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Abstract 
Sedimentology and Catchment Processes of Lake Bolterskaret, Svalbard 
Matilda Elise Ruth Svensson  

Lacustrine sediments are important archives of landscape and climate evolution. Varved sediments offer 
a high-resolution archive enabling studies on annual and seasonal scale. Understanding the alteration of 
sedimentation in glacial lakes under a changing climate is important for paleoclimate reconstructions. 
This study aims at understanding the modern processes that governs sedimentation in a small high Arctic 
lake as well as studying the alteration of these processes over the last 60 years. This is carried out through 
geomorphological mapping and analysis of lacustrine sediment cores. This analysis consists of 239+240Pu 
dating, elemental composition by an ITRAX core scanner, and detailed lithostratigraphic logging on 
thin sections. This has resulted in a geomorphological map over the catchment and a compiled 
stratigraphic log of the sediment core.  
 The result of the study shows that Lake Bolterskaret has evolved from a glacial to a non-glacial lake 
during the latter part of the 20th century. This evolution is detected in the sediment record as a shift in 
deposition from classic varves to paraglacial varves. This shift is attributed to the retreat of the 
Ayerbreen glacier resulting in a shift in sediment source from glacial to paraglacial sediments, 
originating from reworking of the terminal moraine. Two hillsides also act as sources of sediment as 
mass movement processes transport debris towards the lake. These processes are suggested to affect the 
variation in thickness and complexity of the varves. The main forcing of this shift is due to the current 
warming of the Arctic, causing glaciers to retreat.  This study contributes to the greater knowledge about 
imprints of landscape evolution in lacustrine sediment records by highlighting the rapid catchment 
evolution in Arctic regions and by linking a shift towards paraglacial sedimentation with glacial retreat. 
The results from this study emphasize that processes governing sedimentation today cannot be assumed 
to reflect processes which occurred half a century ago. 

Keywords: Lacustrine sedimentation, Bolterskaret, late Holocene, Climate change, Varves 

Degree Project E in Earth Science, 1GV085, 45 credits
Supervisors: Rickard Pettersson and Lena Håkansson
Department of Earth Sciences, Uppsala University, Villavägen 16, SE-752 36 Uppsala 
(www.geo.uu.se)  

ISSN 1650-6553, Examensarbete vid Institutionen för geovetenskaper, No. 434, 2018

The whole document is available at www.diva-portal.org



Populärvetenskaplig sammanfattning 
Klimatförändringar i sjösediment från sjön Bolterskaret, Svalbard 
Matilda Elise Ruth Svensson 

Dagens klimatförändringar och den globala uppvärmningen slår hårdare mot Arktis än någon annan 
plats på jorden. Det resulterar i att glaciärer smälter, havsisen minskar och nya djurarter etablerar sig i 
de här områdena. Svalbard är en ögrupp mitt emellan Norges norra kust och Nordpolen. Runt 60% av 
landet är fortfarande täckt av glaciärer, men de smälter fort. För att förstå hur dagens globala 
uppvärmning påverkar Arktis studerar man tidigare klimatförändringar och hur det arktiska landskapet 
har förändrats av dem.  

Sediment från botten av sjöar fungerar som ett arkiv för förändringar i klimatet och landskapet. Varje 
sommar smälter snö och glaciärer i området kring sjön. Smältvattnet transporterar med sig sediment 
som sjunker till botten. En del av de sediment som hamnar i sjön är så finkorniga att det inte sjunker 
förrän sjön har frusit igen på vintern och vattnet är helt stilla. De här stora säsongsskillnaderna gör att 
det varje år bildas ett grövre lager med sediment och ett väldigt finkornigt lager ovanpå det. Paret av två 
lager kallas ett varv och markerar ett år av avsättning i sjön och tack vare detta avsättningsmönster kan 
vi räkna antalet varv nedåt och veta exakt vilket år varje lager är avsatt.  

Det här projektet studerar en sjö på Svalbard under ett år. Studien undersöker vilka processer som 
styr sedimentationen i sjön och bildningen av varv varje år. En glaciär i närheten av sjön har de senaste 
60 åren smält så pass mycket att smältvatten knappt rinner ned mot sjön länge. Vi studerar hur den här 
förändringen i landskapet har gett sig uttryck i sedimenten som sjunker till botten. Resultaten från 
projektet visar att smältningen av den här glaciären, tillsammans med andra klimatförändringar har gjort 
att varvavsättningen i sjön har förändrats. Den huvudsakliga källan till sediment har ändrats, från 
glaciären till omarbetade sediment från moränen utanför glaciären. 

Vi har också kommit fram till att man inte kan ta för givet att det arktiska landskapet beter sig likadant 
idag som för 60 år sedan, på grund av de snabba klimatförändringarna. Det här är viktig information att 
ha med sig när man studerar sjöar och klimatförändringar.  

Nyckelord: Sjösediment, Botlerskaret, Holocene, klimatförändringar, Varviga sediment 
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1.!Introduction 

1.1.!Motivation 
Lake sediments are important terrestrial records of climate and landscape evolution that range from 

decadal (Sun et al., 2006) to millennial time scales (Bird et al., 2009). These archives capture change 

both on regional scale and catchment dynamics. The capturing of high-resolution data is comparable to 

that of ice-cores and marine sediments (Davies et al., 2015). Lacustrine sediment records are typically 

sensitive to environmental changes and are therefore optimal for capturing small terrestrial changes. The 

varved lacustrine sediments offers a resolution down to sub annual scales, allowing for very precise 

reconstructions (Ojala et al., 2012; Zolitschka et al., 2015). Understanding how sedimentation of these 

records respond under the current global warming is crucial, both for climate predictions and accurate 

reconstructions of past climate regimes. The pronounced global warming over the Arctic (IPCC, 2013) 

makes lake sediments in the area suitable for studying these processes. This study focuses on landscape 

evolution in a small Arctic catchment during the last 60 years and the imprints the evolution of the 

environment leaves in the sediment stratigraphy. The results will contribute to the greater understanding 

on processes governing sedimentation in high Arctic catchments. 

1.2.!Aim and approach  
This project studies a High Arctic lake during one full year. The lake has four inlet streams, which today 

are all non-glacial. The lake catchment is relatively small and steep. This makes us hypothesize that lake 

sedimentation is highly influenced by the geomorphology of the catchment and by mass wasting on 

mountain sides transporting sediments down into the lake. 

Field observations have been made in April, July and August. The geomorphology of the catchment 

has been mapped both in the field and by remote sensing using orthophotos and from air-based drone 

imagery. By observing processes and changes through the seasons the aspiration is to identify the 

landscape processes that control sedimentation in the lake today. Further, the study will be scaled 

temporally and investigate whether the same processes were governing sedimentation in the past. This 

was carried out by investigating lake cores spanning the last c. 60 years. These cores hold a record of 

sedimentation with annual resolution, which enables scaling of the processes temporally and detecting 

changes in sedimentological pattern. With the twofold perspective of both looking at the processes in 

the lake over a year and over 60 years the study will investigate what happens in the lake today as well 

as explore if these processes are changing with a changing climate. By investigating this, the following 

questions will be answered: 

-! Which processes govern sedimentation in the lake today? 

-! Which sources of sediment within the catchment can be identified in the lake cores? 
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-! Do each of these sources leave a unique signature in the sediment record?  

-! Are modern catchment processes representative for the past?  

-! If the catchment processes have changed, then what could be the forcing for these changes?  

-! What do the results of this study imply for other studies of small High Arctic lake catchments? 
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2.!Background  

2.1.!Climate evolution in the Arctic since the Last Glacial Maximum  
During the last glacial maximum (LGM) the archipelago of Svalbard was covered by a large ice sheet, 

extending westward to the continental shelf break (Landvik et 

al., 1998, 2005). Radiocarbon ages reveal that during 

deglaciation the outer parts of Isfjorden became ice free 

between 12.3 and 11 kyr BP (Mangerud and Svendsen, 1992). 

The beach ridges in Adventdalen, dated to 10 025 yr BP, 

indicate open water and ice free conditions at this time (Lønne, 

2005) .   

 Mangerud and Svendsen, (2018) presents a reconstruction 

of climate evolution during the Holocene for Western 

Spitsbergen (Figure 1). The reconstruction is based on the 

occurrence of radiocarbon dated shallow marine warm water 

mollusks. The sea temperature increased significantly right 

after the LGM. Findings of the mollusk Mytilus edulis 

indicates a temperature at present day values around 11 cal. ka 

BP. By 10.6 cal. ka BP the same mollusk reached the northern 

coast of Svalbard, and the overall climate was ca. 2°C warmer 

than today. Between 10.2 – 9.2 cal. ka BP the climate was 

about 6°C warmer than today. This warm period is estimated 

to last about 1000 years, but more dates are needed to better 

constrain the duration. Despite the warm period, glacial 

advances are recorded from this time period from the 

Isfjorden area as well as other parts of Svalbard  (Lønne, 

2015, Farnsworth, 2017) 

Svalbard experienced a cooling period between 9.0 and 8.2 cal. ka BP, with summer temperatures 

close to the present state again. A gradual warming occurs from 8.2 cal. ka BP, identified by the 

reentrance of Mytilus into the fjords. During this time, Atlantic water is present throughout the whole 

archipelago. The waters gradually cool after 8.0 cal. ka BP and by 5 cal. ka BP the climate had again 

reached present conditions. This “Neoglacial” cooling intensifies by 4 cal. ka BP (Mangerud and 

Svendsen, 2018). Increased glacial activity is recognized in Billefjorden, a tributary to Isfjorden, 

between 5470 and 3230 cal. a BP (Baeten et al., 2010). The Northern hemisphere cold period “The Little 

Ice Age” (LIA) is, for Svalbard, usually referred to as a period from 600 to 100 years ago (Salvigsen 

Figure 1. Reconstruction of sea surface 
temperature from the west coast of 
Svalbard. Modified from Mangerud and 
Svendsen (2018) 
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and Høgvard, 2006). Several terminal moraines in the Isfjorden area dates back to between 1870 AD 

and 1900 AD (Plassen et al., 2004). The LIA moraines are, for many glaciers on Svalbard, the most 

extensive late Holocene advance (Werner, 1993).  

2.2.!Circulation and transport of sediment within Arctic lakes  
Above mentioned climate evolution have been captured in lake sediment records all over the Arctic. 

Under the influence of climate the lakes will operate differently, leading to differences in sedimentation 

patterns. Lake regimes and sedimentation in arctic lake will be discussed in the following two chapters. 

 Benn and Evans (2010) summarize circulation and transport of sediment within an Arctic lake. 

Sedimentation in a lake is influenced by the vertical temperature profile of the water column. Here the 

relationship between the density of water and temperature play an important role. As water has its 

maximum density at 3,98°C (at atmospheric pressure), bodies of water at different temperature will have 

differences in buoyancy. When a less dense water body overlies a denser water body, a stable layering 

of the water column will be created, with small vertical mixing. This condition is called a thermal 

stratification. In early summer the upper layer of the lake warms up, but the underlying water stays cold 

and dense. Evaporation and heat loss from the lake surface created convection currents in the water 

column, resulting in a three layered water column. The upper layer, the epilimnion, consists of a warm 

water with a low density. At the bottom the water is cold and dense. This water can because of the 

stratification remain relatively poorly mixed. The lower layer is called the hypolimnion. These two water 

bodies are separated by the thermocline, a zone of water characterized by a steep temperature gradient. 

The depth of the thermocline depends mostly on the mixing caused by wind strength but it is also 

affected by water chemistry, inflows and solar radiation. The 

thermal stratification of the lake is most pronounced during the summer months. As the surface layer 

starts to cool down in the early autumn the stratification destabilizes. The surface water cools and starts 

to sink due to the densification, creating convection in the water column. Eventually the entire water 

column overturns and the lake water body becomes isothermal. The lake ice keeps this isothermal state 

stable over the winter. As spring arises the lake ice breaks up and the upper layer becomes denser as the 

temperature reaches 3.98°C. The warmer upper layer starts to sink once again, and a second thermal 

stratification is again established in the lake. Such lakes, where the water column is overturned twice a 

year are called dimictic. Some Artic lakes only overturn once a year (polymictic lakes) as a result of 

only short ice free periods and input of cold glacial meltwater. 

 Sediment laden water that enters the lake will create a plume of sediment and inflow water into the 

lake. This plume is created by turbulent eddies along the margins of the lake, making the water body 

expand. The expansion leads to a velocity decrease of the inflow water and the sediments it is 

transporting. The characteristics of this plume is mainly controlled by the density difference of inflow 

Figure  SEQ Figure \* ARABIC 1. Curve of west coast 

sea surface temperatures during Holocene. Dashed line 

shows present day conditions. Modified from 

Mangerud and Svendsen, (2018) 
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and lake water, but also the discharge velocity, suspended material and the morphology of the channel 

(Smith and Ashely, 1985). At the edge of the inflow plume water and suspended sediments starts to sink 

until it reaches equal density. This usually occurs around the thermocline, where the inflow starts 

flowing horizontally again. This type of flow is referred to as an interflow. If the inflow is less dense 

than the water of the epilimnion the water will flow above the upper layer, creating an overflow. In 

contrast, if the inflow body is denser than the hypolimnion it will flow as an underflow, along the bottom 

of the lake. The density of the inflow depends on temperature and dissolved solutes, but the major 

control is the load of suspended material.  

2.3.! Laminated lake sediments  
Sediment can be transported with the inflow water either as overflows, interflow or underflows. The 

sediment in suspension gradually settles with the velocity reduction, in relation to the particle size. The 

appearance of the sediment deposit depends on the depth of settling. In shallow depths, above the 

thermocline, deposits tend to be massive, due to mixing by bioturbation and wave action. At greater 

depths the structures are characterized by laminated fining upwards sequences of mud and silt (Benn 

and Evans, 2010). The laminations reflect the grain size and quantity of sediments, due to meteorological 

condition on daily and annual scales as well as sediment discharge cycles (Church and Gilbert, 1975). 

Short term cycles produce thin, normally graded laminae with sharp basal contacts. The longer annual 

cycles produce silt-clay couplets of varves, reflecting the seasonal shifts in sedimentation (Ashley, 1975; 

Ohlendorf et al., 1997). The coarser layer originates from inter- and overflows during the ablation 

season. The underflows can be distinguished by their relative thickness and sometimes ripple structures 

and normal grading. The winter layer records the settling of the finest material which only occurs in the 

stable water column created by the lake ice. Thin layers of coarse material can occur in the winter layer, 

reflecting reworking of sediments on the lake floor or winter storms.   

De Geer (1912,1908) recognized this cyclic annul signal in the sediment record, and used it to 

reconstruct the retreat of the Scandinavian Ice Sheet and the development of the Baltic Ice Lake. De 

Geer’s work established the term varve as a couplet of a coarser grained, lighter summer layer and a 

fine grained darker winter layer. The recognition of this annual pattern in sedimentation provided means 

to date lacustrine sediments by counting varves. Combining absolute dating techniques, like 14C and 
137Cs with the relative chronology of varves has the potential to establish a record of sedimentation with 

annual resolution (Jaakkola et al., 1983; Ojala et al., 2012). Because of the high resolution records, 

lacustrine sediments are used for studies in a wide rages of fields like heavy metal concentrations (Sun 

et al., 2006), climate evolution (Bird et al., 2009) and ecology (Hubeny et al., 2009)  

A recent improvement of the field is the application of core scanning X-Ray Fluorescence technique 

(XRF) (Croudace et al., 2006). The XRF analysis generates the geochemical composition of the 
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sediment, by exiting the sample surface and measuring the emitted secondary X-ray. Micro-XRF 

techniques can yield the elemental composition of a split core surface with a resolution up to 60µm. 

This high-resolution data enable for detection of changes on decadal, annual and seasonal scale. 

Established proxies can be used to detect catchment dynamics and processes within the lake (Davies et 

al., 2015). The inferred changes in catchment dynamics can be such as glacial advance/retreat, soil 

erosion and weathering rates (Zolitschka et al., 2015). Studies focusing on within lake processes have 

detected changes in redox condition and productivity (Kylander et al., 2011). The elemental data can 

also facilitate a more accurate varve chronology. (Cuven et al., 2010) showed a correlation between fine 

grained sediment and increase in K/Ti. This ratio can be used as an indication of the winter layer in the 

varve couple, allowing for an even more accurate estimation of varve chronology.   
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3.!Regional setting 
Svalbard is an archipelago, situated in the Norwegian High Arctic (74-81°N) (Figure 2). The main island 

is called Spitsbergen, with the settlements Longyearbyen, Ny Ålesund and Barentsburg. As of today 

58% of the land is covered by glaciers (Nuth et al., 2013). The landscapes are highly affected by glacial 

and periglacial processes. The last 30 years have been characterized by glacial retreat, were the total 

glacial area have reduced by 7%. (Nuth et al., 2013) 

3.1.!Present climate regime 
The first permanent meteorological station continuously measuring weather on Svalbard was installed 

in 1911. This station was deployed in Grønfjorden, one of the tributaries of outer Isfjorden. A station 

was established in the mouth of Longyear valley in 1916 and intermittent measurements were carried 

out there until 1946. From 1957-1977 a continuous record has been measured at the site. The station 

was moved to Svalbard Lufthavn (Svalbard Airport), in 1977 where measurements are still recorded. 

When comparing the two stations, one should consider the generally lower air temperature at Svalbard 

Lufthavn. The difference ranges from 0.0-1.5° C in monthly mean temperature, with the peak offset 

recorded in spring (Hanssen-Bauer et al., 1990). 

The records show an annual trend of increasing temperatures from 1910-1930. Between 1930-1960 

the mean annual temperature decreased. The period of 1966-1988, as well as 1989-2011, shows a 

warming trend in air temperatures at weather stations all over the archipelago. For Svalbard Lufthavn 

the records show an increase in annual temperature of 1.2°C per decade (Førland and Hanssen-Bauer, 

2003). This warming is most pronounced during the winter season, where the warming is 2-3°C per 

Figure  SEQ Figure \* ARABIC 2. Overview map of the Artic. Ocean currents around Svalbard indicated with 

blue (cold water) and red (warm water) arrows. Zoomed in map of Nordenskiöldland, Svalbard  

Figure 2. Left: Overview map of the Arctic. Ocean currents around Svalbard indicated with blue (cold water) and 
red (warm water) arrows. Right: Zoomed in map of Nordenskiöldland, Svalbard.   
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decade. This trend is the most significant during the entire Holocene (Førland et al., 2011). In recent 

years, the warm water mollusc Mytilus edulis has reentered Isfjorden, with the first occurrence in 2004. 

This finding indicates an increase in Atlantic Water, transported by the West Spitsbergen current, 

resulting in warmer sea temperatures Since 1912 mean annual temperature have increased by 2.5°C. 

(Berge et al., 2005) 

Precipitation on Svalbard is generally low, because of prevailing air masses with low amounts of 

water vapor. During the period 1961-1990 annual precipitation ranged from 190-525mm per year. 

Throughout the whole year precipitation can be expected to fall both as snow or rain. Orographic 

precipitation is common, and a positive correlation with altitude is therefore apparent. (Førland et al., 

1997) 

Several factors contribute to the unique climate of Svalbard. Oceanographic currents control the 

distribution of water masses in the fjords and around the archipelago. The warmer Norwegian current, 

an extension of the Gulf Stream, splits up close to Svalbard and flows both along the western coast and 

into the Barents Sea. On the eastern side of Svalbard, a cold current flows southward towards Bjørnøya, 

south of Spitsbergen. The radiative condition also controls climate. The absence of incoming solar 

radiation during the polar winter that coincides with minimum cloud cover, results in a great heat loss 

from the ground. Likewise, the period of maximum incoming solar radiation, during midnight sun, 

matches with peak cloud cover, reducing the total hours of clear sunshine. This seasonal pattern results 

in additional cooling of the climate on Spitsbergen. Also, the regional atmospheric condition regulates 

the climate conditions. The low pressure over Iceland and the relatively higher pressure over Greenland 

and the Arctic Ocean transport mild air towards Svalbard from lower latitudes. Variations in these two 

air masses as well as the sea ice extent results in fluctuations of the precipitation and temperature. These 

two air masses display the most contrast during winter, leading to greater fluctuation in climate during 

this time of the year (Hanssen-Bauer et al., 1990; Førland et al., 1997). The three important components 

of the climate system create the exceptionally mild but dry climate for this high latitude.  

3.2.!Bedrock geology 
The central parts of Spitsbergen consist of the Paleocene-Eocene Van Mijen Formation. This is a clastic 

sequence, dominated by shales, sandstones and siltstones but also with occurrences of coal seams and 

conglomerates (Dallman, 1999). The formation is characterized by an infill of The Paleogene central 

basin (Dypvik et al., 2011). The formations present around the study area are the Grumantbyen 

formation, Frysjaodden formation, Battfjellet formation and Aspelintoppen formation. Grumantbyen 

formation is a 450 m-200 m thick unit, consisting of greenish, massive and bioturbated sandstones 

(Dallman, 1999). The sandstone is rich in Chlorite and Glauconite (Dypvik et al., 2011). The origin is 

unclear but the massivity and bioturbation, as well as lack of other subaerial facies, indicates deposition 
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on the continental shelf. Overlying this unit is the Frysjaodden Formation, with shales resting on the 

underlying green sandstone. Irregular conglomerates are present in the contact. The formation ranges 

from 200 to 400 m in thickness and consists of shale. Sandstone members interrupt the formation, like 

wedges. One of the members is the Gilsonryggen Member, named after the mountain Gilsonryggen, in 

close proximity to the lake. This sequence consists of black mudstones with occasional siltstones and 

bentonite layers. The thickness varies from 200 m to 250 m and the member is thought to represent at 

deeper water formation. The next younger stratigraphic unit in the area is the Battfjellet Formation. The 

boundary to Frysjaodden Formation is defined by the first occurrence of thick sandstones. This 

formation consists of well-laminated and cross-stratified whitish sandstones, interbedded with smaller 

sandstones and siltstone. The contact with the underlying shales of the Gilsonryggen Member is gradual. 

The depositional environment of the Battfjellet Formation is thought to be a late stage of coastal 

progradation and infill of a foreland basin. The basin experienced subsidence as the West Spitsbergen 

Fold-Thrust Belt was growing and this formation represents the stage were infill outpaced subsidence, 

resulting in the basin being filled up to sea level. The uppermost formation in the area is the 

Aspelintoppen Formation which was deposited in the final infill of the foreland basin and sequences are 

therefore channels, crevasse splays and swamp deposits. Lithologies present are sandstones with shales, 

siltstones, mudstones and thin coal seams. The sandstone is commonly cross-stratified and soft-sediment 

deformed. Plant remains are abundant, especially the leaves of trees. (Dallman, 1999) 

 Dypvik et al., (2011) preformed XRD analyses of the mineralogical content of the Frysjaodden and 

the Grumantbyen Formation. Analyses show that the overlying Frysjaodden Formation mainly consists 

of feldspar and quartz. Clay minerals are present in the form of illite, chlorite and to various degrees, 

kaolinite. Pyrite and siderite are heterogeneously found in high amounts, but dolomite occurs only in 

minor concentrations. Grumantbyen Formation contains chlorite, illite and minor amounts of kaolinite.   

3.3.!Lake Bolterskaret  
Lake Bolterskaret (78.10042°N, 16.00233°E) is situated in Nordenskiöldland in the central region of 

Spitsbergen; an area constrained by Van Mijenfjorden in the south and Isfjorden towards the north 

(Figure 2). Lake Bolterskaret is situated in the northern part of this area and is thereby more closely 

affected by the fjord climate and evolution of the adjacent Isfjorden. The lake is situated on a pass 

approximately 400 m.a.s.l, well above the Holocene marine limit (62m a.s.l) in the area (Lønne, 2005).  

The pass connects the two valleys Tverdalen and Bolterdalen, and is located about 16km from 

Longyearbyen (Figure 3). The lake is proglacial to the glacier Ayerbreen, but has most likely been 

receiving inflow from the adjacent glacier Scott Turnerbreen at a time of greater glacial extent. The lake 

catchment is small and constrained by steep mountain sides and moraine complexes. Four main inflows 

and one outflow can be identified from aerial images from 2009. 
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Historical images from 1936, 1961 and1990 exist from the area. Aerial images were taken by the 

Norwegian Polar Institute by campaigns in 1961 and 1990 (Figure 4). The image from 1936 are oblique 

and were processed in Agisoft Photoscan to create an orthophoto. Cropped versions of these images are 

presented in Figure 4. These pictures show Ayerbreen standing by the moraine in 1936. In 1961 the 

glacier has started to retreat exposing the forefield. A supraglacial meltwater channel drains the glacier, 

through the moraine and down to the lake. This meltwater channel is less apparent on the pictures from 

1921, but the feature seems to be present, possibly as an englacial channel. By 1990 Ayerbreen has 

retreated further and the supraglacial channel is still draining the glacier towards the lake, but with a 

further distance from the ice margin through the moraine.  

 

 

Figure 3. Up: Geological map of the area. Based on data from the Norwegian Polar Institute. Lower left: Location map 
of Lake Bolterskaret . From toposvalbard.npolar.no (Norwegian Polar Institute). Lower right: Bathymetric map of the 
lake. Modified from Sun et al. (2006) 
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Figure 4. 1936, 1961 and 1990 are orthophotos of old aerial images imagery from the Norwegian Polar Institute. 
2009 is an orthophoto created by the Norwegian Polar Institute, made black and white (from 
www.toposvalbard.npolar.no) 
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3.4.!Previous investigation of Lake Bolterskaret 
Two research teams have previously studied the lake. The first team cored Lake Bolterskaret in 2002, 

studying the lake as a record of heavy metal concentrations on Svalbard.  The study presents a sediment 

core record spanning 150 year. The results from 210Pb and 137Cs analysis conclude that the sediments are 

varves and that the heavy metal concentration decreases with depth. The same research group presents 

a study of the varve chronology further in (Guoqiang et al., 2006). This study uses 137Cs dating and 210Pb 

analysis, together with thin sections to study the mechanism of varve formation in the lake. The peak in 
137Cs was detected at 34.5cm and the mean varve thickness was 4mm. The authors present a conceptual 

model of varve accumulation. The coarser sediment of the summer layers are transported by snowmelt 

during the early summer melt season and the winter layer are comprised of finer particle that has been 

kept in suspension until the winter. Further, they used the varve chronology to reconstruct summer 

temperatures in the area. This reconstruction show a fluctuating climate over the last 150 years, and a 

warming of the Arctic starting as early as 1920.   

Professor Barbara Wohlfarth, Professor Olafur Inglofsson and others cored the lake in 2001 and 

2002. These cores were the subject of a master’s thesis. (Bergholtz, 2004). This study focused on the 

varve chronology and the correlations to climate. Weather data from Svalbard Lufthavn show a stronger 

correlation for varve thickness and precipitation (r=0.34) than for temperature (r=0.21). This indicated 

that precipitation to a higher degree control sedimentation in the lake compared to air temperatures.  
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4.!Methods and materials 
In order to answer the research questions posed in section 1.2 both fieldwork and remote sensing 

techniques are used. Geochemical methods, sediment stratigraphy geochronology, and 

geomorphological mapping techniques are applied to gain a complete picture of the controls of lake 

sedimentation. The main product of this procedure is a geomorphological map of the catchment and a 

composite log of the core stratigraphy.  

4.1.!Material 

4.1.1.!Imagery  

Aerial images over the area have been used for geomorphological mapping. The aerial photos were 

taken during flight campaigns in 2009 by the Norwegian Polar Institute. In addition, a digital elevation 

model (5m resolution) created by the Norwegian Polar Institute has been used. An approximate front 

position of Ayerbreen from 2017 was estimated using satellite imagery from the Landsat 8 satellite, 

provided by Earth Explorer, USGS. 

Drone imagery was shot during fieldwork in July 2017. An orthophoto, compiled from these images 

was generated in the software Agisoft Photoscan. This orthophoto has been used to track the shoreline 

of Lake Bolterskaret in 2017. The drone (DJI Phantom 4), was mounted with a 12.4 mega pixel camera, 

was flown over the area to acquire aerial photos of the area. The camera has a fixed focus 20mm (35mm 

equivalent) lens. 

Older aerial images from 1936, 1961 and 1990 have been used for understanding of the landscape 

evolution (Figure 4). All old imagery data has been archived by the Norwegian Polar Institute.  

 

4.2.!Methods 

4.2.1.!Field work  

Field work was carried out in April, July and August 2017.Three cores of sediment were obtained during 

fieldwork in April.  Fieldwork in July and August covered sampling of fine-grained material in the inlets 

and geomorphological mapping.   
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Coring  

Cores were taken from the lake ice and all drill sites were located in the deep basin of the lake at ca. 3m 

water depth. The coordinates and position of the drill sites are shown in Table 1 and Figure 6. A 

motorized ice drill was used to penetrate through the lake ice (Figure 5). The cores were retrieved using 

a Gravity percussion corer system (Universal corer). The sediment- water interface in the cores was 

stabilized using Zorbotil powder (Tomkins et al., 2008) that when mixed with water transforms into a 

gel. The cores were kept from freezing in the field by insulating layers and kept standing upright. They 

were later stored in a cold room, standing up for the first weeks and later laying horizontally.  

 

 

 

 

 

 

 

 

 

Figure  SEQ Figure \* ARABIC 6. Ice drilling for the lake coring field campaign in 

April 2017.   

Figure 5. Ice drilling during fieldwork in April 2017 
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Table 1. Description of retrieved cores. 

Obtained cores 

 North East 

Water

depth  

(m) 

Core  

length 

(cm)  

17-1 78.009985 16.0008 2.8 61 

17-2 78.09969 16.00157 2.9 48 

17-3 78.099692 16.00356 2.7 71 

Depth measurements 

Hole A 78.09988 16.00297 
ca. 

2.8 
-  

Hole B 78.09959 16.00014 
ca. 

2.8 
-  

 

Geomorphological mapping  

Field work for mapping was carried out during five days in early July 2017. Due to more snow than 

anticipated in July, one day of mapping in mid-August was added. The mapping of the surrounding area 

describes landforms of the drainage basin. Processes leading to sedimentation in the lakes were in focus. 

The objective of the mapping is to produce a geomorphological map of the lake catchment. Drone 

photography was shot over the area during the July field campaign. Figure 7 show an example of a drone 

image taken.  

 

Figure 6. Location of sediment cores and depth 
measurements 
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Sampling of inlet sediments 

During field work in July sediment in all the main inlets of the lake were sampled for geochemical 

composition. Five samples of fine-grained sediment were collected upstream of each inlet, on banks of 

the braided river systems. The samples weighed ca. 200g each and were packed in zip lock bags. The 

samples have been stored in room temperature until analysis.  

4.3.!Lab work  
All sediment cores were opened on the 20th of September 2017 at Uppsala University. The cores were 

opened using a small angle grinder and split using fishing-line. The cores were photographed and 

described. Based on a visual inspection the core 17-3 was chosen to be most suitable for analyses. This 

was based on it being the longest as well as laminations being clear and well preserved. However, the 

sediment-water interface of core 17-3 is disturbed, with the uppermost sediments mixed in the Zorbitol 

gel that stabilized the core top. 17-2 was shorter but with an undisturbed core top. The top of 17-2 is 

therefore used in analyses, replacing the top of 17-3. The cores are correlated using sediment 

stratigraphy and geochemical data.  

 

 

 

 

 

Figure 7. Drone image of the lake and drainage basin taken in early July. Photo credits to Erik Schytt 
Holmlund 
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ITRAX core scanning 

The ITRAX core scanner produces a relative element concentration as counts per second using XRF-

techniques. This means that the data cannot be used for analyzing the exact concentration an element in 

the sample, but as a relative increase and decrease within the samples.  

The cores were scanned in an ITRAX core scanner at Stockholm University on the 21/9 2017. The 

sample step was set to 200µm and the sampling time to 30sec/increment, to assure that all important 

elements reach reliable readings.   

 The inlet samples were put into cubes designed for scanning bulk samples in the ITRAX core 

scanner. The result of this scanning was average to first a single value per cube and then one single value 

for each element and inlet.  

 

Dating  

Core 17-3 was dated by detection of the isotopes 239+240Pu. Global radionuclide fallout of theses isotopes 

occurs in 1963, associated with nuclear bomb testing. This results in a peak concentration of the isotopes, 

assumed to be correlating to 1963. Based on this absolute dating a relative age curve can be constructed 

by varve counting (Kelley et al., 1999; Ketterer et al., 2004) 

Subsampling was performed at Uppsala University, Department of Earth Sciences. Based on the 
137Cs peak of Sun et al., 2006 and assuming a sedimentation rate, a depth estimation of the peak firtst 

done. The interval 20cm above and 20cm below the estimated peak was sampled every centimeter. The 

remaining parts of the core were sampled every fourth centimeter. This approach was chosen because 

of a restricted amount of sampling vials. A complete sampling list can found in Appendix 3. The samples 

were dried in 100°C until dry, disaggregated and put into scintillation vials. Samples were sent for 

ICPMS analysis at Northern Arizona University, using the chemical procedure adapted from Ketterer et 

al., (2004) 

 

Thin sections  

Thin sections are created by hardening the sediment into rock hard slabs that can be trimmed down to 

thin sections. The sampling for thin sections was done by pressing a perforated aluminum tray into the 

cleaned core surface. The dimension of the trays were approximately 7x2x0.5cm and holes were drilled 

to facilitate the penetration of acetone and epoxy. The tray and sediment was extracted using a metal 

spatula and nylon fishing-line. The whole core was sampled with an overlap.  One thin section sample 

was sampled from the core 17-2, to capture an undisturbed core top. The thin section slabs were wrapped 

in plastic to avoid losing moisture and subsequently cracking. The thin sections were sent to Mike 

Retelle at Bates College, USA, for embedding the sediment trays using the embedding technique as 

described in Lamoureux (1994). 
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The sediment samples were dehydrated with several baths of acetone to replace the pore water of the 

sediments (Figure 8). Once fully dehydrated the acetone was removed through impregnation with an 

epoxy resin. The epoxy replaces the acetone in voids and pore spaces of the sediment. The epoxy-resin 

solution was comprised of cyclohexyl carboxylate (ERL), diglycidol ether of polypropyleneglycol 

(DER), nonenyl succinic anhydride (NSA), and dimethylaminoethanol (DMAE). The samples were 

impregnated through several steps, were each step gradually decreases the acetone:epoxy ratio. During 

the final impregnation the samples were submerged into 100% epoxy and then left under a fume hood. 

After 12h under fume hood the samples were hardened in 50°C for 72h. The samples were sent to 

Quality Thin Sections in Tucson Arizona to be trimmed and polished down to thin sections. The thin 

sections were scanned at 1200 DPI and analyses using the open source software Inkscape. Varves were 

counted on the scanned images of the thin sections. The depth measurement was acquired by using the 

sampling depth and the millimeter scale next to each thin section scan.  

  SEQ Figure \* ARABIC 9. Sediments during acetone bath. 

Photo by Mike Retelle  Figure 8. Sediment slabs during acetone bath. Photo by Mike 
Retelle.   
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5.!Results  

 
Figure 9.Geomorphological map of the studied area. For full version in A3, see Appendix 5   
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5.1.!Geomorphological mapping  
The geomorphological mapping produced a geomorphological map over the area, shown in Figure 9. 

Two glaciers are present in the area, Scott Turnerbreen and Ayerbreen. Only Ayerbreen contribute with 

meltwater to lake Bolterskaret, during the time scope of this thesis. Scott Turnerbreen could potentially 

have provided the lake with meltwater at times of greater extent. 

During the July fieldwork a lot of snow still covered the ground, at the deepest point around 1m. The 

catchment was however still active; all inlets were feeding the lake with water and sediment. Snow and 

ice was melting in the terrain, but the lake was partly still frozen over. For the August field work the 

ground was snow free and generally the discharge in inlets were lower.  

 

5.1.1.!Glacial landforms 

Observations 

Three sets of glacial landforms (Figure 10) are present in the area; 1) till plain 2) Pre-LIA moraine ridge 

and 3) LIA moraine ridge.  

Till plain: The first glacial landform is located in the northernmost part of the pass, towards the moraine 

of Scott Turnerbreen. This landform drapes the bedrock topography underneath it. The sediment is 

diamictic and well sorted into fine grained patches surrounded by coarse, angular material.  

Pre LIA moraine ridge: A ridge is present in the terrain on the northern shore of the lake. There is no 

apparent crest of the ridge or steep sides of the landform. Sharp angular sandstone boulders cover the 

landform. Lichens grow on the boulders to various degree. A depression in the landform is present on 

the western side, where heavily fractured sandstone bedrock is exposed.  

LIA moraine ridge: A sharp crested, lobe shaped ridge sits in front of the present day glacier front of 

Ayerbreen. The glacier distal side is gently sloping whereas the proximal side is steeper. Active mass 

wasting is ongoing on both sides of the ridge, but more frequent on the glacier proximal side. The ridge 

is made up by diamict, with clasts of sandstone and shale. Meltwater from Ayerbreen flows between the 

ridge and the glacier, both towards lake Bolterskaret (north) and the valley Tverdalen (south). On the 

hillside down from the pass, towards Bolterdalen sits another glacial landform. This ridge feature sits as 

a lobe around the front of Scott Turnerbreen. This feature is sharp crested and hummocky.   

 

Interpretation  

The two fresh looking, sharp-crested ridges in front of the present day glacier fronts of Scott Turnerbreen 

and Ayerbreen are interpreted to be terminal moraines from a glacial advance associated with the Little 

Ice Age. They are formed by deformation or deposition of glacial material around the front of an active 

glacier. Mass wasting on the slopes of the moraines still redeposit and reshape these landforms. This 
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suggests that the moraine is still ice cored, creating thaw slumps. This process is most intense right after 

deposition but activity is still recorded in LIA moraines on Svalbard  (Sletten et al., 2001; (Ewertowski, 

2014;). 

 The smooth crested moraine ridge is interpreted to have been formed by a pre-LIA advance of 

Ayerbreen. The shape of this landform suggests likewise, the absence of a crest and steep sides indicates 

stability and less ice in the debris (Scherer et al., 1998). The angularity of the boulder indicates frost 

shattering of the material. Frost shattering causes rocks to fracture due to both thermal expansion and 

freezing of water in micro fractures (Anderson and Anderson, 2010) Pre LIA moraine ridges are less 

common than LIA moraines in the Svalbard landscape. Relative to the LIA moraines they are more 

stable, less ice cored and lichens have generally grown larger (Werner, 1993). The age of the Ayerbreen 

pre-LIA moraine is difficult to determine but previous studies of the glacial history of Bolterdalen can 

help constrain it. Glaciers are recorded to have advanced to the mouth of Bolterdalen around 9,8-9,6 ka 

BP (Lønne, 2005). It can be assumed that Bolterskaret was glaciated during this time. The pre-LIA 

moraine of Ayerbreen is therefore either deposited in association with retreat during this event or it 

formed at a later stage. Werner (1993) suggest two neoglacial advances for Svalbard glaciers in the 

Isfjorden area. Based on lichenometry two groups of moraine complexes have been suggested stabilizing 

at 1000 and 1500 years ago. The ridge could be associated with any of these advances, but without more 

information and analyses a further constrain age is impossible.  

 The landform with a draping of diamict over the underlying topography is interpreted to be a Till 

plain (Jónsson et al., 2014).The landform is interpreted to have been deposited in a subglacial 

environment, but the heavy periglacial reworking makes further classification difficult. The age of this 

landform is difficult to determine. Following the reasoning above it could be deposited by a glacial 

advance which predates the Little Ice Age but postdates the advance recorded at the mouth of 

Bolterdalen (Lønne, 2005). The sorting of sediments is suggested to be causes by periglacial sorting. 

Many of the sorted features have the characteristic appearance of sorted circles (Anderson and 

Anderson, 2010).The extensive periglacial sorting also supports an early Holocene deposition.   
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Figure 10. A: Lake Bolterskaret and the Pre LIA moraine ridge. Green dashed line outlines the ridge. B: Frost 
shattered bedrock in depression of the Pre LIA moraine ridge. C: Drone image of LIA terminal moraine. Red 
dashed line outlines the ridge. D: Sharp crest of LIA terminal moraine. Note people for scale. E: Pre LIA ground 
moraine. F: Periglacial sorting of ground moraine. 

 

5.1.2.!Fluvial fan systems 

Observations  

Six fluvial fans have been identified in the area (Figure 11). An incised channel runs down from 

Foxtoppen, spreading out to a fan as it reaches flatter terrain (Fig. 11b). The channels in the system are 

braided, with coarser sediment in the channels and finer sediments in banks. Boulders and cobbles of 

sandstone have been observed together with finer grained shales on the surface of the fan. Runout of a 

snow avalanche was lying in the fan system during July field work. Blocks of snow, ca. 2 m high lie in 
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a lobe shape in the fan system. The scar of this avalanche could be seen higher up in the fan system. 

Sediment was incorporated into the snow. In July, two blocks of sediments were found lying on the lake 

ice in the middle of the lake, likely originating from a mass flow in this fan system (Figure 10b).  

Along the ridge in front of Ayerbreen another inlet flows into the lake. The system starts half way 

along the ridge and flows in a braided river system towards the lake. Before reaching the lake, it builds 

out in a fan shape. No boulders are found in the system, but the channel contains smaller clasts (>5cm) 

of sandstone and shale. Fine grained sediments are found in smaller banks or draping bigger clasts. This 

system cuts into the system flowing down from Foxtoppen.   

The third fluvial system cuts through the moraine of Ayerbreen. This system mainly consists of shale 

and sandstones in gravel size. Fine grained sediment drapes the surface at some places. The system has 

built out in several smaller lobes, entering the lake.  

Along the side of Soleietoppen several small lobes build out into the lake. These lobes consist of 

mainly shale and some sandstone gravel. Coarser boulders of sandstone are found on the hillside just of 

theses lobes. 

The fifth system is a small channel and fan system along the northern ridge feature. The channel runs 

along the ridge all the way down to the lake, with a fan build up around it. The channel walls are about 

50 cm high by the shoreline. A cross section of the channel exposes mostly gravel sized shale clasts, 

interbedded with silt and clay. Some clasts of sandstone have also been identified.  

Lastly, the remains of an old channel system have been observed on the southern hillside of 

Soleietoppen. No water, except some channeling of snowmelt, is today flowing in the system.  

 

Interpretation  

The channel system running from Foxtoppen is formed as a combination of snow/slush avalanches and 

fluvial processes (Nyberg, 1989; de Haas et al., 2015). Snow and slush avalanches run down the channel 

during the early summer melt season and feeds the system with snow, water and sediment. The snow 

from the avalanches continue to melt and reform the system by fluvial processes. These fluvial processes 

transport sediment, originally brought down by the avalanches, and carry the sediment into the lake. The 

observation made on sediments deposited on top of the lake indicates that sediment also gets locally 

dumped into the lake, as the lake ice thaws in springtime. 

 The two systems flowing along and cutting through the LIA moraine ridge, as well as the smaller 

system along the northern ridge are identified as alluvial fans. The river channels are braided river 

systems, commonly associated with glaciated regions and fluctuation flows (Anderson and Anderson, 

2010). All of these inlets transport meltwaters from snowmelt, and the western one also transports 

meltwater from Ayerbreen.  
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 The system along the side of Soleietoppen is identified as Niveo-fluvial deposits. The occurrence of 

this deposit is dependent on the nival processes in the slope above (Christiansen, 1998). Snow and slush 

avalanches run down and deposit a mixture of snow and sediment in lobate forms. As the melt season 

starts the snow melts and washes out fine grained material which build out into lobes in the lake. 

 The dried out channel system found on the ridge around Ayerbreen have been identified as a relict 

outwash plain. This system likely drained the glacier when it extended all the way out to the LIA 

terminal moraine ridge.   

 

 
Figure 11. A: Sediments deposited on lake ice. B: Slush avalanche and fluvial system. 
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5.1.3.!Lake deposits and outlet 

Observation  

Lake water was observed to percolate locally into the northern moraine ridge (position marked on the 

map, Figure 9). The sediments around the point of percolation are angular boulders of sandstone, both 

above and below lake level. Many boulders are draped with fine grained sediments. A lot of moss is 

present around, but otherwise the ground is dry. Water seeps out on the opposite side of the same 

moraine ridge. In June this area was still snow covered but very wet. In the lower parts of the terrain a 

water assemblage had formed. In the deeper parts of this water assemblage some fine grained sediments 

had settled but closer to the shoreline the bottom looked like flooded terrestrial ground. In August water 

was still seeping out thought the moraine and the area around was water saturated. The assemblage of 

water observed in July was almost completely gone, except for some smaller ponds. 

 The outlet cannot be detected on any aerial images, most likely due to resolution. On the aerial image 

from 2009 a patch of dried lake sediments can be detected with small ponds around. Fine grained 

sediment can be identified on the same place on the aerial imagery from 1961.  

 

Interpretation  

The lake is interpreted to have one drainage, through the northern moraine ridge (Figure 12). The 

drainage is subaerial, but whether it is connected to the groundwater or not is uncertain. The drained 

water seeps out on the other side on the ridge and forms a seasonal lake. The seasonal lake is most likely 

also fed with meltwater from the surrounding snow. This feature seems to be most active during the 

early summer melt season. Indications of the seasonal lake can be observed on aerial images from both 

2009 and 1961 (Figure 4). This suggests that the drainage of the lake have been persistent though out 

the time span of the cores.  
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5.1.4.!Systems of mass movement 

Observations 

Two steep mountainsides constrain the lake, in the eastern and the western direction. (Figure 13) Highest 

up on the steep mountain sides, only a discontinuous, thin layer of sediment covers the otherwise 

exposed bedrock. The mountain side of Soleietoppen has a thick cover of lobe shaped landforms at its 

base. The sediment on the surface of these features is predominantly angular sandstone clasts. The area 

is to some degree covered with vegetation. The base of Foxtoppen is covered by a thick layer of angular 

sandstone boulders and finer grained sediments. Vegetation exists in patches.  

 

Interpretation 

These steep mountain sides are exposed to intense weathering. The sedimentary bedrock weathers easily 

into smaller fractions, which travels down though different processes of mass movement. The higher 

sides of the mountain are too steep to sustain a thick sediment cover, and are therefore only 

discontinuously covering the bedrock. The mass movement material found at the base of Soleietoppen 

is strongly influenced by snow and slush avalanches, creating the lobe shape of the deposits. The snow 

melt washes out the fine grained sediment and transports them towards the lake. The base of Foxtoppen 

Figure 12. A: Seasonal lake in June. B: Outlet in June. C: Seepage of water in July. D: Seasonal lake in July. Note 
the black and white dog for scale. 
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is also covered by mass movement material, in a continuous cover. The individual mass movements 

bringing down material haven’t created any characteristic surface impressions.  

 

 
Figure 13. A: Picture showing the hillside of Soleietoppen in August. B: Picture showing Foxtoppen in August, 
slush avalanche and fluvial fan system marked with red 
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5.1.5.!Landscape evolution from 2009 to 2017 

The geomorphological map is mainly based on aerial photos and terrain models from 2009, by the 

Norwegian Polar Institute. This is supported by field observations and drone imagery from field 

campaigns during 2017. To estimate the evolution in the landscape over these years the changes in lake 

outline and the front of Ayerbreen was tracked (Figure 14). The outlines from 2009 are based on the 

aerial photograph. The lake outline from 2017 is based on an orthophoto constructed from drone imagery 

and the front of Ayerbreen is based on Landsat 8 satellite imager from 14th of July 2017. Both glacial 

margins are based on the clean ice border (Rachlewicz et al., 2007). The margin of Ayerbreen has 

retreated 70 m between 2009 and 2017.   

 

 

Figure 14. Figure show the changes in shoreline of Lake Bolterskaret as well as the retreat of Ayerbreen from 2009 
to 2017. The changes are visualized on a hillshade, created from the 5m DEM by the Norwegian Polar Institute 
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5.2.!Sedimentology 

 
Figure 15. Compiled sediment stratigraphy from core BS 17-3. 
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5.2.1.!Lithostratigraphy 

The lithostratigraphic description and analysis is based on core 17-3. Photographs of all the cores, split 

and cleaned, are in Appendix 3. The core was sampled in 13 thin sections, with overlap. The core top of 

core 17-2 is used to identify the most recent sedimentation. This is represented by the thin section BS-

14. The thin sections BS-14 and BS-1 have therefore been correlated, using the visual appearance of 

lamination and varves. The lithostratigraphic log is shown in (Figure 15). The thin sections and the 

lithostratigraphic interpretation is shown in Figure 16.The core consists of 72.5 cm of lacustrine mud. 

The grain size is interpreted to be ranging from coarse silt to clay. Clay is identified as layers were no 

single grains can be distinguished in the thin sections. The descriptions below is based on relative 

assessments of coarser and finer layers within this range of grain sizes. The depth of each thin section, 

and the overlap is presented in Appendix 2.. The sediments lower in the core are deformed as a result of 

friction along the core wall during the coring process. This results in bent layers dipping towards the 

bottom. The thin sections were to a varying degree disturbed by transport to the lab facility. The 

disturbance is greatest close to the outer margin of the thin sections, therefore the inner part of the thin 

section is used in all descriptions. The stratigraphy of the core is divided into three lithofacies which are 

descripted below (Figure16). 

 

Facies 1, Classic varves: This facies is characterized by couplets of summer and winter layers. The clay 

cap (winter layer) consists of massive fine grained sediment, whiteout single grains visible in the thin 

sections. The thickness of the finer layer ranges from ca. 0.6 mm to 1.5 mm. The coarser layer ranges 

in thickness between 0.2  and 1.5 mm. One coarse layer measures 3.5 mm in thickness (46.5-50 cm). 

The coarser layers are either laminated or normally graded. Some layers contain both laminated and 

normally graded beds or two normally graded beds. The basal contact of the coarser layer is sharp 

whereas the contact to the finer layer is gradual.  

 

Interpretation  

This facies is interpreted to be a classic varve sequence. The summer layer reflects the melt season, 

when a lot of sediment gets transported into the lake from the glacier and snow melt. The coarse 

sediment travels with inter- and overflows and settles as the sediment laden plume loses energy. The 

laminated structure arises from differences in inflow energy, allowing some finer particles to sediment. 

The normally graded beds indicated conditions of one dominating influx of water possible around peak 

melt, which gradually settles. The summer layer gradually fines into the winter layer, suggesting that 

the water column steadily loses energy as winter approaches. The winter layer represents the sediment 

load which was kept in suspension over the summer. When the lake has frozen over the water column 

is still, which allows for the finest particles to settle. The occasional coarser laminae within the winter 
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layers could be caused by instable slopes or delta fronts. A collapse of these could cause some sediment 

to resettle, resulting in a coarser layer during winter sedimentation. The contact with the overlying 

summer layer is often sharp, sometimes erosive, resulting from the sudden shift in energy of the water 

column as soon as the lake ice breaks up in summer. The classic varve facies is interpreted to range from 

70.6-24.5cm but to be interrupted by facies 2 from 45-40 cm (fig log).  

 

Facies 2, Paraglacial varves: This facies consists of couplets of winter and summer layers. The finer 

grained winter layers are laminated with thin coarser laminae. The summer layers are coarser and consist 

of laminated sediment. The laminations are generally distinct and below 1mm in thickness. The winter 

layers measures 1-2.5 mm in thickness and the summer layers 10-20 mm. One massive clay layer is 

identified at 14.5 cm. 

 

Interpretation  

This facies is interpreted as paraglacial varves (Ballantyne, 2002).The coarser layer reflect sediment 

transport during the melting during summer. These layers are laminated with distinct finer laminations, 

reflecting a more varying energy in the water column or several peaks of meltwater discharge. Inflow 

of water is periodical, where an inflow of only coarser grains can settle during more turbulent conditions 

and finer particles can settle at calmer times. The transition to winter is not distinct, but gradual and 

finely laminated. This indicate either that the catchment is actively bringing in sediment long into the 

autumn season or that the settling rate is low. The winter layers of this sequence are thicker than the 

previous sequence. These fine grained layers contain interlaminated coarser sediment, indicating 

perhaps that resedimentation occurs during winter, either from collapsing delta fronts or from the lake 

slopes. Generally, the discrimination between summer and winter are more challenging for this facies.   

 

Facies 3, Mass movement deposit: This facies is represented by a great mass movement deposit. The 

deeper part of the deposit consists of two sequences, the lower one is massive and coarser than the 

overlying sequence with finer sediments in a fining upwards sequence. The basal contact is sharp. 

Overlying this is a couplet of a coarser layer and a clay layer. The coarser layer is laminated. The finer 

layer is massive clay with one laminae of coarser sediment.  
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Interpretation  

This facies is interpreted as a mass movement layer. The basal contact is sharp, indicating that the 

sediments have settled rapidly and disturbed the underlying layer. The fining upwards sedimentation 

without internal structures indicate a single event of sediment entering the lake. This layer is most 

likely reflecting by a great mass movement coming in to the lake from one of the hillsides. The 

laminated sediments and the clay cap above the mass movement layer is interpreted as a varve couplet. 

This sedimentary sequence is therefore representing one year of sedimentation. 

5.2.2.!Geochemical composition of core  

The results of the ITRAX core scanning are presented in Figure 17. The core 17-3 contains 11 elements 

detected with significance, Fe, K, Ti, Zr, Sr, Rb, Si, Ca, Ga, Mn and Zn. All elements show very low 

counts in the top of the core, most likely due to contamination by the stabilizing gel in the top of the 

core. These values are not considered accurate and will not be analyzed. 

Many of the elements co-vary down-core. At 47cm K, Fe, Si, Ca, Zn, Ti, Mn, Rb, Sr increases, were 

as Zr decreases. At 41cm Ti, Ca, Zr and Si decreases. K and Fe follows with a less distinct decrease. Ti 

and Si decreases at 26cm, together with Zr. This is followed by an increase in Ti and a smaller increase 

in Zr and Si. These intervals are marked in Figure 18. None of these peaks/dips correlates perfectly to 

any lithostratigraphic facies. The three intervals marked in the figure all in adjacency to thick massive 

clay layers. This could indicate that these clay layers differ in source from the other fine grained 

sediments. It could also indicate that this is a general signal of the clay layer, but that only these three 

layers are thick enough for a signal to clearly appear. (Cuven et al., 2010) describe a correlation between 

Figure 16. Figure showing the three thin sections representing the lithofacies identified in the core. BS-7 reflects 
“facies 1: classic varves”-  BS-2 reflects “facies 2: paraglacial varves”. BS-8 reflects “facies 3: mass movement 
deposit of silt and clay”. The deformation of the sediment is caused by transport post sampling. Note the millimeter 
scale to the left of each picture. Green dashed lines marks winter layers. 
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grain size and elemental ratios of K/Ti, Fe/Ti and Si/Ti. These ratios from core 17-3 are shown in Figure 

18.  

5.2.3.!Geochemical composition of inlet sediments   

The results of the geochemical composition of the inlet samples are shown in Figure 18. All four sampled 

inlets contain high amounts of K, Ti and Fe. Si, Mn, Rb, Sr and Zr also show relatively high counts. 

Their relative composition is overall similar. No unique geochemical signal can be detected for the 

different inlets. This suggests that the source of the sediment brought by the different inlets have the 

same geochemical composition. The individual inlets does not transport individual signals that could be 

identified in the sediment core. Any change in geochemical signal down core can therefore not be 

explained by a shift in contribution of the different inlets.  
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Figure 17. Elemental composition of core sediment. Grey markings marks intervals mentioned in 
text. b: elemental ratios K/Ti, Si/Ti and Fe/Ti of core sediment. Gray markings marks intervals 
mentioned in the text. 
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Figure  SEQ Figure \* ARABIC 19.Top left:  Location of inlet samples. Top right: Counts  per second of Fe of inlet sample.

Down: Elemental composition of inlet samples, Fe excluded.

Figure 18. Top left: map over sampling locations. Top right: Counts per second of Fe. Down: Geochemical 
composition (counts per second) of inlet samples. 
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5.2.4.!Age model 

The 239+240Pu of the sediment core 17-3 indicates a peak of 

radioactive fallout at 67cm depth (Figre 19). Three smaller 

peaks of 239+249Pu concentration are also detected down core. 

These peaks are interpreted as episodic activity and does not 

correlate to any known event or age. The 240Pu/239Pu ratio of 

fallout in the base of the core correlates to the stratospheric 

(global) fallout from the nuclear weapon testing of 1950-

1960, with a peak concentration in 1963 (Kelley et al., 1999). 

Therefore, the peak in the analyzed data at 67cm is concluded 

to correlate with the year 1963.  

(Sun et al., 2006) measured the radionuclide fallout peak at 

34cm from cores retrieved in 2002. This result suggests that 

33cm of sediment has accumulated between 2002 - 2016. 

Based on this the average sedimentation rate in the lake can 

estimated to 2.2 cm/year. In contrast, the sedimentation rate 

between 1963 and 2002, based on the same calculation, is 0,9 

cm/year. This suggests a more than twofold increase in 

sedimentation rate for the uppermost part of the core. 

However, this is not accounting for compaction of sediment down 

core. 

Figure 19. Variations in 239+240Pu 
concentrations down core 
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6.!Varve chronology of Lake Bolterskaret 
The major part of the sediment stratigraphy is comprised of classical varved sediment (70.6-24.5cm) . 

The upper 24.5cm of the core is composed of a facies referred to as “Paraglacial varves” . This section 

of the core contains more complex varved sediments. A varve chronology have been estimated for the 

entire core, marking this change in sedimentation regime as different lithofacies. The chronology is 

based on varve counting on scanned thin sections of the core 17-3. The varve chronology is presented 

in Figure 10. The section with traditional varves consist of 45 couplets, deposited from 1957 to 2002. 

Above this are 14 couplet were counted, reflecting sedimentation between 2002 and 2016 . This is 

consistent with the last winter layer being deposited during the winter 2016/2017. The mass movement 

layer between 45-42.5cm reflects a single episodic event and should be considered with care when 

analysis any depth age model. A varve couplet overlies the event layer and it is therefore suggested that 

this event occurred early in the season.  

Figure 20 shows the varve thickness plotted to years. The thick mass movement (3cm) deposit in 

1983 is excluded from the varve thickness data. This graph shows that the varve thickness varies greatly 

throughout the whole core. The thicker layers occur only occasionally in the record up to the early 2000. 

After this point, almost all layers are relatively thick. The irregular accumulation of sediment likely 

occurs from variations is activity of mass movements from the hillsides. Temporally the activity of mass 

movements can vary from year to year, depending on local weather pattern. This leads to an intermittent 

flux of sediment that occasionally adds to the steady influx of sediment. This difference in sediment 

load leads to variations in varve thickness  

Cuven et al., (2010) shows that the elemental composition of the core can be indicative of the varve 

chronology. Using element ratios, they show correlations between K/Ti and Fe/Ti with fine grained 

layers. Si/Ti is correlated with coarser layers within the sediment stratigraphy. Further they show that 

peaks Fe/Ti and K/Ti can be used to mark the winter layer of each varve. Generally, the elemental data 

show little correlation with the varve chronology. This could be indicative of a small difference in grain 

size between the summer and winter layer. Potentially the summer layers are so fine that there is no 

signal of coarsening for these layers.  Neither Fe/Ti nor K/Ti can be used as an indicator of a clay cap 

for the sediments of Lake Bolterskaret.  
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Figure 20. Top: Graphs showing varve thickness vs. year. Down: depth – age model. 
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7.!Discussion 

7.1.!Modern processes of sedimentation  
The sedimentation of lake Bolterskaret is today governed by non-glacial processes. Since the LIA, 

Ayerbreen has extensively retreated and thinned.. The main drainage today is not towards the lake, but 

towards Tverdalen to the south. This retreat and the decreased importance of the drainage route towards 

Lake Bolterskaret results in sedimentation in the lake that is not controlled by the activity of Ayerbreen. 

Despite the decreases of direct glaciofluvial input the sedimentation still shows a varve signal. This 

signal originated from the high sediment influx and the strong seasonal variability. The lake still freezes 

for a long period each year, allowing fine grained sediment in the water column to settle as a clay cap 

over the coarser summer layer. The coarser summer layer and the thinner fine-grained layer are 

identified as a varve couplet. The modern sources of sediment originates from Foxtoppen, Soleietoppen 

and from the LIA moraine. The influence of these and their unique signal will be discussed below.  

The sediment transport from Foxtoppen is dominated by the big sediment fan system and the gulley 

transport of snow and water. This system occasionally brings down great amounts of sediment and snow 

from slush avalanches. The flat relief of the fan, without obvious banks indicates that most of the 

sediment from theses avalanches gets re-transported by fluvial processes. The fluvial processes are the 

main agent responsible for bringing sediment into the lake. Occasionally, as observed in the field, the 

avalanches reach onto the lake ice and slowly melts out into the lake. Potentially these high energy 

avalanches could also reach all into the open water, when the lake is not frozen over. The slush flows 

are trigged by an increase in water saturation of a snow pack, resulting in a decreased strength of the 

snowpack (Nyberg, 1989). This increase in free water can be caused by intensive melting during spring 

or by rain on snow events (Scherer et al., 1998; Decaulne and Saemundsson, 2006; Eckerstorfer and 

Christiansen, 2012). The impermeable permafrost acts as a barrier, preventing drainage of the snowpack 

by percolation. Slush avalanches generally have a greater influence on sediment transport than dry snow 

avalanches (Scherer et al., 1998). The slush avalanches normally occur later in the snow season, when 

the surroundings are snow free or covered by only a thin snow cover. These conditions makes the slush 

avalanches run on the bare ground, increasing the erosion potential (Scherer et al., 1998). The Foxtoppen 

system has a high potential to influence the stratigraphy. Slush avalanches mainly work to provide the 

system with available material which the fluvial processes can carry into the lake. Because of the strong 

relationship with meteorology, the input of sediment from this source is strongly dependent on the local 

weather during late melt season.  

 The other hillside facing the lake is Soleietoppen. This system is dominated by snow avalanche 

deposits. The lobe or tongue shaped convex deposits sits at the base of the hillside and the water from 

snowmelt washes out sediment. The coarser fractions settles at the shoreline as niveo-fluvial deposits 
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and the finer fractions deposits in the deeper basin. The system is fed by debris flow tracks, starting high 

up on the mountainside. The tongue shaped deposit at the base of the slope indicates a high sediment 

supply (de Haas et al., 2015). The repeated erosion by avalanche pushes former deposits forward. Even 

though the extent of the avalanche runout differs, then net effect is a gradual buildup of debris 

lobe/tongue. This suggest that snow avalanches from the hillside of Soleietoppen bring down significant 

amounts of sediment. These avalanches are triggered by loading of snow during the winter season. 

Theses lobes of debris gets washed out by meltwater, which carries the sediment into lake Bolterskaret. 

 The LIA moraine also acts as source of sediment. The sediment originating from this source can be 

defined as paraglacial, i.e. reworked glacial sediment (Ballantyne, 2002). This sediment have been 

deposited by the glacier terminus during the Little Ice Age advance of Ayerbreen. The exposed glacial 

sediments get reworked by fluvial processes which transports the sediment down to the lake. The 

moraine is also exposed to thaw slumping, caused by melting of dead ice within the moraine. This adds 

sediments to the streams running along the LIA terminal moraine.  

 The sedimentological analysis and the geomorphological mapping can conclude that the main 

sources of sediment at the present day is the two hillsides, Foxtoppen and Soleietoppen as well as the 

LIA moraine in front of Ayerbreen. The LIA moraine acts as a steady source of sediment, whereas the 

two hillsides occasionally bring down great amounts of sediment. These mass movement systems are of 

different character, but both hold the potential to feed the lake with great amounts of sediment. The 

systems are similar in that they both are characterized by events. Mass movements run down the system 

and deposits materials which act as source for the fluvial processes that carry the sediment into the lake. 

Because of the horizontal layering of the bedrock in the area, the hillsides have similar bedrock 

composition. This is confirmed by the uniform composition of elements in the inlet samples and makes 

it difficult to discriminate between the influence of each individual inlet to sedimentation in the lake 

basin. . The stratigraphic structures cannot be assigned to a specific processes or source of sediment. 

However, the variation in varve thickness is likely due to the activity of the mass movement systems.  

7.2.!Changes in sedimentation over time 
The modern catchment processes that govern sedimentation lake Bolterskaret are discussed above. This 

chapter discuss the evolution of the lake and catchment, and what imprint this evolution have left in 

sediment stratigraphy. The discussion will be based on sediment stratigraphy, imagery and geochemical 

signals. Lastly the forcing for these changes will be discussed.  
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Catchment evolution 

The aerial imagery from 1936, 1961, 1990 and 2009 show snap shots of the evolution that of the 

Bolterskaret catchment. In 1936 Ayerbreen extends all the way out to its terminal Little Ice Age moraine. 

The resolution of these images makes identification of detailed morphological features difficult. The 

main debris flow deposits on Soleietoppen and Foxtoppen can be distinguished, due to the contrasting 

snow filling them in. The lake appears to have the same form as today. By 1961 Ayerbreen had retreated 

and two supraglacial channels developed. One of the channels drained almost directly into the lake and 

the other one drains towards Tverdalen. The lake still holds the same shape as today, and the seasonal 

drainage lake (Figure 4) seem to be present, indicating that the drainage through the northern moraine 

ridge is active. All present day fan systems and inflows appear to be active in 1961. Ayerbreen continued 

to decrease both in volume and length and in 1990 the moraine in fully exposed. The supraglacial 

channels appear active in 1990. All the inflows to the lake are present and the lake shape remained the 

same. By 2009 the glacier was even thinner, and the supraglacial channels do not appear to be active. 

By summer and fall of 2017 the main drainage of meltwater from Ayerbreen was towards Tverdalen 

and the lake only receives a minor influx of meltwater. During this studied period of 60 years, Ayerbreen 

have lost its importance in shaping this catchment. Therefore, the catchment can today be classified as 

non-glacial.  

 The main alteration of the catchment during these years is the retreat of the glacier Ayerbreen. The 

retreat causes an alteration of the meltwater flux towards the lake. Firstly, the supraglacial channel once 

draining the glacier into the lake decrease in activity and finally becomes inactive. Secondly the retreat 

of the glacier enables for a new main drainage route to be established. This route cancels out almost all 

influx of meltwater towards the lake.  

 

Stratigraphic imprints of landscape evolution  

Dating of the sediments show that the cores have captured this transition from a glacial to a non-glacial 

catchment. With this transition comes changes in the processes governing sedimentation, and a shift 

from classic varves to paraglacial varves. By the time of deposition at the bottom of the core, Ayerbreen 

is a potential source of sediment through transport by the supraglacial channel. The meltwater transports 

material that has been entrained by the glacier. The water also erodes the LIA moraine as it flows 

towards the lake. This meltwater has potential to channel massive amounts of sediment laden water. The 

glacier can be considered as a part of the transport system of sediment. The source of the sediment is 

originally the bedrock at the base of the glacier or the surrounding hillsides. The meltwater finally 

transports the glacial and moraine material into the lake.  

This evolution from a glacierized to a non-glacierized catchment leaves imprints in the sediment 

stratigraphy. The transition from the classic varves to paraglacial varves, detected in the sediment record 
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is suggested to be a signal of the glacial retreat. This transition is identified as lack of massive clay layers 

as well as lamination in both the summer and winter layer. The massive clay layers are suggested to be 

related to physical erosion by the glacier, down to the fine clay fraction. As the glacier retreats and loses 

mass this process becomes less pronounced. The retreat combined by the rerouting of the meltwater 

results in the lack of massive clay layer in the upper part of the core. Instead, the fine sediment building 

up the clay cap in the paraglacial varves originates from the LIA moraine. This moraine is likely 

responsible for the main influx of fine grained sediment in paraglacial varves. The freezing over of the 

lake, acting as the main agent in varve formation is still present in the upper part of the core. The varve 

signal exists in the core despite the non-glacial conditions due to the strong seasonality and the high 

sedimentation influx. The distinct laminations in summer layers are suggested to be reflecting a decrease 

in turbulence of the water column and a change of timing in peak inflow to the lake. When the meltwater 

channel was active the lake received a steady, constant inflow of high energy melt water. This creates 

turbulence in the water column which keeps the finer grained particles in suspension. The modern 

catchment lacks this component and some the finer particle can settle during the summer, giving rise to 

laminations.  

Another feature that cannot be explained by deglaciation of the area is the increased appearance of 

coarser laminations within the winter layer. This signal is interpreted as activity in the lake while it is 

frozen over. This could be cause by collapsing of sediment in the lake floor slopes and delta slopes.  

 Despite this loss of a major sediment source from Ayerbreen and potential increase of material 

from the hillsides no shift in geochemical signal is interpreted, likely because of the sediment sources 

have a very similar geochemical signal. This the paraglacial varves have a greater thickness than the 

classic varves in the core. The sedimentation rate increased since the early 2000. This is in line with the 

results of (Leonard, 1986a, 1986b), indicting the peak sedimentation rates occur during paraglacial 

sedimentation. The increase in sedimentation rate has been observed by other studies on Svalbard as 

well (Schiefer et al., 2018) 

Forcing for changes 

The changes in sediment stratigraphy, sediment source and lake processes are caused by external 

forcing. The main change in the landscape during this time period is the transition from glacial to a non-

glacial landscape. This change, the retreat of Ayerbreen is driven by the warming of the climate over 

the Arctic. Glacier are recorded to have been retreating since maximum extent during the Little Ice Age 

(eg. Błaszczyk et al., 2013;). The retreat rate has been found to be strongly correlated with warming of 

the air temperatures (Błaszczyk et al., 2013).   
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7.3.!Implications for studies of small High Arctic lake catchments 
This study identifies landscape changes over the last 60 years and the imprint they have left in the 

sedimentological record of a small high Arctic lake. As previously stated the Arctic is particularly 

sensitive to climate change and is today undergoing an enhanced warming. This study shows that the 

retreat of a glacier, due to the warming, causes changes in the sediment stratigraphy. This alteration of 

the landscape changes the governing processes of sedimentation. Therefore modern sedimentation 

processes cannot be assumed to be representative to processes half a century ago.  

This study also highlights a recent shift to paraglacial sedimentation as a result of glacial retreat and 

climate warming; as glaciers are retreating worldwide, this becomes an important finding. The 

knowledge of how the current climate change is recorded in lake sediment is crucial to use for climate 

reconstructions.   

 

7.4.!Further studies and uncertainties 
Fieldwork in the Arctic is constrained by logistical challenges and the risk of harsh weather conditions. 

This project originally intended to run Ground Penetrating Radar (GPR) from the lake ice to obtain 

information on bathymetry and sediment thickness. Due to rain during the last days of the winter field 

season making transportation to the field site challenging, this had to be cancelled. With the GPR data 

set a more accurate picture of sediment distribution across the basin could have been obtained.  

 Another improvement of this thesis would have been a more careful analysis of the inlet samples. 

Mainly, the inlet samples should have been sieved to constrain the results to the particle size of interest. 

This sieving would preferably separate out the same grain size range as identified in the core, silt to clay 

(<63µm).  In retrospect, the bulk density of the core sediments should have been measured. This would 

have given the compaction of the sediment, which is an unknown factor and uncertainty in this study. 

The work of this thesis could in several ways be extended and further investigated. The varve chronology 

and varve thickness have previously been correlated to climate data from Svalbard Lufthavn. (Bergholtz, 

2004). This work shows relatively poor correlations between varve thickness and climate. A comparison 

between climate correlations of the most recent varve chronology (not captured by Bergholtz, 2004) and 

the varve chronology of Bergholtz (2004) would be interesting. This could yield information of the 

climate dependency of the sedimentation and whether this has changed. A comparison of this nature 

could give information of how reliable varve chronology will be as a climate indicator in the future.  

Grain size analysis of the cores could give supplementing information about the processes governing 

sedimentation in the lake. It would be of interest to investigate if the retreat of Ayerbreen and rerouting 

of drainage reflected in the distribution of grain sizes.  
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Another interesting subject for a study would be deploying sediment traps in the lake. This would 

monitor the sedimentation in the lake over the year and detect the timing of activity of the different 

inlets. A sediment trap study could also confirm or disprove the theory of low activity in the melt streams 

from Ayerbreen.  
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8.!Conclusions 
●! The present day sediment originated from three sources; the hillside of Foxtoppen, the hillside

of Soleietoppen and the LIA moraine of Ayerbreen. Mass movements and fluvial processes 

transport sediment from the two hillsides. Sediment from the LIA moraine is reworked by 

fluvial process and transported to the lake. 

●! Lake Bolterskaret developed from a glacial to a non-glacial lake during the latter part of the 20th

century, as a result of the retreat of Ayerbreen. This retreat has caused the meltwater from 

Ayerbreen to get rerouted and no longer drain into the lake.  

●! The development from a glacial to a non-glacial lake has is seen in the lithostratigraphy as a

shift in varve formation from classical varves to paraglacial varves. 

●! The retreat of the glacier has altered sedimentation in a way that the modern processes of

sedimentation are not representative for processes 60 years ago. 

●! The main forcing for this change is a warming over the Arctic, resulting in glacial retreat.

●! This study contributed to the greater knowledge about imprints of landscape evolution in

lacustrine sediment records by highlighting the rapid catchment evolution in Arctic regions and 

by linking a shift towards paraglacial sedimentation with glacial retreat. The results from this 

study emphasize that processes governing sedimentation today cannot be assumed to reflect 

processes half a century ago. 



46 

9.!Acknowledgements 
Most importantly, I would like to thank my supervisor Lena Håkansson the University Center in 

Svalbard. Your commitment to this project have been beyond what I ever imagined. Thank you for 

giving this project to me and for your guidance through it. Thank you for never-ending support, time 

and friendship. The University Center on Svalbard is thanked for three amazing years of study. UNIS is 

truly unique in its way of including students into the research projects. I’m thankful and proud I have 

gotten the opportunity to be a part of UNIS for these years. Mike Retelle (Bates Collage/UNIS) is 

thanked for joining my fieldwork, sharing knowledge, guiding me through the lab work and preparing 

my thin section samples. My supervisor Rickard Pettersson (UU) is thanked for arranging with lab 

facilities, always having time for my questions and revising this thesis. Lena Rubensdotter (Geological 

Survey of Norway) is thanked for reviewing the geomorphological mapping. Your constructive criticism 

helped improving my work significantly.   

I’m grateful for sharing the experience of writing a master’s thesis together with Kristine Ø. 

Kirkebøen. Thank you for fieldwork, fruitful discussions, instant coffee and always finding time to 

engage in my project.  

I am thankful to all the people who have contributed to my fieldwork. Alexander Hovland is thanked 

for arranging the field camp during my winter fieldwork. All the hard working dogs are thanked for a 

fossil fuel free transport out to camp and great company. Thanks to Helle Dalling for joining for a last 

minute planed field day. Erik Schytt Holmlund is thanked for joining fieldwork and rewarding 

discussions. Thank you for beautiful drone photos, for creating an orthophotos over my lake and finding 

old imagery over the area. Thanks to Jordan Mertes for discussions and improvements regarding the 

data processing of drone images. Malin Kylander at Stockholm University is thanked for help with the 

ITRAX data analysis and helping out with the data processing.  

Finical support has been granted from The Otterborg Scholarship and Linnéska Stipendiestiftelsen. 

This support enabled for fieldwork and the 239+240Pu dating. I’m very grateful for this contribution. 

Many friends have been essential in making my whole master’s degree such a great experience. I 

would especially like to thank Christina Gerli, Hugo Jomier, Max Holthuis, Michael Lonardi, Brittany 

Main, Jonas Pedersen, Sigrún Tomasdottir, Emil Fagerström and Beatrice Jägerup for coffee breaks, 

friendship and encouragements. 

Lastly, I would like to thank my family. Thank you for always believing in me finding my own path. 



47 

10.!References 
Anderson, R.S., Anderson, S.P. (2010). Geomorphology - The Mechanics and Chemistry of Landscapes. 
Cambridge University Press, Cambridge. 

Ashley, G.M. (1975). Rhytmic Sedimentation in Glacial Lake Hitchcock, Massachusetts-Connecticut, 
in: Joplin, A.V., Mc. Donald, B.C. (Eds.), Glaciofluvial and Glaciolacustrine Sedimentation. Society of 
economic paleontologists and mineralogists, Tulsa, Oklahoma, USA. 

Baeten, N.J., Forwick, M., Vogt, C., Vorren, T.O. (2010). Late Weichselian and Holocene sedimentary 
environments and glacial activity in Billefjorden, Svalbard. Geol. Soc. Lond. Spec. Publ. 344, 207–223. 
https://doi.org/10.1144/SP344.15 

Ballantyne, C.K. (2002). Paraglacial geomorphology. Quat. Sci. Rev. 21, 1935–2017. 

Benn, D.I., Evans, D.J.A. (2010). Glaciers and Glaciations, Second Edition. ed. Hodder Education. 

Błaszczyk, M., Jania, J.A., Kolondra, L. (2013). Fluctuations of tidewater glaciers in Hornsund Fjord 
(Southern Svalbard) since the beginning of the 20th century. Polish Polar Research 34, 327–352.  

Berge, J., Johnsen, G., Nilsen, F., Gulliksen, B., Slagstad, D. (2005). Ocean temperature oscillations 
enable reappearance of blue mussels Mytilus edulis in Svalbard after a 1000 year absence. Mar. Ecol. 
Prog. Ser. 303, 167–175.  

Bergholtz, M. (2004). Laminerade sjösediment från Svalbard och deras signifikans för klimatstudier och 
klimatrekonstruktioner#: ett exempel från sjön Bolterskardet (Master thesis). Physical geography and 
Quaternary Geology, Stockholm University. 

Bird, B.W., Abbott, M.B., Finney, B.P., Kutchko, B. (2009). A 2000 year varve-based climate record 
from the central Brooks Range, Alaska. J. Paleolimnol. 41, 25–41.  

Christiansen, H.H. (1998). Nivation forms and processes in unconsolidated sediments, NE Greenland. 
Earth Surf. Process. Landf. 23, 751–760.  

Christoffersen, P., Piotrowski, J.A., Larsen, N.K., 2005. Basal processes beneath an Arctic glacier and 
their geomorphic imprint after a surge, Elisebreen, Svalbard. Quat. Res. 64, 125–137.  

Church, M., Gilbert, R. (1975). Proglacial Fluvial and Lacustrine Environments, in: Joplin, A.V., Mc. 
Donald, B.C. (Eds.), Glaciofluvial and Glaciolacustrine Sedimentation. Society of economic 
paleontologists and mineralogists, Tulsa, Oklahoma, USA. 

Croudace, I.W., Rindby, A., Rothwell, R.G., 2006. ITRAX: description and evaluation of a new multi-
function X-ray core scanner. Geol. Soc. Lond. Spec. Publ. 267, 51–63.  

Cuven, S., Francus, P., Lamoureux, S.F. (2010). Estimation of grain size variability with micro X-ray 
fluorescence in laminated lacustrine sediments, Cape Bounty, Canadian High Arctic. J. Paleolimnol. 44, 
803–817.  

Dallman, W.K. (Ed.), (1999). Lithostratigraphic lexicon of Svalbard: review and recommendations for 
nomenclature use: upper palaeozoic to quaternary bedrock. Norsk Polarinstitutt, Tromsø. 



48 

Davies, S.J. Lamb, H.F., Roberts, S.J., (2015). Micro-XRF Core Scanning in Palaeolimnology: Recent 
Developments, in: Micro-XRF Studies of Sediment Cores, Developments in Paleoenvironmental 
Research. Springer, Dordrecht, pp. 189–226.  

De Geer, G. (1912). Geochronology of the last 12,000 years. Int Journ Earth Sciences. 3, 457–471. 

De Geer, G. (1908). On late Quaternary time and climate. Geol. Fören. Stockh. Förh. 30, 459–464. 

de Haas, T., Kleinhans, M.G., Carbonneau, P.E., Rubensdotter, L., Hauber, E. (2015). Surface 
morphology of fans in the high-Arctic periglacial environment of Svalbard: Controls and processes. 
Earth-Sci. Rev. 146, 163–182.  

Decaulne, A., Saemundsson, T. (2006). Geomorphic evidence for present-day snow-avalanche and 
debris-flow impact in the Icelandic Westfjords. Geomorphology, 80–93.  

Dypvik, H., Riber, L., Burca, F., Rüther, D., Jargvoll, D., Nagy, J., Jochmann, M. (2011). The 
Paleocene–Eocene thermal maximum (PETM) in Svalbard — clay mineral and geochemical signals. 
Palaeogeogr. Palaeoclimatol. Palaeoecol. 302, 156–169.  

Eckerstorfer, M., Christiansen, H.H., (2012). Meteorology, Topography and Snowpack Conditions 
causing Two Extreme Mid-Winter Slush and Wet Slab Avalanche Periods in High Arctic Maritime 
Svalbard. Permafr. Periglac. Process. 23, 15–25.  

Ewertowski, M., (2014). Recent transformations in the high!Arctic glacier landsystem, ragnarbreen, 
svalbard. Geogr. Ann. Ser. Phys. Geogr. 96, 265–285.  

Farnsworth, W.R., Ingólfsson, Ó., Noormets, R., Allaart, L., Alexanderson, H., Henriksen, M., 
Schomacker, A. (2017). Dynamic Holocene glacial history of St. Jonsfjorden, Svalbard. Boreas 46, 585– 

Førland, E.J., Benestad, R., Hanssen-Bauer, I., Haugen, J.E., Skaugen, T.E. (2011). Temperature and 
Precipitation Development at Svalbard 1900–2100 Adv. Meteorol.  

Førland, E.J., Hanssen-Bauer, I. (2003). Past and future climate variations in the Norwegian Arctic: 
overview and novel analyses. Polar Res. 22, 113–124.  

Førland, E.J., Hanssen-Bauer, I., Nordli, P. (1997). Climate statictics and longterm series of temperature 
series of temperature and precipitation at Svalbard and Jan Mayen. (No. 21/97 KIima). Det Nordke 
Meteorologiske insitutt, Oslo. 

Guoqiang, C.H.U., Jiaqi, L.I.U., Denyi, G. a. O., Qing, S.U.N. (2006). Mechanism of Varve Formation 
and Paleoenvironmental Research at Lake Bolterskardet, Svalbard, the Arctic. Acta Geol. Sin. - Engl. 
Ed. 80, 557–563.  

Hanssen-Bauer, I., Kristensen Solås, M., Steffensen, E.L. (1990). The climate of Spitsbergen (No. 39/90 
KLIMA). Den Norske Meterologiske institutt. 

Hubeny, J.B., King, J.W., Cantwell, M. (2009). Anthropogenic influences on estuarine sedimentation 
and ecology: examples from the varved sediments of the Pettaquamscutt River Estuary, Rhode Island. 
J. Paleolimnol. 41, 297–314.  

IPCC, (2013) The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. 



49 

Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA, 1535 pp. 

Jaakkola, T., Tolonen, K., Huttunen, P., Leskinen, S. (1983). The use of fallout 137Cs and 239+240Pu for 
dating of lake sediments. Hydrobiologia 103, 15–19.  

Jónsson, S., A. Schomaker, A., Benediktsson, I., Ö., Ingólfsson Ó., Johnson, M., D., (2014), The drumlin 
filed and the geomorphology of the Múlajökull surge-type glacier, central Iceland, Geomorphology, 
213-220  

Kelley, J.M., Bond, L.A., Beasley, T.M. (1999). Global distribution of Pu isotopes and 237.Np. Sci. 
Total Environ. 237–238, 483–500.  

Ketterer, M.E., Hafer, K.M., Jones, V.J., Appleby, P.G., (2004). Rapid dating of recent sediments in 
Loch Ness: inductively coupled plasma mass spectrometric measurements of global fallout plutonium. 
Sci. Total Environ. 322, 221–229.  

Kylander, M.E., Ampel, L., Wohlfarth, B., Veres, D., (2011). High!resolution X!ray fluorescence core 
scanning analysis of Les Echets (France) sedimentary sequence: new insights from chemical proxies. J. 
Quat. Sci. 26, 109–117.  

Lamoureux, S.F., 1994. Embedding unfrozen lake sediments for thin section preparation. J. 
Paleolimnol. 10, 141–146 

Landvik, J.Y., Bondevik, S., Elverhøi, A., Fjeldskaar, W., Mangerud, J., Salvigsen, O., Siegert, M.J., 
Svendsen, J.-I., Vorren, T.O., (1998). THE LAST GLACIAL MAXIMUM OF SVALBARD AND THE 
BARENTS SEA AREA: ICE SHEET EXTENT AND CONFIGURATION. Quat. Sci. Rev. 17, 43–75.  

Landvik, J.Y., IngóLfsson,  óLafur, Mienert, J., Lehman, S.J., Solheim, A., ElverhøI, A., Ottesen, D., 
(2005). Rethinking Late Weichselian ice-sheet dynamics in coastal NW Svalbard. Boreas 34, 7–24.  

Leonard, E.M., (1986a.) Varve studies at Hector Lake, Alberta, Canada, and the relationship between 
glacial activity and sedimentation. Quat. Res. 25, 199–214.  

Leonard, E.M., (1986b). Use of lacustrine sedimentary sequences as indicators of Holocene glacial 
history, Banff National Park, Alberta, Canada. Quat. Res. 26, 218–231 

Lønne, I. (2005). Faint traces of high Arctic glaciations: an early Holocene ice-front fluctuation in 
Bolterdalen, Svalbard. Boreas 34, 308–323.  

Mangerud, J., Svendsen, J.I. (2018). The Holocene Thermal Maximum around Svalbard, Arctic North 
Atlantic; molluscs show early and exceptional warmth. The Holocene 28, 65–83.  

Mangerud, J., Svendsen, J.I. (1992). The last interglacial-glacial period on spitsbergen, Svalbard. Quat. 
Sci. Rev. 11, 633–664.  

Nuth, C., Kohler, J., König, M., Deschwanden, A. von, Hagen, J.O., Kääb, A., Moholdt, G., Pettersson, 
R. (2013). Decadal changes from a multi-temporal glacier inventory of Svalbard. The Cryosphere 7, 
1603–1621. 

Nyberg, R. (1989). Observations of Slushflows and Their Geomorphological Effects in the Swedish 
Mountain Area. Geogr. Ann. Ser. Phys. Geogr. 71, 185–198. 



50 

Ohlendorf, C., Niessen, F., Weissert, H. (1997). Glacial varve thickness and 127 yearsd of instrumental 
climate data- a comparisopn. Clim. Change 36, 391–411. 

Ojala, A.E.K., Francus, P., Zolitschka, B., Besonen, M., Lamoureux, S.F. (2012). Characteristics of 
sedimentary varve chronologies – A review. Quat. Sci. Rev. 43, 45–60.  

Plassen, L., Vorren, T.O., Forwick, M.  (2004). Integrated acoustic and coring investigation of 
glacigenic deposits in Spitsbergen fjords. Polar Res. 23, 89–110.  

Rachlewicz, G., Szczuziński, W., Ewertowski, M. (2007). Post-“Little Ice Age” retreat rates of glaciers 
around Billefjorden in central Spitsbergen, Svalbard. Pol. Polar Res. 28, 159–186. 

Salvigsen, O., Elgersma, A., Hjort, C., Lagerlund, E., Liestøl, O., Svensson, N.-O. (1990). Glacial 
history and shoreline displacement on Erdmannflya and Bohemanflya, Spitsbergen, Svalbard. Polar 
Res. 8, 261–273.  

Scherer, D., Gude, M., Gempeler, M., Parlow, E. (1998). Atmospheric and hydrological boundary 
conditions for slushflow initiation due to snowmelt. Ann. Glaciol. 26, 377–380.  

Schiefer, E., Kaufman, D., McKay, N., Retelle, M., Werner, A., Roof, S. (2018). Fluvial suspended 
sediment yields over hours to millennia in the High Arctic at proglacial Lake Linnévatnet, Svalbard. 
Earth Surf. Process. Landf. 43, 482–498.  

Sletten, K., Lyså, A., Lønne, I. (2001). Formation and disintegration of a high-Arctic ice-cored moraine 
complex, Scott Turnerbreen, Svalbard. Boreas 30, 272–284.  

Smith, N.D and Ashley, G.M. (1985), Proglacial and lacustrine sediment environments. In Ashley, 
G.M., Shaw, J. and Smith, N.D. (eds), Glacial Sedimentary Environments. SEMP Short Course 16, 135-
215. 

Sun, Q., Chu, G., Liu, J., Gao, D. (2006). A 150-Year Record of Heavy Metals in the Varved Sediments 
of Lake Bolterskardet, Svalbard. Arct. Antarct. Alp. Res. 38, 436–445. 

Tomkins, J.D., Antoniades, D., Lamoureux, S.F., Vincent, W.F., 2008. A simple and effective method 
for preserving the sediment–water interface of sediment cores during transport. J. Paleolimnol. 40, 577–
582. 

Werner, A. (1993). Holocene moraine chronology, Spitsbergen, Svalbard: lichenometric evidence for 
multiple Neoglacial advances in the Arctic. The Holocene 3, 128–137.  

Zolitschka, B., Francus, P., Ojala, A.E.K., Schimmelmann, A. (2015). Varves in lake sediments – a 
review. Quat. Sci. Rev. 117, 1–41.  



51 

11.!Appendix 
Appendix 1. Sampling list for plutonium dating 

Plutonium sampling 

Sample id Sample depth (cm) 

BS-1 1 

BS-2 4 

BS-3 8 
BS-4 12 

BS-5 16 

BS-6 20 

BS-7 23 

BS-8 24 
BS-9 25 

BS-10 26 

BS-11 27 

BS-12 28 
BS-13 29 

BS-14 30 

BS-15 31 

BS-16 32 
BS-17 33 

BS-18 34 

BS-19 35 

BS-20 36 
BS-21 37 

BS-22 38 

BS-23 39 

BS-24 40 

BS-25 41 

BS-26 42 
BS-27 43 

BS-28 44 

BS-29 45 

BS-30 46 
BS-31 47 

BS-32 48 

BS-33 49 

BS-34 50 
BS-35 51 

BS-36 52 

BS-37 53 

BS-38 54 
BS-39 55 

BS-40 56 

BS-41 57 

BS-42 58 
BS-43 59 

BS-44 60 

BS-45 61 

BS-46 62 
BS-47 63 

BS-48 67 

BS-49 71 
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 Appendix 2. Thin section sampling and depth. 

Thin sections 

Tray nr. Core  Sample range 
(cm)  

1 17-3 0.5-8 

2 17-3 6-13 

3 17-3 11-18.5 

4 17-3 16.1-24 
5 17-3 22.5-29.7 

6 17-3 28.1-35.2 

7 17-3 33.6-41 

8 17-3 39-46.5 
9 17-3 45-52.3 

10 17-3 50-58 

11 17-3 55.5-62.9 

12 17-3 61.5-60.3 
13 17-3 64-9-72.5 

14 17-2 0-8.1 
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Appendix 3 Sampling list for plutonium dating. Green row indicate the estimated peak of 239+240Pu.   

 

Plutonium)dating)

Vilies)) Sample)depth)
(cm)))

Weight)Vile)
with)cap)(g))

Sample)
weight)(g))

BS91) 1) 16,866) 2,497)
BS92) 4) 16,856) 3,290)
BS93) 8) 16,861) 3,099)
BS94) 12) 16,940) 3,514)
BS95) 16) 16,950) 2,536)
BS96) 20) 16,819) 3,078)
BS97) 23) 16,799) 2,962)
BS98) 24) 16,889) 4,629)
BS99) 25) 16,642) 3,133)
BS910) 26) 16,907) 3,675)
BS911) 27) 16,720) 2,861)
BS912) 28) 16,942) 2,824)
BS913) 29) 16,897) 2,805)
BS914) 30) 16,642) 4,049)
BS915) 31) 16,735) 3,446)
BS916) 32) 16,692) 3,476)
BS917) 33) 16,835) 2,890)
BS918) 34) 16,666) 2,743)
BS919) 35) 16,702) 3,226)
BS920) 36) 16,922) 3,499)
BS921) 37) 16,900) 2,772)
BS922) 38) 16,765) 3,749)
BS923) 39) 16,833) 3,020)
BS924) 40) 16,830) 2,660)
BS925) 41) 16,634) 3,036)
BS926) 42) 16,583) 2,975)
BS927) 43) 16,964) 3,126)
BS928) 44) 16,800) 3,018)
BS929) 45) 16,468) 4,045)
BS930) 46) 16,862) 3,697)
BS931) 47) 16,926) 3,408)
BS932) 48) 16,897) 3,206)
BS933) 49) 16,996) 4,103)
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Plutonium)dating,)continue)
Vilies)) Sample)depth)

(cm)))
Weight)Vile)
with)cap)(g))

Sample)
weight)(g))

BS934) 50) 16,874) 2,898)
BS935) 51) 16,934) 3,437)
BS936) 52) 16,992) 3,351)
BS937) 53) 16,913) 3,385)
BS938) 54) 16,770) 2,4943)
BS939) 55) 16,9052) 3,2525)
BS940) 56) 16,7102) 2,7952)
BS941) 57) 16,7325) 3,9733)
BS942) 58) 16,691) 4,6117)
BS943) 59) 16,8012) 3,0228)
BS944) 60) 16,7549) 4,044)
BS945) 61) 16,7081) 4,1305)
BS946) 62) 17,8957) 2,129)
BS947) 63) 16,7284) 3,2386)
BS948) 67) 16,6292) 4,3841)
BS949) 71) 16,8688) 2,7462)
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Appendix 4. Photography of split and cleaned cores. 
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