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ABSTRACT

FJORD SEDIMENTATION ASSOCIATED WITH A SUBMARINE JET AND PLUME DISCHARGING INTO KONGSFJORDEN, SVALBARD, NORWAY

MAY 2006

LUKE DAVID TRUSEL, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Dr. Julie Brigham-Grette

Kronebreen is a fast flowing, but actively retreating, tidewater glacier that terminates at the head of Kongsfjorden in Western Spitsbergen, Svalbard, Norway. Currently, one main subglacial meltwater conduit marked by a terminus embayment forcefully releases fresh water into the fjord. Basal meltwater and debris, evident from very high suspended sediment concentrations of up to 0.22 g L-1 (mean conc. at ≥ 10m depth = 0.1 g L-1) rapidly exit the glacier, forming a density-controlled turbid upwelling from the grounding line at about 60 m depth. Sediment, as coarse as fine sand, is actively transported to the fjord surface and then quickly falls out of suspension. Silt and clay, however, spread laterally above the pycnocline at 10-12 m depth and are transported down-fjord. At about 240 m from the ice cliff and near the meltwater upwelling, the minimum measured sediment mass accumulation rate is 39.62 ± 0.01 g cm-2 a-1 (0.66 g cm-2 d-1; 5.0 mm d-1 vertical dry accumulation rate), and the rate decreases with distance from the ice cliff. Gravity cores taken at distances 630 m and 970 m from the calving margin indicate turbidity current activity beyond the modern morainal bank and adjacent subaqueous grounding-line fan. The base of each turbidite is marked by an increase in mean grain size coincident with an increased magnetic susceptibility. Mapping of the ice margin in 2005 indicates a slowing ice margin retreat rate (21 m a-1 between 1990 and 2005) in comparison with recent decades. This slowing trend may indicate increased overall ice flow rate or the possibility of the glacier beginning to pull out of the fjord. 
Our field work was conducted in July 2005 as part of the Svalbard REU (Research Experience for Undergraduates) program funded by the US National Science Foundation. The research is aimed at using glacimarine sedimentation as a proxy for modern climate change. Additionally, because of polar amplification in the climate system, studies of regional change expressed in glacial processes throughout the Arctic region are of interest for understanding the heterogeneous impacts of contemporary change. Field methods included use of suspended sediment traps, CTD/OBS instrumentation, water sampling, gravity and box coring, sub-bottom profiling, and iceberg sampling. Our sediment traps measured the highest sedimentation rates recorded in the fjord, but comparison between our measurements and previous studies is problematic for various reasons. However, measured sedimentation rates confirm these glaciers lie on a climatological spectrum between fully cold-based glaciers of Antarctica and warm-based glaciers of Alaska today.
TABLE OF CONTENTS


Page

vACKNOWLEDGMENTS

ABSTRACT
vi
LIST OF TABLES
ix
LIST OF FIGURES
x
CHAPTER


1.
INTRODUCTION
1
Background
1
Geological Setting
2
Climate of Svlabard
3
Bedrock and Sediment Sources
4
Glaciology
4
Oceanography
5
2.
METHODOLOGY
8
Field Methods
8
Suspended Sediment Traps
8
CTD/OBS Instrumentation and Water Samples
9
Sediment Cores
10
Ice Margin Mapping
10
3.
RESULTS, DISCUSSION, AND CONCLUSIONS
11
Results
11
Glacial Upwelling
11
Glacial Retreat
14
Gravity Cores
15
Discussion
16
Glacimarine Sedimentation
16
Gravity Cores
18
Glacial Retreat
19
APPENDICES
21
A.
TABLES
22
B.
FIGURES
25
BIBLIOGRAPHY
38


LIST OF TABLES

Table
Page

22Table 1: Categories of modern glacial climates based on major defining characteristics.

Table 2: Listing of water sample suspended sediment concentrations in g/L collected in the glacial upwelling area.
22
Table 3: Listing of sediment trap data. 
23
Table 4: Listing of measured retreat for available time periods. 
23


LIST OF FIGURES

Figure
Page

25Figure 1: Global location of Svalbard.

Figure 2: Map of bathymetry and basins of Kongsfjorden.
25
Figure 3: Oblique aerial photographs taken of Kronebreen glacier upwelling in late July, 2005. 
26
Figure 4: Sample Collection
26
Figure 5: Calibrated CTD displaying characteristic summer stratification of water column.
27
Figure 6: Economical yet effective sediment trap design. 
28
Figure 7: GIS map showing sample locations, July 2005 ice margin, and Kongsvegen delta compared to 1990 aerial photography.
28
Figure 8: CTD calibration: optical backscatter values plotted vs. water sample particulate concentrations at similar times. 
29
Figure 9: Graph of water sample sediment concentrations in grams per liter of water for the upwelling area. 
30
Figure 10: Plot of mean grain size and sediment vertical accumulation rates in two sediment traps. 
31
Figure 11: Plot of mean grain size and volume percentages of major grain size fractions versus depth in the sediment trap “core”. 
32
Figure 12: Glacial ice margins for recent decades. 
33
Figure 13: Gravity core GC-02.
34
Figure 14: Gravity core GC-03.
35


CHAPTER 1

INTRODUCTION

Background


Modern glacimarine processes are an essential link into unraveling the complex glacial-interglacial and climatological history of the Quaternary and serve as a gauge for evolving climate changes.  The understanding of modern glacimarine sedimentation and depositional dynamics allows for accurate interpretation of climate change though the sedimentary record.  Furthermore, the relation of modern processes to those found and dated in the sediment record allows for understanding of how climate change affects glaciers.


Because of regional climate variances, glaciers of these differing thermal regimes behave in distinct ways.  Climate and its variability, particularly amplified at the poles (e.g., Overpeck et al., 1997), act as a major control on glacimarine sediment influx and deposition rates, glacier mass balance, calving rates, ice flow rates, and glacial advance and retreat. 


Four major glaciological climate regions are recognized today (Table 1). The Polar Ice Cap climate region includes most of the Antarctic Ice Shelf. Glaciers in the northern Antarctic Peninsula, coastal Greenland, Iceland, and Spitsbergen characterize the polar tundra or subpolar climate region. The Boreal climate region includes the Kenai Peninsula in the northwest Gulf of Alaska. Temperate oceanic climates are found in mountainous coastal regions such as in the northeast Gulf of Alaska and Patagonia (Powell and Domack, 2002). 

Polar glaciers are generally considered to be mostly dry/cold-based, temperate glaciers are mostly wet/warm-based, and subpolar and boreal glaciers can be considered polythermal; not necessarily one or the other (Menzies, 2002). Many factors contribute to these major climate classifications, and basal meltwater presence is crucial, but because many factors affect basal thermal regime, categorizing glaciers into dry/wet or cold/warm-based is considered too general (Anderson, Domack. 1991). 

In the range from polar to temperate climates (Table 1), we see a trend from dry and extremely cold to warmer, more saturated conditions. The warmer climate makes temperate glaciers much more active and dynamic than polar glaciers. Meltwater, especially in the basal form, exists in a much higher abundance in temperate glaciers and therefore glacimarine deposits in temperate regions should be distinguishable from those in polar and subpolar climates. Because of this, proper analysis of these deposits can lead to interpreting paleo-thermal regimes and then to interpreting paleoclimatic conditions (e.g. Powell et al., 2001).  

Geological Setting


Svalbard, an archipelago island territory of Norway in the Arctic Ocean about 200 km from the North Pole (Figure 1), is home to unique polythermal glaciers that lie on the thermal spectrum between polar and subpolar glaciers. Because of this intermediate climate regime, the glaciers of Svalbard are highly susceptible to changes in the Earth’s climate and possess very dynamic modern processes.  Glacimarine processes and sedimentation can act as a proxy or gauge of climate change, and therefore were a primary focus of our research.


Our work on Svalbard centered around glacimarine sedimentation processes associated with two conjoined glaciers in the inner basin of Kongsfjorden at about 79° N latitude, 12.5°E longitude (Figure 2).  Kongsfjorden is a glacially eroded fjord in western Spitsbergen, Svalbard with several basins, tidewater glaciers that terminate in the fjord, and stream influents from terrestrial-based glaciers.  The glaciers of study, Kronebreen (Figure 2) and Kongsvegen, were easily accessible because of their close proximity to the world’s northernmost permanent research community, Ny-Alesund, and logistical support from Kings Bay AS and the Norwegian Polar Institute.


The overarching goal of our research was to examine the role of changing climate on these high latitude tidewater glaciers.  To answer this question we sought to quantify sedimentation rates in the fjord, examine and record modern glacimarine processes, quantify glacial retreat, and to identify sources of sedimentation and locations, patterns, and rates of deposition. Furthermore, as this research was part of a Svalbard REU pilot project, we also looked to test the feasibility of further research expeditions to the fjord. 
Climate of Svalbard

The climate of Svalbard can be described as arctic, with a mean annual temperature of about -6° C at sea level (Ingólfsson, 2004). However, during our field season in July 2005, record high temperatures were experienced in excess of 15° C, well above the average for that month of 6.2° C (Ingólfsson, 2004). Svalbard is located at the Northern end of the Gulf Stream, which transports warm water from lower latitudes, and makes Svalbard exceptionally susceptible to climate change (Lamb, 1977).  Furthermore, Svalbard lies on the border-zone between the cold air circulation of the Polar Basina and mild maritime air from the oceans to the south, which often results in unstable and stormy weather for the island (Ingólfsson, 2004).  This characteristic dynamic weather was observed while conducting our fieldwork. Not only did we experience record high temperatures but also within the same short field season we saw cold days with rain, snow, dense fog, and heavy winds, but also mild weather with light winds and clear skies. Weather conditions were highly variable and at times changed dramatically over the course of only hours.   

Bedrock and Sediment Sources

While the geology of Svalbard is diverse and originates from various time periods (Ingólfsson, 2004), the dominant bedrock in our field area is Carboniferous – Cretaceous sedimentary bedrock.  To the north of Kongsfjorden, bedrock is mainly medium-grade metamorphic, including marbles, mica-schists, and few quartzites. Islands in the fjord consist of Devonian red conglomerates and sandstones with tectonically interbedded marbles. South of the fjord, bedrock is chiefly Late Paleozoic conglomerates, sandstones, and carbonate rocks (Svendsen et al., 2002). 
Glaciology

Heading Kongsfjorden are several large retreating tidewater glaciers including Kronebreen, Kongsvegen, and Kongsbreen (Figure 2). Kronebreen, Infantfonna, and Kongsvegen form a confluent glacier complex at the southeastern fjord head, separated by medial moraines. Kronebreen and Infantfonna once shared a common tidewater face with Kongsvegen, however Kongsvegen has retreated back onto land in the last ca. 15 years and now terminates into an ice contact delta that separates it from the fjord. This paper focuses on the modern glacimarine processes of the Kronebreen tidewater glacier, which today rises 60 m out of the fjord and is grounded 60 m below the water surface. 


Kronebreen is a polythermal surge-type glacier that undergoes periods of rapid movement thought to be associated with basal conditions (Woodward et al., 2002).  The glacier is the fastest moving glacier on Svalbard at about 2 m/d at the ice front (Hagen et al., 2003) or ca. 750 m/yr (Lefauconnier, 1991; Melvold and Hagen, 1998).  At the beginning of July, flow velocity peaks at 4.5 m/d (Svendsen et al., 2002).  The constant high flow rate of Kronebreen is counteracted by active calving, thus acting to negate overall terminus advance.  Lefauconnier et al. (1994) calculated the terminus thickness of Kronebreen to be 700 km2 and combined that with the flow rate to calculate a calving rate of 0.25 km3/yr.


Kronebreen, as many Svalbard glaciers, is considered to be polythermal (Woodward et al., 2002; Hagen et al., 1993).  High flow velocities in Kronebreen are evidence for basal sliding, the base of the glacier being at the melting point, and large amounts of meltwater discharge (Svendsen et al., 2002).  Large amounts of basal meltwater lead to considerable amounts of sediment flux and increased calving, particularly where meltwater exits the glacier.

Oceanography

Kongsfjorden is a highly dynamic fjord located on the western coast of Spitsbergen.  Due to this location, many fjord processes are very interconnected with the neighboring water masses.  The mouth of the fjord lacks a bedrock sill, which allows for exchange of intermediate and deep fjord waters with Arctic and Atlantic Water, although the scale of which is unknown (Svendsen et al., 2002).  This relatively free interconnection makes the fjord very suitable for analysis of the effects of climate change.


Kongsfjorden is connected at the mouth to Krossfjorden and both have characteristics of Arctic fjords as well as broader fjords.  Physical characteristics typical of broad fjords are a seasonal pattern in freshwater supply and water temperature, dominant wind directions, and associated effects on stratification and circulation (Svendsen et al., 2002).  However, this paper focuses more on the properties and features making this an Arctic fjord system.  These include a freshwater supply that is dominated by glacial meltwater influx either directly through the glacimarine systems or through glaciofluvial runoff.  This freshwater input is highly seasonal and is controlled by the melt season of associated glaciers (e.g., Svendsen et al., 2002; Hodson et al., 1998). 


During the summer melt season the water column is strongly stratified with respect to water density and salinity, temperature, and sediment load (Figure 5).  Tidewater and terrestrial glaciers both contribute large quantities of fresh meltwater, often carrying a dense sediment load into the fjord.  Additionally, glacier ablation, snowmelt, and summer rainfall also contribute fresh water into Kongsfjorden (Svendsen et al., 2002).  The glacial meltwater is less dense than the saline fjord water and therefore buoyantly rises to the surface. It is often cooler than the fjord water, which is warmest at the point directly below the fresh overflow due to solar heating.  During our field season, temperature generally reached a constant minimum temperature of around 0( C between 50-60 m water depth in the inner basins. 

Water depth in the fjord is highly variable, ranging from 60 m depth at the head to over 400 m in the central outer basin (Figure 2).  The wave base for Norwegian fjords is on average 2 m in depth, and thus the role of waves in sediment distribution and reworking is negligible (LØnne, 1995).  Wave intensity is directly connected with surface wind speed and direction.  In Kongsfjorden, studies using ground-based instruments as well as sodar show prevailing low level winds to flow from the southeast (210() with a secondary mode flowing from northwest (310(-330() (Svendsen et al., 2002).  This predominating low-level wind direction drives waves from the inner basins towards the mouth of the fjord.  During July 2005, occasional storms fronts resulted in strong winds blowing in from the mouth of Kongsfjorden. Such events produced large waves going in-fjord and constrained calved icebergs to the inner basins.  However, when katabatic winds were active or winds were calm, meltwater-driven currents actively carry icebergs out of the fjord.  


Sea ice in Kongsfjorden shows a high degree of interannual variation of ice extent and timing of melting and breakup, although there has been no systematic, long-term monitoring in Kongsfjorden (Svendsen et al., 2002).  Fast ice in the fjord forms late, typically in December, and its formation and dissolution are closely connected with oceanic conditions such as the Western Spitsbergen Current.  Furthermore, timing of ice formation and disappearance affects the heat budget of the atmosphere-ice-ocean system, the salt budget of Kongsfjorden, and ecosystem (Gerland et al., 2004).

CHAPTER 2

METHODOLOGY

Field Methods

This study was conducted during a three-week period in July 2005. A variety of field methods were used to quantify and characterize modern sedimentological and glacimarine processes in the inner basin of Kongsfjorden.  The majority of sampling methods were administered from a small aluminum skiff or rubber zodiac boat (Figure 4).  All instruments were deployed and received using a hand-crank winch.  Positions of all samples were recorded with a handheld GPS receiver.

Suspended Sediment Traps

Suspended sediment traps were used as a primary measure of sediment flux falling through the water column. Traps were used to gauge modern suspended sedimentation rates for comparison with previous studies in the fjord and to place Kronebreen in a wider glaciological spectrum.  In total, nine trap assemblies were deployed, however only three were successfully recovered due to interference with calved icebergs.

Because of the highly dynamic environment, traps were designed to be low cost, yet effective.  Design followed the specifications of Cowan (1990), a trap found effective for quantitative measurements of sediment flux in Alaskan fjords.  Each trap was anchored to the seafloor, had three individual trap moorings, and was held relatively vertical using a rigid float about 10 m below the surface of the water.  The three trap moorings were located strategically in the water column to specifically capture the activity of the main meltwater plume at depths on average of 15 m, 25 m, and 50 m. The bottom trap was located 5 m above the fjord floor, presumably high enough to not capture turbidity current activity, but to accurately measure sediment being deposited to the basin at that location.  Each mooring had 4 individual plastic cylindrical traps (Figure 6), had a length to diameter ratio of 7:1, meeting the recommendations of Zajaczkowski (2002).


Individual traps at each mooring were dried and the volume of collected sediment was calculated.  The dry sediment was weighed and calculated into sedimentation rates per unit time.  An average sediment particle size was obtained with a Coulter LS-200 laser particle size analyzer by taking a section spanning the entire trap thickness for at least one trap at each mooring.  A detailed particle size analysis was preformed on the upper trap of ST6A by intensively sampling every several millimeters in the trap.  

CTD/OBS Instrumentation and Water Samples

To accurately profile the water column, a Sea-Bird (SBE 19 SEACAT Profiler) conductivity, temperature, and depth (CTD) recorder with attached transmissometer and optical backscatter devices, along with a remotely triggered water sampler were used. Using the Sea-Bird SeaSoft PC software we obtain detailed plots of changes in salinity, temperature, total water density, sediment concentration with increasing depth. 
The water samples were obtained at different depth intervals throughout the water column. Sampled water was bottled and the volume recorded.  These water samples were then transported back to the lab, filtered, and particulate matter, both inorganic (sediments) and organic (zooplankton, etc.), was dried and weighed.  The resulting particulate matter concentrations allowed for analysis of glacial meltwater discharge dynamics.  The conjunction of water sample sediment concentrations with CTD cast backscatter data allowed for calibration of optical backscatter values to actual sediment concentrations in g/L (Figure 8). 

Sediment Cores

Two types of short sediment coring techniques were used to analyze sediment deposition patterns and sources.  Two short gravity cores (40-70 cm) (Figure 13, Figure 14) were obtained at approximately 500 m and 1000 m distance from the ice margin.  Much shorter cores were extracted from a box-style grab sapling device.  All cores were split and stratigraphy in the cores was logged and analyzed for mineralogical composition, presence of diatoms and other microfossils, sediment grain size distribution, and magnetic susceptibility.  The longer cores were x-radiographed, and analyzed for layering using ImageJ image processing software.
Ice Margin Mapping


The current ice margin of the Kronebreen/Kongsvegen glacial complex was mapped using GIS software from aerial photographs obtained in July 2005 (Figure 7, Figure 12).  Former ice margin positions were also mapped in GIS using preexisting data (Figure 12).  Terminus positions for 1948 – 1977 were obtained from Woodward et al. (2002), and the 1990 position was mapped using Norwegian Polar Institute aerial photographs.  Retreat distances were measured using ArcGIS software at the points of greatest retreat, roughly in a transect west from the middle of the Kronebreen glacier complex.
CHAPTER 3

RESULTS, DISCUSSION, AND CONCLUSIONS

Results

Glacial Upwelling


The main processes delivering sediment load to Kongsfjorden from Kronebreen glacier is a subglacial meltwater upwelling.  The meltwater from the glacier is derived to be subglacial rather than englacial because of the high suspended sediment concentrations of up to 0.157 g/L (Table 2).  As meltwater begins to exit the glacier, it entrains a high degree of basal sediments and rapidly exits the glacier as a turbulent plume.  As the fresh meltwater exits the glacier, it mixes with the saline fjord waters and buoyantly rises in a vertical fashion due to its relatively low density.  The upwelling exists predominantly in the upper 12 m based on CTD profiles showing less dense and saline water carrying high sediment load.  The upwelling coincides with an embayment in the ice face where calving occurs more frequently (Figure 3), a characteristic feature associated with meltwater upwelling (e.g. Sikonia & Post, 1980; Cowan & Powell, 1990). 

Water samples confirm that suspended sediment rains down through the entire water column in the glacier marginal zone.  Suspended sediment concentration in the water peaks in between 0 – 4 m depth, and, on average, decreases somewhat logarithmically towards the fjord floor (Table 2, Figure 9).  Sediment concentration varies greatest in the turbid overflow, with the highest variance occurring at the surface (Figure 9).  A logarithmic trend line fits best depth vs. sediment concentration data, although the R2 of the best fit is only 0.6823 (Figure 9).

Although not extensively captured in CTD profiles, spikes in sediment concentration are observed, which could indicate interflows or layers of sediment falling out of suspension.  In CTD cast CTD10 at about 35.5 m depth there is a spike in sediment concentration (calibrated backscatter) along with total water density (water density + sediment concentration), however there is only a slight jump in water density alone and no change in salinity.  This higher density layer, therefore, is controlled by an increase in sediment rather than simply a denser water layer due to salinity.  The sediment concentration for this layer is 0.0154 g/L (calibrated), and although it is much less than the turbid overflow, it is on average nearly 50% more concentrated with sediment than calibrated sediment concentrations above and below.


CTD cast CTD06 (Figure 5), the closest at nearly 200 m from the upwelling, captures the dynamics of the turbulent plume rising to the surface and mixing with the fjord waters.  At this point, the majority of suspended sediment small enough to be held by the plume is staying is being carried to the upper 12 m of water.  The surface overflow is colder and much less saline.  Between 12-16 m depth the temperature peaks at around 1.3º C.  This depth also coincides with increased salinity, indicating it is the displaced surface fjord water. 


Suspended sediment traps act not only as a gauge for sedimentation rates, but also indicate where sediment is falling out of suspension and the capabilities of the meltwater plume to carry sediment of varying sizes.  We note a sharp drop off in sediment size with respect to distance from the ice face.  In sediment trap ST6A  ( Figure 10), located 240 m from the upwelling, mean grain size for the upper mooring was 172.9 µm (fine sand), and contained sediment as large as medium sand.  However at about twice that distance from the ice face, 470 m out, mean grain size in the upper trap was only 80 µm (very fine sand).

The closer sediment trap to the ice face, ST6A, captured fine sand in all three trap moorings (upper, middle, and bottom).  The upper trap of ST6A was composed of 56% fine sand, whereas in comparison the upper trap of ST3B contained only 23% fine sand.  This trend shows that although sediment as large as medium sand is actively transported to the fjord surface, it is quickly falling out of suspension.


ST3B had nearly identical mean grain sizes in the middle and upper moorings.  However, the lower trap contained sediment of a mean particle size of 34.8 µm (silt).  This trend shows that the smallest grain size fractions, silt and clays, are mostly held in suspension at this distance and are carried further out into the fjord.  Clays are likely carried out of the fjord system entirely.

An intensive grain size analysis performed on an upper trap in ST6A reveals a cyclic trend in grain size deposition with time of day (Figure 11).  The sediment trap was deployed for nearly three days exactly.  Knowing the time the trap was set out and the time retrieved, and assuming a constant sedimentation rate, we can infer the times at different points of the curve.  The result of a graphing mean grain size at different intervals of sediment trap “core” shows a pattern of peaks in mean grain size during mid-to-late afternoon hours and low points in grain size during early morning and night hours.  On average, the change in mean grain size for these different peaks is 12.3%.  This cyclic grain size pattern does not appear to be related to fluctuations in one single grain size fraction, rather changes in fractions of sand, clay, and silt combined. 

Sedimentation rates, like grain sizes, vary greatly with distance from the upwelling and trap position in the water column (Table 3, Figure 9).  The highest vertical accumulation rate, or actual amount of sediment captured per deployment period, for each trap was measured in the upper moorings.  Similarly, the lowest accumulation rates were measured in the bottom trap moorings. 

In order to gain an understanding of the quantity of sediment being deposited to the fjord floor, minimum sedimentation rates were calculated using only the data gathered in the bottom trap moorings.  Sediment trap ST6a captured 66% more sediment in its bottom trap than ST3b.  The measured annual sedimentation rates for sediment traps ST6a and ST3b respectively were 39.62 g/cm2/yr and 5.95 g/cm2/yr (Table 3). 
Glacial Retreat


It is apparent from comparative aerial photography that the position of the main subglacial meltwater upwelling fluctuates with time.  In July 2005, the upwelling was located about 500 m north along the ice face, compared with its position in 1990.  


The maximum retreat rate for the Kronebreen glacial complex for the period from 1990 to 2005 is 21 m/y (Table 4).  This retreat rate is much lower in comparison to rates in previous decades.  The maximum recorded retreat rate occurred between 1969 and 1977 when the glacier retreated on average nearly 250 m/y (Table 4).  The data show a trend of decreasing retreat rate in recent decades.  While Kronebreen remains a tidewater glacier, the connected Kongsvegen glacier has pulled back onto land.  For Kongsvegen, ice face retreat has slowed substantially enough to allow for creation of an ice-contact separating it from Kongsfjorden (Cumpston, 2006).

Gravity Cores


Two gravity cores were obtained well within the influence of the glacial upwelling.  The cores are primarily composed of fairly homogenous, non-laminated, glacimarine reddish brown (5YR 4/3) mud with interstitial sand facies, lenses of gravely ice rafted debris, and thin, darker layers.  Coarser layers of densely packed sand and larger grains are clearly defined in core x-radiographs as having a distinct lighter color.  Conversely, mud facies composed primarily of silt and some clay are marked by darker shades of gray in the x-radiographs.  Therefore, the shade of gray, or gray value, can be used to indicate different stratigraphic units in the cores.  Layers of coarse material have a high gray level and finer-grained layers have a low gray level.


Magnetic susceptibility measurements on the gravity cores show a pattern related to grain size.  In GC-02 from 7-13 cm core depth is a coarser unit composed of very fine-to-fine sand.  Mean grain size analysis indicates two fining up layers, coarser at the bottom of each layer.  The trend in higher to lower grain size from 13-10 cm and 9-7cm coincides with higher to lower magnetic susceptibility.  Similarly, in core GC-03 between 11-7.5 cm and 55-50 cm core depth, there are fining upward layers that are marked by increased magnetic susceptibility. 

X-radiographs of the cores reveal numerous thin crescent-shaped layers.  The thickness of these layers is often sub-millimeter, making it very difficult to obtain a pure sample of only the layer.  Some layers as seen in the x-radiographs are not distinguishable in the split core, whereas some have a slightly darker color.  Magnetic susceptibility measurements do not deviate greatly for these layers.  However, the layers are clearly picked up by gray value computer measurements as peaks in gray, or lighter colored layers in the x-radiographs, particularly in GC-03. 

Discussion

Glacimarine Sedimentation


Cylindrical sediment traps deployed in July 2005 were able to capture a significant amount of sediment in a short period of time, as expected because of high sedimentation from glacial discharge (Hop et al., 2002).  The amount of collected sediment was in line with estimates of tens of grams per day in summer (Zajaczkowski, 2002).  We note that sedimentation rates, as determined in three moorings at different water depths, are controlled primarily by distance from the glacial upwelling and depth in the water column.

The sediment point source for the collected sediment traps is the glacial upwelling and turbid overflow (Figure 4).  Sediment rains down through the water column, originating from this turbid overflow.  Thus, we would expect equal amounts of collected sediment in the top and bottom moorings.  However, the velocity of the meltwater upwelling and turbid overflow allow for sediment to remain suspended for some distance into the fjord, thus bypassing our very ice-proximal traps.  Therefore, we see the highest sediment accumulation rates in the upper trap moorings, as they clearly capture the sediment-concentrated turbid overflow.  The overflow acts like a conveyor belt and is in accordance to thermohaline stratification, as determined in CTD profiles and water samples, and velocity of the meltwater discharge.  Because of the power of the overflow, the majority of sediment in the form of clays and silts is staying in suspension in the upper water mass and is transported past our traps, while most of the sand and larger particles fall out of suspension between 240-470 m distance. 

Fluctuations in travel distance of varying grain sizes may be implicated in the cyclic mean grain sizes associated with time of day in the top traps of ST6a (Figure 11).  While the precise mechanism of this trend is unknown, we speculate solar radiation differences due to sun angle of incidence, or local weather variations such as temperature and precipitation during the deployment period may act as forcing mechanisms causing changes in the turbulence and or discharge amount of the upwelling plume. 

Minimum annual sediment accumulation rates were calculated by linear extrapolation of measured rates to a melt season of 60 days (cf. Hodson et al., 1998), assuming that is the period when most sediment is discharged to the fjord.  At about 240 m from the glacier terminus this amounted to 39.62 ± 0.01 g/cm2/yr (0.66 g/cm2/d), and at 470 m distance the rate decreased to 5.95 ± 0.01 g/cm2/yr (0.10 g/cm2/d).  In comparison, in July 1996 the “highest rate of sedimentation” was measured to be 0.0933 g/cm2/d in a trap at 15 m depth and 300 m from the Kongsbreen ice cliff (Zajaczkowski, 2002).  Although this is a differing glacier, it gives a reasonable estimate of meltwater-derived sedimentation from an adjacent large tidewater glacier in inner Kongsfjorden.  Today however, obtaining sedimentation rates from Kongsbreen is infeasible due to glacial retreat, lack of a major meltwater upwelling, and nearby high sediment input associated with terrestrial-based stream runoff. 

Our highest measured mass accumulation rate was 1.91 g/cm2/d; about two orders of magnitude higher than those measured near Kongsbreen in 1996.  Using an average of our most conservative numbers at this trap and one at 470 m from the upwelling (from the bottom trap moorings), we obtain a sediment mass accumulation rate of 0.38 g/cm2/d, still yielding a 300% higher sedimentation rate than the 1996 measurements.  Although there are likely several contributing factors, such high rates may be enhanced from receiving a laterally concentrated meltwater plume from the ice face embayment. 

In comparison with another study, Elverhøi et al. (1980, 1983), calculated annual rates of sedimentation in the inner 15 km2 of Kongsfjorden to be 6.67 g/cm2/yr. Our calculated sedimentation rates were 39.62 and 5.95 g/cm2/yr (Table 3).  While these are both rates calculated from bottom traps to gain an understanding of sediment being deposited to the sea floor, the higher of our rates represents a fully ice-contact sedimentation rate. This rate is expected to be much higher, as sediment accumulation rate decreases very rapidly from the glacial source (e.g., Syvitski 1989).  The latter rate, measured at approximately 470 m, represents a sedimentation rate more inline with the documented literature for inner Kongsfjorden (Elverhøi et al 1980; Svendsen et al. 2002).   
Gravity Cores

Graded upwards sand facies seen in the gravity cores with higher magnetic susceptibility (Figure 13, Figure 14) may be the result of bottom turbidity currents or fluctuations in glacial discharge.  It is conceivable that turbidity currents down the modern morainal bank or fan may cause these layers, but bathymetric profiles do not indicate such a steep slope.  It is also within reason that during very high glacial discharge, the plume may transport the very fine-to-fine sands at the base of these layers.  Furthermore, the fining upward trend may be caused by gradual weakening of the overflow velocity causing only smaller particle sizes to be transported to that distance. 

The small lenses of darker sediment visible in the x-radiographs but barely or indistinguishable in the split cores may are likely not tidal rhythmites because of the lack of cyclic appearance in the cores.  Instead, these tiny layers likely indicate fluctuations in the meltwater upwelling, mineralogical differences in the sediment, or remnants of organic blooms.  Sampling of these layers requires thin-section analysis, which was not conducted at the time of this paper.  The lack of necessary thickness prevented accurate magnetic susceptibility readings as well.

Glacial Retreat


The Kronebreen glacial complex has been in retreat since surging in 1948 (Woodward et al., 2002), however, in recent decades it shows a slowing rate of retreat (Table 4).  With glaciers around the world undergoing record retreat due to warming climate, Svalbard experiencing record high temperatures (Mann and Jones, 2006), and Arctic warming expected to continue with even higher intensity this year (Walczowski and Piechura, 2006), the natural assumption is that this glacier should be retreating faster than ever.  However, the current retreat rate of about 20 m/y (Table 4) is comparable to other nearby glaciers on Svalbard (Rippin et al., 2003; Greenpeace, 2002). 


We propose glacial retreat of the Kronebreen complex may be slowing because of several factors. Kronebreen is the fastest flowing glacier in Svalbard (Hagen et al., 2003), meaning the ice face of the glacier is continuously moving forward into the fjord. While calving of the glacier prevents the terminus from advancing, it is conceivable that the constant flow of the glacier is counteracting overall retreat.  Furthermore, the complex may be slowing because it is about to emerge from tidewater, similar to the connected Kongsvegen glacier.  It is also within reason that Kronebreen has reached a point of stability due to lateral pinning between Colletthøgda and the quiescent Kongsvegen glacier. 
Conclusions


The results of the Svalbard REU program in Kongsfjorden serve as an important baseline for analyzing the dynamic Kronebreen-Kongsvegen glacimarine environment.  With growing evidence of enhanced ongoing and future warming in the arctic, the results presented in this thesis as well as those in Cumpston (2006) serve as a framework for future analysis in inner Kongsfjorden.  Results presented here also represent the most ice-proximal measurements of glacimarine sediment flux from Kronebreen Glacier. Rapid sediment flux at the grounding-line of Kronebreen from turbulent plume deposition may act to stabilize the margin given its recent retreat slowing.  Building of the sediment depocenter may be enhanced in the future if the ablation season increases in response to warming.  Such a scenario may result in the glacier forming an ice-contact delta or completely emerging from the fjord, such as the adjacent Kongsvegen.

APPENDICES

APPENDIX A

TABLES

Table 1: Categories of modern glacial climates based on major defining characteristics.

	Climate Region
	Summer Temperatures
	Glacial Temperatures
	Equilibrium Line Elevations

	Polar Ice Cap
	< 0° C 
	< 0° C, except at base under special conditions
	At calving line or seaward

	Polar Tundra (Subpolar)
	< 10° C
	< 0° C
	At calving line or 100s m above sea level

	Boreal
	> 10° C

(1 to 3 months)
	At and below pressure melting
	100s m above sea level

	Temperate
	> 10° C
(4 to 7 months)
	At pressure melting throughout
	100s to 1,000s m above sea level


Table 2: Listing of water sample suspended sediment concentrations in g/L collected in the glacial upwelling area.
	Collection Depth
	Number of Samples
	Avg. Concentration

(g/L)
	Min. Concentration (g/L)
	Max. Concentration (g/L)
	Standard Deviation

	0
	4
	0.102
	0.016
	0.140
	0.058

	2
	4
	0.079
	0.031
	0.104
	0.034

	4
	1
	0.157
	
	
	

	6
	1
	0.085
	
	
	

	8
	1
	0.055
	
	
	

	10
	1
	0.051
	
	
	

	15
	2
	0.037
	0.024
	0.049
	0.017

	20
	5
	0.030
	0.021
	0.049
	0.011

	30
	1
	0.026
	
	
	

	35
	5
	0.017
	0.007
	0.027
	0.007

	45
	1
	0.010
	
	
	

	55
	3
	0.010
	0.008
	0.012
	0.003


Table 3: Listing of sediment trap data. 
 
	Trap -Mooring
	Sampling Period
	Avg. Sediment Collected (mm)
	Avg. VAR*
(mm/day)
	Avg. Minimum VAR (mm/yr)
	Avg. Minimum

Sed. Rate (g/cm2/day)
	Avg. Minimum

Sed. Rate (g/cm2/yr)

	ST6a top
	7/27-7/30
73.6 hours
3.07 days
	43.8
	14.29
	305.29
	0.66
	39.62

	ST6a mid
	
	23.6
	7.70
	
	
	

	ST6a bot
	
	15.5
	5.09
	
	
	

	

	ST3b top
	7/23-7/27

93.0 hours

3.88 days
	13.3
	2.90
	63.48
	0.10
	5.95

	ST3b mid
	
	4.88
	1.26
	
	
	

	ST3b bot
	
	4.10
	1.06
	
	
	


Table 4: Listing of measured retreat for available time periods. 

	Year
	Max. Ice Face Retreat (m)
	Retreat Rate (m/y)

	1948
	no data
	no data

	1956
	1510
	189

	1969
	900
	69

	1977
	1990
	249

	1990
	1120
	86

	2005
	310
	21
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FIGURES
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Figure 1: Global location of Svalbard.
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Figure 2: Map of bathymetry and basins of Kongsfjorden.
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Figure 3: Oblique aerial photograph taken of Kronebreen glacier upwelling in late July, 2005. 
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Figure 4: Sample collection.
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Figure 5: Calibrated CTD displaying characteristic summer stratification of water column.
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Figure 6: Economical yet effective sediment trap design. 
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Figure 7: GIS map showing sample locations, July 2005 ice margin (red dashed line), and Kongsvegen delta compared to 1990 aerial photography.
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Figure 8: CTD calibration: optical backscatter values plotted vs. water sample particulate concentrations at similar times. 
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Figure 9: Graph of water sample sediment concentrations in grams per liter of water for the upwelling area. 
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 Figure 10: Plot of mean grain size and sediment vertical accumulation rates in two sediment traps. 
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Figure 11: Plot of mean grain size and volume percentages of major grain size fractions versus depth in the sediment trap “core”. 
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Figure 12: Glacial ice margins for recent decades. 
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Figure 13: Gravity core GC-02.
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Figure 14: Gravity core GC-03.
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� (Anderson and Domack, 1991)


� Data for traps ST6A (240 m from upwelling) and ST3B (470 m from upwelling). *VAR (Vertical Accumulation Rate) is the amount of sediment in the trap divided by the time span. Minimum VAR and sedimentation rates are calculated using bottom trap data only.


� Maximum ice face retreat is the measure of the largest distance of retreat from one year to the next. Retreat rate is the maximum retreat divided by the time period.





� Image from Google Earth software.


� Red arrow denotes location of Kronebreen and Kongsvegen glaciers in the innermost basin of the fjord. (Norwegian Polar Institute image.)


� Arrow denotes location of current main glacial upwelling.


� Image adapted from Cowan & Powell (1991).


� The slope of the best-fit line, with an R2 value of 0.8189, was used for calibrating backscatter to g/L.


� A logarithmic trend is used with an R2 value of 0.6823.


� ST6A (red lines) and ST3B (black lines) were located approximately 240 m and 


470 m from the glacial upwelling, respectively.


� Mean grain size shows fluctuations at different time periods of the day.


� Data: 1948-1977: Woodward et al., 2002; 1990: Norwegian Polar Institute ; 2005: UGRASP REU.
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