ICE-MARGINAL DELTA FORMATION AND SEDIMENTARY PROCESSES OF KONGSVEGEN GLACIER IN KONGFJORDEN, SVALBARD, NORWAY

Ryan M. Cumpston
Northern Illinois University, Senior Thesis, Submited August 2006

Advisor:  Ross D. Powell

Abstract

Over the last ca. 15 years, the southeastern portion of Kongsvegen glacier has retreated back onto land and an ice-marginal delta has formed at its terminus.  The delta has an annual growth rate of 6.0x105 m3 a-1, determined from bathymetric profiling and aerial photos taken inbound and outbound of Ny Ålesund.  Sedimentation in Kongsfjorden, where the subglacial derived meltwater stream discharges after flowing over the delta, were recorded, from sediment traps located at the given distances, as 7.5 ± 1.6 g cm-2 a-1 (69.4 mm a-1 vertical thickness) at 204m in fjord from the source, and 9.19 ± 4.4 g cm-2 a-1 (85.5 mm a-1) at 1193 m from the delta source.  The higher value with distal location being attributed to the influx of sediment from a submarine, subglacial meltwater discharge plume from Kronebreen glacier ~2.5 km north of the newly formed delta (Trusel et al., 2006).  Sedimentary processes, observed in CTD (conductivity, temperature, depth) profiles, strongly resemble those characteristics of Alaskan glaciers in the temperate environment, including settling sediment layers, interflows, and turbidity flows.  These structures are also recorded in both gravity and box cores by sedimentary core logging, magnetic susceptibility, core x-rays, and mineralogical and sediment size distribution histogram differences.  Erosive efficiency and transportation of sediment of Svalbard’s polythermal glaciers, in the subpolar environment, are intermediately between Alaskan warm-based, temperate environment, and Antarctic cold-based, polar environment, glaciers. The sedimentation rate of glaciers in Svalbard is one order of magnitude above Antarctic glaciers, and one order of magnitude below Alaskan tidewater glaciers.
1.  Introduction

Kongsvegen glacier, a surge-type tidewater glacier ends in Kongsfjorden, Svalbard, at 79º N 12º E.  Kongsfjorden and Kongsvegen are located on-top of a major tectonic boundary between a Tertiary fold-thrust belt of Western Spitzbergen in the south-west and the Northwestern Basement Province of Svalbard to the northeast (Bergh et al., 2000).  The average summer temperature is 5.0º C with 24-hour sunlight, and all field samples were collected July 18–31 2005, Figure 2.  Data was collected from the samples during the 2005-06 school year at Northern Illinois University and the University of Massachusetts, Amherst.
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Figure 1.  The global Svalbard location on the left, and a close up of Kongsfjorden from a Norsk Polar map on the right.  In the Kongsfjorden map Kongsvegen is in the bottom right corner. 

There have been several previous studies conducted on similar topics in the high arctic Svalbardian system, including landform genesis and structural glaciology of surge type glaciers (Glasser et al., 1998; Woodward et al., 2002; Bennett et al., 1996, 2000), subglacial hydrogeology and current chemical weathering (Hodgkins, 1997; Wadham et al., 1997), and the marine ecosystem of Kongsfjorden (Hop et al., 2002).  However, not much research has been conducted on the sedimentation rates and processes occurring in Kongsfjorden (Elverhøi et al., 1980; Svendsen et al., 2002).
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Figure 2. Glacial termini and surge history of the Kronebreen/Kongsvegen complex (Elverhøi et al., 1980).  The new data from this study is the current ice-margin in red, the delta striped brown, the 1990 aerial photo ice-margin is the dashed green line. 


Kongsvegen has been involved in two surging events during the past 150 years, see Figure 2, (Elverhøi et al., 1980).  Since the last surge ended in 1948 (Elverhøi et al., 1980; Woodward et al., 2002), the terminus of Kongsvegen has been retreating.  It now is in the farthest south-east position known to date, and the southeastern most portion of Kongsvegen has retreated back onto land.   An ice-marginal delta has formed, during the past ca. 15 years, and the tidewater cliff has diminished across this part of the glacier, which now has the characteristic gently sloping terminus of a terrestrial glacier. A subglacial stream discharges as a 0.5 m fountain just in front of the grounded portion and feeds the newly formed ice-marginal delta with sediment, and discharges into Kongsfjorden.     


  Kronebreen and Kongsvegen, the two adjacent glaciers of the inner most portion of Kongsfjorden, produce ~800 x 106 m3 of the total 874 x 106 m3 of the annual run off water entering Kongsfjorden (Svendsen et al., 2002)   With the Kronebreen-Kongsvegen complex being such a major contribution to the Kongsfjorden freshwater influx it is imperative that these glaciers be studied more closely. 


The aim of this paper is to record and document the sedimentary patterns, rates, and fjord floor glaciomorphologic forms within 1 km of the Kronebreen-Kongsvegen terminus, the inner most 1 km of Kongsfjorden.  It is also important to take the data from this paper and relate them to those documented in the temperate environment of Alaska and the polar environment of Antarctica.

2. Methods
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Figure 3. 1990 aerial photo with the current ice-margin (red), delta (brown), current subglacial melt water stream of Kronebreen (green arrow), CTD cast locations (green), sediment traps (yellow), gravity cores (red x), and box cores (orange). 

2.1 Sediment Coring


Two gravity cores (GC#) were collected just northwest of the delta in Kongsfjorden; GC5 at 715m and GC4 at 901m from the delta plain.  Four box cores (BC#) were collected in a trend toward the northeast at distances of 195m (BC4), 782m (BC5), 1153m (BC3), and 2004m (BC7) from the delta and approximately 600m west of the glacier face.  


The 2 cores were split and logged sedimentalogically and for magnetic susceptibility.  X-rays were taken of each core to help identify sedimentary structures not easily seen with the naked eye.  Smear-slides from mud, silt and clay layers, were made at ~4cm intervals in each core and analyzed for mineralogical differences.  Particle size distribution histograms of samples of mud layers from each core were determined at the University of Massachusetts, Amherst.  The coarse fraction was analyzed by wet sieving at 63-micron (4.0 Φ), and then dry sieving from -1.0 Φ to 4.0 Φ, at 0.5 Φ intervals.  The distribution of the mud fraction was determined by use of a Coulter LS-200 Laser Particle Size Analyzer.  The particle size histograms were compared with iceberg rafted debris samples that were collected. 

2.2 Sediment Traps


The sediment traps deployed followed the model described by (Cowan, 1988), with three arrays of four sediment-collection tubes spaced through the water column.  The top array was located 15 meters below the water surface to quantify surface sedimentary activity and try to avoid being disturbed by passing icebergs.  The bottom array was positioned 5 meters above the fjord floor to accurately quantify the sedimentary depositional patterns and quantities of suspended overflow plume sediments at a sediment trap location, and also be high enough from the floor to avoid most underflows and turbidity deposits.  The middle array of tubes was positioned at a depth evenly between the top array and bottom array.  


Two sediment trap moorings (ST#) were placed out from the discharge stream that discharged over the delta into Kongsfjorden.  ST5, deployed for 4 days, was positioned on the delta slope 204m from the discharge stream, with a water depth of 60m.  ST4, deployed for 5 days, was positioned 1993m from the discharge stream, with a water depth of 74m.  


The sediment in each of the 4 tubes of each array from both sediment traps was weighed, in grams, and its vertical thickness measured, in millimeters.  Each tube has a radius of 2.62 cm, which was used to calculate the area of the tube in square centimeters.

Sedimentation rates, (g cm2 a-1) were calculated by averaging the weights of the four tubes in the bottom array of ST4, and from the middle array of ST5.  The bottom array of tubes in ST5 were influenced by turbidity and underflow deposits, and therefore do not accurately quantify the suspended sediment being deposited in ST5’s location.  Vertical thickness rates were also averaged for each sediment trap using the same set of arrays used to determine sedimentation rates.

2.3 Water Column Profiling


Data was collected on water column conditions using a SBE Seabird water column profiler.  Continuous profiles, labled (CTD#), were collected on conductivity (salinity), temperature (in Celsius), density (kg m-3), against depth (in meters).  An optical-backscatterance unit was also used to create a continous profile of sediment concentrations through the water column.  Profiles were viewed using the SeaSave-Win32 program, and graphed using SigmaPlot 9.0.  Water samples (WS#) were filtered using x micron paper and were used to calculate sediment concentrations (kg m-3), and were also analyzed visually to determine grain size and some mineralogy (See Appendix I).  WS39-WS43 were collected at the same time and location as that which CTD9 data was collected.  The densities of sediment in each water sample were plotted against the optical-backscatterance values in CTD9 of the corresponding depths that each water sample had been collected at.  The resulting equation for the linear relationship between the water sample sediment densities and the CTD9 optical-backscatterance values, y = 261.62x + 29.114 and R2 = 0.9477 (y = optical-backscatterance and x = sediment density), was used to calibrate the continuous optical-backscatterance profile in each CTD cast to a continuous sediment concentration profile in the water column.  The density of sediment was then combined with the density recorded for the water to give a true density profile through the water column.  

2.4 Bathymetric Profiling

Fjord floor morphological and bathymetric data were collected in a grid pattern within the inner most 2 km2 of Kongsfjorden, the fjord bottom at this proximity to the glaciers having been previously undocumented   A Knudsen subbottom echosound profiler was used to collect the data, but no subbottom data were obtained.  A bathymetric map was created using Surfer8 software and ArcGIS9.

4. Results
4.1 Sediment Coring

The cores collected are dominated by poorly sorted muds with mixed iceberg- rafted deposits, and coarse-grained laminae.  The coarse laminae are composed of a fine grained mafic sand averaging 1-2mm in thickness.  The coarse laminae, as documented in GC4, Figure 4, appear to be cyclic at a 6-10 cm recurrence interval in the core.   Magnetic susceptibility when plotted against depth in each core shows an increase with the intervals of the coarse grained laminae in the core.  There are also differences in mineral content between the mud layers and the coarse grained laminae.  The mud layers are have a higher concentration of mica in the coarse grain portion ~40%, where as the coarse grained laminae have ~25% micas.
Smear slide analysis showed a general decrease in grain size from fine sand at BC4 down to a silt dominated size distribution at BC3 as the samples became farther from the delta.  These analyses also show a change in mineralogy of sediment being deposited on the fjord floor trending northward across the fjord from the delta.  BC4, at 195m from the delta source stream, is 58% mica.  At both BC5 and BC3, 782 m and 1153m from the delta, the mica proportion has dropped to ~25% and the quartz proportion in each has increased from 13% in BC4 to ~37%.  In BC7 there is an increase in the mica proportion, back up to ~37%, and grain size increases, again being dominated by very fine to fine sands.
Particle size distribution histograms show the dominant particle size is at the boundary between very fine sand and silt (4.0 ( or 63 (m).  The mud layers, dominated by clay and silt, do contain pebble to cobble size clasts throughout most of the cores.  
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Figure 4. Above is GC4 in a photo, an x-ray, a sedimentalogical core log, and the magnetic susceptibility profile.

4.2 Sediment Traps

Sedimentation rates were calculated based on a 60 day melt season (cf. Hodson et al, 1998).  This length was chosen over a longer 90 day melt season used in (Hodgkins, 1997), for two reasons.  First, the proximity of Austre and Vestre Brøggerbreen glaciers in Hodson et al., 1998, is just south-west of Kongsfjorden, Ny Ålesund, and Kongsvegen.  Second, the duration of our field collection, mid to late July, is the period of highest air temperature, and melt water input to Kongsfjorden (Svendsen et al., 2002).  

Without any studies on glacial derived water, potentially pressure being high enough at the base of the glacier to create liquid water, and sediment input to Kongsfjorden during the winter months, we must assume that the melt season is the only time during which sediment is entering the fjord.  This assumption produces the minimum values for sedimentation rates and volumes potentially being produced.  ST5, 204m from the source and on the delta slope, yielded a sedimentation rate of 7.5 ± 1.6 g cm-2 a-1 (69.4 mm a-1 vertical thickness).  Due to turbidite deposits in the bottom mooring of ST5, 5m above the delta slope in the water column, both the rate and vertical thickness were determined from the middle array, 25m above the delta slope (See Table 1).  ST4, 1193m from the source, yielded a sedimentation rate of 9.19 ± 4.4 g cm-2 a-1 (85.5 mm a-1).  The rate and vertical thickness for ST4 was determined from the bottom mooring, 5m above the fjord floor.  This distance above the fjord floor was chosen because it is high enough in the water column to avoid most turbidity and underflows, and low enough to accurately represent the sediment settling through the water column that is being deposited in the moorings location.

4.3 Water Column Profiling

CTD and optical backscatterance measurements can be summarized, as in Figure 5, to show that in general the surface waters, down to 2-4 m depth, are the warmest 3.5-4.0°C, the least dense and saline, ~20 kg m-3 and ~20 PSU (Practical Salinity Units where 1 PSU = 1‰), and have the highest sediment concentrations (optical backscatterance values of greater than 50) are recorded.  Directly below this surface water to a depth of 15 m, is the mixing zone between the less dense fresh water overflow plume, created by the meltwater of Kongsvegen that flows over the delta and discharges into Kongfjorden, and the more dense marine water of Kongsfjorden.  The water becomes increasingly dense and saline, up to 27 kg m-3 and 33 PSU, typical ocean water being 35 PSU, and decreases in temperature to ~1.5°C.  In all CTD casts at 15 m water depth there is a sharp increase in the density with a corresponding increase in the sediment concentration.   From 15 to 25 m water depth densities and salinities are relatively constant, but temperature and suspended sediment concentration increase.  Below about 25m the temperature gradually decreases down the column, to a minimum of ~ -0.5°C, and sediment falls through the water column in layers until it is deposited on the fjord floor.


A series of four CTD casts (CTD17-CTD20) with increasing distance directly out from the delta, and the source stream, were made within a thirty minute period.  The density profile for the most proximal CTD cast (CTD17) clearly shows the mixing zone of the less dense, freshwater plume, and the more dense, saline fjord waters.  With an increase in distance from the source stream the freshwater and fjord water become better mixed and have more similar densities.

[image: image5.jpg]40

Optical Backscatterance

60

80

100

0.0

Temperature [°C]

0.5 1.0

1.5 2.0

Depth [m]
S

——

10 20
Salinity [PSU]

30 40

10 15 20

Density [kg m'3]

25 30

10
15
20
25
30
35

- 40
- 45

50
55
60




Figure 5.  A continuous water column profile created from data recorded in CTD9.

4.4 Bathymetric Profiling

In the southern most portion of the bathymetric map, Figure 6, is the delta slope of the Gilbert-type fan delta.  It extends 620m out into Kongsfjorden at a slope of 7.8°, the slope being attributed to coarseness of the sediment and high stream sediment loads, and ends in 85 m of water.  The delta slope has an area of 0.26 km2, and a volume of 11.1x106 m3.  


Using aerial photos taken both inbound and outbound of Ny Ålesund, the delta plane is calculated to have an area of 1.8 km2 and, assuming the fjord wall is at the same angle as the delta slope, the delta plane has a volume of 77.9x106 m3.  The total area of the delta, combining the plane and the slope, is 90.0 x106 m3.  Assuming the delta formed over the 15 year period between the 1990 aerial photo, where there is no delta apparent, and this study its growth rate is 6.0x105 m3 a-1.
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Figure 6. Fjord floor bathymetry plotted on the 1990 aerial photo with the delta (brown), and the current ice margin (red).
Also seen in the bathymetric map are fjord floor structures created by Kongsvegen and Kronebreen.  There is a grounding line fan in front of Kronebreen that matches the position of the upwelling seen in the 1990 aerial photo.  There is also a morainal bank

5. Discussion

Prodeltaic cores show cyclic intervals of turbidites interbedded with iceberg zone muds that are also reflected in the magnetic susceptibility profile.  This cyclicity may represent annually deposited varves, or delta stream switching.  An argument for annually depositioned varves could be that during the melt season the energy of Kongsfjorden proximal to Kongsvegen greatly increases, relative to the winter months when meltwater is not entering the fjord, as much or if at all.  An argument for delta stream switching could be that it is also possible that the location of the stream running off the delta into Kongsfjorden is a control on the sedimentary patterns documented.  The most energy on the delta slope and outward into the fjord is aligned with the orientation at which the delta stream is entering the fjord.  With either of these increases in energy the structures in the sedimentary record such as turbidite deposits are going to show intervals of an increased concentration.

The turbidite layers from the delta show a loss of mica with distance traveled, which can be attributed to the platy crystal geometry of micas that allow them to remain in suspension longer at larger grain sizes than sediments of other minerals.  The turbidites are composed of micas or a mixed mineralogy in the silt size fraction, which is distinctly different than the composition of silt particles deposited by settling from the overflow plume that lack micas.  The increase in grain size and mica proportion at BC7, 2004m north of the Kongsvegen delta source stream, may be attributed to the influx of sediment from the upwelling plume originating from a subglacial meltwater stream discharging at the terminus of Kronebreen (Trusel et al., 2006), ~1000 m to the northeast. Alternatively, sediment in this core may be relict turbidities from the grounding line fan, directly east of this location, formed by the upwelling plume observed in the 1990 aerial photos. 

The calculated sedimentation rate at Kongsvegen delta, 7.5 g cm-2 a-1 (69.4 mm a-1) reflects the erosion rates, and effective transport of sediment in the subpolar climate.  At 1193m from the delta source, the sedimentation rate increases to 9.19 g cm-2 a-1 (85.5 mm a-1).  This increase, inferred by the increase of the quartz proportion, and an increase in the amount of hematite coating on coarse grains, is due to the sediment deposition from the Kronebreen subglacial upwelling plume, located 1250m north of ST4.  Sedimentation rates calculated for Kronebreen are 39.62 g cm-2 a-1 at 204m, and 5.95 g cm-2 a-1 470m from the source (Trusel et al., 2006).  The average of the Kongsvegen sedimentation rates and the distal Kronebreen sedimentation rate when compared with the calculated average sedimentation rate of 6.67 g cm-2 a-1 (50 to 100 mm a-1), in the 15km2 inner basin of Kongsfjorden (Elverhøi et al., 1980), indicates that the sedimentation rates have not significantly changed over the past 25 years.  During these 25 years the glacier terminus has been retreating from its last surge position maximum reached in 1948, after having advanced 2 km since 1936 (Elverhøi et al., 1980)  

Many dynamic sedimentary processes are observed in the water column profiles.  Sediment enters the fjord from the meltwater stream discharging over the Kongsvegen delta plain and remains in suspension within the upper ~5m of water. This upper water is a fresh water overflow plume, the variance in density between fresh and salt water being the main control on the thickness of the plume.  The lateral extent, to which the plume can spread across the fjord, is controlled by both current direction and the velocity the stream is discharging into the fjord.  

Depths where there is a sharp increase in density provide planes on which interflows spread across the fjord, and thus are also characterized by peaks in the sediment concentration profile and an increase in water temperature at the same water depth.  

Underflows are also observed as increases in sediment concentration that occur with no corresponding change in the overall density in the lower most portion of the water column, and are potentially attributable to turbidity currents or slope failure on the delta.  The deposition of the turbid underflows is documented in both ST5 and nearly all the box and gravity cores.  

Settling layers of sediment in the series of CTD casts (CTD17-CTD20) away from the delta and source stream, are not correlatable from one position to another, and a rate of settling through the water column was not able to be determined.  This study does not have enough data to confirm tidal control on sedimentary patterns.  However, it can said that from similarities of patterns observed in cores, and similarities in fjord floor morphology between Kongsvegen glacier and Alaskan marine tidewater glaciers the most likely control on suspended sediment depositional patterns are tides.  

6. Conclusion

A goal of this paper is to begin a database of sedimentary rates and patterns in Kongsfjorden.  The data we have collected and analyzed focuses on the most proximal sedimentary structures and processes of Kongsvegen and Kronebreen glaciers.  Within our study area there are a number of variables, such as: wind, freshwater discharge, tide, and ice formation and melting; that interact as the controlling forces of the deposition of sediment on the fjord floor (Svendsen et al., 2002).

The data collected in this study can be used in comparison to sedimentary patterns, rates, and structures observed in other tidewater glacial systems.  The annual sediment accumulation rate on the delta of Kongsvegen, 6.0 x 105 m3 a-1, is similar to some modern glacimarine Alaskan deltas: McBride Glacier (1985-1987), 20 x 105 m3 a-1, Riggs Glacier Delta (1979-1985), 28 x 105 m3 a-1, Carroll Glacier Delta (1920-1948), 280 x 105 m3 a-1, (Powell, 1991). 

Alaskan glaciers in the temperate environment have had sedimentation rates, of similar proximity to the source of the plume, recorded as high as 600 g cm-2 a-1 (3200 mm a-1), (Hunter et al., 1996), whereas Antarctic sedimentation rates have been recorded at 0.16 to 0.35 g cm-2 a-1 (1.4 to 2.9 mm a-1) (Gilbert et al., 2003).  Comparing these values with the ~7.5 g cm-2 a-1 sedimentation rates for Svalbard’s polythermal glaciers calculated in this paper, we see variances between each environment’s sedimentation rates occur on orders of magnitude.  As expected, Svalbard’s polythermal, subpolar, glaciers are intermediately between temperate warm-based glaciers and polar cold based glaciers in efficiency of erosion and transport of sediment.

Developing a record of the volume of sediment in the structures currently proximal to Kongsvegen can be used to better interpret past events.  Kongsvegen, during a surge event, creates unique structures.  From the 1948 surge, fine (silt and clay) sediment derived from the fjord basin, and coarse grounding line fan deposits are both found in 2 thrust-moraine complexes near the maximum extent of the terminus (Bennett et al., 1999).  Should Kongsvegen surge again in the near future, we will be able to see the size and orientation of the thrust structures it produces, and compare them with the size and orientation of the current sedimentary structures documented in this study.  

These structures can also be used as modern analogues for structures documented in the geologic record.  For example studies by (Glasser et al., 1998; Hambery et al., 1997) were used to reinterpret British Younger Dryas hummocky moraine sequences, characterizing Britain as having a climate in the Younger Dryas similar to the climate in Svalbard today, based on thrusting models of Svalbard polythermal glaciers (Woodward et al., 2002).  Expanding the understanding of Svalbard’s tidewater polythermal glaciers and the dynamic processes by which sediment is deposited, from this study and others to follow, we can continue to fill in the gaps of knowledge pertaining to the dynamic systems of glaciers on Svalbard, and continue to better our understandings and interpretations of previous glacial structures preserved in the geologic record.
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