The Nature of Laminations in Cores from Kongressvatnet, Svalbard, Norway
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Introduction
Climate change has been recognized as one of the most significant environmental problems of our time (United Nations, 2007), and the need to understand past natural climates has never been more critical because natural climate change is the backdrop on which future change will occur. Lake sediment records provide one of the best means of inferring past environmental conditions, because various climate proxies are preserved in lake sediments and organic matter can be radiocarbon-dated for age control. Lakes that preserve annual sedimentation cycles are the most valuable because individual layers can be counted, (like tree rings), and annual changes can be documented. However, before these records can be interpreted, the origin of these laminations needs to be determined, and the annual nature of the laminations needs to be demonstrated. The purpose of this study is to determine the cause of layering in cores taken from Kongressvatnet and to assess their  potential to provide annual records of sedimentation. 
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Background
In May 2005, four cores were taken from Kongressvatnet located 94 m above sea level at 78°1’N and 13°59’E on Svalbard, Norway (Figure 1). and Kongressvatnet  is situated on the drainage divide between two valleys: Linne’dalen (to the west) and Gronfjorden (to the east) (Guilizzoni et al., 2006).  Kongressvatnet is a typical meromictic, sulphate lake (Bøyum and Kjensmo, 1970) with anoxic conditions in the lower 15 meters of the basin. 
[image: image2.jpg]“\":

-
v

. W

)
& g
> |

2. o

o i 8 - y
mﬁ\ - ol
SN e " R W -

sl
r?.-”!%,."

PN

L
-
£





The surface area of the lake is 0.82 km, and the greatest measured depth is 52 m (Bøyum and Kjensmo, 1970); however, measurements taken April 1997 showed the greatest depth to be only 37 m (Guilizzoni et al., 2006) while measurements taken in July and August of 2006 showed the greatest depth to be 60-65 m (Anderson, 2007). Annual changes of a few meters is thought to be the result of subsurface drainage to Linnédalen causing thick sheets of ice to form on the valley floor in winter (Guilizzoni et al., 2006), however, the large differences in reported lake depth has not been explained . Bathymetric data was collected by a team of REU students during the summer of 2005 and used to produce a bathymetric map (Figure 3) (Alden, 2007).
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Kongressvatnet is fed by four rivulets (Bøyum and Kjensmo, 1970). Of these four, the small rivulet originating in the hills to the west of the lake is of interest because its source consists of three mineral springs rich in hydrogen sulfide which contribute to the meromictic stability of the lake (Bøyum and Kjensmo, 1970). However, this rivulet does not appear to be a significant source of sediment since it does not traverse any major sediment sources (Alden, 2007). The major sources of sediment are from the south – a fan made of light-colored carbonate rock ( white fan) and an alluvial fan of dark-colored carbonate rock (black fan) that contributed to the sediment record in the past (i.e. glacial melt water), but it is not currently active (Alden, 2007).
Purpose of Study

The focus of this paper is the fine laminations seen in thin sections of the cores (Figure 4). If the origin and significance of these laminations is understood, and they are determined to be varves, then the characteristic that differentiates them can be used as proxies to reconstruct past climates by correlating this data to historical weather records. Once this calibration is established, it should be possible to reconstruct pre-historic climates. This paper discusses the physical and chemical nature of the laminations in core sediments, to determine their origin and potential to provide annually resolved climate records
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Previous work

Most of the work done on Kongress has occurred during the past forty years. In 1968, Bøyum and Kjensmo made an expedition to Svalbard to study the physical-chemical limnology of Kongressvatnet (Bøyum and Kjensmo, 1970). They found that Kongress has high sulphur content derived from the carbonate rocks in the lake’s catchment area (Bøyum and Kjensmo, 1970). They also found that Kongress is meromictic, due to the inflow of sulfur -rich mineral water issuing from springs surrounding the lake. They also documented well- defined chemocline between 32.5 and 35 m depth (Bøyum and Kjensmo, 1970) creating anoxic conditions in the lower 15-20 meters of the basin. This anoxia precludes post depositional bioturbation and results in the preservation of submillimeter lamination stratigraphy.
In 2006, an Italian team, Guilizzoni et al, published a multi-core, multidisciplinary paleolimnological study of the sediment record in Kongress. They used several dating techniques, such as 137Cs, 210Pb, varve counts, and paleomagnetic correlation, to establish the chronology of sedimentation (Guilizzoni et al., 2006). A sedimentation rate of approximately 0.50 mm/year was calculated from both the 137Cs and 210Pb data (Guilizzoni et al., 2006). They also determined that the laminations in their core were varves, as they found that the laminations could be differentiated based on particle size, which indicates an annual nature since larger silt particles settle during the short summers, and the smaller clay particles do not settle until the lower energy conditions of the winter (Guilizzoni et al., 2006).  Their cores were limited to the upper-most 50 cm of the sediment record and based on their chronology spans the last 1000 years.
The development of the Svalbard Research Experience for Undergraduates, directed by Professor Al Werner, has provided students the opportunity to do work on Kongress as well. Anderson, working in the summer of 2006, determined the various sources of sediment in Kongressvatnet and found that the majority of the sediment in Kongress comes from either the non-glacial stream draining from the Strike valley (white fan), the or the input of sediment by slope processes, and that the stream feeding the white fan was the most consistent source of sediment during the Holocene (Anderson, 2007). Also of note is the fact that most of the rock surrounding Kongressvatnet is carbonate rock (Anderson, 2007). Alden, also working in the summer of 2006, found evidence for global warming as the percent loss-on-ignition increased in the last fifty years (Alden, 2007). Previous increases in LOI had been due to increased inflow from the black fan; however, since the black fan was not active during this period, it is assumed that the increased LOI is from increased productivity in the lake due to higher temperatures (Alden, 2007). Alden’s work indicates that further study of the laminations in Kongress could be used to reconstruct past climate and make predictions for the future since evidence of climate change can be seen in the sediment.
Methods


To answer the questions posed at the beginning of the study, two approaches were taken. Prior to this study, thin sections polished to 30 microns were made from the core. First, a petrographic microscope was used to visually analyze the thin sections for textural differences in grain size and grading. Normal grading from coarse- to fine-grained laminations is seen (Figure 3).
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Backscatter imaging taken with a scanning electron microscope was also used to analyze the thin sections for differences in texture and chemical composition. Because using the SEM is a fairly intensive process, the thin sections having the most distinct laminations were selected for study. The backscatter electron images were used to identify differences in grain size (Figure 4).
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Next, a chemical analysis was performed on the thin section using EDAX Genesis. Initially, chemical spectra were collected from the different layers as differentiated by texture (Figures 7a, b). Then the best of the thin sections was selected from which to create a chemical map (Figures 8a-8d). The chemicals mapped were chosen based on those having the most distinct chemical spectra. Once a chemical map for each element selected was collected, the ones showing differences between the laminations were combined so that patterns could be observed (Figures 9a-9d). The thin section used was KU3-B2 and the depth of the area of interest in this thin section was 24.25cm.
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The average sedimentation rate for this section of the core was determined to be 0.2mm/year by counting the number of paired laminations in 1.0mm under a dissecting microscope.
Interpretations
The petrographic image and the backscattered electron image from the SEM both show a difference in grain size between the laminations. The SEM chemical maps indicate that the laminations rich in silicon are also rich in aluminum and that they alternate with the laminations rich in calcium which are also rich in magnesium. Comparing the petrographic image and the backscatter electron image with the chemical maps, the fine-grained layers correspond with the Si-/Al-rich layers and the coarse-grained layers correspond with the Ca-/Mg-rich layers (Figure 10).
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One possible explanation for this pattern is that large-grained Ca-/Mg-rich sediment, probably consisting of a high percentage of carbonates, is typically deposited during the spring and summer when the system’s energy is higher due to rains and snow melt while the fine-grained Si-/Al-rich sediment, probably clay minerals, stays suspended in the lake water because of their smaller size. Then, in the winter when the lake’s energy is lower because of the ice cover, the Si-/Al-rich sediment is deposited. This hypothesis is consistent with the work of Guilizzoni et al. as they found similar differences in the sediment’s texture to be related to seasonal variation. In addition, they also supported their findings using the evidence that drop stones, released during the melting of the ice cover, were found on top of the fine-grained layers, indicating that the clay layers were deposited during the winter (Guilizzoni et al., 2006).
An alternative explanation for the difference in chemical composition between laminations makes use of the differences between the surface area to volume ratio of the larger carbonates and the finer silt and clay carbonate minerals. Since the rock surrounding Kongressvatnet primarily consists of carbonates (Anderson, 2007), it is possible that there is a wide range in the size of the Ca and Mg particles. Therefore, only the larger particles would settle during the summer, leaving the smaller Ca, Mg, Si, and Al particles suspended in the water column. During the lower energy environment of the winter, the smaller particles are deposited. The exception is the smaller Ca and Mg particles which do not get deposited, because their increased surface area to volume ratio causes them to be dissolved before they can be deposited. Therefore, only the Si and Al particles are deposited during the winter since they do not dissolve as easily and as a result are preserved as a clay lamination in the sediment record.

Assuming the laminae couplets are indeed varves, the average sedimentation rate for the area mapped with the SEM was found to be 0.2mm/year. This is less than the average sedimentation rate of 0.48cm/year found by Guilizzoni et al. However, considering a larger portion of the thin section (Figure 11), it is evident that the area selected for study has much thinner laminations than other portions of the thin section. Therefore, it is appropriate to assume that a more comprehensive study of the whole core would result in a higher average sedimentation rate.
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Conclusions
The textural and chemical differences between laminations indicate that there is a strong probability that laminations represent annual cycles of sedimentation; however, this evidence alone is insufficient to prove that they are varves.  Detailed laminae counting and Cs and Pb dating are needed to ultimately interpret the laminae as annual.  Still, the techniques used in this study suggest that chemical mapping can resolve annual laminae more reliably than textural changes alone. Chemical mapping allows for chemical differentiation between laminations that are not discernable by the naked eye. These results indicate the possibility of using chemical analysis to determine the location and extent of laminations in areas where they are not otherwise visible.

Another feature of the core that merits further study is the thin black layers seen directly above the Si-/Al-rich layers in the chemical maps (Figure 12).
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The large dark layer was confirmed by visual analysis to be a crack in the sediment. Viewed under polarized light with a petrographic microscope (Figure 13), the thinner dark layers were observed to reflect light in a similar manner as the crack, but they also appeared to have a granular texture, suggesting that they are additional layers of sediment, and not cracks. None of the other collected chemical maps indicated layering in a pattern that would match these observations (Appendix A). Therefore, additional chemical maps could be useful in identifying the composition of these laminations.
Also, the sediment-water interface was not well-preserved in these cores, so if additional cores were taken and transported in a manner to minimize disturbance, it would be possible to gain a better understanding of recent sedimentation patterns. Cesium dating should be used to fix the year of maximum fallout from atomic bomb testing (1963), and chemical mapping could be used to count the laminations between that depth and the well-preserved surface. If this number equals 42 years (the number of years that have passed since the maximum cesium fallout), that would be strong evidence that the laminations are varves.
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Figure 3. Bathymetric map of Kongressvatnet constructed using data collected during the summer of 2005. (adopted from Alden, 2007)





Figure 4. SEM image of core area studied. Fine laminations are shown as alternating light grey and medium grey layers.
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Figure 7. Chemical spectra for different laminations within the thin sections. The horizontal axes are the k-alpha energies for electron transitions. The vertical axes on these graphs represents the number of counts of each element in the sample as measured by the X-ray detector in the SEM. The differences between the two spectra are repeated in successive, alternating layers.





Figure 8.Chemical maps of


a) aluminum,


b) calcium, 


c) magnesium,


and d) silicon.


The brighter areas are areas where there are high concentrations of the element, indicating a layer rich in that element. The depth of these images is approximately 24.25cm.








Figure 9. Overlays of chemical maps showing the alternating concentration intensities of the different elements. 


a. Si(blue)/Ca(yellow)


b. Al(pink)/Ca(yellow)


c. Al(pink)/Mg(green)


d. Al(pink)/Ca(yellow)/


   Mg(green)/Si(blue).


The depth of these images is approximately 24.25cm.





Figure 10. From left to right, a) petrographic microscrope image, b) backscatter electron image from the SEM, and c) the combined chemical maps of Si, Al, Mg, and Ca. The correspondence between grain size as evidenced in the images from the petrographic microscope and backscattered electrons and chemical composition can be seen, with fine-grained laminations corresponding to the Si-/Al-rich layers and the coarser-grained layers corresponding to the Ca-/Mg-rich laminations. The depth of these images is 24.25 to 24.35 cm.





Figure 1. a) Map showing location of Svalbard within the Artic, and b) map showing location of Kongressvatnet on Svalbard. Adapated from Guilizzoni et al., 2006.





Figure 11. Backscatter electron image from the SEM. Variations in the thickness of the laminations can be seen. The area from which the chemical maps were taken is approximately inside of the box.





a.





d.





b.





c.





a.





b.





c.





d.





a.





b.











b.











a.











Figure 2. Aerial photo from the Norsk Polarinstittut of Kongressdalen and Linnedalen, Svalbard, Norway. North is to the top of the page. Adapted from Alden, 2007.
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Figure 5. Petrographic microscope image. Coarse-grained laminations (blue arrows) that grade to fine-grained laminations (red arrows).
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Figure 12. Chemical map with the thin dark laminations indicated by orange arrows. The thick dark lamination, determined by visual analysis to be a crack, is indicated by a blue arrow. The depth of these image is approximately 24.25cm.
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