis patterns, indicative of sediment flushing and thus supply-limited transport conditions. In these counterclockwise loops, there is a greater SSC on the rising limb than in the falling limb at equivalent discharges (Figure 8). 
Sediment Exhaustion

   Sediment exhaustion occurs after the high discharge event (and associated high peak in SSC) on August 5-6 (Figure 9). For instance, discharge on August 11 is similar to discharge on July 26 and July 28. Yet the SSC on August 11 is about a third less than the SSC on either July 26 or 28. The sediment exhaustion effect is also apparent in the slope of the cumulative suspended sediment curve (Figure 6). From August 7 to the end of the monitored period, the slope of the line is the lowest of the entire season. The average suspended sediment transport rate from July 24-30 is about 43,700 kg/day. From August 8-11, this rate drops to an average of about 29,000 kg/day.
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Denudation

   Denudation rates estimate of the rate of sediment leaving a catchment (Ritter et al., 2002c). A denudation estimate was made using the cumulative suspended load curve for Linnéelva (Figure 6). Total suspended sediment moved during the 526 hour period monitored was 1.41 million kilograms. The drainage basin supplying sediment to the system upstream from where suspended sediment was collected is 25.6 km2. Assuming an average rock density of 2.65 g/cm3, the suspended sediment transported represented an average surface lowering in the drainage basin of 0.021 mm.  Using the fact that 526 hours is 0.06 years, the denudation rate is approximately 350 mm/1000 yr. This denudation rate assumes that all surfaces are lowered by the same amount, and by definition, does not account for movement of sediment within the basin. Some portions of the basin may actually be aggrading while others are losing cover (Ritter et al., 2002c). Unconsolidated sediment is less dense than intact rock – the denudation rates calculated in this study are based on intact rock densities. Additionally, this denudation rate was calculated using only suspended sediment load, not dissolved or bed load. The rate would have increased if these were taken into account. The spring melt peak was not sampled in this study. The spring melt likely carries more sediment than any other period in which the river is flowing, dramatically increasing the total volume of sediment the river transports during the melt season. One consideration that would decrease the calculated denudation rate is that the stream does not flow year round. Assuming that the stream is frozen and not moving suspended sediment for 9 months of the year yields a lower denudation rate of approximately 90 mm/1000 yr. A rate of 15mm /1000 yr was previously calculated for entire Linné valley (Svendsen et al., 1989). This rate was calculated based on sediment core radiocarbon ages and sub-bottom acoustic profile data from Linnévatnet. The difference between the 15 mm/1000 yr rate and the higher rates I calculated could be due to overestimation of discharge in this study. If discharge was lower, my estimated denudation rate would also be lower. 
CONCLUSIONS

   During the season monitored, the suspended sediment concentration vs. discharge relationship displayed aspects that at times were supply-limited and at other times were transport limited. 25% of the total suspended sediment transport observed in the 22 day period occurred during only 15 hours, or less than 3% of the total time period. The four-fold increase in SSC at a discharge only about 1.5 times as great as the preceding high discharges suggests that a critical threshold had to be reached – until then the sediment had been there but could not be moved with the available discharge. Once this critical discharge was reached, a greater amount of sediment was mobilized and SSC increased rapidly. After the high discharge event, SSC levels dropped below the pre-event levels displayed earlier in the season. This drop occurred even though the post-event portion of the monitoring period contained discharge events of similar magnitude to the pre-threshold portion of the monitoring period. The discharge-driven increase is indicative of transport-limited processes, while the subsequent sediment exhaustion shows the system can be supply-limited at other times. The denudation rate for the Linné valley upstream from the monitoring site used in this study is estimated to be between 90mm/1000 yr and 350mm/1000 yr, greater than the value of 15mm/1000 yr rate previously reported for the entire valley (Svendsen et al., 1989).

SUGGESTIONS FOR FUTURE WORK
   Future work should include monitoring Linnéelva for the entire melt season. This study did not include the early spring runoff, which presumably represents the biggest sediment transport event in most, if not all, melt seasons. Accurate velocity readings need to be collected in order to get a clearer picture of discharge variability throughout the season. A different current meter may be necessary in order to obtain the more accurate velocity measurements. An improvement to the procedure for making depth measurements should be made as well. For instance, measuring distance from the line strung across the stream to the top of the water and to the stream bed (instead of from the stream bed to the water surface) would enable the comparison of channel bed morphology changes throughout the season. 
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Figure � SEQ Figure \* ARABIC �1�. Discharge and suspended sediment concentration during the 1998 melt season at Haut Glacier d’Arolla, Switzerland. 8 distinct subperiods were delineated based on glacial run-off and hydrology differences. Clear diurnal cycles began during period 4 of the melt season (Swift et al., 2005, p. 871).
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Figure 2. Location map of Linnédalen. Linnébreen is labeled, and Linnéelva is the “Main river”. The location of the Little Ice Age (LIA) moraine and the location of the suspended sediment concentration and discharge monitoring site are indicated. (Figure after Svendsen et al., 1989, p. 154).





Figure 3. Hydraulic radius, R, is calculated by dividing channel cross sectional area, A, by wetted perimeter, P (Gierke, 2002, p. 2).





Figure 4. Correlating stage and discharge. Using all data points and a linear regression yielded an R2 value of 0.1669. Of the 15 discharge points collected, I personally measured the stream depth for 7 of the points. If the linear regression is calculated on the subset of points measured by me (ignoring my first measurement), the R2 value is 0.6058. The resulting function discharge = (0.6251 * stage) – 25.352 was used to convert stage to discharge. 








Figure 5: Discharge and suspended sediment concentration.





Figure 6. Cumulative suspended sediment load. 





Figure 7. Counterclockwise hysteresis. At the same discharge, the falling limb of the hydrograph has a higher SSC than the rising limb.





Figure 8. Clockwise hysteresis. At the same discharge, the rising limb of the hydrograph has a higher SSC than the falling limb








Figure 9. Discharge and suspended sediment concentration focusing on sediment concentrations below 180 mg/L.








